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1 Introduction and objectives

1.1 Introduction

Principles of Peptide Chemistry

Peptides are defined as compounds that contain between two and fifty amino acids connected 

together by amide bonds[1] (Figure 1.1). Inside our body, peptides are the natural biological 

messengers that play critical roles in human physiology acting as hormones, neurotransmitters, 

growth factors or antibacterial agents[2]. Because of these functions, peptides represent a unique 

class of pharmaceutical compounds, molecularly between small molecules and proteins, yet 

biochemically and therapeutically distinct from both[3].

Figure 1.1 General peptide structure

Currently, synthetic peptides are produced industrially for the treatment of cancer, diabetes, as 

well as cardiovascular and neurodegenerative diseases, among others. In addition, these 

compounds are also used in cosmetics, diagnostics, and medicinal technology products, as well 

as in veterinary medicine, agrochemistry, or as dietary supplements[4].

The inherent properties of peptides define their strengths and weaknesses as drug molecules[2]. 

In general, peptides are membrane impermeable, thus their therapeutic application is restricted 

to extracellular and transmembrane targets[2]. In addition, their administration needs to be mainly 

parenteral in detriment to the comfort and convenience of the patient because peptides are 

unable to permeate the intestinal mucosa[2]. Related to this, peptides are also generally unable to 

cross the blood-brain barrier which eliminates central nervous system targets[2]. Furthermore, as 

natural peptides are the principal biological messengers in our body, they are also unstable 

displaying short plasma half-lives, which permits them to perform their physiologic function and 

be rapidly metabolized. Proteolytic degradation and renal filtration are the two main methods of 

peptide clearance in our body[5]. Nevertheless, peptides show a predictable metabolism in 

contrast to small molecules. As a consequence, they have a low incidence of side effects, because 

their metabolites are rarely toxic, which is often the reason for small molecules to fail in clinical 

trials[5]. Only in some cases, peptides can cause an immunogenic response. 

Overall, natural peptides represent viable and validated leads for drug discovery, which permits 

to synthesize more potent and selective analogs with minimal side effects[2,5,6]. Because of this 
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reason, peptides have greatly impacted the development of modern pharmaceutical industry 

presenting opportunities for therapeutic intervention that closely mimic natural pathways. In fact, 

several peptide drugs are essentially replacement therapies that supplement peptide hormones 

in cases where endogenous levels are inadequate or absent[3]. Under this point of view, the 

discovery and development of the 51-amino acid hormone insulin (Figure 1.2), stands as one of 

the principal scientific achievements of the 20th century[2]. Following its initial isolation in 1921, 

available peptide drug in 1923[2]. Nowadays, the global Peptide Therapeutics market size is 

projected to reach US$ 42 billion by 2026, from US$ 33 billion in 2020[7].

Figure 1.2 Chemical structures of porcine (X = A) and human insulin (X = T)

Green Peptide Synthesis

The first efforts on peptide synthesis date from the 1900s, when Curtius and Fischer presented 

early procedures for the chemical synthesis of oligopeptides. Introduction of cleavable protecting 

groups (PGs) enabled the condensation of amino acids with a great variety of functional groups 

in their sidechains. Thus solution-phase synthetic methods allowed the production of impressively 

long peptides. However, the real breakthrough in the field was the concept of solid-phase peptide 

synthesis (SPPS) reported in 1963 by Bruce Merrifield, who envisaged the use of a polymeric 

insoluble resin to make the peptide chain grow without having to isolate every synthetic 

intermediate as in solution-phase strategies. This idea owned the American researcher the 

Chemistry Nobel Prize in 1984. Since then, peptide synthesis has been significantly developed in 

terms of more efficient synthetic procedures, having taken advantage of novel protection 

methodologies (e.g. Fmoc/tBu strategy), automation, microwave assistance and advanced 

analytics[4,5]. Moreover, smaller teams of medicinal chemists are needed to perform peptide drug 

optimization thanks to the relative simplicity and increasing automation of peptide synthesis in 

comparison to equivalent optimization efforts on small molecules[2].

To date, Fmoc/tBu SPPS (Figure 1.3) has gained almost optimal efficiency in terms of coupling 

yields and duration in detriment to solvent consumption, which has been recognized as an 

economic and environmental issue. In addition, the solvents that are currently used in SPPS such 

as N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP) or dichloromethane (DCM) are 
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classified as substances of very high concern because of their carcinogenic, mutagenic, or toxic 

properties[4,8]. 

Figure 1.3 Experimental scheme of Fmoc/tBu SPPS[9] 

In the 1990s, the field of Green Chemistry emerged to increase sustainability by reducing pollution 

and using less hazardous substances. In 1998, the 12 principles of Green Chemistry were 

introduced[10], considering all aspects of the chemical process, the toxicity of the products, 

solvents, reagents, and catalysts, safety issues, and the energy required. As current SPPS 

procedures are not green in terms of solvent consumption and use of hazardous substances, great 

research efforts have been performed in the last decade to bring closer SPPS to Green Chemistry. 

The first objective of this doctoral thesis was to chemically explore new green SPPS 

methodologies that permit: i) the reduction of hazardous organic solvents using water as the main 

one; and ii) the minimization of PGs using N- -unprotected amino acids. The results obtained 

during the exploration of green SPPS methods and procedures will be described in Chapter 2. 

Fmoc/tBu SPPS has been established since the end of the 1970s as the most convenient strategy 

to synthesize peptides. The use of orthogonal PGs such as the base-labile Fmoc N-protecting 

group and the acid-labile PGs of the amino acid sidechains (e.g. Trt, Boc, tBu, Pbf) permitted to 

use trifluoroacetic acid (TFA) only once, specifically, in the last cleavage/deprotection step of the 

synthesis after all the desired amino acids have been already coupled to the peptide chain. In 

addition, once the acidic peptide solution is separated from the polymeric resin, the peptide must 

be precipitated with great volumes of diethyl ether (DEE). 
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Under a green perspective, TFA is an aggressive and extremely corrosive acid capable of inflicting 

harm to our body by inhalation or skin contact leaving hard to heal chemical burns. Furthermore, 

it is relative expensive, both for the initial purchase and for ultimate disposal. Considering DEE, it 

is also a high concern substance due to its extreme volatility, flammability and may produce 

narcotic effects and drowsiness after exposure. As great amounts of TFA and DEE are needed in 

the cleavage/deprotection process of peptides, especially in industrial peptide synthesis, the 

reduction or substitution of these substances in these cleavage/deprotection procedures is very 

desirable[11].

The second objective of this doctoral thesis was to study the possible use of 

in peptide cleavage and deprotection procedures. 

Methodologies using as a green solvent will be explored with the purpose of 

     normally used in this step. The results of the 

cleavage/deprotection experiments using will be discussed in Chapter 3. The experiments 

shown in this chapter correspond to a research project of BCN Peptides.

Somatostatin

Somatostatin (SST14) is a 14-amino acid cyclopeptide hormone that was discovered in 1973 from 

ovine hypothalamus extracts[12] (Figure 1.4). In the human body, SST14 acts as a neuromodulator 

and a neurotransmitter, as well as a potent inhibitor of various secretory processes and cell 

proliferation[13]. This peptide accomplishes its activity through direct binding to its five receptors 

subtypes (SSTR1-5), which are G-protein-coupled receptors (GPCRs)[14,15]. Under a structural point 

of view, its pharmacophore consists in the -turn formed by Phe7-Trp8-Lys9-Thr10, in which Trp8-

Lys9 are essential for its interaction with SSTRs. Because of its broad modulatory activity, SST14 

has been traditionally conceived as an interesting peptide for clinical applications. However, its 

full therapeutic potential could not be exploited because of its short plasma half-life 

(t1/2 < 3 min)[16,17]. Therefore, since the 1980s researchers put a great effort on finding new

somatostatin analogs (SSAs) with different selectivity profiles and improved stability to enhance 

their in vivo efficiency. The first analogs that reached the market were octapeptides that 

incorporated D-amino acids and conserved the pharmacophore of SST14. These shorter

derivatives were octreotide[18], vapreotide[19] and lanreotide[20], which displayed high nanomolar 

binding affinity for SSTR2 and SSTR5. In addition to these, the last analog that reached the market 

was pasireotide[21], a cyclic hexapeptide with affinity for SSTR1,2,3,5.
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Figure 1.4 SST14: H-Ala1-Gly2-c(Cys3-Lys4-Asn5-Phe6-Phe7-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-Cys14)-OH

The strategy of BCN Peptides and Riera Lab in the development of these analogs consisted in the 

modification of the original SST14 sequence with unnatural aromatic amino acids while 

maintaining the 14-residue structure. By doing this, both the conformation of the synthesized 

analogs and their biological activity could be effectively modulated. In collaboration with Maria 

Macias group and following this strategy, a great number of SSAs have been synthesized and 

characterized in detail throughout different doctoral theses[22 26], publications[27 32] and a 

patent[33]. At present, BCN Peptides is conducting veterinary clinical trials with one of these 

analogs, which is coded as A64.

The third objective of this doctoral thesis was to design and develop new stable analogs 

maintaining the 14-amino acid structure of the parent peptide. Unnatural (e.g. Msa[28]) and 

D-amino acids[34] will be used for the design of these new analogs, whose synthesis and 

characterization will be described in Chapter 4.

(S)-Bicalutamide

Bicalutamide is an oral non-steroidal anti-androgenic drug that is used in the treatment of 

prostate cancer and that was firstly administered in 1995[35]. Bicalutamide displays anti-androgen 

activity by competing with testosterone and dihydrotestosterone for binding sites of androgen 

receptors, as well as by preventing their activation[36]. Bicalutamide is administered clinically in its 

racemic form, although the anti-androgenic activity is exclusively found in the (R)-enantiomer, 

being (S)-bicalutamide inactive and non-toxic[35] (Figure 1.5).

Recently, Farrera and co-workers[35] at BCN Peptides demonstrated the potential use of 

(S)-bicalutamide as an exocytosis activating compound that could be used to treat Lysosomal 

Storage Diseases (LSDs). This type of diseases are genetic disorders that involve the accumulation 

of macromolecules inside the cells, concretely in the lysosomes. This abnormal accumulation 
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might initiate a cascade of secondary effects, ultimately leading to irreversible cellular damage, 

cell death, organ dysfunction and/or organ degeneration[37]. In general, current therapies for LSDs 

such as haematopoietic stem cell transplantation (HSCT), enzyme replacement therapy (ERT) or 

substrate reduction therapy (SRT) offer limited benefits because of incompatible donors, possible 

graft failure and inability to cross the blood-brain barrier. (S)-bicalutamide proved to be effective 

in vitro in all the tested LSDs and demonstrated to be a potential universal treatment for 

prevention of the damaging clinical symptoms of these diseases. Despite the in vitro results, the 

effectiveness of (S)-bicalutamide must be confirmed in vivo in preclinical and clinical studies 

before submitting it to the corresponding pharmaceutical regulatory agencies. 

Figure 1.5 Chemical structures of bicalutamide, (R)-bicalutamide and (S)-bicalutamide 

Therefore, the fourth objective of this doctoral thesis was to design and develop an 

enantioselective route to obtain (S)-bicalutamide, as well as its precursors using large-scale 

procedures and methodologies. In addition, the developed synthesis will be adapted to follow 

Good Manufacturing Practices (GMP) to produce (S)-bicalutamide according to the required 

quality standards to use it in preclinical and clinical trials. The large-scale synthesis of  

(S)-bicalutamide and its precursors will be described in Chapter 5. 

1.2 Objectives 

To summarize, the main objectives of the present Doctoral Thesis were: 

- Exploration of Green SPPS methodologies that permit to: reduce the use of hazardous 

organic solvents (e.g. DMF or DCM) in favor of water and use N- -unprotected amino acids 

to improve the atom economy of the process (Chapter 2). 

- Development of a methodology using  as a green solvent 

to  employed in standard cleavage and 

deprotection procedures (Chapter 3). 

- Design, synthesis and characterization of new stable 14-amino acid somatostatin analogs 

using unnatural (e.g. Msa) and D-amino acids in determined key positions of the structure 

(Chapter 4). 

- Design and development of a large-scale synthetic route to obtain (S)-bicalutamide and its 

precursors according to the required quality standards to employ it in preclinical and clinical 

trials (Chapter 5).
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2 Green Solid-Phase Peptides Synthesis

2.1 Introduction

Standard Solid-Phase Peptide Synthesis

Solid-Phase Peptide Synthesis (SPPS) has received increasing attention by the industrial sector 

since the pioneering report of Bruce Merrifield in 1963[38]. The use of a polymeric support as a 

permanent protecting group (PG) for the first amino acid simplified the procedure and scale-up, 

outperforming previous solution phase strategies. Because of these reasons, SPPS has been 

adopted as the strategy of choice for the production of peptides in both the industrial and 

research contexts[39 41]. The SPPS protocol consists in three main steps in each reaction: i) addition 

of reagents; ii) filtration; and iii) washing. This straightforward protocol permits the synthesis of 

peptides with up to 50 amino acid residues[6] with satisfactory yields1.

Figure 2.1 Experimental scheme of Fmoc/tBu SPPS[9].

Apart from the use of a solid support as the first PG, to employ protected amino acids is also 

crucial to avoid side-reactions and the formation of impurities. Depending on the PGs that are 

used there are two main SPPS strategies: i) tert-butoxycarbonyl (Boc) /benzyl (Bzl) strategy 

reported by Merrifield[38]; and, ii) Fluorenylmethoxycarbonyl (Fmoc)  /tert-Butyl (tBu) strategy 

reported by Louis Carpino[42,43] (Figure 2.1). The Fmoc/tBu strategy is based on an orthogonal 

scheme in which these two PGs are removed by different mechanisms[44]. The Fmoc group is 

removed from the -amino group through a -elimination reaction with a base. The sidechain PGs 

1 Thanks to this innovative work, Bruce Merrifield was awarded with the Chemistry Nobel Prize in 1984.
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(e.g. Trt, tBu, Boc and Pbf2) and the peptide resin bond are cleaved in mild acid media, mainly 

trifluoroacetic acid (TFA). In contrast, the Boc/Bzl strategy requires the use of TFA after each 

coupling cycle to remove the Boc group and requires strong acids such as hydrofluoric acid to 

cleave the peptide from the polymeric resin and remove the Bzl groups[45]. 

As the Fmoc/tBu strategy does not involve the use of hazardous reagents for peptide cleavage, 

and it minimizes the use of TFA to only one step of the synthesis, this strategy has been 

established as the preferred chemical approach for SPPS. Despite this, the use of the Fmoc group 

has some disadvantages: i) its hydrophobicity does not permit to work in an aqueous context; and  

ii) its aromatic character favors -  interactions that might lead to the collapse of the resin. As a 

consequence, the base and the solvent of the Fmoc removal step are very important because 

deletion peptides might be generated as a result of poor Fmoc removal. Traditionally, solutions 

of piperidine in N,N-dimethylformamide (DMF) have been extensively used. 

Figure 2.2 Activation scheme of Fmoc-amino acids with DIPCDI/HOBt 

Apart from Fmoc removal, the amide bond formation is also a very demanding reaction. 

Carbodiimides are the most widely used coupling reagents, being diisopropylcarbodiimide 

(DIPCDI) the standard one for Fmoc/tBu chemistry. In this thesis, EDC 3  a water-soluble 

carbodiimide will be extensively used. The general reaction of amino acids with carbodiimides 

generates a highly reactive O-acylurea that might form several undesired products such as  

N-acylurea (Figure 2.2). To prevent this, the activation is normally carried out in the presence of  

N-hydroxyl-containing reagents, which render more suitable active esters. Hydroxybenzotriazole 

(HOBt)[46], hydroxysuccinimide (HOSu)[47] and OxymaPure[48] are clear examples of these reagents, 

which additionally minimize racemization. 

After the linear synthesis is completed following the Fmoc/tBu strategy, the final peptide needs 

to be cleaved from the solid support. Two main cleavage strategies are performed using TFA as 

the source of protons: i) global cleavage/deprotection with a high content of TFA in the presence 

of scavengers, which cleaves the peptide from the resin and removes the sidechain PGs; and  

 
2 Pbf (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl). 
3 EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide). 
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ii) cleavage of protected peptides with organic solutions that contain a low proportion of TFA 

(normally 1-4% in DCM) for the treatment of acid-labile resins (e.g. 2-chlorotrityl chloride (CTC))[49]. 

In cleavage/deprotection procedures, the peptide crude is filtered and precipitated using cold 

diethyl ether (DEE)[50]. In cleavage of protected peptides, the resin suspension is filtered and the 

solvent is eliminated under reduced pressure to obtain the protected peptide for further 

development (e.g. disulfide bond formation).

Greening of Solid-Phase Peptide Synthesis

Green Chemistry is defined as the design of chemical products and processes to reduce or 

eliminate the use and generation of hazardous substances[10]. Since the publication of this report 

by Anastas and co-workers in the 1990s, green chemistry is now established to a greater or lesser 

extent in all the fields of organic chemistry, being SPPS no exception.

Under this perspective, SPPS has already some features associated with green chemistry[51]: 

i) a single reactor is used for all the reactions, minimizing cleaning and matter transfer processes; 

ii) simple work-up procedures, avoiding extraction techniques; iii) no purification of the 

intermediates, increasing the final yield and saving solvent and time; iv) quantitative conversion 

and high yields; v) high purity crudes with straightforward purification; and vi) possibility of 

parallelization and automatization[51].

Despite these features, standard SPPS also shows low scores on some green chemistry metrics[51]. 

The use of PGs has a huge negative impact on the atom economy4 of the process. For example, 

only 20% of the mass of Fmoc-Gly-OH is retained in the final product when the Gly residue is 

introduced[51]. Minimizing or avoiding the use of PGs might help to address this issue. Similarly, 

excess of reagents and large amounts of solvents used in the amino acid coupling, the Fmoc 

elimination and washes between steps penalize the E-factor5 metric.

With all these in mind, a great number of green strategies for SPPS have been reported in the 

literature. Some of these include aqueous-based strategies, use of organic green solvents and use 

of unprotected amino acids.

2.1.2.1 Aqueous Peptide Synthesis

Water might be considered as the most optimal green solvent[6], but the disposal or recycling of 
[51,52]. Due to the lack of solubility 

of Fmoc-amino acids in water, several strategies to overcome this problem have been 

4 Atom economy is defined as how much of the mass present in the starting materials remains in the final 
product[314].
5 E-factor is defined as the ratio of total mass of waste to the mass of the isolated product.
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developed[51]: i) Water-soluble PGs, ii) Aqueous Nanoparticle Peptide Synthesis; and,  

iii) Microwave-assisted Aqueous Peptide Synthesis. 

As SPPS reactions are diffusion-dependent, the swelling of the polymeric support is one of the 

most important prerequisites for a successful reaction[53]. Water-based SPPS protocols need 

polymeric supports with high hydrophilic components. Some examples are polyethylene glycol 

(PEG)-PS resins (e.g. TentaGel® (TG)) or PEG-based resins (e.g. ChemMatrix® (CM)) with increased 

water-swelling properties in comparison to the traditional resins based on Polystyrene (PS). In the 

industrial synthesis of peptides, PS resins are still the polymeric support of choice due to 

considerations of price and commercial availability. In contrast, PEG-PS or CM reins are often 

chosen in the research context for the synthesis of difficult peptides. 

2.1.2.1.1 Water-soluble Protecting Groups 

Figure 2.3 Water-soluble N-protecting groups developed by Hojo and co-workers[54 57] 

In the 2000s, the first attempts to substitute the Fmoc group by a more water-soluble alternative 

were performed by Hojo and co-workers[54 57] who introduced the Pms 6 , Esc6 and Sps6  

N-protecting groups (Figure 2.3). The removal of these water-soluble PGs occurred through a  

-elimination pathway similar to Fmoc but using a 5% NaHCO3 solution instead of traditional 

piperidine/DMF mixtures. By using these water-soluble PGs the authors were capable of 

synthesizing Leu-enkephalin 7 , an endogenous opioid peptide neurotransmitter[58] whose 

sequence is synthetically demanding[59]. The couplings were performed using the previous  

N-protected amino acids (4 eq), EDC (4 eq) and HONB8 (4 eq) at RT for 3h in 0.2% Triton X-100 

aqueous solution. However, these water-soluble PGs suffered from some drawbacks, such as 

chemical instability (Pms) or inefficient removal with aqueous solutions (Esc). Because of this , the 

yields and purities of the model peptide Leu-enkephalin were much lower than those achieved by 

standard Fmoc/tBu protocols[60]. 

Recently, Knauer and co-workers[4,61] introduced sulfonates (SO3-) as water-solubility enhancing 

groups, not only into Fmoc but also to sidechain PGs (Figure 2.4). Smoc-amino acid derivatives 

could be obtained in high yields with only one-step reaction using concentrated sulfuric acid. 

These new PGs were used to synthesize the hydrophobic H-Val1-Gly2-Gly3-Val4-Gly5-OH peptide 

 
6  Pms (2-[phenyl(methyl)sulfonio]-ethoxycarbonyl); Esc (2-ethanesulfonylethoxycarbonyl); and  
Sps (2-(4-sulfophenylsulfonyl)ethoxycarbonyl). 
7 Leu-enkephalin (H-Tyr1-Gly2-Gly3-Phe4-Leu5-OH). 
8 HONB (N-hydroxy-5-norbornene-2,3-dicarboxylic acid imide). 
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using water as the only solvent[4]. The coupling step was performed using the corresponding 

Smoc-amino acid (3 eq), EDC (5.5 eq), OxymaPure (3 eq) and NaHCO3 (3 eq) in water for 1h. 

Removal of the Smoc group was achieved with two washes of either 1M NaOH, 25% aqueous 

ethanolamine or 5-10% aqueous piperazine. 

Figure 2.4 New PGs developed by Knauer and co-workers[4,61] 

2.1.2.1.2 Aqueous Nanoparticle Peptide Synthesis 

Apart from water-soluble N-protecting groups, Hojo and co-workers reported as well another 

innovative approach based on the conversion of either Boc- or Fmoc-amino acids into 

nanoparticles to enhance their solubility in water[62]. Theoretically, the high surface area of 

nanoparticles permits their homogeneous mixing with the resin in water, allowing the progression 

of the coupling reaction. Nanoparticles of Boc- and Fmoc-amino acids[63 67] were prepared using 

a planetary ball mill in the presence of PEG as a dispersion agent. PEG-based resins compatible 

with water were also used, as well as Triton X-100 for the washing steps. A variety of activators 

and additives were employed depending if the coupling reaction was performed at RT[63] or using 

MW-assistance[64 67]. Fmoc-amino acid nanoparticles (3 eq) were coupled using EDC (3 eq), HONB 

(3 eq) and DIEA9 (3 eq) for 1h at RT in water[63]. In contrast, using MW-heating both Boc- or Fmoc-

amino acid nanoparticles (5 eq) were coupled using DMTMM10 (5 eq) and N-methylmorpholine 

(NMM) (5 eq) in 0.2% Triton X-100 at 70ºC for 10 min[65 67]. This water-based protocol permitted 

the authors to synthesize a variety of demanding peptides such as Leu-enkephalin[63,64,66], acyl 

carrier protein (ACP65-74)[64], oxytocin[65] and rat neuropeptide W-30 (NPW3010-15)[67]. These difficult 

peptides could be obtained in acceptable yields and excellent purities, without racemization. 

2.1.2.1.3 MW-aqueous Peptide Synthesis 

In organic chemistry, MW-assisted heating has been widely used to overcome low reagent 

solubilities, as well as to increase reaction rates. In peptide synthesis, MW-assistance has also been 

used to increase the solubility of Boc- and Fmoc-amino acids in water, as Hojo and co-workers 

did[65 67]. The main characteristic of MW-heating is that the energy is transferred directly to the 

reaction mixture rather than first to the reaction vessel and then to the reaction mixture  as 

conventional heating methods[68,69]. 

 
9 DIEA (diisopropylethylamine). 
10 DMTMM (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride). 
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Under this perspective, Albericio and co-workers reported a MW-assisted SPPS protocol using 

water in all the synthetic steps[58]. In this strategy, two MW-cycles composed of Boc-amino acid 

(5 eq), EDC (5 eq) and HONB (5 eq) in water at 75ºC for 7 min were used in the coupling step. Boc 

elimination was performed in three MW-cycles using aqueous 1M HCl at 75ºC for 7 min. In 

addition, 0.5% Triton X-100 was also used to improve the solubility of the amino acid derivatives 

in water and the swelling of the resin. By applying this protocol, Leu-enkephalin (80% purity) could 

be synthesized in CM resin[58]. 

2.1.2.2 Green Organic Solvents 

Fmoc/tBu SPPS is the most straightforward way of synthesizing peptides. The use of a solid 

polymeric PG allows to use excess of reagents to achieve quantitative coupling yields. However, 

extensive solvent washings have to be performed between the synthetic steps. As water is 

considered the greenest solvent, it would be desirable to have a robust water-based SPPS 

methodology. Despite this, aqueous environments are not compatible with conventional PS 

resins, that are widely used because of their price and commercial availability. In addition, most 

of the PGs used in standard SPPS (e.g. Fmoc, Boc, tBu, Trt, Pbf, etc.) have highly hydrophobic 

structures that are not soluble in water. Consequently, water is not an option when using PS resins 

and hydrophobic PGs [51].  

DMF, N-methylpyrrolidone (NMP) and dichloromethane (DCM), are the organic solvents currently 

used for couplings and washings in SPPS[70]. All these solvents raise both drastic environmental[71] 

and health concerns because of their reprotoxicity[72]. Consequently, these solvents are classified 

as hazardous substances according to several guidelines, and it is desirable to find less harmful 

substitutes[52].  

Before considering a green organic solvent as a good alternative for Fmoc/tBu SPPS various key 

properties must be assured apart from being non-toxic and sustainable: i) the solubility of 

protected amino acids and coupling reagents; ii) appropriate swelling of the polymeric support; 

and iii) acceptable viscosity[6,73]. High viscosities difficult the diffusion of the dissolved reagents 

inside the resin, impeding them from reaching the reactive sites of the resin beads and decreasing 

the yields[6]. High viscosity problems might be reduced by increasing the temperature or by using 

solvent mixtures. In relation to this, resin swelling has to be appropriate (  4 mL·g-1) to allow the 

dissolved reactants to reach the active sites. 

In 2009, acetonitrile (ACN) was the first solvent that could effectively replace DMF in SPPS as 

reported by Albericio and co-workers[51,74]. The authors designed a protocol in which ACN was 

used as the major solvent in coupling (OxymaPure/DIPCDI), Fmoc removal and washing steps. By 
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means of this protocol, model peptides Leu-enkephalin amide11 and ACP65-74
12 could be prepared 

with purities above 95% using CM resin. Despite this, ACN is not considered as a green solvent [52] 

because it is not bio-based and cannot be obtained from renewable sources[75]. Nevertheless, ACN 

can be considered a friendlier alternative to DMF as it is conceived as one of the less problematic 

dipolar aprotic solvents[71]. 

In 2013, Watson and co-workers[76] evaluated a panel of green solvents for amide synthesis in 

substitution of DMF and DCM. A variety of amino acid coupling reactions were examined to 

conclude that dimethyl carbonate (DMC), 2-methyltetrahydrofuran (2-MeTHF) and ethyl acetate 

(EtOAc) were suitable alternatives to DMF and DCM[76]. 

Similarly, Albericio and co-workers[77] demonstrated that 2-MeTHF showed better coupling 

efficiencies than DMF using DIPCDI/OxymaPure as activators. In addition, 2-MeTHF was used as 

coupling solvent for the synthesis of Aib-enkephalin amide13  using both PS and CM resins, 

obtaining purities of 97% and 82%, respectively. However, DMF was still used in the Fmoc removal 

and washing steps. To avoid that, Albericio and co-workers[78] reported two complete green SPPS 

protocols using EtOAc and 2-MeTHF (more details about this protocol in section 9.1.1). By 

following protocols D and E, Aib-enkephalin amide could be synthesized with purities above 90% 

in CM resin[78]. On the other hand, moderate purities (~40%) were obtained using protocol E in 

PS resins, which were only improved when the Fmoc removal step was performed at 40ºC (89% 

purity). In the case of longer peptides such as Aib67,68-ACP65-7414, 87% purity was achieved in CM 

resin following protocol E but performing the Fmoc removal and coupling steps at 40ºC. The 

authors concluded that the main limitation of these green protocols was the incomplete Fmoc 

removal, which lowers the purity of the final peptide[78]. 

Because of the previous problems with Fmoc removal, Albericio and co-workers[79] evaluated the 

performance of various green solvents confirming the bad performance of 2-MeTHF. 

Nevertheless, it was found that other green solvents such as N-formylmorpholine (NFM) and  

-valerolactone (GVL) were capable of achieving excellent results in CM resin. GVL is considered 

a green solvent because it is renewable (produced from biomass), has a low melting point (-31ºC), 

a high boiling point (207ºC), it is non-toxic and is highly soluble in water[80]. Regarding NFM, it 

has been reported as a green alternative to hazardous NMP[80]. 

 
11 Leu-enkephalin amide (H-Tyr1-Gly2-Gly3-Phe4-Leu5-NH2) 
12 ACP65-74 (H-Val1-Gln2-Ala3-Ala4-Ile5-Asp6-Tyr7-Ile8-Asn9-Gly10-NH2) 
13 Aib-enkephalin amide (H-Tyr1-Aib2-Aib3-Phe4-Leu5-NH2) 
14 Aib67,68-ACP65-74 (H-Val1-Gln2-Aib3-Aib4-Ile5-Asp6-Tyr7-Ile8-Asn9-Gly10-NH2) 
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Following their previous work, Albericio and co-workers[80] reported GVL- and NFM-based SPPS 

protocols that were evaluated by the demanding synthesis of Aib67,68-ACP65-74 in PS resins (more 

details about this protocol in section 9.1.1). Although purities using either GVL or NFM were 

almost identical (52-54%), they were lower in comparison to protocols that used DMF as the 

solvent in the Fmoc removal step (89-94%). 

Despite the latest results, Albericio and co-workers[81] continued to optimize a protocol using GVL 

as the single solvent, but this time the authors based their study on the high-efficiency SPPS 

protocol developed by Collins and co-workers[82]. This protocol involved 165s coupling steps 

(Fmoc-amino acid/DIPCDI/OxymaPure 5:5:5 eq) and 95s Fmoc removal step (20% piperidine) both 

at 90ºC using MW-heating and without washes between them (more details about this protocol 

in section 9.1.1). As a result, only 14 mL of solvent are consumed per amino acid cycle with a 

duration of 4 min[81,82]. By means of this GVL protocol, a variety of demanding model peptide were 

synthesized: i) ACP65-74 was obtained with a comparable purity profile either with GVL or DMF on 

PS resin; and, ii) Jung-Redemman[83] decapeptide15 was obtained on CM resin obtaining better 

results using GVL than DMF (68% vs 57% purities). As a consequence, Albericio and co-workers[81] 

proposed GVL as a green alternative for DMF and established its full compatibility with the 

automation of SPPS in a MW-synthesizer. 

North and co-workers[84] reported the use of propylene carbonate (PC) as a green solvent for the 

synthesis of various model peptides on CM resin. PC is known to be non-toxic, less expensive than 

DMF and can be prepared by the atom economical reaction between 2-methyloxirane and carbon 

dioxide (CO2)[85]. The authors proposed a complete green protocol involving PC in the coupling, 

Fmoc removal and washing steps (more details about this protocol in section 9.1.1), being capable 

of synthesizing the model peptide Bradykinin16 (77% purity). In comparison, this peptide could be 

obtained with a 79% purity using DMF, demonstrating that PC had no detrimental effect on the 

synthesis of Bradykinin[84]. In addition, the use of PC as the single solvent enabled the possibility 

of recycling it as it was not mixed with any other solvent. 

Lopez and co-workers[86] performed an extensive study on green solvents that could substitute 

DMF in SPPS. From the initial 37 green solvents, only tetramethylurea (TMU), 1,3-dimethyl-2-

imidazolidinone (DMI), N-butylpyrrolidone (NBP) and 1,2-dimethyl-3,4,5,6-tetrahydro-2-

 
15 Jung-Redemann decapeptide (H-Trp1-Phe2-Thr3-Thr4-Leu5-Ile6-Ser7-Thr8-Ile9-Met10-NH2) 
16 Bradykinin (H-Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9-OH). 
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pyrimidinone (DMPU) were selected as reasonable replacements for DMF after carrying out 

several tests17. 

Using these four green solvents, as well as to dimethylsulfoxide (DMSO) and DMF for comparison 

reasons, the authors synthesized linear octreotide 18  using an automatic peptide synthesizer. 

Analysis of the crudes revealed a similar impurity profile, being amino acid deletion sequences 

the most important impurities. The principal cause of these deletion sequences was assigned to 

incomplete coupling reactions, which was expected as coupling rates in these solvents are slower 

in comparison to DMF.  Nevertheless, NBP (80%), TMU (78%) and DMI (78%) demonstrated to 

achieve great peptide purities, though slightly lower than DMF (86%). Consequently, the authors 

proposed NBP as a promising candidate for green polar aprotic solvents over TMU and DMI, 

because it is the only one of these that is nontoxic and biodegradable[87]. Despite this, NBP shows 

a high viscosity that could explain its slightly lower performance in comparison to DMF. To 

overcome this drawback, North and co-workers proposed to perform the coupling reactions at 

40ºC, which is an acceptable temperature even for industrial peptide synthesis[86]. 

To reduce the viscosity of NBP, Pawlas and co-workers[88] were the first to report the use of binary 

green solvent mixtures of NBP/EtOAc using different proportions (e.g. 1:9 NBP/EtOAc for the 

washing steps) to reduce the economic impact of NBP (more details about this protocol in section 

9.1.1). By doing that, the authors were able to synthesize the melanocortin receptor agonist19 and 

perform an on-resin lactamization between the Asp2-Lys7 residues of the structure. Although the 

solvent cost of this NBP/EtOAc protocol is comparable to the use of DMF, the authors propose 

the recycling of EtOAc from NBP taking advantage of the huge difference on the boiling points of 

these solvents (77ºC vs 243ºC). 

2.1.2.3 Unprotected amino acids in SPPS 

The use of PGs lowers both the atom economy and the E-factor of SPPS procedures. As an 

example, in the introduction of an Arg residue to a peptide chain with Fmoc-Arg(Pbf)-OH, only 

24% of the mass of the reagent is still present after the coupling. To minimize the use of PGs and 

improve the atom economy of SPPS, several strategies have been reported including: i) Acyl 

benzotriazoles active esters, and ii) N-carboxyanhydrides. 

 
17 These tests included: i) Resin swelling; ii) Solubility of reagents and side-products; iii) Coupling reaction 
using DIPCDI/ OxymaPure; and iv) Fmoc removal. 
18 Linear Octreotide (H-D-Phe1-Cys2-Phe3-D-Trp4-Lys5-Thr6-Cys7-Throl8) 
19 Melanocortin receptor agonist (Ac-Nle1-c[Asp2-His3-Phe4-Arg5-Trp6-Lys7]-NH2) 
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2.1.2.3.1 Acyl benzotriazoles 

Acyl benzotriazoles[89] were used as active esters by Katritzky and co-workers[90 92] to synthesize 

peptides minimizing the use of PGs in solution phase strategies (Figure 2.5). This methodology 

consisted in the repetitive coupling of acyl benzotriazoles with unprotected amino acids, growing 

the peptide from the N- to the C-terminal (inverse direction). Acyl benzotriazoles might be 

prepared from Cbz- or Fmoc-amino acids (1 eq) using thionyl chloride (1 eq) and benzotriazole 

(4 eq) as activators in tetrahydrofuran (THF) at RT. The couplings were carried out in the presence 

of Et3N in H2O:ACN mixtures. However, this strategy did not work with amino acids that have 

determined functional groups in their sidechains such as: i) primary amines (e.g. Lys) that would 

react intramolecularly with the -acyl benzotriazole; or ii) carboxylic acids (e.g. Asp, Glu) as the 

acyl benzotriazole activation is not selective either for the -carboxylic group or the sidechain[92]. 

Nevertheless, this strategy permitted to work with amino acids bearing unprotected hydroxyl 

groups (e.g. Ser[90], Tyr[91]), thiols (e.g. Cys[91]), secondary amines (e.g. Trp[90,91], His[92]) and amides 

(e.g. Asn[92], Gln[91]).  

Figure 2.5 Solution phase strategy developed by Katritzky and co-workers[90 92] 

2.1.2.3.2 N-carboxyanhydrides 

The amino acid coupling is probably the most important step in peptide synthesis as it permits 

the elongation of the peptide chain. To convert the carboxylic acid into a reactive species is a 

demanding reaction. The attractiveness of N-carboxyanhydrides (NCA) for peptide synthesis 

resides in their simultaneous -amino protection and -carboxylic acid activation[93,94]. As a 

consequence, the atom economy of NCA condensation is very high as the most part of the NCA 

mass remains in the newly formed peptide with CO2 (g) as the only byproduct (Figure 2.6). The 

repeated addition of NCA permits to synthesize the peptide requiring certain degree of control 

to avoid NCA polymerization[95]. 
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Figure 2.6 Incorporation of NCA with CO2 (g) as the only byproduct 

Lamaty and co-workers[96] have used NCA for the preparation of di- and tripeptides under solvent-

free conditions by using ball-milling technology. This methodology permitted to obtain 

aspartame20 in only three steps (Figure 2.7). Nevertheless, liquid grinding assistant (1.4 µL of EtOAc 

per mg of reactants) was needed to increase the reaction rate of the reagents, as well as to scale-

up the synthesis to obtain other short peptides[97]. 

Figure 2.7 Aspartame synthesis in solvent-free conditions using NCA[96] 

De Marco and co-workers[95] reported the SPPS of endomorphin-1[98] (EM1)21 on CM resin using 

water as the solvent and NCA amino acid derivatives (Figure 2.8). The authors also reported the 

preparation of these NCA in small scale using triphosgene under solvent-free conditions and  

MW-heating at 80ºC and used them without any further purification. 

Figure 2.8 Synthesis of Endomorphin-1 by De Marco and co-workers[95] 

Regarding peptide synthesis[95], CM resin had to be swollen initially with borate buffer (pH 10.2). 

Then, the corresponding NCA (3 eq) was added at 5ºC and the suspension was mechanically 

shaken for 3h. Next, the resin was filtered, washed with citrate buffer (pH 3.0), and finally with 

borate buffer (pH 10.2). Under these controlled conditions, the authors could effectively avoid 

NCA polymerization based on the relative stability of the carbamic acid intermediate in an 

aqueous environment at basic pH. This carbamic acid prevents the formation of the free 

aminopeptide while the NCA is still present in the reaction mixture, thus avoiding NCA 

polymerization. 

 
20 Aspartame (H-Asp1-Phe2-OMe). 
21 Endomorphin-1 (H-Tyr1-Pro2-Trp3-Phe4-NH2) 
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2.2 Synthetic proposal

Our green SPPS proposal is based on: i) the reduction of hazardous organic solvents using water 

as the main one; and ii) the minimization of PGs using N- -unprotected amino acids to improve 

the atom economy of the synthetic process. To do that, we proposed to elongate the peptide 

chain in the inverse direction[99 102] (from the N- to the C-terminus). Consequently, we envisaged 

to perform an activation step previous to the aqueous coupling (Figure 2.9).

Figure 2.9 Synthetic proposal

N C peptide synthesis

Henkel and co-workers[99] reported the first approach to peptide synthesis in the inverse direction 

using fluorenylmethyl (Fm) amino acid esters (Figure 2.10). The authors were capable to 

incorporate the first amino acid ester onto the CTC-TG resin using DIEA. After the elimination of 

Fm with 20% piperidine, the neutralization of the corresponding piperidinium salt was performed 

using 1.5% AcOH in DMF. The activation of the C-terminus was carried out using DIPCDI (8 eq) 

and HOBt (3 eq) in DMF for 30 min. Afterwards, the hydroxybenzotriazole salt of the 

corresponding amino acid ester was coupled in DMF for 20h. By means of this protocol, the model 

peptide Leu-enkephalin7 was synthesized in 60% yield, although some by-products were found 

due to incomplete couplings. In addition, racemization was also observed (8.2% of 

[D-Phe4]-Leu-enkephalin).

Figure 2.10 N to C peptide synthesis proposed by Henkel and co-workers[99]

Apart from this, Henkel and co-workers[99] also observed two side-reactions that occurred due to 

the fact that the carboxyl-activated species was anchored to the resin. While the peptide chain is 

elongated, the activated carboxylic acid may suffer the attack by either: a) the nitrogen of the 

amine group of the previous amino acid forming the diketopiperazine (DKP) and capping the 

peptide chain; or b) the oxygen from the carboxyl group of the previous amino acid to form the 

5(4H)-oxazolone which causes racemization.
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Model peptides

Two model peptides were synthesized to perform the experiments related to green SPPS 

methodologies. In all the cases, the Rink amide linker (RAM) was used as the connector between 

the resin and the model peptide. The first model peptide (MP122, Figure 2.11) was synthesized on 

three different resins pMBHA-PS, CM and TG. The second model peptide (MP223, Figure 2.12) was 

only synthesized in pMBHA-PS resin. These tetrapeptides were synthesized following standard 

Fmoc/tBu SPPS procedures and the succinic linker was coupled after the Thr residue. For more 

details about these model peptides see section 7.3.1.

Figure 2.11 MP1 structure Figure 2.12 MP2 structure

The model tetrapeptides permitted us to analyze the results of each experiment simply by HPLC 

or HPLC-MS. In addition, the succinic linker was used to provide the first C-terminus to perform 

the activation step. Under a structural point of view, the Lys and Arg residues are the only 

difference between these two model peptides.

Activation methods
Table 2.1 Active ester methodologies

ACTIVATORS Active ester ACTIVATORS Active ester

HOSu/EDC[103 105] HOBt/EDC[106]

PFP/EDC[105,107,108] OxymaPure/EDC[48,109]

DAST[110]
DPPA/Et3N[111]

DPPA/DIEA[112]

NaN3/EDC[113,114]

An extensive bibliographic search about succinimidyl (-OSu), pentafluorophenyl (-OPFP), 

benzotriazole (-OBt), Oxyma esters, acid fluorides (-COF) and azides (-N3) activation methods was 

conducted (Table 2.1). Unless otherwise specified 3 eq of each activator were used per activation 

22 MP1 (HO-Suc-Thr-Ala-Lys-Val-NH2)
23 MP2 (HO-Suc-Thr-Ala-Arg-Val-NH2)
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cycle. Although the tables of section 2.3 do not show EDC, this carbodiimide was used in all the 

activation methods of that section except for DAST or DPPA.

Coupling methods

Figure 2.13 Experimental scheme

Our initial goal was to find suitable conditions for both the quantitative activation of the 

C-terminus and the quantitative amino acid coupling. Because of this, Gly was the chosen 

N- -unprotected amino acid for the initial phase of the project. Therefore, the general scheme of 

our experiments is represented in Figure 2.13.

Table 2.2 Coupling media
COUPLING Medium

A Gly (5 eq), Carbonate buffer pH 9.5-10
B Gly (5 eq), H2O + organic/inorganic base (10 eq)
C Gly (5 eq), Phosphate buffer pH 8.7
D Gly-OMe (5 eq) + in/organic base (10 eq)
E L-Val (5 eq), Carbonate buffer pH 9.5-10
F L-Ala (5 eq), Carbonate buffer pH 9.5-10
G L-Leu (5 eq), Carbonate buffer pH 9.5-10

The coupling media used in the experiments were coded to facilitate the explanation of the results 

(Table 2.2). 5 eq of amino acid were used per coupling and 10 eq of organic/inorganic bases were 

used, unless otherwise specified.

2.3 Results

In general, our green SPPS experiments have been classified in five categories: i) activation 

experiments; ii) aqueous coupling experiments; iii) hydrolysis studies; iv) one-pot experiments; 

and v) racemization studies. For more details about the general methodology followed to perform 

these experiments see section 7.3.3. In addition, the procedure of some key experiments is 

described in section 7.3.3.2.

Activation experiments

2.3.1.1 Initial experiments

In this initial phase, hazardous solvents such as DCM or DMF were still used to know which 

activation methods showed better results in terms of yield (Table 2.3). In posterior experiments, 

we hope to find a suitable green solvent that permits to quantitatively activate the C-terminus 

before the aqueous coupling. Taking this into account, various active esters were prepared using 

two carbodiimides: EDC and DIPCDI. Due to the poor results offered by DIPCDI[105], EDC[104] was 
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the carbodiimide that was used in practically all the experiments except for the ones with DAST 

or DPPA.  

Table 2.3 Initial experiments with HOSu, PFP and DAST 

EXP Resin ACTIVATION COUPLING 
G-G-MP 

(%) 
G-MP  
(%) 

MP  
(%) 

E1-43ii MP1-PS HOSu, DCM, 2x2h A 
- 88.524 4.8 

60.425 28.7 - 
E1-53ii 

MP1-PS 
PFP, DCM, 2x2h 

B + Et3N 
- 70.7 13.4 

E1-53iii DAST, DCM, 2x30min - 32.5 55.5 
E1-56i 

MP1-PS 
HOSu, DCM, 2x2h 

B + Et3N 
- 53.4 34.0 

E1-56ii PFP, DCM, 2x2h - 57.0 16.1 
 

E1-43ii was one of the first successful experiments in which two consecutive Gly residues were 

coupled to MP1-PS. In addition, we also concluded that: i) active species based on the succinimidyl 

ester (e.g. SuO-MP1) could be detected by HPLC; ii) the Gly coupling did not work at pH < 9.5 

because the amino group of Gly was protonated; iii) SuO-G-MP1 species was obtained only if 

neutralization washes with diluted AcOH solutions were performed; and iv) two activation cycles 

(2x2h) were needed when using HOSu/EDC method. PFP/EDC[107] activation was quantitative after 

only one activation even if DMAP was not used (E1-53ii). Pentafluorophenyl ester could be easily 

followed by HPLC, but its hydrolysis in aqueous Et3N was determined to be around 20%. Therefore, 

the hydrolysis of the pentafluorophenyl ester was greater than the succinimidyl ester. The 

formation of the corresponding acid fluoride using DAST[110] did not work owing to the G-MP1 

low yield that was obtained (E1-53iii).  

When both HOSu and PFP were compared in the same experiment (E1-56), it was observed that 

the activation with HOSu was not quantitative (75.6% of SuO-MP1) and that the active ester 

hydrolyzed 20% in the coupling. In contrast, the PFP activation was almost quantitative (94.5% 

PFPO-MP1), but the hydrolysis was even greater (40%) that what we thought originally. Therefore, 

similar levels of G-MP1 were obtained in both experiments (~55%). 

Due to the conclusions of E1-43ii, we tried to focus on the activation of G-MP1 and the coupling 

of a second Gly residue. To do that, we had to develop a methodology to obtain G-MP1 in gram-

scale. As observed in Table 2.4, excellent results were obtained either with MP1-PS or MP1-CM 

resins using HOSu/EDC as activators. 

 

 
24 First coupling of Gly over SuO-MP1. 
25 Second coupling of Gly over SuO-G-MP1. 
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Table 2.4 Gram-scale experiments with HOSu 

EXP Resin 
Reaction 
Scale (g) 

ACTIVATION COUPLING 
G-MP 

(%) 
MP  
(%) 

E1-65i MP1-PS 2.0 

HOSu, DCM, 2x2h 
A 

79.6 5.8 
E1-72 MP1-PS 4.0 88.6 - 
E1-84 MP1-CM 1.0 93.1 - 
E1-94 MP1-PS 6.0 87.0 5.1 
E2-06i MP1-PS 2.0 90.5 4.9 
E2-31 MP1-PS 7.0 91.2 8.8 
E2-67 

MP1-PS 
2.0 

A 
81.4 4.7 

E2-77 2.0 83.0 9.1 
E2-88i 

MP1-PS 
2.0 HOSu, DMF, 2x2h 

A 
78.3 7.2 

E2-88ii 2.0 HOSu, DCM, 2x2h 80.3 4.3 
 

Once gram-scale quantities of G-MP1 were obtained, we focused on the activation of G-MP1 and 

the coupling of a second Gly residue (Table 2.5). The addition of DIEA during the activation with 

HOSu did not improve the results either in DCM (E1-67i) or DMF (E1-67iii). The use of MP1-CM 

permitted to increase the yields of both the first Gly coupling and the second Gly coupling  

(E1-80), in comparison to the yields obtained in other experiments with PS resin (e.g. E1-43). These 

were reasonable results taking into account the high swelling of PEG resins. Despite this, only 

promising chemical conditions either for activation or coupling will be tested with CM or TG resins.  

Table 2.5 Optimization of G-G-MP 

EXP Resin ACTIVATION COUPLING 
G-G-MP 

(%) 
G-MP 

(%) 
E1-67i G-MP1-PS 

(E1-65i) 
HOSu + DIEA, DCM, 2x2h 

A 
18.8 62.2 

E1-67iii HOSu + DIEA, DMF, 2x2h 41.3 33.4 
E1-80i 

MP1-CM HOSu, DCM, 2x2h A 
83.7 16.3 

E1-80ii 84.3 15.7 
E2-50ii G-MP1-PS 

(E2-31) 
HOSu, DMF, 1x2h 

A 
53.8 27.9 

E2-50iii HOSu, DMF, 1x1h 59.4 26.2 
E2-74i 

MP1-PS 
HOSu, DMF, 2x2h 

A 
- 75.3 

E2-74ii HOSu, DMF, 2x2h, 50ºC - 70.5 

E2-76i 
G-MP1-PS 

(E2-67) 
HOSu (6 eq), DMF, 2x2h A 49.0 29.7 

E2-87ii 
G-MP1-PS 

(E2-31) 
HOSu, DMF, 2x1h A 73.7 10.2 

 

Some more experiments were performed trying to improve the yields of the second Gly coupling. 

Temperature (50ºC) did not improve the activation yield of HOSu/EDC method (E2-74ii). 

Increasing the HOSu equivalents was also not an option, because even worse activation results 

were obtained. In fact, the use of 6 eq of HOSu worsened the results (E2-76i). The number of 

activation cycles of G-MP1 using HOSu could not be reduced to only one as worse yields were 

observed (E2-50). Nevertheless, the time per cycle could be reduced to only 1h, needing less total 

time to perform the activation (E2-87ii).  



Chapter 2. Green Solid-Phase Peptide Synthesis 

43 
 

2.3.1.2 Alternative activation methods 

Apart from HOSu/EDC, other activators were also studied in several experiments to improve the 

yields obtained by previous methods. PFP was used again in combination with EDC. In addition, 

other activators such as OxymaPure and hydroxybenzotriazole were also combined with EDC 

(Table 2.6). Methodologies to form azides were also explored using DPPA or NaN3/EDC. 

Table 2.6 Experiments with PFP, HOBt and OxymaPure

EXP Resin ACTIVATION COUPLING 
G-G-MP 

(%) 
G-MP 

(%) 
E2-36ii G-MP1-PS 

(E2-06i) 
PFP, DCM, 2x2h 

A 
69.3 12.7 

E2-36iv PFP, DMF, 2x2h 62.5 11.9 
E2-56i G-MP1-PS 

(E2-31) 
PFP, DCM, 2x2h 

A 
71.4 12.7 

E2-56ii PFP, DCM, 1x2h 71.6 12.1 
E2-78i 

MP1-PS 
HOBt, DMF 2x2h 

A 
- 76.9 

E2-78ii HOBt, DMF, 2x1h - 80.7 

E2-92ii G-MP1 
(E2-88i) 

HOBt + DIEA, DMF, 2x1h A 27.6 43.1 

E2-93i G-MP1 
(E2-88ii) 

HOBt, DMF 2x1h 
A 

57.5 22.2 
E2-93ii HOSu, DMF 2x1h 73.0 20.1 
E3-53i 

MP1-PS OxymaPure, DCM, 1x30min 
A - 40.6 

E3-53ii B + Et3N - 40.1 
 

PFP activation worked better in DCM than in DMF (E2-36). In fact, PFP/EDC was the only activator 

that needed only one activation cycle of 2h to be quantitative (E2-56). HOBt activation did not 

work well with DIPCDI in comparison to EDC, as happened with previous methods. Despite the 

good results obtained when 2x2h activation cycles were performed, the total activation time could 

be reduced to 2x1h without affecting the yields obtained (E2-78). The addition of DIEA in the 

activation with HOBt/EDC worsened the results as it happened with HOSu (E2-92). Direct 

comparison between HOBt and HOSu confirmed that the latter showed higher yields after the 

coupling in carbonate buffer (E2-93). 

The initial experiments with OxymaPure as activator did not work, because DIPCDI was used as 

activator. Only when OxymaPure/EDC were combined in DCM for short activation times (2x30min), 

the activation was nearly quantitative. Nevertheless, the hydrolysis of the active ester was quite 

high either in carbonate buffer or aqueous Et3N (E3-53). 

At that moment, we were interested to directly compare activation methods. Because of this, we 

began to capture the active esters of small portions of the resin with 5% piperidine in DMSO for 

30 minutes to form the Pip-MP species (Table 2.7). 

Direct comparison of PFP, HOSu, HOBt and OxymaPure active esters demonstrated that the first 

was the best method in terms of activation yield (E3-50). Nevertheless, HOSu and OxymaPure 

methods showed also nearly quantitative activation yields around 90%. HOBt method seemed to 
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be the least effective method, though it showed also notable yields. DPPA methods worked better 

with DIEA than with Et3N (E3-17 vs E3-18). When NaN3 was directly used with EDC, no azide 

formation was detected either in DMSO (E3-21) or H2O (E3-24). In contrast, NaN3 methods were 

only effective when HBTU (E3-22) or PyBOP (E3-26) were used as activators.  

Table 2.7 Activation experiments using HOSu, PFP, HOBt, Oxymapure and azide methods 

EXP Resin ACTIVATION 
Pip-MP 

(%) 
E3-45 MP2-PS OxymaPure, DCM, 30 min 89.6 
E3-50i 

MP1-PS 
HOSu, DMSO, 2x1h 90.1 

E3-50ii HOBt, DMSO, 2x1h 86.8 
E3-50iii PFP, DMSO, 1x2h 93.9 
E3-17iv MP2-PS DPPA/Et3N, DMSO, 2x2h 74.2 
E3-18ii MP2-PS DPPA/DIEA, DMSO, 2x2h 88.8 
E3-21ii MP2-PS NaN3, DMSO, 2x2h - 
E3-22 MP2-PS NaN3 + HBTU/DIEA, DMSO, 2x2h 48.0 
E3-24i 

MP1-CM 
NaN3, H2O, 2x2h - 

E3-24ii NaN3 + Et3N, H2O, 2x2h - 
E3-26i 

MP2-PS 
NaN3 + PyBOP/DIEA, DMSO, 2x2h 77.4 

E3-26ii NaN3 + PyBOP/HOBt/DIEA, DMSO, 2x2h 86.8 
 

The major problem of using the azide method was the slow aminolysis between the azide and Gly 

(E3-23i). After 17h, only ~46% of G-MP2 was obtained, while there was more than 24% of the 

active azide species still present when the coupling medium was filtered (Table 2.8). In addition, 

~10% of hydrolysis was also detected in this first Gly coupling. In the case of the activation of  

G-MP2 with DPPA, around 60% of Pip-G-MP2 was observed after capturing the azide with 5% 

piperidine in DMSO. In contrast, after the second Gly coupling only 47% of G-G-MP2 was 

observed. Similar results were obtained with other activation methods with NaN3 (E3-27i). Because 

of these poor results, to increase the aminolysis reaction rates between Gly and azides was 

established as a priority. Consequently, we tried to use some organic solvents at higher 

temperature (70ºC). To do that, methyl esters of N-unprotected amino acids (e.g. Gly-OMe) were 

employed. Contrarily to what we expected, the organic coupling of Gly-OMe showed worse yields 

when it was performed at 70ºC than at RT (E3-39). In addition, the same results were obtained 

when using Gly dissolved in carbonate buffer instead of Gly-OMe dissolved in an organic solvent 

(E3-40). Therefore, temperature was discarded as an option to increase the coupling rates of 

azides. 
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Table 2.8 Experiments using azide methods 

EXP Resin ACTIVATION COUPLING 
G-G-MP 

(%) 
G-MP 

(%) 
MP 
(%) 

E3-23i 
MP2-PS 

DPPA/Et3N, DMSO, 2x2h 
A 

- 46.126 16.2 
47.0 10.1 - 

E3-23iii DPPA/DIEA, DMSO, 2x2h 
- 47.426 3.7 

45.7 11.3 - 
E3-27i MP2-PS NaN3 + PyBOP/HOBt/DIEA, DMSO, 2x2h A - 40.5 9.4 

E3-39iii 
MP2-PS DPPA/Et3N, DMSO, 2x2h 

D, DMSO - 54.3 31.3 
E3-39iv D, DMSO, 70ºC - 37.1 19.0 
E3-40i 

MP2-PS DPPA/Et3N, DMSO, 2x2h 
A - 40.3 23.4 

E3-40ii A, 70ºC - 40.2 37.7 
 

2.3.1.3 Green solvents 

After the first experiments with green solvents, we observed that PS resin was not properly swelled 

during the experiment. Therefore, these experiments were conducted using CM or TG resins (Table 

2.9). 

Table 2.9 Activation experiments with green solvents 

EXP Resin ACTIVATION 
Pip-MP 

(%) 
E3-11ii 

MP1-CM 
HOSu, ACN, 2x1h 98.2 

E3-11iii HOSu, GVL, 2x1h 98.3 
E3-52ii 

MP1-TG 
HOSu, ACN, 2x1h 92.2 

E3-52iii HOSu, GVL, 2x1h 76.8 
E3-57ii 

MP1-TG 
HOSu, PC, 2x1h 74.3 

E3-57iv HOSu, NFM, 2x1h 73.7 
E3-60i 

MP1-TG 
PFP, GVL, 1x2h 91.2 

E3-60ii HOBt, GVL, 2x1h 97.9 
E3-61ii 

MP1-TG 
PFP, PC, 1x2h 95.6 

E3-61iii HOBt, PC, 2x1h 91.4 
E3-63ii 

MP1-TG 
HOBt, ACN, 2x1h 93.9 

E3-63iii OxymaPure, ACN, 2x30min 94.5 
E3-76ii MP1-TG DPPA/DIEA, NBP, 2x2h 67.9 

 

In the case of HOSu/EDC, the best results were obtained in ACN or GVL using CM resin (E3-11). 

Slightly worse results were obtained using ACN in TG resin. In contrast, the activation yield 

decreased by 20% when using GVL in the same resin (E3-52). Other green solvents such as PC or 

NFM also gave moderate activation yields (E3-57). In the case of PFP and HOBt, excellent 

activation yields were obtained when using GVL (E3-60) or PC (E3-61) in TG resin. EDC/OxymaPure 

only worked in ACN (E3-63), while it offered only moderate yields in other solvents such as GVL 

or PC (E3-60 and E3-61, section 9.1.2). Overall, the worst green solvent was NFM which gave the 

 
26 First coupling of Gly over N3-MP2. 
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poorest activation yields with all the previous activators (E3-62, section 9.1.2). In the case of 

DPPA/DIEA method, the only solvent that gave moderate yields was NBP (E3-76).

As expected, when the coupling step was performed after the activation with green solvents,

hydrolysis of the active ester was observed again as in previous sections (Table 2.10). In the case 

of HOSu, notable coupling yields were obtained when either ACN or GVL were used in CM resin 

(E3-11). In comparison, worse results were obtained when TG resin was used (E3-52).

Table 2.10 Experiments with green solvents

EXP Resin ACTIVATION COUPLING G-MP
(%)

MP
(%)

E3-11ii
MP1-CM

HOSu, ACN, 2x1h

A

85.3 4.7
E3-11iii HOSu, GVL, 2x1h 87.6 3.0
E3-52ii

MP1-TG
HOSu, ACN, 2x1h 78.0 22.0

E3-52iii HOSu, GVL, 2x1h 55.4 44.6

Aqueous coupling experiments

As explained in previous sections, one of the main problems of this methodology was the 

hydrolysis of the active ester. To reduce the hydrolysis, several experiments were conducted using 

a variety of basic buffers, organic bases, and inorganic bases. In addition, some coupling 

experiments using organic solvents were also performed.

Table 2.11 Basic Buffer experiments

EXP Resin ACTIVATION COUPLING
G-G-MP

(%)
G-MP

(%)
MP
(%)

E1-58ii
MP1-PS HOSu, DCM, 2x2h

A 61.7 29.7 -
E1-58iii C 38.2 37.2 -
E2-68i G-MP1-PS 

(E2-67)
HOSu, DMF, 2x2h

A 60.6 9.2 -
E2-68ii A + recoupling 61.8 8.8 -

The carbonate buffer pH 9.5-10 (A) was one of the preferred coupling media, because of the high 

coupling yields achieved when this buffer was used (Table 2.11). In contrast, the phosphate buffer 

pH 8.7 (C) did not work so well, probably because of the protonation of the -amino group during 

the coupling (E1-58). To perform a Gly recoupling did not increase the coupling yield of G-G-MP, 

probably because the succinimidyl ester had already reacted with the second Gly unit or was 

hydrolyzed before the recoupling was performed.
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Figure 2.14 Experiments with organic bases: a) HOSu/EDC; b) PFP/EDC 

After peforming some experiments with basic buffers, we performed a screening study of tertiary 

amines to find which of these organic bases caused less hydrolysis of the active ester. To do that, 

we used both the succinimidyl (Figure 2.14a) and the pentafluorophenyl (Figure 2.14b) esters. In 

the case of the succinimidyl ester, no organic base showed quantitative coupling yields as the best 

results were around 70% of G-G-MP1 (Et3N, DABCO and NMPip). The rest of organic bases offered 

slightly worse results (collidine, Me3N, LUT, NMM). In contrast, DBU failed in the coupling because 

it formed a stable salt with G-MP1 that could be detected by HPLC-MS (DBU+G-MP1, 

[M+H]+=726.6 amu). In the case of the pentafluorophenyl ester, the coupling yields were even 

worse. This was in accordance with previous results (E1-53), in which it was observed that the 

hydrolysis of the pentafluorphenyl ester was higher in comparison to the succinimidyl ester. For 

more details about the results of these screening of organic bases see section 9.1.3. 

Figure 2.15 Experiments with inorganic bases 

Due to the high yields of the carbonate buffer pH 9.5-10 (A), some experiments using different 

equivalents of NaHCO3 and Na2CO3 were performed (Figure 2.15). Only when 10 eq of base were 

used, the best results (~69% G-G-MP1) were achieved. In addition, NaHCO3/Na2CO3 mixtures 
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were also tested, but none of them offered higher yields than the carbonate buffer alone. For 

more details about the results of these experiments with inorganic bases see section 9.1.3.

Table 2.12 Organic coupling experiments

EXP Resin ACTIVATION COUPLING
MeO-G-MP

(%)
MP
(%)

E3-38i

MP2-PS HOSu, DMSO, 2x1h

D + Et3N, DMSO 70.1 12.5
E3-38ii D + Et3N, DMSO, 70ºC 69.9 14.1
E3-38iii D + DIEA, DMSO 46.3 10.8
E3-38iv D + DIEA, DMSO, 70ºC 68.9 18.7

With the objective to reduce the active ester hydrolysis, we thought to use organic solvents such 

as DMSO to perform the coupling. To do that, glycine methyl ester (Gly-OMe) had to be used 

instead of Gly due to the insolubility of the latter in organic solvents. After HOSu/EDC activation, 

we obtained 88% of the succinimidyl ester. Unexpectedly, the coupling was not quantitative using 

either Et3N or DIEA (E3-38). In addition, temperature (70ºC) was not helpful to improve the 

coupling yields (Table 2.12).

Hydrolysis experiments

Figure 2.16 Hydrolysis experiments in A Figure 2.17 Hydrolysis experiments in B+Et3N

Several hydrolysis experiments were conducted to study in detail the behavior of the previous 

active esters in front of hydrolysis. In this kind of experiments no amino acid was used, so we 

measured the presence of the active ester at different times after the introduction of the coupling 

medium (carbonate buffer or aqueous Et3N). To precisely know the quantity of active ester present

in each resin sample, we captured the active ester with 5% piperidine in DMSO. For more details 

on the followed procedure or the complete results obtained in these experiments see sections

7.3.3.2.7 and 9.1.4.

In both carbonate buffer (Figure 2.16) and in aqueous Et3N (Figure 2.17) the active esters behaved

similarly. Pentafluorophenyl ester was the most stable active ester being present in more than 
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50% after 21.5h of experiment. The other three active esters were hydrolyzed below 50% in only 

3h on both basic media. In general, the active esters were more stable in the carbonate buffer 

than in aqueous Et3N. Nevertheless, they were far from the stability results shown by the 

pentafluorophenyl ester. 

Figure 2.18 Coupling rate experiments in A Figure 2.19 Coupling rate experiments in B+Et3N 

In the coupling there are two competitive reactions that must be taken into account: the hydrolysis 

of the active ester and the aminolysis between the active ester and the amino acid. Once we knew 

that the pentafluorophenyl ester was the most resistant to hydrolysis, we were interested to know 

how fast the coupling reaction took place. Under this perspective, some more experiments were 

conducted in which we measured the presence of G-MP1 at different times after the introduction 

of the coupling media (carbonate buffer or aqueous Et3N). In addition, we also measured the 

presence of the active ester by treating samples of the resin with 5% piperidine in DMSO. For 

more details on the followed procedure or the complete results obtained in these experiments 

see sections 7.3.3.2.8 and 9.1.4. 

As in previous experiments, the active esters behaved similarly in both carbonate buffer (Figure 

2.18) and in aqueous Et3N (Figure 2.19). In contrast to the hydrolysis experiments, 

pentafluorophenyl ester was the slowest to react in the coupling reaction with Gly (less than 50% 

G-MP1 at t3h). In the case of succinimidyl ester, it was the fastest to react with Gly achieving levels 

of G-MP1 over 69% at t1h. Regarding the coupling medium, the succinimidyl ester presented no 

significant differences, while the benzotriazole ester achieved worse results in aqueous Et3N in 

comparison to carbonate buffer due to increased hydrolysis. Pentafluorophenyl ester achieved 

similar results at t21.5h in both media, but its aminolysis reaction was faster in aqueous Et3N. 

Regarding the Oxyma ester, it showed very poor results probably because of its fast hydrolysis in 

both media. 
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One-pot experiments
Table 2.13 One-pot experiments

EXP Resin ACTIVATION//COUPLING
G-MP

(%)
MP
(%)

E3-41iii

MP2-PS

HOSu // D + Et3N, DMSO, 2h 34.7 41.4
E3-41iv HOSu // D + Et3N, DMSO, 2h, 70ºC 69.5 12.0
E3-42ii HOSu // D + Et3N, DMSO, 2h, 70ºC + recoupling 52.8 28.0
E3-43ii HOSu // D + Et3N, DMSO, 2h, 70ºC + reactivation 55.5 24.4
E3-46ii HOSu // D + Et3N, DMSO, 2h + recoupling 60.0 22.6
E3-47ii HOSu // D + Et3N, DMSO, 2h + reactivation 51.7 21.6

Similar to previous coupling experiments in which organic solvents were used (e.g. DMSO), we 

also performed one-pot experiments (Table 2.13). This kind of experiments consisted in 

performing both the activation and coupling steps at the same time. As activators HOSu/EDC were 

used, while DMSO, Gly-OMe and Et3N were used for the coupling. In the first experiment, an 

increase in the G-MP2 yield was observed due to the effect of temperature (70ºC, E3-41). 

Nevertheless, the yield was far from being quantitative. To improve this yield, we performed 

various experiments including a recoupling or a reactivation step. Unfortunately, worse results 

were obtained at 70ºC both performing a recoupling or a reactivation step (E3-42). Despite this, 

better results were obtained at RT both performing a recoupling (E3-46) or a reactivation (E3-47). 

Overall, this one-pot experiments were not successful as we expected, because somehow the 

active ester is not properly formed or it degrades very fast even in organic media. For more details 

about the procedure followed to perform these one-pot experiments see section 7.3.3.2.4.

Racemization studies
Table 2.14 Racemization studies with HOSu, PFP, HOBt and OxymaPure

EXP Resin ACTIVATION COUPLING Pip-AA-MP
(%)

E3-31ii
MP2-PS HOSu, DMSO, 2x1h

E 80.9 (rac)
E3-31iii F 80.4 (rac)
E3-31iv G 71.9 (rac)
E3-58i

MP1-TG
PFP, DMSO, 1x2h

E
57.8 (rac)

E3-58ii HOBt, DMSO, 2x1h 71.6 (rac)
E3-59 MP1-TG OxymaPure, DCM, 2x30min E 71.8 (rac)

Racemization experiments were performed to know if the previous activation methods were prone 

to racemization (Table 2.14). To do that, amino acids such as L-Val, L-Ala or L-Leu were coupled 

to the succinimidyl ester (E3-31). Then, the C-terminus was activated once more and the active 

ester was captured with 5% piperidine in DMSO. For more details about this procedure see section 

7.3.3.2.3.
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As shown in Figure 2.20, racemization was observed after the activation of V-MP2 with HOSu/EDC 

(E3-31ii). The same happened in the case of A-MP2 (E3-31iii) and L-MP2 (E3-31iv). The extent of 

racemization was quite high as the V-MP2 became two clearly identified peaks with the same 

mass (Pip-V-MP2, [M+H]+=711.5 amu). Other active esters such as pentafluorophenyl or 

benzotriazole (E3-58), as well as the Oxyma active ester (E3-59) showed equivalent results. 

Figure 2.20 Racemic Pip-V-MP2 obtained in E3-31ii 

2.4 Discussion and conclusions 

The manufacture of peptides via SPPS methods is a multidimensional challenge, in which several 

key points such as the resin, the linker, the solvents or the coupling reagents are required to assure 

successful peptide synthesis[115]. 

To accomplish this first objective of this thesis, a great number of experiments have been 

performed. In these experiments, various methodologies were explored to reduce the use of 

hazardous organic solvents (e.g. DMF or DCM). In addition, N- -unprotected amino acids such as 

Gly, Gly-OMe, L-Val or L-Ala were also employed in the coupling step, with the aim to improve 

the atom economy of the process avoiding the use of Fmoc group. 

Active esters such as succinimidyl, pentafluorophenyl, benzotriazole and Oxyma were prepared 

using EDC in multiple experiments. Only the activation with PFP was quantitative in one activation 

cycle, while other reagents HOSu, HOBt and Oxyma needed two activation cycles to reach more 

than 85% of yield. Despite this, some experiments clearly showed how the previous active 

methodologies caused the racemization of the C-terminus on resin (~40%). To perform our 

synthetic proposal in the inverse direction (from the N- to C- terminus) might be the most 

probable cause for this unwanted side reaction to happen. In addition, each activation cycle last 

for 1 to 2h, providing enough time for C-terminus racemization via 5(4H)-oxazolone as observed 

by Henkel and co-workers[99]. A possible solution to this could be to use MW-heating, reducing 
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the activation time to only few minutes. Nevertheless, it is very difficult to reduce completely 40% 

of racemization by only applying MW to the activation medium. 

To perform one-pot experiments, combining both the activation and the coupling steps, could be 

another way to improve the reaction rates. The idea behind these one-pot experiments was to 

rapidly capture the recently formed active ester with Gly-OMe in organic medium. By doing that, 

we thought that both the racemization and the hydrolysis of the active ester would diminish. 

However, the results obtained in these one-pot experiments were very disappointing because the 

maximum yield that was obtained was 70%, very far from being quantitative. In addition, we could 

not improve these results even when reactivation or recoupling steps were performed. 

The relatively quite high hydrolysis of the previous active esters was also another aspect to 

confront. Overall, aqueous carbonate buffer was the medium in which the best results were 

obtained despite minimum ~10% of active ester hydrolysis was detected. The capture of the active 

ester with piperidine made us realize that one of the principal problems of our methodology 

(apart from racemization) was the yield of the coupling step, as excellent activation results were 

obtained with various active esters in green solvents (Table 2.10). Under this perspective, the 

screening of organic bases for the coupling step was not successful as low coupling yields (<70%) 

were obtained on the succinimidyl and pentafluorophenyl esters. Some hydrolysis experiments 

on the different active esters either in carbonate buffer or aqueous Et3N revealed that 

pentafluorophenyl ester was the most resistant to hydrolysis, which was in contradiction to some 

of our initial experiments with that active ester. In contrast, succinimidyl, benzotriazole or Oxyma 

esters were hydrolyzed under 50% of the active species in only 3h of experiment in both media. 

When instead of hydrolysis we studied the coupling rates of the previous active esters, we 

obtained the complementary results: pentafluorophenyl ester was the slowest to react with Gly in 

both carbonate buffer and aqueous Et3N, achieving coupling yields of 85%. The other active esters 

reacted very fast, but they did not achieve better results. 

Preparation of azides on resin was also explored, but poor activation yields were obtained in the 

majority of experiments. Only DPPA/DIEA combination was capable to equal the activation yields 

(~85%) of previous active esters. Nevertheless, the major problem in the case of azide methods 

was the extreme slow coupling rates with N- -unprotected amino acids. To improve that, 

conventional heating and organic media were used with unsatisfactory results. In addition, ~10% 

of hydrolysis was also detected. 

In summary, our synthetic proposal was unsuccessful due to three main drawbacks: i) lack of 

quantitative formation of a stable active ester on resin; ii) the racemization of the activated amino 
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acid on resin; and iii) lack of quantitative coupling reaction between the active ester and the  

N- -unprotected amino acid. 

Regarding the future of green SPPS, the major revolution is expected to come from a complete 

change in the protection scheme as we tried with our synthetic proposal, leading to a reduction 

or even absence of PGs. From the pharmaceutical industry perspective, the least disruptive short-

term scenario for the continued manufacture of therapeutic peptides would be to adjust synthetic 

protocols to non-hazardous green solvents[116]. Nevertheless, it should be noted that the change 

of solvent would affect the purity profile and quality aspects associated to the peptide. Therefore, 

new impurities generated in the manufacturing process will need to be qualified (e.g. new 

toxicology studies), requiring extensive experimental and regulatory paper work[116]. 

Consequently, it is thought that substantial financial incentives or authority requirements will be 

mandatory to lead the change of peptide manufacturers towards the use of non-hazardous green 

solvents. 

.
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3 Green solvent-mediated peptide acidolysis

3.1 Introduction

Peptide Acidolysis

Solid-Phase Peptide Synthesis (SPPS) was the strategy reported in 1963 by Bruce Merrifield[38] that 

consisted in using a polymeric resin as the first permanent protecting group (PG) for the 

C-terminus of the peptide. The use of these solid supports permitted to simplify both the synthetic 

procedure and the scale-up, which outperformed previous solution-phase strategies. These 

polymeric resins consisted of small, millimeter-scale solid beads that had to be functionalized with 

short organic molecules called linkers before their use in SPPS[117].

The proper selection of the polymeric resin is key for successful peptide synthesis, as it should 

offer mechanical stability in different solvents and temperatures and should be able to swell in 

different solvents to permit the reagents to easily access the active sites[117]. The first polymeric 

support used by Merrifield[38] was based on polystyrene (PS), which is still widely used at present 

for the industrial synthesis of short- to medium-length peptides. In addition, PS resins 

incorporating polyethylene glycol (PEG) chains (e.g. TentaGel® (TG)) or PEG-based resins 

(e.g. ChemMatrix® (CM)) with increased water-swelling properties are also used nowadays for the 

synthesis of long-peptides or peptides with difficult sequences[117].

3.1.1.1 Linkers and Protecting Groups

Table 3.1 Routine linkers used in standard Fmoc/tBu SPPS
Name C-terminus Cleavage Chemical Structure

Rink amide 
(RAM)

Peptide 
amides

95% TFA

Wang HMPA Peptide acids 95% TFA

Sieber amide
Protected 
peptide 
amides

1-3% TFA

2-Chlorotrityl 
chloride (CTC)

Protected 
peptide acids

1-2% TFA

Apart from the resin, the linker is extremely important as well because these molecules: i) provide 

a reversible covalent linkage between the peptide chain and the solid support; and 

ii) play a protective role against aggregation in the resin beads[117]. In addition, the linker may 

permit to modify the C-terminus of peptides to obtain a peptide amide instead of the carboxylic 

acid structure. Despite this, linkers are normally categorized depending on their acidic lability in 
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front of trifluoroacetic acid (TFA) cocktails. Rink amide (RAM), Wang, Sieber or 2-chlorotrityl 

chloride (CTC) linkers are four of the most used routine linkers in standard Fmoc/tBu SPPS (Table 

3.1). The classical RAM linker or other aminomethyl-based linkers are covalently introduced into 

the resin using standard coupling procedures. In contrast, linkers such as CTC are introduced to 

the polymer support by direct synthesis[117].

Table 3.2 Sidechain PGs used in standard Fmoc/tBu SPPS[118,119]

Amino acid PG Removal conditions Chemical Structure

Arg Pbf
90% TFA-scavengers (H2O 

and TIS)

Asn, Gln, Cys, His Trt
1% TFA in Dichloromethane 

(DCM)

Asp, Glu tBu (ester)
90% TFA in DCM

Ser, Thr, Tyr tBu (ether)

Lys, Trp Boc
1) 25-50% TFA in DCM
2) 4M HCl in dioxane

Overall, Fmoc/tBu SPPS is the most preferred chemical approach for peptide synthesis over 

solution-phase methods or even other SPPS approaches (e.g. Boc/Bzl strategy). The Fmoc/tBu 

methodology is based on the use of amino acids functionalized with orthogonal PGs: i) a base-

labile Fmoc group for the -amino functional group; and ii) an acid-labile PG for the sidechain 

functionality. Both PGs are necessary during the amino acid coupling as the Fmoc group prevents 

amino acid polymerization and the sidechain PG prevents side reactions. Depending on the 

functional group of the sidechain, various standard PGs such as Pbf, Trt, tBu and Boc are used in 

routine Fmoc/tBu SPPS[118] (Table 3.2).

3.1.1.2 Standard Acidolysis Strategies

Figure 3.1 Global cleavage/deprotection strategy Figure 3.2 Cleavage of protected peptides

After the coupling of the last amino acid, the linear peptide sequence needs to be cleaved from 

the polymeric support. In Fmoc/tBu SPPS, two principal acidolysis strategies are performed using 
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TFA as the source of protons: i) global cleavage/deprotection (Figure 3.1); and ii) cleavage of 

protected peptides (Figure 3.2). 

Global cleavage/deprotection consists in the use of high content TFA cocktails (over 50%) that 

ensure simultaneously the cleavage of the peptide and the elimination of the sidechain PGs. In 

this type of cocktails, scavengers are added to trap the stable carbocations produced by the 

elimination of the sidechain PGs. By doing that, the reaction of carbocations and electron rich 

sidechains of the peptide is avoided minimizing the formation of impurities[120]. Although water is 

a common scavenger, other organic substances such as triisopropylsilane (TIS), thioanisole (TAN), 

anisole or dodecanethiol (DCT) may also be used. After the acidolysis, the peptide is separated 

from the resin by filtration and precipitated with cold diethyl ether (DEE), which in turn dissolves 

non-volatile scavengers and any other non-polar byproducts[121]. The resulting suspension is 

filtered and the product is washed with even more DEE to obtain the corresponding peptide crude. 

In contrast, cleavage of protected peptides consists in the treatment of the most acid-labile linkers 

with low content TFA cocktails (less than 10% TFA in DCM)[122]. After the cleavage is completed, 

the organic solution is separated from the resin by filtration and, in most cases, the cocktail is 

neutralized and evaporated to obtain the protected peptide for further development (e.g. disulfide 

bond formation)[49]. After the desired chemical transformations on the peptide are performed, the 

sidechain PGs are eliminated by global deprotection in solution with high content TFA cocktails. 

3.1.1.3 Greening Peptide Acidolysis 

Under an environmental perspective, TFA is an aggressive and extremely corrosive acid capable 

of inflicting harm to the human body either by inhalation or skin contact leaving hard-to-heal 

chemical burns[123]. In addition, it is relatively expensive, both for the initial purchase and for the 

ultimate disposal. Regarding peptide precipitation, DEE is also a high concern substance due to 

its extreme volatility and flammability. In addition, its proper manipulation is mandatory as DEE/air 

mixtures are explosive, and it may produce narcotic effects and drowsiness to the operator after 

some time of exposure. Great quantities of TFA and DEE are needed in standard global 

cleavage/deprotection: 10 mL of TFA cocktail per gram of peptidyl resin; and, 7 mL of DEE per mL 

of cocktail[124]. Apart from this, the cleavage of protected peptides represents another concern 

since 10 mL of diluted TFA in DCM per gram of peptidyl resin are normally used. Under an 

industrial perspective, the global cleavage/deprotection of 1 kg of peptidyl resin would require 

10 L of TFA cocktail and 70 L of DEE for precipitation, while the cleavage would require around 10 

L of diluted TFA in DCM. As these solvents are considered as high concern substances, there is an 

imperative need to find greener substitutes or methodologies that reduce the use of these 

hazardous solvents. 
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Figure 3.3 Acidolysis methodology proposed by Stetsenko and co-workers[11,125] 

In this regard, Stetsenko and co-workers[11,125] investigated the applicability of fluoroalcohols such 

as hexafluoroisopropanol (HFIP) or trifluoroethanol (TFE) as potential solvents for the cleavage of 

acid-labile linkers and the elimination of sidechain PGs (Figure 3.3). 0.1N HCl solutions in both 

HFIP or TFE were capable to eliminate quantitatively Trt and tBu groups from a variety of Fmoc-

amino acids in solution. In contrast, 2h treatments with 1N HCl solutions were needed to eliminate 

Pbf[126], one of the most robust PGs used exclusively for Arg residues. Therefore, peptides with 

multiple Arg residues would need a prolonged treatment. This methodology was also tested with 

several acid-labile resin linkers, obtaining excellent results with CTC and Wang linkers in PS, PEG-

PS or PEG resins. Finally, the applicability of this methodology was tested with the collagen-

stimulating peptide Fmoc-Lys1-Thr2-Thr3-Lys4-Ser5-OH[120,127,128], which was prepared on a 

TentaGel S Trt resin. 0.6 g of the peptidyl resin were cleaved using 0.1N HCl in HFIP for 15 min. 

After filtration, the resin was washed with more 0.1N HCl in HFIP and the peptide was left stirring 

at RT for 12h to achieve quantitative deprotection results. Despite these results, this cleavage and 

deprotection strategy still requires further optimization on the deprotection of multiple Arg 

residues protected with Pbf, a PG that shows excessive stability in the previous conditions[51]. 

Nevertheless, as far as we know this is the only successful method in the literature that totally 

avoids the use of TFA for peptide deprotection.  

Concerning peptide precipitation after global deprotection, Albericio and co-workers have 

recently reported two greener alternatives to DEE: cyclopentyl methyl ether (CPME)[121] and  

2-methyltetrahydrofuran (2-MeTHF)[129]. CPME presents favorable environmental, health and 

safety characteristics such as high boiling point (106ºC), excellent stability under acidic conditions, 

and a low tendency to form peroxides[121]. To compare the performance of CPME with DEE, the 

authors synthesized a variety of peptides such as Leu-enkephalin27, ACP65-74
12, ABRF 199228, ABC29 

 
27 Leu-enkephalin (H-Tyr1-Gly2-Gly3-Phe4-Leu5-OH) 
28  ABRF 1992 (H-Gly1-Val2-Arg3-Gly4-Asp5-Lys6-Gly7-Asn8-Pro9-Gly10-Trp11-Pro12-Gly13-Ala14-Pro15-Tyr16-
NH2) 
29  ABC (H-Val1-Tyr2-Trp3-Thr4-Ser5-Pro6-Phe7-Met8-Lys9-Leu10-Ile11-His12-Gly13-Gln14-Cys15-Asn16-Arg17-
Ala18-Asp19-Gly20-NH2) 
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or thymosin30 by standard Fmoc/tBu SPPS. With the exception of Leu-enkephalin which did not 

precipitate in CPME, this green ether showed the same results in terms of recovery and purity as 

DEE, which ensures the use of CPME as a greener alternative for peptide precipitation. In the case 

of 2-MeTHF, it is considered as a green solvent because it is derived from biomass-renewable 

resources, has a relatively high boiling point (82ºC) and considerable stability under acidic 

conditions[129]. As in the previous study, the same peptides were used to investigate the 

performance of 2-MeTHF in peptide precipitation. As happened before, 2-MeTHF was not able to 

precipitate Leu-enkephalin but offered comparable results in terms of recovery and purity to DEE 

in the precipitation of the other model peptides. The conclusion of both studies was that CPME 

and 2-MeTHF were suitable candidates to replace DEE in peptide precipitation after acidolysis, 

however, its price limits their industrial use.

Pawlas and co-workers[88] also designed a green protocol for the precipitation of the melanocortin 

receptor agonist Ac-Nle1-c[Asp2-His3-Phe4-Arg5-Trp6-Lys7]-NH2. Various greener alternatives to 

DEE were evaluated being 4-methyltetrahydropyran / n-heptane 1:4 mixture the one that showed

the best results in terms of yield.

Green solvent

[130]. 

[131].

Figure 3.4 Phase diagram of 

In particular, (x ) is one of the most used in industrial scale 

applications due to its advantageous characteristics: low demanding

, low-cost, non-flammable, non-toxic and green solvent[132 134] (Figure 3.4). In addition, 

30 Thymosin (H-Ser1-Asp2-Ala3-Ala4-Val5-Asp6-Thr7-Ser8-Ser9-Glu10-Ile11-Thr12-Thr13-Lys14-Asp15-Leu16-Lys17-
Gly18-Lys19-Lys20-Glu21-Val22-Val23-Gly24-Glu25-Ala26-Glu27-Asn28-NH2)
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properties such as viscosity, density, diffusivity and dielectric constant may be easily tuned by 

modifying its  conditions[132]. 

As a consequence of its advantageous characteristics,  has found multiple applications as a 

solvent for a variety of organic chemistry reactions such as olefin metathesis[135,136], asymmetric 

hydrogenation[137] and Pauson-Khand reactions[138]. In addition, Barstow and co-workers[139] 

patented a methodology to perform SPPS coupling reactions in  using Boc-

amino acids modified as succinimidyl esters or symmetrical anhydrides (Figure 3.5). By means of 

this technology, the authors could synthesize the tetrapeptide H-Leu1-Ala2-Gly3-Val4-OH. 

Nevertheless, solubility of activated Boc-amino acids in  was extremely low  

(e.g. 0.58 mg/mL of Boc-Gly-OSu) and Boc elimination after the coupling reaction had to be 

performed using standard procedures at atmospheric pressure[139]. 

Figure 3.5 Peptide synthesis in developed by Barstow and co-workers[139] 

Despite its use in organic chemistry reactions, the most important applications of  are in 

 chromatography or in extraction processes. Regarding the first one, has 

already been used as a solvent for the purification of up to 40-mer peptides[140] and small 

molecules[141]. In general,  chromatography provides several advantages over 

traditional HPLC such as speed, practical use of longer columns, normal-phase retention 

mechanism, and a reduction in the use of organic solvents[142]. For peptide analysis and 

purification processes, alcohol modifiers (e.g. methanol, ethanol, 2-propanol) or additives  

(e.g. TFA, ammonium acetate) are mixed with  to perform the chromatographic 

separation[140,143]. Nevertheless, the heat generated from higher flow rates may decrease 

resolution and not many studies involving peptides are available at present[8]. Concerning 

extraction processes,  has been principally used for the extraction of a variety of substrates, 

from which caffeine[144,145] -workers[146] patented in 1991 

a process in which caffeine could be recovered from  by the use of two different vessels 

(Figure 3.6). First, the coffee beans are mixed with  in the extraction vessel to dissolve the 

caffeine. Second, the extracted caffeine is recovered from  in the absorption vessel by using 

a countercurrent flow of water at high pressure. 
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Figure 3.6 Caffeine extraction method

3.2 Acidolysis proposal

Fmoc/tBu SPPS is the preferred method for the preparation of peptides both in the research 

context and in the pharmaceutical industry[51]. After the synthesis of the linear peptide chain, this 

strategy conceives the use of high concern substances such as TFA, DEE or DCM to perform either 

the cleavage of protected peptides or their global cleavage/deprotection. Because of this, our 

acidolysis proposal is based on the possible use of in peptide acidolysis procedures. To 

This laboratory managed by 

combines both scientific research with industrial projects using principally 

. Consequently, this research group had the necessary equipment, facilities and expertise 

that permitted us to conduct our acidolysis experiments using , 

). Specifically, was the laboratory technician who helped us in the 

setting up of our experiments throughout the doctoral thesis. 

The equipment that was used to conduct the acidolysis experiments comprised four different 

reactors: . For more details 

and information about these reactors see section 7.4.1.

Model peptides

A variety of peptides were synthesized to perform the experiments related to this second 

objective. The first model nonapeptides were synthesized using both CTC and RAM linkers. As a 

consequence, the C-terminus varied depending on the resin used: ACMP131 was synthesized on a 

CTC resin while its amide version ACMP2 32 was synthesized on a p-methylbenzhydrylamine 

31 ACMP1 (H-Thr1-Leu2-Lys3-Pro4-Arg5-Ser6-Phe7-Leu8-Leu9-OH)
32 ACMP2 (H-Thr1-Leu2-Lys3-Pro4-Arg5-Ser6-Phe7-Leu8-Leu9-NH2)
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(pMBHA) resin functionalized with the RAM linker. Both peptides were synthesized following 

standard Fmoc/tBu SPPS procedures (Figure 3.7). 

Figure 3.7 Synthesis of ACMP1-CTC and ACMP2-RAM-pMBHA

Interestingly, the amino acid sequence was carefully selected to have different PGs in the peptide 

structure such as Pbf, tBu or Boc that require different quantities of TFA to be eliminated.

Moreover, the use of CTC and Rink amide resins will provide information about what type of 

linkers can be cleaved with our methodology as these linkers require as well different quantities 

of TFA to release the peptides. For the final sessions of experiments, two therapeutic peptides 

were synthesized: somatostatin (SST) and leuprolide (LP). For more details see sections 7.4.2.

Figure 3.8 Synthesis of SST-CTC

Somatostatin (SST) is a 14-amino acid cyclopeptide hormone that in our body acts as a 

neuromodulator, a neurotransmitter, and as a potent inhibitor of various secretory processes[13]. 

SST33 was synthesized on CTC resin following standard Fmoc/tBu SPPS procedures (Figure 3.8).

33 SST (H-Ala1-Gly2-c[Cys3-Lys4-Asn5-Phe6-Phe7-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-Cys14]-OH)
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Leuprolide (LP) is a synthetic nonapeptide that acts as an analog to the luteinizing hormone-

releasing hormone displaying receptor agonist activity[151]. When this peptide is given 

continuously, it inhibits the pituitary gonadotropin secretion and suppresses the testicular steroid 

genesis, hormone that is involved in prostate cancer. LP34 was synthesized on CTC resin following 

standard Fmoc/tBu SPPS procedures (Figure 3.9).

Figure 3.9 Synthesis of LP-CTC

3.3 Results

Once the model peptides were synthesized, some standard mini-acidolysis experiments were 

conducted using ACMP1-CTC resin and various deprotection cocktails. Afterwards, two types of 

acidolysis experiments using were evaluated: i) global cleavage/deprotection experiments 

using in comparison to standard procedures ; 

ii) cleavage experiments to obtain protected peptides . The procedure of 

some key experiments performed throughout the thesis is described in sections 7.4.4 and 7.4.5.

The experiments shown in this section correspond to a research project of BCN Peptides.

Global cleavage/deprotection

3.3.1.1 Standard procedures

Acidolysis experiments using the minimum amount of TFA:H2O 95:5 cocktail were performed to 

know if the standard resin/cocktail 1:10 relation could be reduced. 

As shown in Table 3.3, it was possible to deprotect the model peptide using a , though 

a group remained in (entry 3). Nevertheless, our goal was to develop 

a methodology for the global cleavage/deprotection using .

34 LP (Pyroglutamic acid1-His2-Trp3-Ser4-Tyr5-D-Leu6-Leu7-Arg8-Pro9-OH)
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Table 3.3 Mini-acidolysis experiments using TFA:H2O 95:5 cocktail 

# 
Resin 

(g) 
Cocktail 

Volume 
(mL) 

Time 
(h) A

CM
P1

 
(%

) 

 
 

 
 

1 0.5 
TFA:H2O 

95:5 

1.0 2 37.8   
2 0.5 1.5 2 94.8   
3 0.5 2.0 2 97.9   

 

Afterwards, some HCl/TFE[11] mixtures were tested in various mini-acidolysis experiments. In 

general, the results obtained following this methodology were in agreement with the report  by 

Stetsenko and co-workers[11]: i) TFE slowed the elimination of sidechain PGs in comparison to HFIP; 

ii) higher HCl concentration offered better results; and iii) no quantitative elimination  

was observed even if 2.0M HCl in TFE was used. For more details about these results see section 

9.2.1.1. 

Table 3.4 Small-scale acidolysis experiments using HCl in ACN mixtures 

# 
Resin 

(g) 
Cocktail 

Volume 
(mL) 

Time 
(h) 

Yield35 
(%) A

CM
P1

 
(%

) 

 
 

 
  

 
  

  
 

1 0.5 HCl:ACN 1:5 3.0 3 99 21.9     
2 0.5 

HCl:ACN 1:4 
0.5 3 - -     

3 0.5 1.0 3 - 0.7     
4 1.0 HCl:ACN 2:1 1.5 3 81 21.5     
5 1.0 HCl:ACN 1:1 2.0 3 96 22.1     
6 1.0 HCl:ACN 1:2 3.0 3 95 11.6     
7 1.0 HCl:ACN 1:3 4.0 3 93 19.5     
8 1.0 

HCl:ACN 1:1 
2.0 6 93 23.8     

9 1.0 2.0 8 105 32.1     
 

Apart from HCl (pKa -6.3), other strong acids such as sulfuric acid (pKa -3.0), p-toluenesulfonic acid 

(pTSA) (pKa -2.8) and TFA (pKa 0.2) were tested at various concentrations in TFE. As expected, 

deprotection results  either the time or the acid concentration was increased. 

Despite this, in some experiments with H2SO4 and pTSA the HPLC analysis revealed peptide 

degradation due to acid stress. , being 

insufficient. For more details about these results see section 9.2.1.1. 

Overall, HCl/TFE mixture gave the best results in terms of global cleavage/deprotection of ACMP1-

CTC, though with some limitations. Because of this, HCl was used in further small-scale acidolysis 

experiments using  (Table 3.4). After the first experiments, HCl:ACN 1:5 in 

 
35 Acidolysis yield calculated from the theoretic mass of peptide expected to be obtained. 
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3h (entry 1) gave the best results, while water only worsened the deprotection. Increasing the time 

to 20h using ACN as the co-solvent produced peptide degradation, so more 3h studies trying to 

lower the cocktail volume and increasing the acid concentration were conducted (entries 2-3). 

Despite the increase in acid concentration, the decrease of cocktail volume worsened the results. 

As a consequence, some experiments maintaining the relation  and 

increasing the amounts of ACN were performed (entries 4-7). The use of HCl:ACN 1:1 gave the 

best results with 22.1% of ACMP1 and 96% yield (entry 5). Extending the time of the acidolysis to 

6-8h helped to improve the results without observing any peptide degradation (entries 8-9). In 

contrast,  eliminated quantitatively when HCl was used in the acidolysis cocktail. 

 

 

3.3.1.2 Green solvent experiments: first series 

The first experiments with  were designed on the  

. Ideally, the addition of the cocktail should have been  

, but as we did not have any , in some experiments we had 

to add the . 

In the 1st session, a glass containing ACMP1-CTC  and an eppendorf with  was 

introduced inside  reactor without letting the  the resin. After introducing 

inside the reactor and achieving conditions ( ), it was clearly 

observed that  into . Therefore,  seemed to be 

 further experiments to know if  could . In addition, the CTC resin was 

not swelled by XXXX. 

In the 2nd session, two glass vials were used to  the peptidyl resin and the 

 reactor (Figure 3.10). To do that, some plastic supports or metallic wires were 

used to put the small glass vial inside the big one. In addition, magnetic stirrers were introduced 

inside . In the first experiment,  ACMP1-CTC 

and  were used, as well as  In contrast to the previous session, 

the  made possible the  into  

. After , the reactor was  bubbling the  on  

solution to . The recovered resin was treated with and  was 

analyzed by HPLC detecting  that corresponded to protected ACMP1  (Table 3.5, 

entry 1). A second experiment following this same methodology was performed with the same 

quantities of ACMP2-RAM-pMBHA and  were detected in the HPLC 

analysis of the samples. Therefore, there was not enough TFA to cleave the RAM linker. This was 
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Figure 3.10 Experiment scheme of 2nd session 

In the 3rd session the experiment time  and the  was increased while 

maintaining  relation. To do that, ACMP1-CTC resin  was introduced 

in a -permeable paper bag and  introduced in a glass vial (Figure 3.11). Both 

the bag and the vial were introduced  reactor to conduct the experiment. After the 

introduction of  ( ), it was clearly observed how the initial  

d after some minutes of stirring. The experiment was left  these conditions. 

Afterwards, the resin inside the paper bag was , and the filtrate was 

lyophilized to obtain  ACMP1  (Table 3.5, entry 2). In comparison to the 

previous session, the  was increased to  improving the results. 

Consequently, we tried to increase even more the  but maintaining the 

 relation. 

Table 3.5 Results of sessions 2 and 3 

# 

Se
ss

io
n 

Ex
pe

ri
m

en
t 

Resin 
(g) 

Cocktail 
Volume  

(mL) 
Time  
(h) 

Yield  
(%) 

 
 

 
  

 
  

  
 

1 2 1          
2 

3 
1          

3 2  
 

 
       

 

In this 3rd session, a second experiment was performed using the  

 (Figure 3.11). For this experiment, ACMP1-CTC  was introduced inside a -

permeable paper bag and was treated with . After  

introduction, the cocktail dissolved in forming a  to 

observe what was .  the reactor was  and some 

 was observed, probably due to  mixture. 
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After washing the , the filtrate was lyophilized  

 (Table 3.5, entry 3). Although the results  in comparison to the first 

experiment, the observed  made us discard  for further experiments. 

Figure 3.11 Experiment scheme of 3rd session Figure 3.12 Experiment scheme of 4th and 5th sessions 

During the experiments of the 3rd session, we found that part of the  peptides was collected 

in the  in which  and also in the 

 between experiments, which meant that  was  the 

 peptide from . Because of that, in the next sessions we began to  

 both reactor and the resin  of the reactor 

during the . These fractions were also analyzed by HPLC. 

Table 3.6 Results of sessions 4 and 5 

# 

Se
ss

io
n 

Ex
pe

ri
m

en
t 

Resin 
(g) 

Cocktail Volume 
(mL) 

Ti
m

e 
(h

) 

Fr
ac

ti
on

 

Yield 
(%) 

A
CM

P1
 

(%
) 

 
 

 
  

 
 

(%
) 

1 
4 -  

 
 

  
E      

2 W      
3 

5 -  
 

 
  

E      
4 W      
 

In the 4th session, the  relation was increased while  

proportion (Figure 3.12). For this reason, ACMP1-CTC  was introduced directly inside the 

. Then,  ( , 38ºC) was introduced and the 

experiment was left . After that time, the reactor was  the 

exit on ). Apart from that, the treated resin was recovered using  

. Later,  the filtrate  were lyophilized 

to obtain,  ACMP1  (Table 3.6, entries 1-2). After 
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HPLC analysis, both the  and the  were  Nevertheless, tBu 

elimination was only  because the  inside the reactor was . 

The previous experiment was reproduced in the 5th session but treating  of ACMP1-CTC 

with  in  for  (Figure 3.12). After the  

was collected,  was introduced in the reactor and a second was 

performed. After stirring , this second was also collected  

 fraction. Afterwards, the resin was  and the reactor was  

obtaining the  fraction. Both  were lyophilized to obtain  

 ACMP1 (Table 3.6, entries 3-4). , both c  

and elimination were , but the results did not  as we expected, probably 

because the  in  was  In addition, it was observed that it was 

not possible to increase the  reactor, because of the  

 achieved in this experiment ). As a consequence, performed some  

experiments using the . 

3.3.1.3 Green solvent experiments: second series 

 does not  in  without  as observed in previous experiments. 

This probably happens because both  36. Because of 

that, we speculated that to use  acidolysis methodology because at 

room temperature (RT) it may present a  37 compared to [130]. 

 
Figure 3.13 Scheme of 6th and 7th sessions Figure 3.14 HPLC analysis of  fraction (1st experiment, 6th session) 

In the 6th session,  of ACMP1-CTC and  were introduced directly inside 

 reactor (Figure 3.13). Then,  ( ) was introduced and the experiment 

 
36  has a  at 20ºC while  and 38ºC. 
37  at -23.2ºC and  [315]. 
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was left  After that time, the exit was collected on  and the resin was 

recovered using more of this mixture. Both  fractions were lyophilized to obtain 

 ACMP1  (Table 3.7, entries 1-2). Although the  content 

inside the reactor was increased to  the results obtained were  than in previous 

experiments because the  could not be eliminated q  (Figure 3.14). In the 

second experiment of session 6th,  ACMP1-CTC were treated with  

and  for . In these conditions,  ACMP1 

 (Table 3.7, entries 3-4) were obtained from the  fractions. Again, the  

could not be  quantitatively, highlighting the  in the 

acidolysis process, because even at  concentration  could not be 

 completely.  

Table 3.7 Results of sessions 6 and 7 

# 

Se
ss

io
n 

Ex
pe

ri
m

en
t 

Resin 
(g) 

Cocktail 
Volume 

(mL) 

Ti
m

e 
(h

) 

Fr
ac

ti
on

 

Yield 
(%) A

CM
P1

 
(%

) 

 
 

 
  

 
  

  
 

1 

6 
1  

 
 

  
       

2        
3 

2   
 

  
       

4        
5 

7 
1  

 
 

  
       

6        
7 

2  
 

 
  

       
8        

 

In the first experiment of 7th session,  ACMP1-CTC were treated with  

 trying to  of a previous small-scale experiment (Table 3.4, ). 

After the introduction of  the experiment was left . Then,  

 fractions were collected and lyophilized  ACMP1 

 (Table 3.7, entries 5-6). In comparison to the standard experiment (Table 3.4, ), the 

addition of  probably because of  in . In the second 

experiment of 7th session,  of ACMP1-CTC were treated with  and 

 (  h, reproducing  small-scale experiment 

(Table 3.3, ). Using  volumes of  permitted to obtain a  

 ACMP1  in the  fraction as well as  

elimination (Table 3.7, entry 7). Despite this,  were only  because 

the  content in  As seemed to be  
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parameter in acidolysis procedures, we discarded to  in further experiments in favor of  

 which had a greater  and  during the experiment. 

Figure 3.15 Experiment scheme of session 8th Figure 3.16 Experiment scheme of sessions 9th and 10th 

For the experiment of session 8th,  was not equipped  at the exit . 

Consequently, a -permeable bag was used to introduce the  ACMP1-CTC used in the 

experiment (Figure 3.15). Then,  were 

introduced and left . After this time, the reactor was  

and the resin was recovered using more of this  mixture. Both  fractions 

were lyophilized to obtain  ACMP1 (Table 3.8, entries 1-2). 

These results confirmed  acidolysis, because with  

 were obtained in comparison to session 6th experiments (Table 3.8, 

entries 1-4). Despite this, the obtained in the 8th session were  achieved 

in sessions 4th and 5th with the  reactor. 

Table 3.8 Results of sessions 8, 9 and 10 

# 

Se
ss

io
n 

Resin 
(g) 

Cocktail 
Volume 

(mL) 

Ti
m

e 
(h

) 

Fr
ac

ti
on

 

Yield 
(%) A

CM
P1

 
(%

) 

 
 

 
  

 
 

 

 
+

 
 

1 
8  

 
 

  
       

2        
3 

9  
 

   
  

 
4   
5 

10  
 

 
  

       
6        

 

In session 9th, one last experiment using  was performed reproducing  

of a previous small-scale experiment (Table 3.4, ) but incorporating .  This time 
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though,  was added at , which permitted to introduce  directly into the  

 reactor (Figure 3.16).  ACMP1-CTC were treated  

.  fractions were lyophilized to obtain  

 protected ACMP1  (Table 3.8, entries 3-4). Surprisingly, peptide  was 

observed in the HPLC analysis  fractions, which was  with the results 

obtained in the  experiment using  without (Table 

3.4, entry 8). In addition, it was observed that both in this and other experiments, the use of 

 the acidolysis yields. Therefore,  discarded for further 

acidolysis experiments. 

In session 10th, the same experiment as in session 8th was reproduced but extending the  

5h and using a  (Figure 3.16).  ACMP1-CTC were treated with  

.  fractions were 

lyophilized to obtain  ACMP1 (Table 3.8, entries 5-6). The 

results did  in comparison to session 8th, because the  

the same in both experiments. This meant that  to the acidolysis process was not 

 concentration in . 

3.3.1.4 Green solvent experiments: third series 

After ten sessions using either , we reviewed the results obtained. Interestingly, 

it was observed that in the 2nd session,  of the resin , once 

the resin was already  (Figure 3.17). In addition, after  the 

resin  meaning that  to the inner core  during the 

experiment (Figure 3.18). Due to these observations, we tried to  this experiment but 

using  and  to the resin. 

Figure 3.17 Non-swelled resin of 2nd session Figure 3.18  resin of 2nd session 

In the first experiment of 11th session,  ACMP1-CTC were introduced  vial that 

was placed  reactor (Figure 3.19). Then,  was introduced directly 

into the vial and  was added to the reactor. After , it was 
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observed how the  began to stir with  volume , which was 

not possible at  (Table 3.3). In these conditions, the experiment was left 

. Afterwards, in the  we observed a great quantity of  

 at less . After complete , the  

mixture was treated with  and the corresponding filtrate was lyophilized to give  

 ACMP1  (Table 3.9, entry 1).  

Figure 3.19 Experiment scheme of sessions 11th, 12th and 13th 

In this session, a second experiment was performed in which  ACMP1-CTC were treated 

with . In this second experiment it 

was definitively confirmed that  dissolves , because the volume of the  

 experiment (Figure 3.20). The dilution  due to  

could also explain how  resin could be stirred  of the  

in the first experiment. After treating the resin , the filtrate was lyophilized to 

obtain  ACMP1  (Table 3.9, entry 2). 

    

Figure 3.20 Second experiment of 11th session: i) ACMP1-CTC ( ); ii)  introduction ( );  
iii) beginning of the experiment ( ); iv) end of the experiment  

Overall, the goal of 11th session was to use the  to  of 

the resin  Although this effect was slightly seen in the , we also observed 

the , which permits the  resin with o  

 of cocktail but it also  it. Due to , only quantitative  

 elimination were achieved as in other previous sessions. 
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Table 3.9 Results of sessions 11, 12 and 13 

# 

Se
ss

io
n 

Ex
pe

ri
m

en
t 

Resin 
(g) Cocktail 

Volume 
(mL) 

 
 

Ti
m

e 
(h

) 

Yield 
(%) 

A
CM

P1
 

(%
) 

 
 

 
  

 
 

 

  
 

1 
11 

1 
 

 
 

  
  

       
2 2         

3 
12 

1 
 

 
 

  
 

       

4 2  
 

) 
       

5 
13 

1 
 

 
 

 
 

) 
       

6 2  
 

 
       

 

In session 12th, two more experiments were performed in which  of  

were used trying  of the cocktail. In the first experiment,  ACMP1-

CTC were treated with  and . In the second 

one, the previous conditions were reproduced but with only   . In both 

experiments, the resin was treated with  and the filtrate was lyophilized to give  

 ACMP1 (Table 3.9, entries 3-4). Although the experiments were conducted 

at , their results were  different. Therefore,  did not 

 these results. Probably, the difference may be attributed to  of the 

experiment. 

Figure 3.21 Second experiment of session 13th  

Considering , it was thought to perform more experiments with even  

, but it was not possible as  did not permit it: at  

, the junction that permitted to .  

After knowing this information, two more experiments were performed but using  

. Consequently,  of  would be avoided and we would know if 
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with an inert gas such as N2 process or not. In the first 

experiment of 13th session, ACMP1-CTC were treated with in N2

. In this case, using in N2, 

during the experiment. In addition, no were observed at the end of the , 

which meant N2 was not . After 

and lyophilizing the filtrate, ACMP1 (Table 3.9, entry 5) were 

obtained. In the second experiment, the reproduced but with a 

of N2 (Table 3.9, entry 6). In contrast to the first experiment, we 

observed how part of . This meant that the was not 

complete using volume of in N2 (Figure 3.21). In agreement with that, the 

results of these last two experiments with N2 did the results of previous 

sessions, because during the experiment.

Cleavage of protected peptides

      

Considering , we the acidolysis strategy to obtain protected 

peptides from CTC resin in . 

Acidolysis of protected peptides

quantity of both TFA and DEE, because the resin 

has only to peptide to eliminate the sidechain PGs. 

In addition, totally avoided in this process, which 

benefited our methodology perspective. To perform these cleavage

studies, some more experiments were performed using the .
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3.3.2.1 Green solvent experiments: final series 

 
Figure 3.22  tube 

 
Figure 3.23 Experiment scheme of sessions 14th, 15th 

In these new series of experiments, the key was  inside the reactor after 

 the resin with . In previous sessions, we were  resin with 

 in the  reactor (Figure 3.10). To do this, a  tube with a volume 

of  before the entrance  

(Figure 3.22 and Figure 3.23). By using this  tube, the  reactor with the resin inside 

could be  with . Then, the  tube could be  with 

 using a syringe. After reconnecting  tube, the  could be introduced inside the 

. By doing this, we could avoid , instead 

 would enter the . For this strategy to succeed, it was very important 

 

 

 

In the first experiment of session 14th,  of ACMP1-CTC were introduced directly inside the  

 reactor, which was  with  With both entrance  

closed, the  tube was  were introduced inside 

with a syringe. Immediately, the  and  with  

. The entrance  were opened and  entered the reactor which was 

. Then, the experiment was left . Afterwards, the reactor 

was  and the resin was recovered using more of this mixture. Both 

 fractions were lyophilized to obtain  ACMP1  

(Table 3.10, entries 1-2).  
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Table 3.10 Results of sessions 14 and 15 

# 

Se
ss

io
n 

Ex
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(g) 

Cocktail 
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(mL) 
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1 

14 
  

 
 

 
  

 
 

    .9 
2      
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4      

5 
15 

  
 

 

 
  

 
      

6      
 

      
7          

 

In the second experiment, the methodology was reproduced with  ACMP1-CTC and  

 was performed with  

 fractions were lyophilized, but  ACMP1 

 were obtained only from the  (Table 3.10, entries 3-4). After the HPLC 

analysis of this fraction, we could obtain  ACMP1, which was  

l was to cleave ACMP1 with all . 

For the experiments of 15th session, both  and the  were r  to 

try  the results. In addition, the resin was  with  

. In the first experiment,  ACMP1-CTC resin were  with 

. Then,  were added using the  tube and 

, leaving the experiment stirring for . After lyophilization, the  

fraction gave  ACMP1  (Table 3.10, entry 5). In the second experiment, 

 of ACMP1-CTC were  with  and treated with  

 using . After the resin was recovered using  

 and the filtrate was lyophilized to obtain  ACMP1  (Table 3.10, entry 

6). In the third experiment of the session, the last methodology was reproduced but using only 

. The  fraction of this third experiment gave  

ACMP1  (Table 3.10, entry 7). Session 15th permitted us to develop a methodology to cleave 

 ACMP1 with all  ( ) and 

 the resin  (Figure 3.24). , we 

performed more experiments using therapeutic peptides such as somatostatin or leuprolide 

instead of the ACMP1 model peptide. 
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Figure 3.24 HPLC analysis of  fraction (first experiment, 15th session)38 

3.3.2.2 Cleavage of protected Somatostatin 

The previous methodology with the  was used to cleave SST-CTC39 in session 16th 

(Figure 3.23). In the first experiment,  of SST-CTC were  

. Then,  were added using the  tube and  

, and the experiment was left . After  no SST in the  

fraction was obtained (Table 3.11, entry 1). 

Table 3.11 SST-CTC results of sessions 16, 17 and 18 
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Volume 

(mL) 

P
 

Ti
m

e 
(h

) 

Fr
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ti
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Yield 
(%) 

 
 

 
 

1 16 1  
 

 

 
 

 

     
2 17 1        
3 18 3        

 

Despite the results obtained in session 16th, two more experiments with SST-CTC were conducted, 

this time using more quantity of  for . Following the same methodology as in session 

16th,  SST-CTC were  with  ( ) and treated for with  

  in . The  fraction gave only  of 

 (Table 3.11, entry 2). This time HPLC-MS analysis revealed  

 
38   

 
 

39  SST-CTC  Boc-Ala1-Gly2-Cys(Trt)3-Lys(Boc)4-Asn5-Phe6-Phe7-Trp8-Lys(Boc)9-Thr(tBu)10-Phe11-
Thr(tBu)12-Ser(tBu)13-Cys(Trt)14-CTC resin 
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 SST  were recovered from  of the resin: i)  SST-  

([M+2H]2+=1147.4 amu) corresponding to the loss of  and ; and,  

ii)  SST  ([M+2H]2+=1197.7 amu) corresponding to the loss  group and 

the  group. Due to the , we 

speculated that part of the  inside the resin  of its 

. . In addition, standard 

acidolysis  determined that the cleavage with  

in both sessions 16th and 17th.  

 

 

3.3.2.3 Cleavage of protected Leuprolide 

Table 3.12 LP-CTC results of sessions 17 and 18 

# 

Se
ss

io
n 

Ex
pe

ri
m

en
t 

Resin 
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(mL) 
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e 
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Yield 
(%) 

 
 

 
 

 
 

 
 

1 17 3  
 

 

 
  

 

       
2 

18 
1          

3 2          
 

The previous methodology  tube was used to cleave LP-CTC40 in session 17th 

(Figure 3.23). In the third experiment of that session,  of LP-CTC were  with  

. Then, :5 were added using , and 

the experiment was left . After n,  protected LP  were 

obtained  fraction. After HPLC analysis, protected LP  

obtained in this experiment (entry 1, Table 3.12). DMF washes of the treated resin demonstrated, 

 In addition, a mini-acidolysis 

experiment of the resin  of the resin was . With these 

results in hand, we designed two more experiments  quantity of  to obtain a 

 LP in the  fraction. 

 
40 LP-CTC  Pyroglutamic acid1-His(Trt)2-Trp3-Ser(tBu)4-Tyr(tBu)5-D-Leu6-Leu7-Arg(Pmc)8-Pro9-CTC resin 
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Figure 3.25 HPLC analysis of  fraction (second experiment, 18th session) 

In session 18th, the previous methodology was reproduced but using only 5. 

After of stirring, the reactor was  on  and the resin was recovered 

with . The  fraction was lyophilized to obtain  

LP  (Table 3.12, entry 2). After HPLC analysis,  LP  

the results of previous experiments. Following the previous methodology, a second experiment 

was performed using  LP-CTC but maintaining . In this case, the 

lyophilized washing fraction gave  LP  (Table 3.12, entry 3). Again, HPLC 

analysis revealed that  obtained (Figure 3.25). 

3.3.2.4 Leuprolide global deprotection in solution 

After obtaining  in sessions 17th and 18th, a series of 

mini-acidolysis experiments were designed to study  

worked with  in comparison to standard procedures used in solid-

phase (Table 3.13). As a reference, we reproduced the standard acidolysis procedure of LP-CTC 

treating  (entry 1). Then, 20 mg of protected LP 

were treated with various volumes of cocktail A in solution (entries 2-5). The HPLC-MS analysis of 

these samples revealed  were obtained when the amount of cocktail A 

: 1) LP+ ([M+H]+= 1449.2 amu); and, 2) LP+ ([M+H]+= 1383.3 amu). To 

reduce the amount of these impurities, cocktail B and C were used in , but 

the results were even worse than with cocktail A (entries 6-7 vs entry 5). The same happened when 

the time of the experiments was varied (entries 8-9). 
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Table 3.13 Mini-acidolysis experiments in solution of protected LP (sessions 17th and 18th) 

# 
Protected LP  

(mg) 
Cocktail41 

Volume  
(µL) 

Time  
(h) LP

 (%
) 

 
 

 

 
 

1 20 (resin) A   97.3   
2 20 A   96.7   
3 20 A      
4 20 A      
5 20 A      
6 20 B   35.1   
7 20 C   56.6   
8 20 A   65.7   
9 20 A   80.2   

 

With the previous results in hand,  experiments  LP 

were performed (Table 3.14). First,  LP were treated with  cocktail A 

( ) . After that time, the peptide was precipitated in cold DEE ( ), 

centrifuged and the supernatant was discarded. The peptide crude was washed with more DEE 

( ) and dried under vacuum to obtain  of LP (entry 1). The HPLC analysis revealed 

that  was similar to the one obtained in the mini-acidolysis experiment 

(Figure 3.26). 

Table 3.14  acidolysis experiments  LP 

# Protected LP  
(g) 

Cocktail Volume  
(mL) 

DEE 
(mL) 

Time  
(h) 

Yield 
(%) LP

 (%
) 

  
 

 
 

1          
2          

 

A second experiment was performed, in which  LP were treated with  of 

cocktail A . After the precipitation in cold DEE ( ) and the washings ( ), the 

peptide crude was dried overnight under vacuum to obtain  LP (entry 2). Again, the HPLC 

results showed that  was similar to previous experiments using this procedure 

( ). Finally, this  were purified via preparative HPLC to obtain  pure 

LP (Figure 3.27). 

 
41 Cocktail A   // Cocktail B   //  
Cocktail C   
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Figure 3.26 Acidolysis in solution of 1.9 g of protected LP Figure 3.27 Purified LP (isocratic) 

3.4 Discussion and conclusions 

Eighteen sessions of acidolysis experiments using  have been performed following two 

different strategies: global cleavage/deprotection (sessions 1-13) and cleavage of protected 

peptides (sessions 14-18).  

Under the first strategy, ) was used to develop 

a global cleavage/deprotection methodology .  

 

   

 

           

 

 

 is not as a greener alternative  on the cell walls of  reactor (3rd 

session) caused by  mixtures. Using  the co-solvent for  did not 

improve the results as it lowered the acidolysis   caused peptide . 

Unexpectedly, we also found that , increasing its volume 

and . As a consequence, it was possible to , but 

again only  elimination were obtained. Initially, we hypothesized 

that the  the resin with  the elimination of 

, but our experiment with N2  (session 13th). 

 

. With this in mind, we developed a 

methodology to cleave  ACMP1 in the  reactor without the need  

(sessions 14-15). After some optimization experiments, we put this  with 
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two therapeutic peptides such as SST and LP. In the case of SST, the methodology  

 protected SST: i)  from the 

resin beads; and, ii) its cleavage  (17th session). In contrast, LP was compatible 

 

  

 

 

 

 

Table 3.15 Comparison between our green solvent-cleavage strategy and standard procedures 

METHOD COMPARISON 
Green solvent-cleavage strategy Standard 

procedure 18th session Estimation 
Resin (LP-CTC)   80.0 g 

Green solvent 
cleavage 

   - 
   - 
    - 

   - 
   - 
   - 

Global  
Deprotection 

Cocktail43   0.8 L 
DEE      14.6 L44c 

 

 

  Table 3.15). 

 

 

 

 

 

 

 

 

 

In comparison to our green solvent-mediated cleavage strategy for LP-CTC, the standard 

acidolysis procedure would require  

 
42 Cleavage cocktail   
43 Cocktail A  
44   :  

 . 
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. For example, for 80.0 g of LP-CTC, 0.8 L of cocktail A and 14.6 L of cold DEE would 

be needed (Table 3.15).  
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4 Synthesis of Somatostatin Analogs

4.1 Introduction

Somatostatin

Somatostatin (SST14)45 is an endogenous peptide hormone composed by 14 amino acids, that 

was first isolated in 1973 from ovine hypothalamus based on its ability to inhibit the release of 

growth hormone (GH) from the anterior pituitary[12,153] (Figure 4.1). Some years later, SST14 was 

found to act as a neuromodulator and a neurotransmitter in the human body[13,154]. Currently, 

SST14 is in the market for the treatment of acromegaly and neuroendocrine tumor therapy. Apart 

from the natural peptide, other approved synthetic somatostatin analogs (SSAs) are octreotide, 

lanreotide, vapreotide and pasireotide.

Figure 4.1 SST14: H-Ala1-Gly2-c(Cys3-Lys4-Asn5-Phe6-Phe7-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-Cys14)-OH

Somatostatin receptors

SST14 induces its biological effects through direct binding to somatostatin receptors (SSTRs). In 

humans, five different somatostatin receptors (SSTR1-5) were cloned and characterized in the

early 1990s[154,155], being named chronologically according to their respective publication 

dates[153,154]. From a structural point of view, SSTR1-5 possess seven transmembrane domains 

(TMDs) that provide the characteristic architecture of G-protein-coupled receptors (GPCRs)[153]. In 

our body, SSTRs have been found expressed in the pituitary, pancreas, gastrointestinal (GI) tract, 

brain and in a variety of tumor cells. At present, the X-ray crystal structures of SSTRs are not 

available. 

An extremely important characteristic of SSTRs is that upon ligand binding the whole ligand-

receptor complex is internalized inside the cells, which is critical for receptor downregulation, 

45 Also known as Somatotropin Release-Inhibiting Factor (SRIF).
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resensitization and signaling[156]. This so-called SSTR-mediated internalization is also the principal 

base for the use of SSAs as peptide conjugates for the delivery of cytotoxic drugs or radiometals 

either for cancer treatment or diagnosis. After the internalization of the ligand-receptor complex, 

this interaction with the ligand is disrupted and the receptor might be either recycled back to the 

cellular membrane or degraded. 

Differences in the cell trafficking and internalization capabilities of the different receptor subtypes 

have to be considered[157]. Several studies have shown that SSTR2, SSTR3 and SSTR5 are 

internalized to a much higher extent than SSTR1 (very slow[158,159]) and SSTR4 (absent[160]) after 

ligand stimulation[161,162]. Related to this, some other studies suggest that SSTR2 is efficiently 

recycled to the cell membrane (60-90 min) and does not enter to any degradative pathway[153,161]. 

SSTR3-ligand complex is internalized after 30 min[161], but this subtype shows a rapid 

downregulation (50%) upon prolonged ligand exposure (6 to 12h) when transfected to cells[161,163

165]. Regarding SSTR4, low levels of internalized human SSTR4 in transfected cells were detected 

upon SST14 treatment[166]. The proportion of SSTR5 internalized after 30 minutes of SST14 

exposure is considerably lower than SSTR2 receptor (30-40% vs 80-90%, respectively)[167,168]. The 

SSTR5 dynamics regarding internalization and trafficking are ligand- and context-dependent.

Because of the variety of physiological functions and the capability to internalize inside the cells, 

SST14 may play a role in the treatment of various human diseases. Despite this, the clinical use of 

this natural peptide has been impeded by its short plasma half-life (t1/2 < 3 min)[13,169], which makes 

continuous parenteral infusion necessary and restricts its use to hospital level [33]. Because of these 

reasons, researchers were specifically interested on the minimum structural requirements for 

biological activity to design and develop somatostatin analogs (SSAs), either with selective or 

multireceptor affinities. 

Development of Somatostatin analogs

Since the discovery of SST14, it has not been possible to obtain X-ray crystal structures of any of 

the SSTR-subtypes. Therefore, the great research efforts carried out since the 1970s to find more 

stable therapeutic SSAs have followed ligand-based drug design strategies.

The initial work on the development of SSAs was performed by Vale et al[155,170,171], whose 

approach was to synthesize different series of peptide ligands structurally-related to the parent 

SST14. The most important series of this study were: i) progressive shortening of the peptide; 

ii) replacement of each amino acid with alanine; iii) replacement of each residue with the 

corresponding D-amino acid; iv) replacement of single residues with other amino acids; and 

v) deletion and/or modification of multiple residues[155].
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In the D-amino acid series, D-Trp8 substitution increased the inhibition potency by 6-8 times of 

GH release in vitro and glucagon and insulin release in vivo[34], being (D-Trp8)-SST the first analog 

to be reported with significant higher potency than SST14. The increase of pharmacological 

activity might be related either to the stabilization of a biologically active conformation or a higher 

resistance to degradation[155]. The alanine scan series was particularly useful for interpreting the 

roles of each amino acid sidechains[170,171]. Alanine substitution of Gly3, Lys4, Asn5, Thr10, Thr12 and 

Ser13 did not reduce the GH-inhibition activity, indicating that the functional groups of their 

sidechains were not crucial for SSTR-binding. In contrast, alanine replacement of Phe6, Phe7, Trp8, 

Lys9 and Phe11 decreased enormously the GH-inhibiting potency to less than 4%. Related to this, 

Trp8 was considered to be the crucial amino acid for binding to SSTRs due to the presence of the 

indole NH group that permits hydrogen-bonding with the receptor, as well as interaction with 

Lys9 to favor the biological active conformation of the molecule[172]. 

The single and multiple amino acid deletion series permitted to discover the smallest peptide 

derived from SST14 that could inhibit GH secretion46. Based on these pioneering findings, the 

fragment Phe7-Trp8-Lys9-Thr10 was proposed as the pharmacophore of the SST14 structure[155]. 

Therefore, these four amino acids were considered to be very important for the binding interaction 

with SSTRs, being Trp8-Lys9 the most critical ones[172].

Figure 4.2 Structure of octreotide (left), vapreotide (middle) and lanreotide (right)

Using the previous hexapeptide as a starting point, Bauer et al.[18] decided to prepare a series of 

analogs incorporating additional residues at both ends to find a more stable peptide. To mimic 

Phe6 of the parent SST14, D-Phe residue was added to the N-terminal. This proved to be 

advantageous for biological activity, because the aromatic sidechain may occupy the available 

conformational space of Phe6 in SST14, as well as protect the disulfide bond against enzymatic 

degradation. At the C-terminus, the addition of threoninol (Throl) further increased the activity by 

protecting the pharmacophore fragment against enzymatic degradation. The resulting 

octapeptide named octreotide47 (Figure 4.2) displayed greater potency, increased metabolic 

stability (t1/2 ~ 117 min) and selectivity for GH inhibition over insulin and glucagon, in comparison 

46 H-c(Cys1-Phe2-D-Trp3-Lys4-Thr5-Cys6)-OH.
47 Octreotide (H-D-Phe1-c(Cys2-Phe3-D-Trp4-Lys5-Thr6-Cys7)-Throl8).
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to SST14. These characteristics made octreotide (Sandostatin®, SMS201-995) the first commercial 

SSA approved for clinical use[153,173]. The previous findings encouraged researchers to use this 

octapeptide scaffold as a starting point for further development of new SSAs. In the following 

years, vapreotide 48 (Sanvar®, RC-160)[19,174] and lanreotide 49 (Somatuline®, BIM-23014)[20,175]

became the next commercial SSAs (Figure 4.2 and Table 4.1).

Table 4.1 Binding affinities of octreotide, vapreotide, lanreotide and pasireotide 

Compound
SSTR1
Ki (nm)

SSTR2
Ki (nm)

SSTR3
Ki (nm)

SSTR4
Ki (nm)

SSTR5
Ki (nm)

Bibliography

SST14 1.1 1.3 1.6 0.53 0.9

Patel et al.[176]Octreotide > 1000 2.1 4.4 > 1000 5.6
Vapreotide > 1000 5.4 31 > 1000 0.7
Lanreotide > 1000 1.8 43 66 0.62
Pasireotide 9.3 1.0 1.5 > 100 0.16 Bruns et al.[21]

As octreotide, the initial biological function of these analogs was to inhibit GH secretion. This anti-

secretory effect happens because all three octapeptides bind with high affinity to SSTR2, which is 

the responsible of GH-inhibition. In the case of octreotide, affinity to a lesser extent with SSTR5 

and SSTR3 was also demonstrated, displaying no affinity for SSTR1 and SSTR4[176]. Regarding 

lanreotide and vapreotide, both presenting the Tyr3-D-Trp4-Lys5-Val6 fragment, they were capable 

of binding to SSTR5 with even higher affinity than SSTR2 at the expense of losing some part of 

their affinity to SSTR3[176]. As in the case of octreotide, both vapreotide and lanreotide showed no 

binding with SSTR1 and SSTR4.

Figure 4.3 Structure of pasireotide

Until the 2000s, this first generation of SSAs were the only ones approved and commercialized for 

treating SSTR-related diseases. The specific binding profile of these analogs left room for the 

search of a second generation of multireceptor SSAs with affinity for all SSTR subtypes and high 

stability. The search of a multireceptor ligand led to the discovery of pasireotide (Signifor®, Figure 

4.3), a cyclic hexapeptide with affinity for SSTR5 > SSTR2 > SSTR3 > SSTR1[21,177]. Although this 

48 Vapreotide (H-D-Phe1-c(Cys2-Tyr3-D-Trp4-Lys5-Val6-Cys7)-Trp8-OH).
49 Lanreotide (H-D- -Nal1-c(Cys2-Tyr3-D-Trp4-Lys5-Val6-Cys7)-Thr8-OH).
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peptide does not show any affinity for SSTR4, it is the only commercialized analog with affinity for 

SSTR1[178]. Because of its binding to four out of five SSTRs, it is considered to be a multireceptor 

analog with a half-life in vivo of nearly 23h in rats[21].

Biological applications

4.1.4.1 SST14 in the human body

The first biological activity of SST14 and related analogs was to inhibit GH-secretion[12] via SSTR2 

and SSTR5. In the following years, other anti-secretory and regulatory activities of SST14 on many 

other hormones were reported: inhibition of glucagon secretion via SSTR2 and insulin secretion 

via SSTR5[179]. Prolactic thyroid-stimulating hormone, gastrin and ghrelin are other examples. As a 

consequence, SST14 is not only present in the hypothalamus as originally thought, but also in the 

anterior pituitary gland, the GI tract and the pancreas among other parts of our body[153,155,180,181].

Apart from regulation of hormone secretion, anti-proliferative effects are the second main role of 

SST14 in our body and the rationale to use SSAs to treat SSTR-positive tumors. In fact, SST14 was 

found to stimulate apoptotic mechanisms through SSTR3, and to a lesser extent SSTR2, which 

contribute to its anti-proliferative mechanisms[182 184]. This explains why SST14 and related analogs 

inhibit tumor growth in various cultured cell lines and animal tumor models[185,186].

4.1.4.2 SSTRs incidence in cancer

The expression of SSTRs in various human tumors, made researchers focus on the applicability of 

SSAs in oncology. The main clinical implications in human tumors are: i) long-term therapy; 

ii) cancer diagnosis; and iii) cancer treatment.

SSTR-in vitro evaluation is extremely important to identify tumor types suitable to be targeted 

using SSAs. To predict with certainty the in vivo SSTRs status of a tumor, it is vital to analyze the 

receptors of the primary tumor and its metastases. To analyze tissue from a tumor biopsy is still 

the best way to determine the SSTRs status of a tumor[187]. Having identified receptors in human 

tumor cell lines or in human tumors grown in animals is not enough, as great differences may 

occur in receptor expression[188,189]. It is also important to investigate the presence of SSTR 

proteins rather than mRNA, because in human tumors mRNA and protein levels may differ[190]. 

Receptor binding methodologies (binding assays or receptor autoradiography) and receptor 

immunochemistry are valuable techniques as they provide information about receptor protein 

expression. Nevertheless, SSTR mRNA abundance might also be significant when the previous 

methods are unable to give valuable information[187].



Chapter4. Synthesis of Somatostatin Analogs 

94 
 

High expression and density of SSTRs has been found in neuroendocrine tumors (NETs)50, GH-

secreting pituitary adenomas, gastroenteropancreatic (GEP) tumors, pheochromocytomas, 

neuroblastomas, and to a lesser extent in medullary thyroid cancers and small-cell lung cancers. 

Other non-neuroendocrine tumors including brain tumors, breast carcinomas, lymphomas, renal 

cell cancers, prostatic, ovarian, gastric and hepatocellular carcinomas have also shown to express 

SSTRs[187]. The distribution of SSTRs in these tumors is very important because more homogeneity 

of receptor expression is normally translated to a more effective targeting either for cancer 

diagnosis or treatment[187]. As an example, gastroenteropancreatic neuroendocrine tumors  

(GEP-NETs) display normally the most homogeneous SSTRs distribution. In contrast, other tumors 

such as breast carcinomas are characterized by a high heterogeneous distribution of SSTRs, with 

regions of high density of receptors next to regions lacking these receptors[187]. 

SSTR2 is the most abundant receptor subtype expressed in the majority of human tumors[191], 

such as somatotroph and thyrotroph pituitary adenomas (>80%), as well as in 

pheochromocytomas and paragangliomas (>70%)[191 194]. In brain tumors, SSTR2 is present in most 

meningiomas[191,195], medulloblastomas[196 198] and neuroblastomas[199]. In GEP-NETs, SSTR2 

represents the most expressed receptor subtype, being identified in >70% of cases at a high 

expression intensity[191,192,200 205]. 32-56% of bronchopulmonary NETs, as well as NETs of other 

origins including thymus, breast, cervix, or prostate express also SSTR2[206,207]. Depending on 

tumor grade and location, SSTR2 was observed in 45-100% of colorectal carcinomas[184,208] and in 

41-67% of hepatocellular carcinomas[209 211]. SSTR2 was found in 20-79% of breast 

cancers[191,192,212 215], in 57% of cervical carcinomas, in 39% of endometrial cancers[216] and in 30% 

of ovarian carcinomas[216,217]. Moderate to strong SSTR2 expression was observed in 50% of 

prostate cancers with neuroendocrine differentiation (NED)[218,219]. 

SSTR1 is the most abundant receptor subtype in prostate carcinomas, sarcomas[220 222] and 

bronchopulmonary NETs[223]. In addition, its presence was also confirmed in pituitary somatotroph 

adenomas, pancreatic adenocarcinoma, stomach cancer, urinary bladder cancer, 

pheochromocytoma, GI NETs, breast carcinoma, cervix carcinoma, and ovarian tumors[224]. 

SSTR3 is also present in different human tumors, especially in pituitary adenomas. Gonadotropic 

and non-functioning pituitary adenomas express high levels of SSTR3, whereas expression of 

SSTR2 and SSTR5 is very low or absent[225 227]. SSTR3 is expressed in about 30-50% of 

 
50 Neuroendocrine tumors (NETs) originate in the neuroendocrine system cells, which have traits of both 
hormone-producing endocrine cells and nerve cells, and help to control many functions of our body. All 
NETs are considered malignant tumors and may begin to grow in any part of the body, including the lung 
(30%), GI tract (43%) and pancreas (7%). NETs can also begin in other organs.  
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pheochromocytomas and paragangliomas[194]. Although SSTR2 is clearly the most abundant 

receptor in GEP-NETs, SSTR3 was also detected in 52-90% of cases[204,225,228]. However, strong 

SSTR3 expression was only noted in 5-29% of cases[204,228,229]. Low SSTR3 expression levels occur 

also in bronchopulmonary NETs[230]. In about 50% of tumors with NED derived from breast, cervix, 

or prostate, weak to moderate SSTR3 expression was observed[207]. SSTR3 was also detected in 

56% of GI stromal tumors[231]. 

The cellular expression of human SSTR4 is in general less characterized[153]. Despite this, SSTR4 

has been found in cells of the bronchial glands, the exocrine pancreas, in the GI tract (stomach 

and duodenum), in kidney tubules, and in the parathyroid gland[232]. In contrast to other SSTRs, 

lack of SSTR4 binding sites and immunoreactivity in pituitary tissue suggests that this receptor 

does not play a major role in the control of the human anterior pituitary[220,233]. According to 

receptor autoradiography, SSTR4 cannot be frequently found in human tumors[220]. 

SSTR5 is expressed with high intensity in all somatotroph and most of corticotroph adenomas, 

whereas it is low expressed in gonadotroph and non-functioning pituitary adenomas[192,226,227]. 

SSTR5 was detected in 38-57% of medullary and in most of papillary and follicular thyroid 

carcinomas (>75%)[234 237]. SSTR5 was also identified in pheochromocytomas, 

paragangliomas[192,194], and lymphomas[238,239]. Regarding GEP-NETs in general, SSTR5 is the 

second most abundant subtype after SSTR2, being detected in 62-93% of GEP-

NETs[192,204,205,228,229]. SSTR5 was observed in 31-45% of bronchopulmonary NETs[230,240] and 

occasionally also in other tumors with NED[207]. SSTR5 was detected in 39-70% of colorectal 

cancers, being its expression higher in well differentiated tumors as compared to poorly 

differentiated ones[184,208]. SSTR5 was also detected in most breast, cervical, ovarian, and prostate 

carcinomas[192], as well as in 45% of Merkell cell tumors[241]. 

Overall, the positive SSTR-expression in different types of cancer and the development of stable 

analogs have made possible the clinical application of SSAs to treat cancer, principally NETs[187].  

4.1.4.3 Long-term cancer therapy 

The first successful clinical application of SSAs was the symptomatic treatment of hormone-

secreting tumors. Thanks to hormone-inhibiting effects, treatment with SSAs usually results in a 

significant improvement of life quality of patients, basically because of normalization of hormone 

levels[187]. Related to this, the introduction of long-acting release (LAR) formulations of octreotide, 

lanreotide and pasireotide facilitated enormously long-term therapies and improved also the life 

quality of patients by reducing the number of needed administration doses[242,243]. Acromegaly 
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-term SSA therapy is applied, 

as well as in patients with NETs.  

Acromegaly is a slowly progressive disease resulting from the increased release of GH and insulin-

like growth factor 1, which in the majority of cases is induced by a pituitary tumor[244]. Octreotide 

and lanreotide have proven to be safe and effective for long-term acromegaly management. 

Because of this reason, they are always recommended as first-line therapy in patients who are not 

suitable for surgery or who are unlikely to be cured by surgery[244]. The second-generation analog 

pasireotide has also been used successfully in acromegaly patients resistant to octreotide or 

lanreotide treatment, achieving GH-control in 15-20% of subjects[245]. Despite this, the high affinity 

of pasireotide for SSTR5, increases significantly the percentage of patients that develop 

hyperglycemia secondary effects which may limit its use in patients with uncontrolled diabetes 

mellitus[244 246]. 

CD is caused by a tumor originating from the corticotroph cells of the pituitary gland. This tumor 

chronically stimulates the hypersecretion of adrenocorticotropic hormone (ACTH) that leads to 

adrenal cortisol overproduction[247 249]. High levels of circulating cortisol in patients with untreated 

CD exert suppressive effects on SSTR2 and SSTR5 expression, but as the latter is less sensitive than 

SSTR2 to these suppressive cortisol effects[250], SSTR5 is considered the target for medical 

treatment in patients with untreated CD[249]. With the introduction of pasireotide with high affinity 

for SSTR5, this analog was evaluated for its efficacy in inhibiting ACTH and cortisol production in 

patients with CD[249]. After in vitro demonstration that pasireotide was effective in reducing ACTH 

secretion, several clinical trials testing its efficacy in CD patients were initiated. A double-blind, 

randomized phase III trial with 162 patients treated with pasireotide showed that median urinary-

free cortisol (UFC) levels were suppressed by 50%, whereas 24% exhibited normalized UFC levels 

after 6 months. 

GEP-NETs are the type of tumors with the highest homogeneity and abundance of SSTR2-

expression[251]. In addition, they exhibit significant morbidity and mortality, and after diagnosis 

fewer than 50% are surgically resectable[252]. Since the introduction of SSAs, survival in NET 

patients has improved three-times[253,254]. In the PROMID clinical trial (85 patients with metastatic 

midgut NET), octreotide LAR demonstrated to increase the median time to tumor progression 

from 6 to 14.3 months[255], as well as stabilization in two-thirds of patients. In addition, in the  

96-week CLARINET trial, lanreotide autogel demonstrated prolonged disease-free survival on 204 

patients that were randomized to receive either this treatment or placebo[256]. 
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Due to all these reasons, both the FDA (US) and the EMA (EU) gave approval for the 

commercialization of these SSAs for long-term somatostatin therapy. Octreotide LAR (Sandostatin 

LAR®, Novartis) has been authorized in the EU since the 1990s for treating acromegaly, GEP-NETs, 

and bleeding gastroesophageal varices. The FDA approved octreotide LAR in 1998 as a long-term 

treatment of patients with acromegaly, carcinoid tumors or vasoactive intestinal peptide tumors 

(VIPomas). Lanreotide (Somatuline® Depot, Biomeasure51) was approved in 2007 by the FDA as a 

long-term treatment of acromegaly in patients who have had an inadequate response to surgery 

and/or radiotherapy. In 2014, the FDA also approved lanreotide (Somatuline® Depot, Ipsen 

Biopharmaceuticals) for the treatment of patients with unresectable, well- or moderately-

differentiated locally advanced or metastatic GEP-NETs to improve progression-free survival. 

Finally, in 2017 the FDA approved lanreotide for the treatment of carcinoid syndrome52. 

In 2014, the FDA approved pasireotide LAR (Signifor® LAR, Novartis) for the treatment of patients 

with acromegaly who have had an inadequate response to surgery and/or whom surgery is not 

an option. This long-acting formulation was also approved by the FDA in 2018 for the treatment 

of patients with CD for whom pituitary surgery was not an option or had not been curative. In the 

EU, pasireotide was approved by the EMA in 2014 for the treatment of patients with acromegaly, 

and two years before in 2012 it had been approved for patients with CD. 

4.1.4.4 Tumor diagnosis and treatment with radiolabeled analogs 

In 1989, Krenning et al.[257] reported [123I]-(Tyr3)-octreotide ([123I]-TOC 53 ), which was the first 

reported radioligand based on octreotide. The Tyr3 modification permitted to label this compound 

with [123I] for successful non-invasive single-photon emission computed tomography (SPECT) 

imaging of SSTR-positive tumors in 10 patients. This initial report was considered as a pioneering 

study in the field of SSTR-imaging, a proof-of-concept for peptide receptor imaging (PRI) and a 

starting point for development of radiolabeled peptide ligands.  

Nevertheless, with the objective to overcome the biodistribution problems of [123I]-TOC,  

Bakker et al.[258 260] reported in 1991 the conjugation of a chelator to the N-terminus of octreotide, 

which permitted the radiolabeling with a -emitter, resulting in [111In]-DTPA-octreotide54 (also 

known as [111In]-pentetreotide, Figure 4.4). This radioligand demonstrated to be superior due to 

ease of preparation, appropriate half-life and absence of accumulation in the upper abdominal 

 
51 Affiliated within the Ipsen Group. 
52 Neurochemical imbalance in the body caused by a cancerous tumor which can result in diarrhea and skin 
flushing. 
53 TOC is the abbreviation of (Tyr3)-Octreotide. 
54 DTPA (diethylenetriaminepentaacetic acid). 
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region[261]. In addition, the use of chelators (e.g. DTPA54) conjugated to the N-terminus of the 

peptide facilitated the fast and simple complexation procedures[153]. 

Figure 4.4 Structure of DTPA-octreotide (pentetreotide) 

Because of its higher SPECT sensitivity and specificity in patients with GEP-NETs compared to 

classic imaging techniques, [111In]-pentetreotide (Octreoscan®, Curium) was approved in 1994 by 

the FDA as the first peptide-based imaging radiopharmaceutical grounded on the results in 250 

patients[153]. This established the way to design and synthesize radiolabeled-SSAs consisting in 

three major elements crucial for the diagnosis or treatment of SSTR-positive cancers: i) the 

radiometal may be used either for diagnostic (e.g. [68Ga]) or treatment (e.g. [177Lu]) of the tumor; 

ii) the peptide ligand (in this case SSAs) permits the internalization of the entire radioligand and 

the accumulation of the radiometal inside the tumoral cells[262]; and iii) the chelator is a molecule 

that is conjugated normally at the N-terminus of the ligand and allows the radiometal labelling. 

After the introduction of [111In]-pentetreotide, the development of a treatment using 

radiolabeled-SSAs was the next step. In 1998, Stolz et al.[263] reported the first radiolabeled-SSA 

for tumor treatment, [90Y]-DOTA-(Tyr3)-octreotide ([90Y]-DOTATOC)55, which provided the proof-

of-principle for peptide-receptor radiotherapy (PRRT)[263]. Nevertheless, one of its main limitations 

was the radiation-induced destruction of surrounding and/or distant SSTR-positive normal tissue, 

in particular radiosensitive tissues such as those of the immune system, kidney or liver. To 

overcome this problem, [177Lu] instead of [90Y] was used as -emitter with shorter penetration 

depth and co-emission of low energy photons, allowing therapy monitoring by means of SPECT. 

[177Lu]-radioligands such as [177Lu]-DOTA-(Tyr3)-octreotate ([177Lu]-DOTATATE) became the PRRT 

agents of choice[153]. 

 
55 DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid). The introduction of the DOTA chelator 
became a key aspect as this molecule improves thermodynamic and kinetic stability, as well as suitability for 
all the commonly used radiometals. 
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Nowadays, DOTATOC and DOTATATE (Figure 4.5) have become the most often clinically used 

SSAs for radiolabeling, being the [68Ga]- and [177Lu]-radiolabeled ligands the preferred ones for 

diagnosis and treatment[264,265]. 

A kit preparation of [68Ga]-DOTATATE (NetSpot®, Advanced Accelerator Applications 56 ) was 

approved by the FDA in 2016 for positron emission tomography (PET) diagnosis of NETs. In the 

same year, the preparation kit of [68Ga]-DOTATOC (SomaKIT TOC, Advanced Accelerator 

Applications) was also approved by the EMA. Three years later, in 2019 the FDA approved as well 

[68Ga]-DOTATOC (University of Iowa Hospital & Clinics) as a diagnostic agent for NETs. Related to 

this, in 2014 the phase III clinical trial NETTER-1 evaluated for the first time the efficacy, survival 

and toxicity of [177Lu]-DOTATATE as a therapy for GEP-NETs[266,267]. This study demonstrated that 

[177Lu]-DOTATATE significantly improved progression-free survival in patients with advanced 

midgut NETs in comparison to octreotide LAR. As a consequence, EMA approved  

[177Lu]-DOTATATE (Lutathera®, Advanced Accelerator Applications56) in 2017 for the treatment of 

GEP-NETs, followed by the FDA in 2018. 

Figure 4.5 Structures of DOTATOC and DOTATATE 

Radiolabeled-SSAs with high affinity to all five SSTR-subtypes are expected to expand the clinical 

indications of the currently SSTR2-targeted radioligands, as well as improving tumor targeting, 

imaging sensitivity and therapeutic efficacy by cross-reactivity to co-expressed SSTR1, SSTR3, 

SSTR4 and SSTR5[153]. However, not all SSTRs are able to internalize to a similar degree (SSTR3 > 

SSTR2 >> SSTR1)[157], which has to be taken into account for the development of such 

radioligands[187]. Under this point of view, pasireotide-based radioligands would be interesting, as 

these compounds would theoretically bind to SSTR1, SSTR2, SSTR3 and SSTR5. As far as we know, 

only few publications on pasireotide-based radioligands have been reported. In 2005, Lewis et 

al.[268] reported DOTA-pasireotide (Figure 4.6) with excellent affinities for SSTR2, SSTR3 and SSTR5. 

In 2007, Zlatopolskiy et al.[269] prepared five DOTA-pasireotide analogs and labeled them with 

[68Ga] and [111In]. In 2012, Fani et al.[270] performed binding and internalization studies comparing  

 
56 Acquired by Novartis in 2018. 
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[68Ga]-DOTA-pasireotide with pasireotide, which showed similar comparable profiles. In addition, 

this radiolabeled analog permitted to clearly detect SSTR2- and SSTR5-tumor xenografts in vivo 

by PET imaging. 

 
Figure 4.6 DOTA-pasireotide by Lewis et al.[268] 

 
Figure 4.7 DOTA(Lys)-PA by Liu et al.[271] 

Apart from these, other three reports by Liu et al.[271 273] were published between 2016-2020. In 

2018 Liu et al.[271] reported [68Ga]-DOTA(Lys)-PA1 (Figure 4.7) which showed higher tumor uptake 

compared to [68Ga]-DOTATATE in preclinical mice models with A549 tumors57. Nevertheless, this 

radioligand displayed high accumulation in the liver, being a challenge for further clinical 

applications because of plausible interferences with imaging quality. 

In 2012, Tatsi et al.[274] developed [111In]-DOTA-(D-Trp8)-SST14 that showed high affinity to all 

SSTRs and localized in experimental tumors with expression of SSTR2, SSTR3 and SSTR5. Taking 

into account that high in vivo stability of a peptide radioligand is extremely important for 

successful tumor imaging and treatment, the re-evaluation of native or slightly modified SST14 

needs to be considered in the context of peptidase activity in vivo (responsible for rapid 

breakdown of intravenous administered SST14)[153]. 

4.2 Research background 

SST14 has generated great interest because of its biological and pharmacological properties.  

BCN Peptides patented a synthetic strategy for the production of octreotide in 1999[275]. 

Concurrently, Riera Lab (IRB Barcelona) specialized in the asymmetric synthesis and development 

of bioactive compounds such as unnatural amino acids. To gain knowledge of the SST14 structure 

and to synthesize new SSAs, a collaboration between BCN Peptides and Riera Lab was established. 

In contrast to most of the research efforts to find more stable and shorter analogs, the main 

objective of this collaboration was to study the effect of introducing diverse aromatic unnatural 

amino acids maintaining the 14-amino acid structure. The introduction of these amino acids 

modulates the analog conformation, which in turn has an effect on the biological activity and 

 
57 A549 is a human lung adenocarcinoma cell line that expresses SSTR5 > SSTR1, SSTR3 > SSTR2 according 
to Western Blot results of Liu et al.[271] 
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binding profile. In addition, the reduction of the original 12-amino acid cycle to a 6-amino acid 

cycle restricts the flexibility of the original molecule by limiting interaction with other SSTRs than 

SSTR2[33]. 

Table 4.2 Binding affinities of the most important SSAs developed by Dr. M. Gómez 

Analog ID 
SSTR1 
Ki (nm) 

SSTR2 
Ki (nm) 

SSTR3 
Ki (nm) 

SSTR4 
Ki (nm) 

SSTR5 
Ki (nm) 

Serum58 
t1/2 (h) 

SST14 - 0.65 0.0016 0.8 0.91 0.37 2.7 
Octreotide - > 1000 0.0815 15.2 > 1000 11.7 200 
(Msa6)-SST A13 8.52 1.49 1.36 3.62 0.91 2.4 
(Msa7)-SST A14 4.17 0.019 > 1000 28.7 > 1000 5.2 
(Msa11)-SST A15 20.0 0.024 2.8 6.45 2.1 1.7 

(Msa6,D-Trp8)-SST A45 2.58 4.55 0.78 3.78 0.36 26.2 
(Msa7,D-Trp8)-SST A46 0.27 0.0024 7.49 > 1000 26.3 24.6 
(Msa11,D-Trp8)-SST A47 2.81 0.14 1.31 > 1000 0.73 41.0 
 

By following this strategy, a great number of SSAs have been synthesized, analyzed and 

characterized in detail throughout different doctoral theses[22 26], publications[27 32] and two 

patents[33,276]. At present, BCN Peptides is conducting veterinary clinical trials with one of these 

analogs, A64. 

Figure 4.8 Unnatural aromatic amino acids used in the synthesis of SSAs 

The first doctoral thesis exclusively dedicated to the synthesis and development of SSA was 

performed by Dr. Marc Gómez at BCN Peptides[23] (Table 4.2). In this work, a series of SSAs were 

synthesized: i) modifications on the aromatic residues of SST14 (Phe6, Phe7, Trp8 and Phe11) with 

L- and D-mesitylglycine (L- & D-Msg), D- -pyridilalanine (D- -Pya) and L- and D-mesitylalanine 

(L- & D-Msa) (Figure 4.8); ii) synthesis of Lys4 analogs (addition of various functional groups or 

fatty acid conjugation at the N-terminus); iii) design of new analogs from the hits of the first series 

(L-Msa combinations); and iv) conjugated analogs with radiometals (e.g. [68Ga]) or with fluorescent 

molecules (e.g. carboxyfluorescein). The first serum stability and metabolites studies were also 

 
58 These serum stability studies did not take into account the loss of the [Ala1-Gly2] exocyclic fragment of the 
structure. 
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performed, as well as various proposals for the use of some of the synthesized analogs (Table 4.2) 

to treat various SSTR-related diseases. 

Table 4.3 Binding affinities of the most important SSAs developed by Dr. Á. Rol 

Analog ID SSTR1 
Ki (nm) 

SSTR2 
Ki (nm) 

SSTR3 
Ki (nm) 

SSTR4 
Ki (nm) 

SSTR5  
Ki (nM) 

SST14 - 1.88 0.016 0.25 1.55 0.76 
Octreotide - 480 0.77 13.0 > 1000 21.0 

(Dfp6,D-Trp8)-SST - 21 0.35 0.38 16.0 5.0 
(Dfp7,D-Trp8)-SST A58 14 0.36 1.1 12 2.1 
(Dfp11,D-Trp8)-SST - 14 0.066 3.81 11 5 

-Pya7,D-Trp8)-SST - 8.1 0.29 0.7 4.5 2.4 
-Pya11,D-Trp8)-SST - 6.4 0.14 1.65 11.5 2.8 
-Pya7,D-Trp8)-SST - 42 0.051 3.83 43 13.4 
-Pya11,D-Trp8)-SST - 7.1 0.062 0.42 10.3 2.7 

 

NMR characterization and in silico conformational studies of the SSAs developed by Dr. Marc 

Gómez were performed by Dr. Pablo Martín-Gago at Riera Lab[24]. These studies expanded our 

knowledge on SSAs as it was observed that complete loss of structuration implied loss of SSTRs-

binding, while structural rigidity increased SSTR2-affinity. In addition, it was also demonstrated 

that SSTR1- and SSTR3-binding required increased flexibility[28 30,33]. 

Table 4.4 Binding affinities of the most important SSAs developed by Dr. Anna Escolà 

Analog ID 
SSTR1 
Ki (nm) 

SSTR2 
Ki (nm) 

SSTR3 
Ki (nm) 

SSTR4 
Ki (nm) 

SSTR5  
Ki (nM) 

Serum 
t1/2 (h) 

SST14 - 3.07 0.036 0.53 3.75 2.50 0.25 
(Msa7,D-Trp8)-SST59 A46 2.36 0.054 7.47 > 1000 > 1000 0.45 

(Msa7,D-Trp8,D-Cys14)-SST - 43.8 0.015 63.3 68.8 45.1 0.5 
(D-Ala1,Msa7,D-Trp8, D-Cys14)-SST - 44.5 0.014 52.8 84.4 44.2 0.65 

(D-Cys3,14,Msa7, D-Trp8)-SST - 22.5 0.023 49.4 150.1 43.7 1.08 
(D-Ala1,D-Cys3,14,Msa7, D-Trp8)-SST A74 10.69 0.034 6.9 26.0 14.0 40.0 

 

Following the previous work, Dr. Álvaro Rol at Riera Lab and Macias Lab completed some series 

of the previous analogs using additional unnatural aromatic amino acids such as the L- -Pya,  

L- -Pya, L-difluorophenylalanine (L-Dfp) and L-trimethylphenylalanine (L-Tmp) (Table 4.3). The 

conclusions of Dr. Álvaro Rol were that the incorporation of electron-poor aromatic residues in 

substitution of Phe7 favored the binding with SSTR3, while incorporation of Msa7 reduced the 

binding affinity for SSTR4 and SSTR5 and increased the binding affinity for SSTR2. In addition, it 

was also concluded that apart from the orientation of the AA6-AA11 aromatic complex and the 

 
59 Originally synthesized by Dr. Marc Gómez and Dr. Pablo Martín-Gago. 
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structural rigidity of the analog, the relative position of the complex AA6-AA11 to AA7 and the  

D-Trp8-Lys9 pair orientation influence as well SSTR2-affinity. 

Dr. Anna Escolà at Riera Lab picked up the thread of this research project and continued to 

develop new SSAs using different combinations of unnatural amino acids such as  

L- -dimethylphenylalanine (L- - -Pya at position 7 in combination 

to Msa6 [26] (Table 4.4). Apart from modifying the aromatic residues of SST14, an extensive study 

on the design of more stable analogs using D-amino acids was performed in collaboration with 

Lead Molecular Design S.L. 

Figure 4.9 Degradation pathway of A74. Adapted from the thesis of Dr. Anna Escolà[26] 

(Msa7,D-Trp8)-SST (A46) (Table 4.2) synthesized by Dr. Marc Gómez and characterized by Dr. Pablo 

Martín-Gago[23,24,28] was one of the most stable and SSTR2-selective analogs that maintained the  

14-residue structure. Its human serum half-life (t1/2 = 24.6h) was outstanding as determined by 

HPLC. However, when the serum stability studies of A46 were performed, the loss of the exocyclic 

[Ala1-Gly2] fragment was not considered for the half-life calculation, because the peaks of A46 

and des[Ala1,Gly2]-A46 co-eluted. As a consequence, the half-life of A46 was overestimated. In 

the thesis of Dr. Anna Escolà, the use of UPLC-MS/MS permitted to take into account 

des[Ala1,Gly2]-A46. Therefore, the real serum half-life of A46 was found to be 27 min (0.45 h). 

To synthesize more stable analogs, selected residues in the exocyclic part of the tetradecapeptide 

scaffold were substituted for their D-enantiomers. This strategy was applied to protect the cyclic 
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structure and the disulfide bond from degradation by serum peptidases, similarly as Bauer et al. [18]

did for the design of octreotide.

The use of D-enantiomers in the exocyclic region increased gradually the stability of each analog. 

Surprisingly, A7460 displayed a serum half-life of 40h, being the 14-amino acid SSA with the 

highest half-life to the best of our knowledge. The proposed metabolites of A74 in human serum 

are represented in Figure 4.9. The use of D-amino acids both at the N- and C-terminus (D-Ala1, 

D-Cys3,14) greatly increased the stability of the analog. Furthermore, as observed in A46, the 

introduction of Msa7 made the analog more rigid with high SSTR2-binding affinity. In addition, 

the use of these D-amino acids increased SSTR4 and SSTR5 binding, but decreased the affinity for 

SSTR1 leaving the SSTR3 binding unaffected.

4.3 Results

Design of new analogs

The design of multireceptor SSAs was based on our research background on 14-amino acid SSAs, 

concretely in the results found by Dr. Anna Escolà[26]. In the present thesis, two series of analogs 

were designed: i) analogs with one Msa residue in their structure (Msa series); and ii) analogs with 

three or more D-amino acids in critical positions (D-amino acid series).

4.3.1.1 Msa series (A75 & A82)

Figure 4.10 Msa series: A75 (left) and A82 (right)

A7561 (Figure 4.10) was designed as a more stable version of A74 incorporating D-Lys4. By means 

of this, our goal was to improve the 40h half-life in serum of A74 without affecting the SSTR2 

binding. Therefore, D-Lys4 was introduced because this residue was considered as non-critical for 

the binding.

60 A74: (D-Ala1,D-Cys3,14,Msa7,D-Trp8)-SST
61 A75: (D-Ala1,D-Cys3,14,D-Lys4,Msa7,D-Trp8)-SST
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A8262 (Figure 4.10) was designed as a more stable version of A45, which is an analog developed 

by Dr. Marc Gómez[23] and Dr. Martín-Gago[24]. As happened with A46, the original serum half-life 

of A45 (26.2h) was also overestimated as the peaks of A45 and des[Ala1,Gly2]-A45 co-eluted. 

Interestingly, A45 is an analog with high binding affinities for SSTR3 and SSTR5 (Table 4.2). 

Therefore, we considered to incorporate D-amino acids (D-Ala1 and D-Cys3,14) in the exocyclic 

region of the structure to protect the disulfide bond from degradation by serum peptidases. 

Therefore, we expected to increase the half-life of A82 in comparison to A45.

4.3.1.2 D-amino acids series (A76-A81)

The D-amino acids series comprises six analogs (A76-A81) that were designed considering the 

degradation pathway of A74. D-amino acids were introduced at various key positions of the 

structure to protect the pharmacophore and to try to delay the appearance of metabolites A, B or 

C detected in the degradation study of A74 (Figure 4.9). The goal of this second series of SSAs 

was to determine which D-amino acids were the most critical ones to improve the serum half-life 

of these SSAs without adding any other unnatural amino acids (Figure 4.11).

A76: (D-Ala1,D-Cys3,14)-SST

A77: (D-Ala1,D-Cys3,14,D-Trp8)-SST

A78: (D-Ala1,D-Cys3,14,D-Phe6,11)-SST

A79: (D-Ala1,D-Cys3,14, D-Phe6,11,D-Trp8)-SST

A80: (D-Ala1,D-Cys3,14,D-Thr10)-SST

A81: (D-Ala1,D-Cys3,14,D-Trp8,D-Thr10)-SST

Figure 4.11 D-amino acids series: A76-A81

A76 included only D-amino acids in the exocyclic part of the structure to know how much these 

modifications would increase the serum half-life of the analog in comparison to SST14. A77 had 

the same modifications as A76 but adding D-Trp8 to protect even more the pharmacophore. A78

was designed to protect the pharmacophore region by adding D-Phe6,11 to delay the formation 

of metabolites B and C (Figure 4.9). As the - 6 and AA11 are 

so important for the biological function of SST14 and its analogs, we discarded to substitute only 

one of these residues, because the aromatic interaction would be disrupted. A79 presented the 

same modifications as A78, but with D-Trp8 in the pharmacophore region. A80 incorporated 

62 A82: (D-Ala1,D-Cys3,14,Msa6,D-Trp8)-SST



Chapter4. Synthesis of Somatostatin Analogs

106

D-Thr10 in its structure to protect the critical residues Trp8-Lys9 and to delay the formation of 

metabolite A (Figure 4.9). A81 had the same modifications as A80, but D-Trp8 was also included.

Development of Somatostatin analogs

A74-A82 analogs were synthesized by manual Fmoc/tBu Solid-Phase Peptide Synthesis (SPPS) on 

2-chlorotrityl (CTC) resin (Figure 4.12). A74 was also synthesized to perform extended stability 

studies.

Figure 4.12 Synthetic development of A82 ([D-Ala1,D-Cys3,14,Msa6,D-Trp8]-SST)

The first amino acid (Fmoc-D-Cys(Trt)-OH) was incorporated to the resin using DIEA as the base 

and DCM as the solvent. Once incorporated, the unreacted positions of CTC resin were capped 

using MeOH and the Fmoc group was eliminated with 20% piperidine solution in DMF. The 

coupling of the rest of amino acids was performed using DIPCDI and HOBt as coupling reagents

and controlled via ninhydrin test. After the incorporation of the las amino acid (Boc-D-Ala-OH),

the resin was dried under vacuum. For more details see sections 7.5.1 and 9.3.1.

The cleavage of the protected peptide was performed using a mixture of DCM/TFE/AcOH 70:20:10 

(v/v). This cocktail was able to cleave the linear peptide from the CTC resin and eliminate the Trt 

protecting groups (PGs) which permitted the formation of the disulfide bond in solution using I2

as the oxidant (Figure 4.12). The oxidized peptide was treated with TFA/DCM/anisole/H2O 

55:30:10:5 (v/v) to eliminate the remaining sidechain PGs. For more details see sections 7.5.1.2, 

7.5.1.3 and 9.3.1.

Once the peptide crudes were obtained, A74-A82 were purified by Preparative LC using eluents 

A and B (A: H2O+0.02%TFA; B: ACN) (Table 4.5). A80-A81 were the most difficult analogs to purify 
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as they seemed to precipitate in the head of the column requiring more quantity of eluent B to 

make them elute. Because of this, A80-A81 were the only analogs that needed to be purified 

using gradient methods. After obtaining the peptides above 95% purity, the ion exchange (Table 

4.5) from trifluoroacetate (TFA-) to acetate (AcO-) was performed using Dowex resin. For more 

details see sections 7.5.1.4, 7.5.1.5 and 9.3.1.

Table 4.5 Purification and ion exchange of A74-A82
ID PURIFICATION ION EXCHANGE

Pure peptide (g) Purity (%) Recovery (%) Acetate peptide (g) Recovery (%)
A74 0.73 98.6 23 0.66 91
A75 2.77 98.5 32 2.29 84
A76 0.80 99.3 14 0.69 86
A77 1.63 99.3 31 1.43 88
A78 0.81 96.9 17 0.70 87
A79 2.03 97.7 42 1.78 88
A80 0.84 97.9 15 0.73 87
A81 0.85 98.2 17 0.68 81
A82 0.81 99.5 21 0.71 87

Serum stability and metabolic studies

Serum stability studies were performed on each of the SSAs synthesized previously (A74-A82). In 

this thesis, the HPLC analysis of the stability samples was performed using isocratic methods to 

separate any possible metabolites from the principal peak. Taking this into account, A45, A46 and 

A74 were re-evaluated. An extended study of A74 was performed to know if this analog was more 

stable that what was thought originally[26]. In contrast, A45 and A46 were also re-evaluated 

because in their original stability studies the loss of [Ala1-Gly2] fragment was not considered due 

to gradient HPLC methods.

To perform the serum stability studies a stock solution of the peptide was prepared (solution A). 

Then, a 1:10 dilution of solution A in human serum was also prepared (solution B). Taking into 

account the time points of the study (ti), aliquots of solution B were prepared in various 

eppendorfs that were incubated at 37ºC. Serum proteases were precipitated using cold ACN, 

centrifuged to the bottom of the eppendorf and the supernatant was filtered for posterior HPLC 

analysis. Standards of the peptide, serum and solvent were also prepared. The stability samples 

were analyzed by HPLC using the isocratic method of each analog. The serum half-life of each 

peptide was calculated from the HPLC degradation data using the linear regression of the natural 

logarithm of the peak percentage (Ln (Ai/A0·100)) with respect to time (ti). The determination of 

the slope, corresponding to the experimental constant (-Ke) allowed the calculation of the half-

life (t1/2). For more details about the methodology and the half-life calculations see section 7.5.3.1.
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Metabolite studies were performed on each of the SSAs synthesized previously (A74-A82) except 

for A75 and A78. To perform these studies, the stability samples were re-analyzed by HPLC but 

using a gradient method63 instead of the isocratic one. Therefore, the metabolite peaks could be 

differentiated from the principal peak. Afterwards, HPLC-MS permitted to assign each peak a 

determined mass that corresponded to the structure of the metabolite. For more details about 

the metabolites studies see section 7.5.3.2. 

In the following sections, a summary of all the performed stability studies and the most important 

metabolites of each peptide will be shown. See sections 9.3.2 and 9.3.3 for more details about all 

the performed stability studies and the complete list of metabolites derived from our analogs. 

4.3.3.1 A46, A74 and A75 

Table 4.6 Stability studies of A46, A74 and A75 
ID Study Half-life (h) Mean (h) 

A46 
I 0.87 

1.0 II 1.11 
III 1.08 

A74 

I 56.1 - 
IIA 43.6 

53.8 IIB 55.5 
IIC 62.4 

A75 

I 202.0 - 
IIA 242.0 

252.1 IIB 241.2 
IIC 273.2 

 

Initial stability studies of A46 ([Msa7,D-Trp8]-SST) performed by Dr. Marc Gómez did not consider 

the loss of the [Ala1,Gly2] exocyclic fragment as the samples of the study were analyzed by HPLC 

gradient method (20-80%B in 30 min). Consequently, the peaks of A46 and des[Ala1,Gly2]-A46 

co-eluted and the serum half-life of the analog was overestimated (24.6h). In the thesis of  

Dr. Anna Escolà, the use of UPLC-MS/MS permitted to differentiate the principal peak from the 

metabolite peak. Therefore, the experimental value obtained (27 min, 0.45h) was conceived as the 

real serum half-life of A46. In contrast, in this thesis we analyzed our stability samples by HPLC 

isocratic methods. Three stability studies in different experimentation days (study I, II and III) of 

A46 were performed with the objective to reproduce the half-life value obtained by Dr. Anna 

Escolà[26]. 

The results obtained for A46 doubled the half-life value obtained by Dr. Anna Escolà, but as 

expected the use of an isocratic method still gave a more realistic result than the one obtained by 

gradient methods (Table 4.6). Nevertheless, a sample of study III was analyzed by HPLC-MS to 

 
63 Generally, 5-70%B in 45 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA), except for A77 (5-40%B in 45 min). 
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find that even though an isocratic method was used, the peaks of A46 ([M+2H]2+=840.8 amu) 

and des[Ala1]-A46 ([M+2H]2+=805.2 amu) still co-eluted, which meant that the serum half-life of 

A46 (t1/2 = 1.0h) was still overestimated. Despite this, the other analogs were analyzed by isocratic 

methods but checking by HPLC-MS if any metabolite peaks co-eluted with the principal peak of 

the chromatogram. No metabolic study of A46 was performed. 

As concluded in the thesis of Dr. Anna Escolà[26], A74 ([D-Ala1,D-Cys3,14,Msa7,D-Trp8]-SST) was to 

date the most stable SSA based on the 14-amino acid structure (t1/2 = 40.0h). With the objective 

to validate our methodology, we performed extended stability studies of A74. The initial study I 

(t1/2 = 56.1h) confirmed that A74 was even more stable than what we thought originally. This 

result was confirmed by study II (t1/2 = 53.8h) (Table 4.6). 

Figure 4.13 Metabolites of A74 

In the metabolic study of A74, we found seven peaks in total corresponding to different 

metabolites (Figure 4.13). In comparison to the degradation study performed by Dr. Anna Escolà, 

the only common fragment was Msa7-D-Trp8-Lys9-Thr10 (peak #4), which probably appeared after 

the opening of the cyclic structure between Phe6-Msa7 (peak #6). The loss of [D-Trp8-Lys9-Thr10] 

(peak #2) was also observed, as well as the loss of the exocyclic [D-Ala1-Gly2] fragment (peak #1). 

A75 ([D-Ala1,D-Cys3,14,D-Lys4,Msa7,D-Trp8]-SST) was designed as an even more stable version of 

A74 including D-Lys4 in its structure. Despite this, the stability studies of A75 were complicated 

to perform as it showed some solubility issues that difficulted its recovery from solution B aliquots. 

When ACN was added to solution B, both A75 and the serum peptidases precipitated, so the 

analog was barely detectable by HPLC. To overcome this, an extensive recovery study was 

performed (Table 4.7). Both MeOH and EtOH worsened the results obtained by using ACN (entries 
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1-3). Consequently, various solutions of TFA in ACN were tested (entries 4-6). The presence of 

only 1% of TFA in ACN improved 8-times the recovery of A75 in comparison to ACN alone (entry 

1 vs 4). In addition, when 5% TFA in ACN was used, the recovery was 10-times greater (entry 1 vs 

5). From that point, the addition of TFA did not improve the recovery results (entry 6). As a result, 

we decided to use 5% TFA in ACN as it permitted to precipitate the serum peptidases and recover 

A75 for HPLC analysis. 

Table 4.7 Recovery studies of A75 

Entry Precipitating Agent AUC64 Recovery65 

1 ACN 558,962 1.0 
2 MeOH 43,899 0.1 
3 EtOH 276,726 0.5 
4 1% TFA in ACN 4,709,115 8.4 
5 5% TFA in ACN 5,882,960 10.5 
6 10% TFA in ACN 5,923,536 10.6 

 

The use of 5% TFA in ACN permitted to perform the stability studies of A75 (t1/2 = 252.1h), which 

confirmed that A75 was more stable than A74 due to the presence of the D-Lys4 residue (Table 

4.6). Despite that A75 was one of the first analogs that was designed and synthesized, its stability 

studies were the last that were performed owing to its recovery problems. Therefore, no metabolic 

study of A75 was performed due to lack of time. 

4.3.3.2 A76 and A77 

Table 4.8 Stability studies of A76 and A77 
ID Study Half-life (h) Mean (h) 

A76 

I 2.6 - 
IIA 1.0 

1.1 IIB 1.1 
IIC 1.2 

A77 

I 52.4 - 
IIA 46.1 

48.1 IIB 49.9 
IIC 48.3 

 

Both stability studies performed on A76 ([D-Ala1,D-Cys3,14]-SST) confirmed that it was the least 

stable of the synthesized analogs (t1/2 = 1.1h) (Table 4.8). This was an expected result as A76 was 

the analog with the less D-amino acid modifications in its structure. Despite this, the addition of 

 
64 Mean of the areas of two consecutive injections of the sample. 
65 Calculated from the area of A75 observed in the HPLC analysis after precipitating with ACN. 
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D-amino acids in the exocyclic part of the structure increased 4-times the stability of this analog 

in comparison to SST14 (t1/2 = 0.25h)66. 

In total, ten peaks corresponding to metabolites of A76 were identified (Figure 4.14). The loss of 

[D-Ala1] (peak #2) was detected at the beginning of the experiment, which derived in the loss of 

the exocyclic fragment [D-Ala1,Gly2] (peak #1). The loss of the pharmacophore [Phe6-Phe7-Trp8-

Lys9] (peak #3) and the loss of [Lys4-Asn5] (peak #5) were also detected. The absence of any  

D-amino acids in the pharmacophore region permitted the rapid metabolization of the analog by 

serum proteases. Because of this reason, the majority of the metabolites were related to the loss 

of pharmacophore residues. 

Figure 4.14 Metabolites of A76 

Regarding A77 ([D-Ala1,D-Cys3,14,D-Trp8]-SST), the introduction of D-Trp8 improved the half-life 

of this analog 43-times in comparison to A76 (48.1h vs 1.1h) (Table 4.8). Therefore, it is important 

to have a balance of D-amino acid modifications both at the exocyclic part of the structure  

(D-Ala1,D-Cys3,14) but also in the pharmacophore region (D-Trp8). 

Several peaks corresponding to metabolites of A77 were identified (Figure 4.15). The loss of [Phe7-

D-Trp8-Lys9] fragment (peak #3a) was observed, which also lost the [Thr10-Phe11-Thr12] fragment 

(peak #5). Similarly to previous analogs, the loss of the pharmacophore [Phe7-D-Trp8-Lys9-Thr10] 

(peak #8) was also detected. Finally, fragment [Phe7-D-Trp8-Lys9-Thr10] was observed at t8h, 

derived from a parent metabolite (peak #2).  

 
66 Evaluated by Dr. Anna Escolà[26]. 
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Figure 4.15 Metabolites of A77 

4.3.3.3 A78 and A79 

The stability studies of A78 ([D-Ala1,D-Cys3,14,D-Phe6,11]-SST) were contradictory as 

study I (t1/2 = 140.6h) showed a greater half-life than study II (t1/2 = 36.7h) (Table 4.9). Some 

parameters between studies I and II were checked to understand this result: the area of the 

peptide standards, the variation coefficient of each sample, etc. All of them were verified as normal 

with no aberrant values observed. Due to lack of time, we could not perform any more stability 

study of A78. Therefore, we still do not have an explanation about the deviation between both 

results. Due to this contradictory studies, no metabolic studies of A78 were performed. 

Table 4.9 Stability studies of A78 and A79 
ID Study Half-life (h) Mean (h) 

A78 

I 140.6 - 
IIA 38.9 

36.7 IIB 35.4 
IIC 35.8 

A79 

I 331.6 - 
IIA 520.4 

410.9 IIB 353.7 
IIC 358.6 

 

In contrast, the half-life stability values of A79 ([D-Ala1,D-Cys3,14,D-Phe6,11,D-Trp8]-SST) were in 

accordance between each other (Table 4.9). As observed for A77, the introduction of D-Trp8 

improved the half-life of the analog as it protects the pharmacophore from the serum peptidases. 

Considering all the analogs of the D-amino acid series, A79 is the analog with the highest number 

of D-amino acids (six in total). Consequently, A79 was expected to be the most stable analog of 

this series (t1/2 = 410.9h). 
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Figure 4.16 Metabolites of A79 

The loss of single amino acids such as [Phe7] (peak #3) and [Ser13] (peak #7) were detected at the 

beginning of the experiment at t0h (Figure 4.16). The loss of the pharmacophore [D-Phe6-Phe7-D-

Trp8-Lys9] (peak #4) was also observed. This last metabolite derived to des-[Asn5-D-Phe6-Phe7-D-

Trp8-Lys9-Thr10]-A79 (peak #6) as it also lost the [Asn5] and [Thr10] residues. The loss of [D-Ala1-

Gly2] fragment was also observed at t168h. 

4.3.3.4 A80 and A81 

Table 4.10 Stability studies of A80 and A81 
ID Study Half-life (h) Mean (h) 

A80 

I 42.0 - 
IIA 58.2 

56.7 IIB 55.7 
IIC 56.2 

A81 

I 104.2 - 
IIA 164.5 

174.9 IIB 197.8 
IIC 162.4 

 

Both studies performed on A80 ([D-Ala1,D-Cys3,14,D-Thr10]-SST) showed that only with the 

introduction of D-Thr10 the half-life of A80 was more than 50-times higher in comparison to A76 

(56.7h vs 1.1h) (Table 4.10). Therefore, it seems as a critical position to protect the pharmacophore 

of the analog. 

The loss of single residues such as [D-Ala1] (peak #2) and [Phe6] (peak #3) was observed at the 

beginning of the experiment (Figure 4.17). The loss of the pharmacophore fragment [Phe6-Phe7-

Trp8-Lys9] (peak #9) was also observed. This metabolite also lost the [Lys4-Asn5] residues to give 

des-[Lys4-Asn5-Phe6-Phe7-Trp8-Lys9]-A80 (peak #5). Fragment [Phe7-Trp8-Lys9-D-Thr10-Phe11-

Thr12] (peak #6) was also detected at t24h, which probably came from metabolite #11 detected at 

the beginning of the experiment. 
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Figure 4.17 Metabolites of A80 

Regarding A81 ([D-Ala1,D-Cys3,14,D-Trp8,D-Thr10]-SST), the incorporation of D-Trp8 increased  

3-times the serum half-life in comparison to A80 (174.9h vs 56.7h) (Table 4.10). In fact, A81 was 

the second most stable analog of the D-amino acid series behind A79. 

Figure 4.18 Metabolites of A81 

As happened in other metabolic studies, the loss of the exocyclic [D-Ala1-Gly2] fragment (peak #3) 

was observed at t0h (Figure 4.18). Fragment [Asn5-Phe6-Phe7-D-Trp8] (peak #8b) was also 

observed, which probably came from a longer metabolite (peak #8a). The loss of [Phe6-Phe7- 

D-Trp8] fragment (peak #5) was also detected. This last species was even more degraded to give 

metabolite #6. 

4.3.3.5 A45 and A82 

Initial stability studies performed on A45 ([Msa6,D-Trp8]-SST) did not consider the loss of the 

[Ala1-Gly2] exocyclic fragment, because the samples were analyzed by HPLC gradient methods 

(20-80% in 30 min). Therefore, the peaks of A45 and des[Ala1,Gly2]-A45 co-eluted and the serum 
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half-life of the analog was overestimated (26.2h). The HPLC isocratic method used to analyze the 

stability samples was able to separate the peaks of A45 ([M+2H]2+=840.8 amu) and 

des[Ala1,Gly2]-A45 ([M+2H]2+=777.0 amu). However, we observed through HPLC-MS that 

des[Ala1]-A45 ([M+2H]2+=805.2 amu) still co-eluted with the principal peak. Therefore, the half-

life of A45 (t1/2 = 1.5h) was still overestimated (Table 4.11). Nevertheless, we assumed that the 

value obtained was much closer to the real stability of A45 than the previous results using the 

HPLC gradient method. No metabolic study of A45 was performed.  

Table 4.11 Stability studies of A45 and A82 
ID Study Half-life (h) Mean (h) 

A45 I 1.5 - 

A82 

I 75.0 - 
IIA 112.3 

95.2 IIB 86.9 
IIC 86.5 

 

In comparison to A45, the incorporation of exocyclic D-amino acids greatly improved the half-life 

of A82 ([D-Ala1,D-Cys3,14,Msa6,D-Trp8]-SST), which was 63-times higher in comparison to A45 

(95.2h vs 1.5h) (Table 4.11). This was very similar to what was observed in the case of A46 and 

A74. In addition, the half-life of A82 was even better than A74, which only differs by the position 

of the Msa residue. 

Figure 4.19 Metabolites of A82 

Regarding the metabolites of A82, the loss of [Phe7-D-Trp8-Lys9-Thr10-Phe11] (peak #2) was 

detected at the beginning of the experiment (Figure 4.19). This last species also lost the [Asn5-

Msa6] fragment (peak #3) after 24h.  Fragment [Asn5-Msa6-Phe7-D-Trp8-Lys9-Thr10-Phe11-Thr12] 

(peak #4) was also detected at t24h. From this structure, two more metabolites were observed: 

fragment [D-Trp8-Lys9-Thr10-Phe11-Thr12] (peak #5) and fragment [Asn5-Msa6-Phe7-D-Trp8-Lys9-

Thr10] (peak #1). In addition, we also detected the loss of a Phe residue (peak #6), but due to lack 

of time we could not collect the peak to determine to which residue corresponded. Despite this, 
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due to the presence of Msa6 and D-Trp8, we would expect that des[Phe11]-A82 corresponded to 

metabolite #6

Biological experiments

Once the stability studies of A74-A82 were performed, BCN Peptides established a collaboration 

with the research group of Prof. Justo Castaño and Prof. Raúl Luque in the Instituto Maimónides 

de Investigación Biomédica de Córdoba (IMBIC). Prof. Justo Castaño is the responsible of the 

Department Cell Biology, Physiology and Immunology of the Universidad de Córdoba (UCO) and 

the principal investigator of the Hormones and Cancer Research Group of IMBIC[277 281]. 

Our goal with this collaboration was to send various of our analogs to evaluate their in vitro

efficacy in cellular models of:

Neuroendocrine Tumors (NETs): SSTR2 overexpression[191,192,200 205].

Pancreatic adenocarcinoma: SSTR2 and SSTR3 overexpression[282].

Bladder cancer: shows presence of SSTR1[224] and overexpression of SSTR5[283,284].

Prostate cancer: overexpression of SSTR1[280,285,286].

Hepatocellular carcinoma (HCC): overexpression of SSTR5[287]. HuH-7 (HCC cell line) 

expresses SSTR1, SSTR2 and SSTR5[288].

Glioblastoma: SSTR3 and SSTR5 overexpression

In addition, the research group of Prof. Castaño is also capable of combining the in vitro evaluation 

with in vivo experiments (transgenic models, xenografts)[289 291].

On July 2021, A74, A75 and A82 among other previously synthesized analogs were selected for 

their in vitro evaluation because of different reasons:

- A74 (t1/2 = 53.8h), A75 (t1/2 = 252.1h) and A82 (t1/2 = 95.2h) show serum half-lives above 

50h. This is a great improvement in comparison to the parent peptide SST14

(t1/2 = 0.25h)66, while maintaining the 14-amino acid structure. The increase of stability is 

caused by the presence of both D-amino acids in key positions of the structure, as well 

as unnatural aromatic amino acids such as Msa.

- A74 presents an excellent binding affinity for SSTR2, while it also shows affinity for SSTR3 

to a lesser extent. Although the binding of A75 has not been characterized yet, this analog 

is expected to present similar binding affinities to A74. This is extremely probable as the 

only structural difference between each peptide is the presence of D-Lys4 that is non-

critical for binding and does not modify the flexibility of the analog.
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- Although the binding of A82 has not been characterized yet, this analog is also expected 

to present a similar binding than A45 because their structural differences reside in the 

exocyclic D-Ala1 and D-Cys3,14. As these exocyclic residues are non-critical for the binding, 

it is also very probable that A82 presents excellent binding affinities for SSTR3 and SSTR5, 

as well as moderate affinities for SSTR1 and SSTR2 (Table 4.12). 

- A74-A75-A82 are already intellectually protected by BCN Peptides as their structure is 

included in the Markush formula of patent WO2010128098A1[33] that refers to 

somatostatin analogs that contain at least one unnatural aromatic amino acid in their 

structure (e.g. Msa in substitution of one of the natural Phe6, Phe7 or Phe11 residues). 

The shipment of A74-A75-A82 was performed while this chapter was being written (July 2021). 

Therefore, we would be delighted to show at least preliminary results of the in vitro experiments 

in the thesis defense. If the in vitro results are positive, we would evaluate these compounds in 

vivo thanks to the research group of Prof. Castaño. In addition, SSTR-binding assays would be 

externalized to Eurofins Scientific[292] to know the real binding affinities of A75 and A82. The 

structure of these peptides would be also characterized by NMR (1H-1H TOCSY and 1H-1H NOESY 

spectra) in collaboration with Macias Lab at the IRB Barcelona[23 26]. 

4.4 Discussion and conclusions 
Table 4.12 Summary of the stabilities of the characterized analogs 

Analog ID 
SSTR1 
Ki (nm) 

SSTR2 
Ki (nm) 

SSTR3 
Ki (nm) 

SSTR4 
Ki (nm) 

SSTR5  
Ki (nM) 

Serum 
t1/2 (h) 

SST14 - 3.07 0.036 0.53 3.75 2.50 0.2566 
(Msa6,D-Trp8)-SST A45 2.58 4.55 0.78 3.78 0.36 1.5 
(Msa7,D-Trp8)-SST A46 2.36 0.054 7.47 > 1000 > 1000 1.0 

(D-Ala1,D-Cys3,14,Msa7, D-Trp8)-SST A74 10.69 0.034 6.9 26.0 14.0 53.8 
(D-Ala1,D-Cys3,14,D-Lys4,Msa7,D-Trp8)-SST A75 - - - - - 252.1 

(D-Ala1,D-Cys3,14)-SST A76 - - - - - 1.1 
(D-Ala1,D-Cys3,14,D-Trp8)-SST A77 - - - - - 48.1 

(D-Ala1,D-Cys3,14,D-Phe6,11)-SST A78 - - - - - 36.7 
(D-Ala1,D-Cys3,14, D-Phe6,11,D-Trp8)-SST A79 - - - - - 410.9 

(D-Ala1,D-Cys3,14,D-Thr10)-SST A80 - - - - - 56.7 
(D-Ala1,D-Cys3,14,D-Trp8,D-Thr10)-SST A81 - - - - - 174.9 

(D-Ala1,D-Cys3,14,Msa6,D-Trp8)-SST A82 - - - - - 95.2 
 

A74-A82 were synthesized using Fmoc/tBu SPPS standard methodologies on CTC resin. Once the 

linear peptide structure was synthesized, the protected analogs were cleaved from the resin and 

were oxidized in solution to form the characteristic disulfide bond of the SST scaffold. Peptide 

crudes were obtained after the complete removal of the sidechain PGs using high content TFA 

cocktails in solution. Afterwards, the crudes were purified using preparative LC to obtain the 

peptides with purities above 95%. Stability studies in human serum using isocratic HPLC methods 
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were conducted to characterize the synthesized analogs (Table 4.12). Finally, the stability samples 

were re-analyzed by HPLC-MS to study the degradation metabolites of the majority of the 

analogs. 

In the case of A74, originally designed by Dr. Anna Escolà, extended stability studies demonstrated 

that this analog was more stable than originally thought (53.8h vs 40.0h66). The stabilities of A45 

and A46, both designed by Dr. Marc Gómez, were re-evaluated using isocratic HPLC methods 

instead of the originally used gradient methods. Nevertheless, the half-life of both A45  

(t1/2 = 1.5h) and A46 (t1/2 = 1.0h) was still overestimated even with the isocratic methods, because 

some metabolites such as des[Ala1]-A45 or des[Ala1]-A46 still co-eluted with the principal peak. 

Despite this, the stability values were considered to be closer to the real half-lives of A45 and A46 

than the ones obtained in previous studies with gradient methods. The stability studies of A75 

were difficult to perform as this analog presented recovery problems from solution B. After some 

recovery studies, 5% TFA in ACN was found to be the proper solution to use as the precipitating 

agent. Finally, the half-life of A75 (t1/2 = 252.1h) could be calculated. 

Prolonged half-life of 14-amino acid analogs can be obtained by preventing or delaying their 

degradation by blood/serum peptidases. The use of unnatural and D-amino acids slows down the 

action of these degradation enzymes increasing the stability of peptides. The series of analogs 

designed in the present thesis are based in the use of D-amino acids alone (A76-A81) or in 

combination with unnatural amino acids (A75 and A82). The stability results of both series of 

analogs confirmed that the introduction of exocyclic D-Ala1 and D-Cys3,14 increased their stability 

as the pharmacophore of the structure was more protected from serum peptidases. Examples of 

this are the comparison between A45 and A82 (1.5h vs 95.2h) or between SST14 and A76 (0.25h 

vs 1.1h) (Table 4.12). 

In addition to these exocyclic D-amino acids, the introduction of D-Trp8 alone increased also the 

stability of some analogs of the D-amino acids series as the pharmacophore was even more 

protected. Therefore, there has to be an equilibrium of D-amino acids in all the regions of the 

structure. For example, A76 (t1/2 = 1.1h) has only exocyclic D-amino acids in its structure, which 

clearly are not enough to protect the pharmacophore. On the other hand, (D-Trp8)-SST would 

probably present a similar stability as the D-Trp8 modification does not provide enough protection 

to the pharmacophore. Despite this, the combination of exocyclic D-amino acids and D-Trp8 

establishes a synergy that has a huge impact on the stability of the analog as happens with A77 

that has a serum half-life 43-times higher in comparison to A76 (48.1h vs 1.1h). 
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Regarding other analogs of the D-amino acids series, the stability results of A79 showed that this 

is the 14-amino acid analog with the highest serum half-life (410.9h) that has been synthesized to 

the best of our knowledge. As A79 is the analog with the major number of D-amino acids in its 

structure, this was an expected result. About A80, D-Thr10 may be considered as a critical residue 

because in comparison with A76 the serum half-life increased 51-times (56.7h vs 1.1h). In relation 

to this, A81 was the second analog with the highest half-life (t1/2 = 174.9h) behind A79. 

The main difference when using either unnatural or D-amino acids to increase the serum stability 

of somatostatin analogs is how these residues affect the flexibility of the molecule. Consequently, 

the use of D-amino acids in residues that are non-critical for binding should not affect the 

flexibility of the analogs (e.g. D-Ala1 and D-Cys3,14). In contrast, the use of unnatural amino acids 

(e.g. Msa) at certain positions of the structure increases its rigidity favoring the binding to SSTR2. 

For example, analogs A46 and A74 that only differ by the exocyclic D-amino acids, have a similar 

binding profile with high SSTR2 affinity and moderate affinity for SSTR1 and SSTR3 (Table 4.12). 

In fact, the presence of Msa7 is the responsible of the flexibility restriction of these analogs, which 

increases their affinity for SSTR2. The same thing should happen between A45 and A82, which 

only differ in the exocyclic D-amino acids. Consequently, A82 is expected to have a similar binding 

profile to A45: excellent affinities for SSTR3 and SSTR5 and moderate ones for SSTR1 and SSTR2. 

In the case of A78 and A79 that contain D-Phe6,11, their binding is totally unpredictable. The same 

happens with A80 and A81 that contain D-Thr10. 

With the recent approval of DOTATOC and DOTATATE either for diagnosis [68Ga] or treatment 

[177Lu] of SSTR2-positive tumors, there is a medical need of finding multireceptor SSAs with affinity 

for SSTR1, SSTR3 and/or SSTR5 to use them for the diagnosis or treatment of human tumors that 

overexpress these types of receptors. Under this point of view, an aspect to consider is the SSTR-

mediated internalization that permits the radiolabeled analog to enter the tumor cell. Several 

studies have shown that SSTR2, SSTR3 and SSTR5 are internalized to a much higher extent than 

SSTR1 (very slow[158,159]) or SSTR4 (absent[160]) after ligand stimulation[161,162]. As pasireotide[293] is 

the only commercial analog that binds with excellent affinities for SSTR1, SSTR2, SSTR3 and SSTR5, 

the development of radiolabeled-pasireotide analogs seemed to be the logical step to fulfil this 

medical need. Despite this, the few publications that reported radiolabeled DOTA-pasireotide 

analogs did not succeed. Therefore, there is still a medical need to develop analogs that bind 

preferentially to SSTR3 and SSTR5, and that can be conjugated with DOTA to enable their 

radiolabeling. 

Prior to the results of biologic and binding experiments, considerable expectations are put on 

A82 being a stable analog (t1/2 = 95.2h) that probably binds with high affinity for SSTR3 and SSTR5. 
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Depending on the results of the biologic experiments, the real binding affinities of A82 will be 

evaluated to know its potential to be used as a radiolabeled analog for diagnosis and treatment 

of tumors that overexpress SSTR3 and/or SSTR5. 
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5 Synthesis of (S)-Bicalutamide

5.1 Introduction

Bicalutamide

Bicalutamide is an oral non-steroidal anti-androgen used in the treatment of prostate cancer and 

hirsutism. It was first administered in 1995 in combination with chemical or surgical castration for 

the treatment of advanced prostate cancer and some years later was also administered as 

monotherapy for the treatment of earlier stages of this disease[35]. 

Figure 5.1 Chemical structure of (S)-bicalutamide (5-1), (R)-bicalutamide (5-2) and racemic bicalutamide (5-3)

Bicalutamide acts as a pure anti-androgen that competes with testosterone and 

dihydrotestosterone for binding sites on the androgen receptor. Since all stages of 

adenocarcinoma of the prostate are driven by a transcriptionally active androgen receptor, 

preventing its activation[36] and accelerating its degradation[35] halts the tumor growth.

Bicalutamide is administered clinically in its racemic form, though the anti-androgenic activity is 

exclusively found in the (R)-enantiomer, being the (S)-enantiomer inactive (Figure 5.1). 

(R)-Bicalutamide is absorbed slowly, is not affected by food intake, and shows a half-life in plasma 

of one week. On the other hand, (S)-bicalutamide is absorbed faster and displays a shorter plasma 

half-life[35]. Although both enantiomers are metabolized in the liver[36], the concentrations of 

(R)-bicalutamide in plasma at the steady state become 100 times higher than those of 

(S)-enantiomer. While (S)-bicalutamide is known to be inactive as an anti-androgen, it is co-

administered with the (R)-enantiomer due to its low toxicity.

Lysosomal Storage Diseases

Lysosomal Storage Diseases (LSDs) are genetic disorders that involve the accumulation of 

macromolecules inside the cells, specifically in the lysosomes[35]. These cellular organelles are 

responsible for the metabolism and recycling of macromolecules (e.g. carbohydrates, lipids, 

nucleic acids and proteins), the control of nutrient sensing, amino acid and ion homeostasis and 

calcium signaling[37,294 296]. 

This abnormal storage of macromolecules is caused normally by the deficiency or malfunction of 

a particular lysosomal hydrolytic enzyme involved in the degradation of a specific substrate[37]. In 
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general, LSDs are a group of 70 monogenic disorders of lysosomal metabolism that are inherited 

in an autosomal recessive manner, though few of them are X-linked[35,37]. 

Normally, LSDs are caused by mutations in genes encoding lysosomal proteins such as 

glycosidases, proteases, integral membrane proteins, transporters, enzyme modifiers or activators. 

Consequently, these mutations affect the function of these encoded proteins, that result in 

lysosome general abnormal function and the gradual accumulation of the substrate inside the 

lysosome[37]. This accumulation of macromolecules might initiate a cascade of secondary effects 

(e.g. altered calcium homeostasis, signaling pathways, trafficking, inflammation and oxidative 

stress), ultimately leading to irreversible cellular damage, organ dysfunction or degeneration and 

even death[37]. 

Table 5.1 Lysosomal Storage Diseases[297] 
Metabolism Disorder Enzyme deficiency/malfunction 

Mucopolysaccharides 

MPS I (Hurler, Scheie syndrome) Alpha-L-iduronidase 
MPS II (Hunter syndrome) Iduronate-2-sulfatase 

MPS IIIA (Sanfilippo syndrome) Heparan-N-sulfatase 
MPS IIIB (Sanfilippo syndrome) N-acetylglucosaminidase 

MPS IIIC (Sanfilippo syndrome) 
Acetyl CoA glucosamine  

N-acetyltransferase 
MPS IIID (Sanfilippo syndrome) N-acetylglucosamine-6-sulfatase 

MPS IVA (Morquio syndrome) 
N-acetylgalactosamine-6-sulfate 

sulfatase 
MPS IVB (Morquio syndrome) -galactosidase 

MPS VI (Maroteaux-Lamy syndrome) Arylsulfatase B 
MPS VII (Sly syndrome) -glucuronidase 

Glycogen Pompe disease -alglucosidase 

Sphingolipids 

Gaucher disease (types I, II, III) Glucocerebrosidase 
Fabry disease (X-linked) -galactosidase 

Krabbe disease Galactocerebrosidase 
Metachromatic leukodystrophy Arylsulfatase A 

Lipid trafficking and 
cholesterol 

Niemman-Pick disease type C Cholesterol transporters 

 

LSDs are historically classified depending on: i) the basis of their storage product 

(mucopolysaccharides, glycogen, sphingolipids and other macromolecules); or ii) the nature of 

their molecular abnormality (defect in post-translational processing of lysosomal enzymes, 

lysosomal membrane and transport defects, neuronal lipofuscinoses and defect in lysosome-

related organelle biogenesis)[35]. Table 5.1 shows a list of the most important LSDs and their 

related enzyme deficiency/malfunction[297]. 

The global incidence of LSDs is approximately 1 in 5,000 live births[35]. The most common are 

Fabry disease (2.5 cases per 100,000 males), metachromatic leukodystrophy (2.5 cases per 100,000 
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individuals), Pompe disease (2.5 cases per 100,000 individuals) and Gaucher disease (2 cases per 

100,000 individuals)[37]. 

The biochemical type of the stored macromolecules affects differentially the lysosome function as 

macromolecules have diverse roles in specific cellular processes, which underlies the variable 

clinical pathology of LSDs[37]. In addition, these genetically and clinically heterogeneous disorders 

normally appear as pediatric neurodegenerative diseases that are often related to visceromegaly 

(enlargement of abdominal organs such as the liver and spleen)[37,298]. 

Diagnosis of LSDs is based on clinical symptoms and confirmation of increased storage or genetic 

alterations using several diagnostic tests such as enzymatic analysis and single gene 

sequencing[37,298]. 

5.1.2.1 Available Therapies 

The ultimate cause of LSDs is the lack of activity of an enzyme responsible of the degradation of 

a determined substrate, eventually leading to its toxic accumulation. However, residual enzymatic 

activity depends generally on the enzyme mutation and in most cases the severity of the disease 

correlates with the degree of enzymatic deficiency. It is considered that a residual enzymatic 

activity of only 10-20% of normal values may be enough for function recovery resulting in wild 

type phenotype[35]. 

For many years, the treatment of patients suffering from LSDs mainly consisted of supportive care. 

In the 1990s, new therapeutic strategies emerged: Haematopoietic stem cell transplantation, 

Enzyme replacement therapy, and Substrate reduction therapy were the most important ones[35]. 

Haematopoietic stem cell transplantation (HSCT) rationale consists in providing the patient 

with compatible stem cells with normal enzyme levels, which would donate enzyme to 

compensate the deficient cells of the patient[37]. The success of this therapy resides on the 

possibility of encountering a compatible donor of bone marrow, or alternatively umbilical 

cord[35,37]. Consequently, HSCT might be associated to high rates of morbidity and mortality due 

to rejection, toxicity or infections caused by the transplantation of exogenous stem cells [35]. This 

therapy was the first treatment for LSDs that showed any success and was continued to be used 

despite the previous risks. Nowadays, HSCT is currently the standard of care for children with 

Hurler disease and has shown prominent results with metachromatic leukodystrophy and Krabbe 

disease, which are LSDs for which no other treatment is available[35,37]. 

Enzyme replacement therapy (ERT) is normally applied when an enzymatic deficiency exists, 

and its basis is established on the ability of cells to endocytose macromolecules (such as the 

deficient enzyme). After endocytosis, the fusion between endosomes and lysosomes would take 
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place restoring the enzyme levels inside the lysosome. Consequently, ERT is only possible with 

enzymes that are soluble or easily solubilized, so it does not work for example with lipophile 

membrane-bound enzymes[37]. Another limitation of ERT is that not all organs are accessible to 

the exogenously administered enzyme, being orthopedic, cardiovascular, neurological and ocular 

symptoms especially difficult to treat[37]. In addition, the blood-brain barrier prevents the entry of 

exogeneous enzymes into brain parenchyma. As a result, the enzyme requires either modification 

to take advantage of existing transport systems or direct administration into the brain or spinal 

canal. Despite these limitations, ERT is a well-tolerated therapy with low toxicity and moderate 

side effects. However, its therapeutic effect is temporary needing to be administered weekly, 

biweekly or monthly, which represents a high cost for the patient. Until now, ERT has been 

developed and approved for the treatment of Gaucher disease, Fabry disease, Pompe disease, 

lysosomal acid lipase deficiency and mucopolysaccharidoses types I, II, IV, VI and VII.  

Figure 5.2 Chemical structures of Miglustat, Eliglustat, Genistein, Ibiglustat and Lucerastat 

Substrate reduction therapy (SRT) uses small molecules to inhibit the formation of a determined 

macromolecule in the lysosome to prevent its toxic accumulation[299,300]. This includes a variety of 

drugs that inhibit the biosynthesis of storage metabolites[37] (Figure 5.2). This treatment is only 

currently available for Gaucher and Niemann-Pick type C diseases, treated with miglustat and 

eliglustat, respectively. The mechanism of action of both drugs consists in blocking GlcCer 

synthase, which inhibits the first step of glycosphingolipids biosynthesis[301,302]. Other advantages 

of SRT drugs are that they are orally administered and are stable at ambient temperatures, making 

it easier for the patient. Despite this, these drugs may have adverse effects or complications 

related to drug metabolism inside the body. In addition, they are relatively expensive and limited 

to affluent health-care systems. In principle, SRT drugs may be developed for all LSDs, but 

currently are restricted to glycosphingolipidoses because, to date, only biosynthetic inhibitors 

specific to this pathway have been identified and developed. Several other SRT drugs are currently 

being evaluated in clinical trials: i) genistein that indirectly reduces proteoglycan biosynthesis for 

MPS III; ii) ibiglustat for Gaucher disease and Fabry disease; and iii) lucerastat for Fabry disease. 

5.1.2.2 The potential of (S)-Bicalutamide 

In general, the previous therapies offer limited benefits because of incompatible donors, possible 

graft failure and inability to cross the blood-brain barrier. In addition, these therapies are not 
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100% efficient and, in most cases, only partial improvement of symptoms is observed. 

Consequently, there is a medical need to develop more effective and universal therapies because 

many LSDs have at present no real treatment. 

Farrera and co-workers[35] at BCN Peptides demonstrated the potential use of (S)-bicalutamide, a 

molecule without any anti-androgenic activity, as an exocytosis activating compound that is 

capable of decreasing the toxic accumulation of substrates inside the lysosomes. Related to this, 

the importance of the stereochemistry of the chiral center of bicalutamide was verified, 

demonstrating that (S)-bicalutamide favored exocytosis in a more effective way than the  

(R)-enantiomer. In addition, as (S)-bicalutamide was effective in vitro in all the diseases tested, it 

proved to be a potential universal treatment for prevention of the damaging clinical symptoms of 

LSDs. This may also represent an advantage for the treatment of LSDs in children, since the 

treatment with racemic bicalutamide would delay their sexual development. Furthermore, the lack 

of anti-androgen activity of (S)-bicalutamide would prevent the damaging side effects observed 

in chronic treatments of prostate cancer with bicalutamide, which are derived from the anti-

androgen activity of the (R)-enantiomer. 

In vitro experiments with fibroblasts of patients suffering from various LSDs were performed by 

Farrera and co-workers[35] to demonstrate the exocytosis effect of (S)-bicalutamide. First, the 

authors observed that bicalutamide was able to increase the in vitro enzymatic activity of  

-hexosaminidase between 23 to 100% in fibroblasts of a patient affected by Sanfilippo B disease, 

indicating an enhancement in lysosomal exocytosis. In addition, it was confirmed that 

bicalutamide was able to decrease the glycosaminoglycans (GAGs) accumulation in fibroblasts of 

three patients affected by Sanfilippo B disease: i) 17-54% in the first patient; ii) 16-20% in the 

second patient; and iii) 13-53% in the third patient. Consequently, bicalutamide treatment of the 

fibroblasts of patients affected with Sanfilippo B reduced the levels of accumulated GAGs, thus 

increasing their exocytosis. 

Regarding the stereochemistry, (S)-bicalutamide demonstrated to be non-toxic for fibroblasts of 

thirteen patients affected by various LSDs such as Sanfilippo A and San Filippo B among others. 

In contrast, cell viability assays evidenced the higher toxicity of the (R)-enantiomer against the 

same panel of fibroblasts. Additionally, (S)-bicalutamide was able to significantly increase 

lysosomal exocytosis in ten of the thirteen cellular cultures of fibroblasts from Sanfilippo A and 

Sanfilippo B patients, while (R)-bicalutamide was only able to increase the lysosomal exocytosis in 

one of the tested cultures. Consequently, the treatment with (S)-bicalutamide appeared to be 

more effective and universal than the (R)-enantiomer. Finally, (S)-bicalutamide showed a 

significant and dose-dependent decreasing effect on GAGs accumulation, reaching the same 
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levels as in healthy fibroblasts. On the contrary, the (R)-enantiomer also showed a decrease of 

GAG levels but only in few cases and with lower intensity.

Overall, the administration of the single enantiomer (S)-bicalutamide could represent an effective 

and universal detoxification therapy for patients suffering from LSDs that have no real treatment. 

(S)-bicalutamide, a non-toxic compound without any anti-androgenic activity, is already 

administered together with the (R)-enantiomer to treat prostate cancer and hirsutism, though 

only the latter is the responsible for the anti-androgenic activity. Despite these promising results, 

the effectiveness of (S)-bicalutamide was only tested in vitro. Therefore, the potential of this 

treatment has to be confirmed in vivo through preclinical and clinical studies.

5.2 Research Background

Bicalutamide synthesis

The original synthesis of racemic bicalutamide (5-3) consisted in four linear steps and was 

patented in 1984 by Tucker and co-workers[303] (Figure 5.3). The first step of the synthesis consisted 

in the amidation reaction of 4-cyano-3-(trifluoromethyl)aniline (5-4) with methacryoyl chloride. 

Next, the corresponding methacrylamide (5-5) was transformed into epoxide (5-6) using a strong 

oxidant such as m-chloroperoxybenzoic acid (mCPBA). Afterwards, the epoxide (5-6) was opened 

through the nucleophilic attack of 4-fluorobenzenthiol (5-7) using sodium hydride. Finally, the 

resulting thiol precursor (5-8) was oxidized to obtain bicalutamide (5-3) using mCPBA.

Figure 5.3 Original synthesis of racemic bicalutamide (5-3)[303]

Some years later, Thijs and co-workers[304] also patented the synthesis of racemic bicalutamide 

(5-3) in only three steps (Figure 5.4). In contrast to the original synthesis, the epoxide (5-6) was 

opened through the nucleophilic attack of sodium 4-fluorobenzenesulfinate (5-9) instead of the 

thiol derivative (5-7). By doing this, bicalutamide (5-3) could be directly obtained avoiding the 

last oxidation step[303]. 
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Figure 5.4 Synthesis of bicalutamide (5-3) from epoxide (5-6) or iodoamide (5-10)[304]

Interestingly, Thijs and co-workers[304] demonstrated as well that the nucleophilic attack of 

4-fluorobenzenesulfinate (5-9) worked not only with epoxides (5-6) but also with halogen 

derivatives such as the iodoamide precursor (5-10) (Figure 5.4).

(S)-Bicalutamide synthesis

Figure 5.5 Synthesis of (S)-bicalutamide (5-1) reported by Tucker and co-workers[305]

Tucker and co-workers[305] were also the first to report the synthesis of (S)-bicalutamide (5-1) 

(Figure 5.5)[303]. Their strategy was based on the bromolactonization of the N-methacrylamide of 

L-proline, which was originally reported by Terashima and co-workers[306,307], so L-proline was the 

starting enantiopure material from which (S)-bicalutamide (5-1) could be obtained. Reaction of 

the N-methylacrylamide of L-proline (5-11) with N-bromosuccinimide (NBS) in DMF produced 

bromolactone (5-12) in 49% yield. Importantly, bromolactone (5-12) was shown to be a single 

diastereomer by 1H- and 13C-NMR, according to the authors. Next, acid hydrolysis under reflux 

conditions delivered the bromoacid (5-13) in 73% yield. Then, the bromoacid (5-13) was 

transformed to the corresponding acid chloride using thionyl chloride and was coupled to aniline 

(5-4) in 60% yield. Next, the nucleophilic substitution of 4-fluorobenzenthiol (5-7) on 

bromoamide (5-14) was performed using sodium hydride in THF giving the corresponding thiol 

precursor (5-15) in 48% yield. Finally, the thiol precursor (5-15) was oxidized using mCPBA in DCM 

to obtain (S)-bicalutamide (5-1) in 90% yield. The synthesis proposed by Tucker and co-

workers[305] comprised five linear steps that permitted to obtain enantiopure (S)-bicalutamide 

(5-1) in 9% overall yield using the natural amino acid L-proline as the starting material. In addition, 

this strategy may be easily adapted to the use of D-proline to obtain (R)-bicalutamide (5-2)[308].
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Figure 5.6 Chiral resolution: 2,3-dihydroxy-2-methylpropionic acid (5-16) with (+)-dehydroabiethylamine (5-17) 

Another methodology to prepare (S)-bicalutamide (5-1) was patented in 2001 by Sörös and co-

workers[309]. These authors based their strategy on the synthesis of racemic 2,3-dihydroxy-2-

methyl-propionic acid (5-16) and its chiral resolution using (+)-dehydroabiethylamine (5-17) to 

crystallize the enantiopure (R)-2,3-dihydroxy-2-methylpropionic acid (5-18) (Figure 5.6). 

Figure 5.7 Synthesis of (S)-bicalutamide (5-1) reported by Sörös and co-workers[309] 

Once the chiral resolution was performed, (R)-2,3-dihydroxy-2-methylpropionic acid (5-18) was 

transformed to intermediate (5-20) using thionyl chloride and pyridine under reflux conditions in 

75% yield (Figure 5.7). Next, aniline (5-4) was coupled to compound (5-20) at 0ºC. Immadiately 

after, basic and acid hydrolysis eliminated the dioxathiolane moiety giving the desired 

dihydroxyamide (5-21) in 82% yield. Afterwards, methanesulfonyl chloride and pyridine were used 

to obtain the corresponding methylsulfonate intermediate (5-22) in 90% yield. Then, the 

nucleophilic substitution using 4-fluorobenzenthiol (5-7) was performed to give the thiol 

precursor (5-15) in 83% yield. Finally, the thiol precursor (5-15) was oxidized using hydrogen 

peroxide in AcOH to obtain (S)-bicalutamide (5-1) in 82% yield. The synthesis proposed by Sörös 

and co-workers[309] consisted of five linear steps that permitted to obtain enantiopure  

(S)-bicalutamide (5-1) in 37% overall yield using (S)-2,3-dihydroxy-2-methylpropionic acid (5-19) 

as the starting material. In addition, the authors could prepare (R)-bicalutamide (5-2) using the 

same methodology. 

5.3 Results 

The development of a synthetic procedure to obtain (S)-bicalutamide (5-1) was performed in two 

phases: i) development of an initial batch and characterization of the principal impurities; and  

ii) optimization of the reactions to obtain the target product (5-1) and its precursors to minimize 

the impurities of the final batch. After all, the final aim was to obtain (S)-bicalutamide (5-1) with 
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high purity, accomplishing the specifications described for bicalutamide (5-3) in the 

Pharmacopeia.

Initial synthesis of (S)-Bicalutamide (1st phase)

The synthesis of (S)-bicalutamide (5-1) was designed from the (S)-3-bromo-2-hydroxy-2-

methylpropanoic acid ((S)-bromoacid (5-13)), which is commercial in both pure enantiomeric 

configurations (Figure 5.8). The corresponding (S)-bromoamide (5-14) intermediate was 

synthesized starting from (S)-bromoacid (5-13) using 4-cyano-3-trifluoromethylaniline (5-4). The 

other precursor, sodium 4-fluorobenzenesulfinate (5-9) was obtained from 

4-fluorobenzenesulfonyl chloride (5-23).

Figure 5.8 Retrosynthesis of (S)-bicalutamide (5-1)

After various failed attempts of synthesizing (S)-bicalutamide (5-1) from the corresponding 

epoxide intermediate (5-6) (Figure 5.4), we decided to use an halogen atom as the leaving group 

for the attack of 4-fluorobenzenesulfinate (5-9) as reported by Thijs and co-workers[304]. As a 

difference, the bromine atom was preferred over the iodine atom, because as previously said 

(S)-bromoacid (5-13) was already commercial.

Figure 5.9 Initial synthesis of (S)-bicalutamide (5-1)

In the initial synthesis, (S)-bicalutamide (5-1) was obtained from the reaction between 

(S)-bromoamide (5-14) and sulfinate (5-9) precursors in H2O without the presence of any organic 

solvent and using triethylbenzylammonium chloride (TEBAC) as the phase transfer agent (Figure 

5.9). Afterwards, the crude was purified by recrystallization using IPA/H2O and following a similar 

procedure to the one reported by Dolitzky and co-workers[310].
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Figure 5.10 HPLC analysis of the initial batch of (S)-bicalutamide (5-1) (53%B in 40 min) 

The principal impurities obtained in this initial batch of (S)-bicalutamide (5-1) were identified by 

HPLC-MS67 (Figure 5.10) and summarized in Table 5.2. 

Table 5.2 Principal impurities of the initial batch of (S)-bicalutamide (5-1) (53%B in 40 min) 

En
tr

y HPLC 
RRT68 

AUC  
(%) 

Mobs  
(m/z) 

Mimp-MBCL 
(m/z) 

ID Structure 

1 1.00 98.13 429.9 - 
(S)-bicalutamide 

(5-1) 
 

2 0.46 0.15 287.9 -142.0 
Hydrolyzed  

(S)-bromoamide 
precursor (5-21) 

 

3 0.97 1.27 351.9 -78.0 
(S)-bromoamide 

(5-14) 
 

4 1.31 0.09 558.1 +128.2 
Dimer 
(5-24) 

 
5 1.36 0.06 - - - Non-identified 

6 1.53 0.11 456.0 +26.1 
(S)-bromoamide 
+ aniline (5-25) 

 

7 1.89 0.19 572.1 +142.2 
(S)-bicalutamide 
+ sulfinate (5-26) 

 
 

Apart from the previous impurities, there was one that could not be detected with the previous 

analytical method67, whereas it was detected using the Pharmacopeia analytical method for 

 
67 (S)-bicalutamide (5-1) HPLC-MS (1st method): 53%B in 40 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). 
68 Relative Retention Time (RRT) with respect to (S)-bicalutamide (5-1) (tR = 9.9 min). 
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racemic bicalutamide. The previous HPLC-MS method was slightly modified69 separating the 

previous impurity from the principal peak. As the mass of the impurity was the same as  

(S)-bicalutamide (5-1), we postulated that this compound could be impurity B (5-27) which was 

described in the European Pharmacopeia (Figure 5.11 and Table 5.3).  

Figure 5.11 HPLC analysis of the initial batch of (S)-bicalutamide (5-1) (45%B in 60 min) 

To demonstrate that, we synthesized a batch of impurity B (5-27) to perform a co-injection with 

one of our (S)-bicalutamide batches (section 5.3.2.4). 

Table 5.3 Impurity B of the initial batch of (S)-bicalutamide (5-1) (45%B in 60 min) 
HPLC 
RRT

70 

AUC  
(%) 

Mobs  
(m/z) 

Mimp-MBCL 
(m/z) 

ID Structure 

1.00 97.83 429.9 - 
(S)-bicalutamide 

(5-1) 
 

0.97 0.59 430.0 0.1 
Impurity B  

(5-27) 
 

 

The specifications required by the European Pharmacopeia were extremely demanding:  

i) minimum purity of 99.5%, ii) known impurities  0.15%; iii) unknown impurities  0.1%; and  

iv) impurities over 0.05% should be integrated in the HPLC analysis. The initial batch of  

(S)-bicalutamide (5-1) did not fulfill the previous requirements because of various impurities 

detected in the HPLC analysis. Despite this, the initial (S)-bicalutamide batch was analyzed by  
1H-NMR and chiral HPLC71 showing a 99% of ee. Therefore, the chirality did not change during 

the different steps of the synthetic route. 

 
69 (S)-bicalutamide (5-1) HPLC-MS (2nd method): 45%B in 60 min (A: H2O+0.1%TFA; B: ACN+0.07% TFA). 
70 Relative Retention Time (RRT) with respect to (S)-bicalutamide (5-1) (tR = 19.3 min). 
71 (S)-bicalutamide (5-1) chiral HPLC: 100%A in 30 min (A: Heptane/EtOH (60:40)); tR = 6.3 min 
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Optimization of the synthetic route (2nd phase)

In the second phase both the synthesis of (S)-bicalutamide (5-1) and the synthesis of its precursors 

((S)-bromoamide (5-14) and sulfinate (5-9)) were optimized to minimize the impurities present 

on the final product to comply the specifications required by the European Pharmacopeia. In 

addition, the scale of the reactions was gradually increased from 1 g to 50 250 g.

Figure 5.12 Retrosynthesis of impurity B (5-27)

To begin with the optimization, the impurities of all the starting materials ((S)-bromoacid (5-13), 

aniline (5-4) and sulfonyl (5-23)) and the precursors ((S)-bromoamide (5-14) and sulfinate (5-9)) 

were extensively examined. Those starting materials that permitted us to synthesize the 

corresponding precursors in the purest form were the ones selected to avoid possible impurities 

or isomers in the final product. The most critical starting material was sulfonyl (5-23), which could 

contain the impurity 2-fluorobenzenesulfonyl chloride (5-29) that in turn would produce 

impurity B (5-27) (Figure 5.12). As impurity B (5-27) is an isomer of (S)-bicalutamide (5-1), the 

4-fluorobenzenesulfonyl (5-23) of various commercial suppliers was carefully analyzed by HPLC72

to investigate which one contained the least quantity of the ortho-impurity (5-29) (Table 5.4). The 

starting material from Fluorochem was the purest and the only one that did not contain the ortho-

impurity (5-29). Therefore, it was selected to synthesize the final batch.

Table 5.4 Levels of ortho-fluoro sulfonyl (5-29) impurity from various commercial houses

Distributor Sulfonyl
(5-23) (%)

Ortho-fluoro sulfonyl
(5-29) (%)

Sigma-Aldrich 99.03 0.96
T&W Group 98.71 0.51

AlfaAesar 99.40 0.32
Fluorochem 99.46 Not detected

Regarding the precursors, the initial synthetic methodology was modified to obtain them in its 

chemically and optically purest forms, avoiding all the steps or procedures during their syntheses 

that could lower their purity, which in turn would affect the purity of the final product. The 

optimization of these syntheses is described in the following sections.

72 Sulfonyl (5-23) HPLC: 20-100%B in 20 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA); tR = 17.4 min
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5.3.2.1 (S)-Bromoamide optimization 

Figure 5.13 Synthesis of (S)-bromoamide (5-14) 

(S)-bromoamide (5-14) precursor was prepared in two simple synthetic steps (Figure 5.13) 

similarly as the methodology patented by Dalton and co-workers[308], who performed the same 

type of reactions but using the (R)-enantiomer. These synthetic steps were: i) the activation of  

(S)-bromoacid (5-13) using thionyl chloride in anh. THF; and ii) the amide formation by 

introduction of aniline (5-4) in basic conditions. Some key steps in this reaction were to heat the 

reaction mixture overnight (t  12h) after the introduction of the aniline and recrystallize the 

product in toluene. In these conditions, a brown solid (7.9 g, 84% yield, 98.95% purity) was 

obtained. At that point, the product was recrystallized and discolored with active carbon using 

IPA/H2O mixtures, but the white solid (5.1 g, 64% yield, 95.76% purity) that was obtained was not 

purer than the crude. On the contrary, the HPLC-MS analysis of the first and second batches of 

(S)-bromoamide (5-14) (E6-116 and E6-130) revealed that the IPA/H2O recrystallization formed 

two principal impurities (Figure 5.14): i) hydrolyzed impurity (5-21) formed from the hydrolysis of  

(S)-bromoamide (5-14); and, ii) isopropyl impurity (5-30) that corresponded to the ether formed 

by IPA and (S)-bromoamide (5-14). 

Figure 5.14 Hydrolyzed (5-21) and Isopropyl (5-30) impurities of (S)-bromoamide (5-14) 

As hydrolyzed impurity (5-21) was already found in the initial batch of (S)-bicalutamide (5-1) in 

the 1st phase, we decided to avoid the IPA/H2O recrystallization. In contrast, we observed that the 

recrystallization with toluene was much more effective. In the next experiment (E6-160), we even 

tried to perform two recrystallization/discoloration procedures with toluene, but this required the 

filtration in hot (~65ºC) of the active carbon. As a consequence, it was decided to perform the 

discoloration directly on the EtOAc organic phase of the work-up. By doing this, the active carbon 

could be filtered at RT. Then, the toluene recrystallization could be performed without any 

complications. Thanks to these changes, the purity of (S)-bromoamide (5-14) was improved with 

only one toluene recrystallization (99.20% purity, E6-168). For more details see sections 7.6.2 and 

9.4.1. 
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5.3.2.2 4-fluorobenzenesulfinate optimization 

The sulfinate (5-9) precursor was prepared by the reduction of 4-fluorobenzenesulfonyl chloride 

(5-23) with sodium sulfite in aqueous basic medium as reported by various research groups[311

313] (Figure 5.15). The critical step of this reaction was to select the proper commercial house to 

provide the 4-fluorosulfonyl (5-23) starting material to avoid the formation of 4-fluorobenzene 

sulfinate (Table 5.4) that in turn would form impurity B. Once the starting material (5-23) was 

selected, only little changes were performed on the initial procedure (E6-124) to synthesize  

4-fluoro sulfinate (5-9) (18.3 g, 98% yield, 97.70% purity). Some of these changes were: i) to 

establish the equivalents of Na2SO3 and Na2CO3 to 1.2; and ii) to reduce to ½ the H2O volumes 

(from 9 to 4.5 vol) to reduce the evaporation time of the solvent after the reaction. 

Figure 5.15 Synthesis of 4-fluorobenzenesulfinate (5-9) 

After the evaporation of H2O, the 4-fluoro sulfinate (5-9) had to be dissolved in EtOH, filtered and 

the solvent was removed under reduced pressure. We tried to reduce the amount of EtOH used 

by refluxing it in less quantity but it did not work. On the contrary, when the scale of the reaction 

was increased, we had to increase proportionally the volume of EtOH used in the work-up to 

increase the yield of the reaction. In addition, the time needed to dissolve the product in EtOH 

was also increased to improve the yields (E6-190). The final wash with ACN served us to eliminate 

possible impurities from the sulfinate (5-9), such as the sulfonyl (5-23) as starting material. For 

more details see sections 7.6.3 and 9.4.2. 

5.3.2.3 (S)-Bicalutamide optimization 

The nucleophilic attack of 4-fluorobenzensulfinate (5-9) over the bromine atom of  

(S)-bromoamide (5-14) worked producing the target product (S)-bicalutamide (5-1) (Figure 5.9), 

as explained in section 5.3.1. Nevertheless, various impurities were detected in the initial batch by 

HPLC-MS (Table 5.2). With the objective to minimize those impurities, some changes were applied 

to the synthetic procedure. 

To diminish the formation of the disulfinate impurity (5-26), the initial equivalents of 4-fluoro 

sulfinate (5-9) were reduced to 3 (E6-156). As there was no impact neither positive or negative 

after applying this change, we continued to use only 3 eq of 4-fluoro sulfinate (5-9) in the 

following reactions. 



Chapter 5. Synthesis of (S)-Bicalutamide 

137 
 

To diminish the hydrolyzed (S)-bromoamide (5-21), the H2O volumes were reduced from 5 to 4, 

and the temperature of the reaction was established at 100ºC. In addition, the heating time was 

fixed at 1h as the reaction had already finished by that time. To diminish the temperature was not 

an option as more than 15h were necessary for the reaction to finish at 80ºC. To add the  

(S)-bromoamide (5-14) after heating the rest of the reagents reduced a little bit the hydrolyzed 

impurity (5-21), but the improvement was so minimal that we decided to introduce it with the 

other reagents as it was done in previous reactions. At that moment, we assumed that some part 

of the (S)-bromoamide (5-14) would hydrolyze inevitably. Therefore, we focused on developing a 

robust and reproducible recrystallization procedure that could eliminate this and other impurities 

present in the crude. Other modifications applied to the procedure were: i) to use high purified 

Milli-Q H2O; and, ii) to use an inert atmosphere (N2) during the reaction to avoid the oxidation of 

sulfinate (5-9) to the corresponding sulfonate which would terminate the reaction. 

Figure 5.16 HPLC analysis of E6-156 (45%B in 60 min) 

Regarding the discoloration/recrystallization step (procedure A) used in the initial synthesis of 

(S)-Bicalutamide (5-1), the use of IPA/H2O in the initial synthesis of (S)-bicalutamide was not 

optimal for various reasons: i) after filtering the active carbon, H2O was added to have a relation 

IPA/H2O 1:3 that made the product precipitate but with some time it became an impurified oil, so 

it was not reproducible; and, ii) the filtration of active carbon at 65ºC could present complications 

in bigger-scale procedures. Because of these reasons, we decided to change the recrystallization 

methodology. Procedure B consisted in dissolving the (S)-bicalutamide (5-1) crude in IPA/H2O 

1:1 at high temperature (110-120ºC) to have a more vigorous reflux. In these conditions, H2O was 

slowly added (even dropwise) until some permanent turbidity was observed. Afterwards, some 

pure (S)-bicalutamide (5-1) crystal seeds were added to help the recrystallization process. At that 

moment, the heat was turned off and the product was left to cool to RT without taking out the 

flask from the hot oil bath. After achieving RT conditions, the flask was cooled using an ice bath 

for 15 min and the product was filtered. It was also very important to wash the filtered crystals 
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with the same IPA/H2O proportion in which the permanent turbidity was observed. By means of 

this method, we were able to improve the purity of E6-156 batch from 81.53% to 99.00% (Figure 

5.16), which demonstrated that procedure B was a robust and reproducible purification method 

to obtain (S)-bicalutamide (5-1) in its pure form. 

Due to the previous results, procedure B was the chosen methodology to recrystallize  

(S)-bicalutamide (5-1) in further experiments. This implied that the discoloration of the product 

had to be performed before the recrystallization. To do that, (S)-Bicalutamide (5-1) was extracted 

from the reaction medium with EtOAc and the discoloration was performed directly in this organic 

phase, which permitted to obtain a white solid after only one recrystallization (E6-193). For more 

details see sections 7.6.4 and 9.4.3. 

5.3.2.4 Impurity B synthesis 

Figure 5.17 Synthesis of ortho-fluorobenzenesulfinate (5-28) and impurity B (5-27) 

An isomer of (S)-bicalutamide (5-1) was detected in the 1st phase of the development (Figure 

5.11). This isomer was thought to be impurity B (5-27) as described by the European 

Pharmacopeia. To demonstrate that, we synthesized a small-scale batch of impurity B (5-27) 

(Figure 5.17) to perform various co-injections with one of our (S)-bicalutamide (5-1) batches. First, 

the synthesis of ortho-fluoro sulfinate (5-28) (3.9 g, 93% yield, 99.69% purity) was performed 

following the procedure described in 5.3.2.2. Afterwards, impurity B (5-27) (0.8 g, 57% yield, 

96.94% purity73) was synthesized following the procedure described in section 7.6.4 and using  

(S)-bromoamide (5-14) and ortho-fluoro sulfinate (5-28) as starting materials. For more details 

about the formation of impurity B see section 9.4.4. 

Finally, a 95:5 co-injection between (S)-bicalutamide (5-1) (E6-156, 99.00% purity) and impurity B 

(5-27) (E6-164, 96.94% purity) was performed. Because of the co-injection, the peak 

corresponding to impurity B (5-27) increased from 0.57% (Figure 5.16) to 3.27% (Figure 5.18). This 

demonstrated that the isomeric impurity detected in the 1st phase was undoubtedly impurity B 

(5-27). 

 
73 Impurity B (5-27) HPLC: 45%B in 60 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA); tR = 18.2 min 
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Figure 5.18 Co-injection of E6-156 and E6-164 (95:5) (45%B in 60 min)

Pilot batch synthesis

After the optimization of the 2nd phase, we synthesized a pilot batch of (S)-bromoamide (5-14) 

(E6-168, 79.8 g, 77% yield, 99.20% purity) and 4-fluorobenzenesulfinate (5-9) (E6-190, 185.4 g, 

99% yield, 98.97% purity)74. Once these batches were obtained, we synthesized a pilot batch of 

(S)-bicalutamide (5-1) (E6-195, 51.3 g, 69% yield, 98.94% purity)75. Nevertheless, this last batch of 

(S)-bicalutamide (5-1) did not conform the high-demanding specifications of the European 

Pharmacopeia. As a consequence, we decided to perform a recrystallization process of all the 

(S)-bicalutamide (5-1) batches that we had in our hands at that moment76 using also the pilot 

batch (E6-198).

Figure 5.19 HPLC analysis of E6-198 (45%B in 60 min)

This first recrystallization (E6-198) helped to increase the purity of (S)-bicalutamide (5-1) to 

99.65%, which was higher than the purity of the pilot batch (E6-195, 98.94%), but was not enough 

to comply the desired specifications. In the HPLC-MS analysis, we could identify two peaks 

corresponding to the E/Z dehydration products (5-31) ([M-H+TFA]-=525.1 amu) formed from the 

74 The procedures to obtain (S)-bromoamide (5-14) (E6-168) and 4-fluorobenzenesulfinate (5-9) are 
described in sections 7.6.2 and 7.6.3.
75 The procedure to obtain (S)-bicalutamide (5-1) (E6-195) is described in section 7.6.4.
76 (S)-bicalutamide (5-1) batches: E6-140, E6-178, E6-186, E6-193 and E6-195.
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dehydration of (S)-bicalutamide (5-1) (Figure 5.20). In addition, we detected the (S)-bicalutamide 

+ sulfinate (5-26) impurity, which was previously identified in the 1st phase of the development 

(Table 5.2). 

Figure 5.20 Dehydration E/Z products (5-31) 

Because of the presence of these impurities, we decided to perform a second recrystallization  

(E7-058) of the previous batch. This second purification permitted to obtain  

(S)-bicalutamide (5-1) with a 99.79% purity (Figure 5.21). In addition, the previous impurities were 

both reduced. For more details see sections 7.6.4 and 9.4.5. 

Figure 5.21 HPLC analysis of E7-058 (45%B in 60 min) 

5.4 Discussion and conclusions 

The development of a synthetic procedure to obtain a batch of (S)-bicalutamide (5-1) that 

conforms the specifications of the European Pharmacopeia77 was accomplished in two phases:  

i) synthesis of an initial batch of (S)-bicalutamide (5-1) and characterization of its principal 

impurities; and ii) optimization of the reactions to obtain (S)-bicalutamide (5-1) and its precursors 

in the purest form. 

In the 1st phase, HPLC-MS analysis permitted us to identify various impurities present in the initial 

batch of (S)-bicalutamide (5-1) (Table 5.2), from which the most critical was impurity B (5-27) an 

isomer with the fluor atom at ortho-position instead of para-position. To reduce this impurity, we 

decided to examine the starting material 4-fluorobenzenesulfonyl (5-23) from various commercial 

 
77 Specifications: i) minimum purity of 99.5%, ii) known impurities  0.15%; iii) unknown impurities  0.1%; 
and iv) impurities over 0.05% should be integrated in the HPLC analysis. 
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houses to know which one could provide this reagent with the less amount of the ortho-

fluorobenzenesulfonyl (5-29) impurity. 

In the 2nd phase, each of the reactions to obtain (S)-bicalutamide (5-1) and its precursors (5-9 and 

5-14) were carefully examined and modified to obtain these compounds in the purest form. In 

comparison to the initial procedure, the discoloration of (S)-bromoamide (5-14) was performed 

directly on the EtOAc organic phase after the work-up of the reaction. In addition, IPA/H2O 

mixtures in favor of toluene were used to perform the recrystallization of this precursor to avoid 

the formation of the dihydroxy (5-21) and isopropyl (5-30) impurities. Regarding  

4-fluorobenzenesulfinate (5-9), H2O volumes in the synthesis were reduced to 4 to diminish the 

amount of time needed to evaporate the solvent once the reaction had finished. On the contrary, 

it was not possible to reduce EtOH volumes used in the work-up without significantly affecting 

the yield of the reaction. Concerning (S)-bicalutamide (5-1), H2O volumes could be reduced to 4 

to minimize the formation of the dihydroxy (5-21) impurity. In addition, the heating time was 

established to 1h at 100ºC and the discoloration was performed directly on the organic phase 

after EtOAc extraction. Furthermore, the recrystallization procedure was slightly modified in 

comparison to the initial methodology of the 1st phase: instead of precipitating the product 

adding water to have a final IPA/H2O 1:3 proportion, water was slowly added at 110-120ºC until 

some permanent turbidity was observed. In these conditions, the heat was turned off to slowly 

crystallize the product improving its purity. As it did not happen with the initial method, this last 

recrystallization technique (procedure B) was extremely robust and reproducible, but most 

importantly it improved the purity of (S)-bicalutamide (5-1) obtaining also excellent recoveries. 

After two or three recrystallizations, we could finally obtain a pilot (S)-bicalutamide (5-1) batch 

(E7-058, 63.4 g, 99.79% purity) that conformed the specifications of the European Pharmacopeia. 

Our convergent route permitted to obtain (S)-bicalutamide (5-1) starting from the  

(S)-bromoacid (5-13) in two steps with a 53% overall yield, which greatly improved the linear 

routes described in section 5.2.2: i) the original synthesis of (S)-bicalutamide (5-1) with a 26% 

overall yield starting also from the (S)-bromoacid (5-13) (Figure 5.5)[305]; and ii) another linear 

synthesis of (S)-bicalutamide (5-1) with a 38% overall yield starting from the dihydroxybromoacid 

(5-18) (Figure 5.7)[309]. The use of 4-fluorobenzenesulfinate (5-9) as one of the precursors instead 

of 4-fluorobenzenethiol (5-7) permitted to avoid the last oxidation step with mCPBA or H2O2, 

which increased the overall yield. 

Once the synthetic development of (S)-bicalutamide (5-1) was finished, all the optimization was 

properly reported and summarized. This document permitted to prepare production guides to 

obtain (S)-bicalutamide (5-1) following Good Manufacturing Practices (GMP). With all the acquired 
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knowledge during the development of the route, quality specifications for the starting materials 

and synthetic intermediates could be established to obtain the final product (5-1) in the required 

quality. Finally, the Production Department of BCN Peptides could synthesize the first GMP batch 

of (S)-bicalutamide (5-1) (SBIC1801, 263.1 g, 99.60%) to evaluate this compound in in vivo 

preclinical studies. 
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6 Global conclusions 
Several methodologies were explored to reduce the use of both hazardous organic solvents  

(e.g. DMF) and protecting groups (e.g. Fmoc). Our synthetic proposal was based on the synthesis 

of peptides in the inverse direction (N- to C-terminus) in two steps: i) activation with active esters 

in green solvents; and ii) aqueous coupling of N- -unprotected amino acids. Unsuccessful results 

were obtained because of three main drawbacks: lack of quantitative activation, on resin 

racemization and lack of quantitative coupling. 

Green solvent-mediated acidolysis methods were developed under two strategies: i) global 

cleavage/deprotection and ii) cleavage of protected peptides.  

              

 

 

 

 

 

 

 

 

The synthesis of eight new tetradecapeptide somatostatin analogues (A75-A82) containing 

unnatural and D-amino acids was performed. The serum stability and the degradation metabolites 

of the new peptides were also characterized. The introduction of both unnatural (e.g. Msa) and  

D-amino acids (e.g. D-Ala1, D-Cys3,14 and D-Trp8) permitted to obtain very stable analogs such as 

A75 (t1/2=252h), A79 (t1/2=410h), A81 (t1/2=174h) and A82 (t1/2=95h). To the best of our 

knowledge, these are the most stable somatostatin analogs based on the 14-amino acid scaffold. 

Prior to the results of biologic and binding experiments, considerable expectations are put on 

A82, which is an stable analog with probable high affinity for SSTR3 and SSTR5. 

The synthesis of (S)-bicalutamide (5-1) and its precursors was accomplished in two phases:  

i) characterization of the impurity profile of an initial batch of product; and ii) optimization of the 

synthetic route to obtain (S)-bicalutamide (5-1), as well as its precursors (S)-bromoacid (5-13) and 

4-fluorobenzenesulfinate (5-9). Apart from reaction optimization, to find a robust crystallization 

method was critical for the purification of the final product. A pilot batch of (S)-bicalutamide  

(5-1) (63.4 g, 99.79% purity) that conformed the quality standards required by the European 

Pharmacopeia was synthesized. The report document with all the development of the synthetic 
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route helped to prepare the production guides of (S)-bicalutamide (5-1) and its precursors, which 

in turn permitted BCN Peptides to synthesize a first GMP batch of (S)-bicalutamide (5-1) 

(SBIC1801, 263.1 g, 99.60%) for its evaluation in in vivo preclinical studies. 
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7 Experimental section 

7.1 General Information & instruments 

Anh. THF was purchased from Sigma Aldrich. Anh. DCM and DMF were obtained using molecular 

sieves. Non-anhydrous solvents were obtained from Panreac, Sigma Aldrich, Carlo Erba or 

Scharlab. Aqueous reactions were performed using Milli-Q water. Commercially available reagents 

were purchased from Sigma Aldrich, Alfa Aesar, Fluorochem, T&W Group, Iris-Biotech GmbH 

Depending on the temperature needed in the experiment, different options were considered: 

- T = 15-25ºC: room temperature (RT) was supposed. 

- T > 25ºC: different options were used: i) laboratory stove; ii) laboratory dry bath; or iii) oil 

bath in combination with a hot plate magnetic stirrer. 

- T < 5ºC: different options were used: i) an ice/water bath (0-5ºC); or ii) a dry ice/acetone 

bath (<-70ºC). 

Nuclear Magnetic Resonance (NMR) spectra were acquired at RT on a Varian Mercury 400. 
1H and 13C spectra were referenced by its solvent residual peaks. 1H and 13C monodimensional 

spectra were acquired to assign the signals of the 13C NMR, as well as bidimensional homonuclear 

COSY and HSQC. Chemical shifts were reported in parts per million (ppm) and coupling constants 

(J) in Hz. Peak multiplicities were assigned as follows: s (singlet), d (doublet), dd (double doublet),  

t (triplet), q (quartet), m (multiplet) and brs (broad signal). 

High Resolution Mass Spectrum (HRMS) experiments were carried out in the Institute for 

Research in Biomedicine (IRB). The samples were introduced by automatic nano-electrospray into 

an LTQ-FT Ultra mass spectrometer. Conditions: spray voltage 1.7 kV, capillary voltage 40 V, 

capillary temperature 200ºC, 120 V tube lense, m/z range 200  2000 amu and positive ionization. 

The software used for the data acquisition was Xcalibur (ThermoScientific). 

Reverse-Phase High Performance Liquid Chromatography (HPLC) was used for analysis and 

characterization of compounds and experiment monitoring. Chromatograms were acquired in a 

Shimadzu HPLC composed by two LC-20AT pumps, an SIL-20A HT automatic injector, an SPD-

20A UV-vis detector, a CBM-20A system controller and a CTO-10AS VP oven. Kromasil C8 columns 

with particle size 5 m and dimensions 25x4.6 mm were used. Solvent flux was 1 mL/min, detection 

wavelength 220 nm and two eluents were employed (eluent A: H2O+0.1%TFA and eluent  

B: ACN+0.07%TFA). HPLC quality acetonitrile and Milli-Q water were used to prepare the eluents. 
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Preparative Liquid Chromatography (LC) was performed to purify peptide crudes. HPLC 

Shimadzu composed by two LC-8A pumps, an SIL-8A automatic injector, an SPD-6A UV-vis 

detector, an SCL-8A system controller and a C-R6A Chromatopac integrator recorder. Detection 

wavelength was 220 nm and two eluents were employed (eluent A: H2O+0.02% TFA and eluent B: 

ACN). Dissolved crude samples were always filtered with 0.45 m PVDF filters before injection. 

Two different columns were used: 

- Merck NW50 (MK9) column filled with Kromasil C8 particle size  

10 m and solvent flux 55 mL/min. Column diameter 5 cm. 

- Novasep preparative column (NS17) filled with Kromasil C8 particle size  

10 m and solvent flux 110 mL/min. Column diameter 10 cm. 

High Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS) was used to verify 

the molecular weight of the synthesized peptides and to identify their impurities. Shimadzu HPLC-

MS composed by two LC-20AT pumps, an SIL-20A HT automatic injector, an SPD-20A UV-vis 

detector, a CBM-20A system controller, a CTO-10AS VP oven, and an electrospray LCMS 2020 

detector or LCMS 8040 triple quadrupole. Kromasil C8 columns with particle size 5 m and 

dimensions 25x4.6 mm were used. Solvent flux was 1 mL/min, detection wavelength 220 nm and 

two eluents were used (eluent A: H2O+0.1%TFA and eluent B: ACN+0.07%TFA). HPLC quality 

acetonitrile and Milli-Q water were used to prepare the eluents. In general, ESI positive or negative 

methods were used depending on the analyzed molecule: for peptides, ESI positive method was 

used; for small molecules, ESI negative method was used. 

pHmeter SevenMulti (Mettler Toledo) equipped with two modules (pH or conductivity) was used 

to determine the pH of some buffer solutions. 

Thin-layer Chromatography (TLC) with silica gel TLC-aluminum sheets (Merck 60 F254) was used 

to monitor the evolution of specified reactions. UV 254 nm and 365 nm were used to observe the 

stains of the starting materials and products. 

Lyoalfa 6 Telstar (-80ºC) equipped with a manifold with eight valves was used either to lyophilize 

H2O/ACN solutions that contained peptide products or to dry peptidyl resins. 

Liberty automated peptide synthesizer (CEM Corporation, model Liberty 908505) was used 

occasionally for the preparation of some model peptides when specified. 

Interchim PuriFLASH® 430 was used as an automated column chromatography system for the 

purification of non-peptidic crudes by normal-phase column chromatography upon silica using 

Hexane/Ethyl acetate (EtOAc) mixtures. 
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7.2 Standard Solid-Phase Peptide Synthesis

All the peptides obtained by standard Fmoc/tBu SPPS were synthesized manually using a reaction 

vessel with a pore filter plate, both connected to a vacuum pump. Reagents and solvents were 

introduced inside the reaction vessel, which contained the resin. After the reaction was completed, 

the solvent, excess of reagents and reaction byproducts were eliminated by filtration.

Ninhydrin test

Ninhydrin test was used to determine qualitatively the presence of primary amines in the peptidyl

resin, which was used to control the coupling steps during standard peptide synthesis. To perform 

the test, a small portion of resin (circa 0.5-2 mg) was introduced in a small test tube and was 

washed five times with DMF. Then, three drops of Reagent A and one drop of Reagent B were 

introduced in the tube. The resulting mixture was heat at 110ºC for 2 minutes. Afterwards, the 

color of the resin and the solution were observed. Yellow color indicated the negative presence 

of primary amine groups, while blue color indicated the contrary. 

Reagent A was prepared by melting 40 g of phenol using a water bath at 40ºC. Then, 10 mL of 

ethanol were added. At the same time, 6.5 mg of KCN were dissolved in 10 mL of water and 2 mL 

of the resulting solution were diluted to 100 mL with pyridine free of primary amines. Both 

solutions were stirred separately with 4 g of Amberlite MB-2 resin, filtered and mixed, obtaining 

a single solution. Reagent B was prepared by dissolving 2.5 g of ninhydrin in 50 mL of ethanol, 

which was conserved in a closed bottle protected from light.

In the case the ninhydrin test was positive after the initial coupling, a reactivation step was 

performed. Even if after the reactivation step the ninhydrin test was positive, a recoupling step 

was performed. Even if after the first recoupling step the ninhydrin test was still positive, the 

recoupling was left overnight. Reactivation step: additional quantities of DIPCDI and HOBt were 

directly added to the reaction vessel. After minimum 30 min, another ninhydrin test was 

performed. Recoupling step: additional quantities of Fmoc-amino acid, DIPCDI and HOBt 

dissolved in DMF were added to the reaction vessel after filtration. After minimum 30 min, another 

ninhydrin test was performed.

Synthesis on pMBHA resin

Based on the initial functionalization of pMBHA resin Fmoc-Rink amide (1.5 eq) and HOBt (1.5 eq) 

were dissolved in the minimum amount of DMF. DIPCDI (1.5 eq) was added and the resulting 

mixture was stirred for 30 seconds. Next, this solution was introduced in the reaction vessel with 

the resin and the reaction was left for minimum 1h. The ninhydrin test was performed to monitor 

the amino acid coupling. When the ninhydrin test was negative, DMF washes (3x1min) were 
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performed and the Fmoc group was eliminated with 20% piperidine in DMF (2x5min). Afterwards, 

DMF washes (5x1min) were carried out. 

The next amino acids were incorporated using the corresponding Fmoc-amino acid (2.5 eq), 

DIPCDI (2.5 eq) and HOBt (2.5 eq) in DMF. After introducing the last amino acid residue, the resin 

was washed with DMF (5x1min), DCM (3x1min) and DEE (3x1min). The peptidyl resin was 

transferred to a container and was dried under vacuum for minimum 12h. The dry peptidyl resin 

was weighed to know the final resin mass. The peptide mmols were calculated using the initial 

functionalization of pMBHA resin. The final resin functionalization was calculated dividing the 

peptide mmols by the final resin weight (Equation 7.1).

Equation 7.1 Resin functionalization

Synthesis on CTC resin

2-chlorotrytil resin (CTC, fi = 1.6 mmol/g) was used to obtain peptides with carboxylic acid as its 

C-terminal.  The first Fmoc-amino acid (1 eq) was suspended in anh. DCM adding the minimum 

quantity of anh. DMF for complete dissolution and DIEA (2 eq). The resulting solution was added 

to the resin and the mixture was stirred for 5 minutes. Afterwards, more DIEA (2 eq) was added 

diluted with the same volume of anh. DCM. The resulting mixture was gently stirred during 40 

min. After this time, MeOH (0.8 mL/g) was added and the mixture was stirred for 10 min. The 

mixture was transferred to the corresponding reaction vessel, the resin was filtered and washed 

with anh. DCM (3x1min) and DMF (5x1min). The Fmoc group was eliminated upon treatment with 

5% piperidine in DCM/DMF 1:1 (1x10min) and 20% piperidine in DMF (1x15min). DMF washes 

were performed after Fmoc elimination (5x1min). 

The rest of Fmoc-amino acids were incorporated to the peptide chain using DIPCDI and HOBt as 

coupling reagents at RT. To do that, Fmoc-amino acid (2.5 eq) and HOBt (2.5 eq) were dissolved 

in the minimum amount of DMF and were cooled using a dry ice/acetone bath. DIPCDI (2.5 eq) 

was added and the resulting mixture was stirred for 30 seconds. The preactivated amino acid was 

introduced in the reaction vessel with the resin and the reaction was left for minimum 1h. The 

ninhydrin test was performed to monitor the amino acid coupling.

When the ninhydrin test was negative, DMF washes (3x1min) were performed. Next, the Fmoc 

group was eliminated after treatment with 20% piperidine in DMF (2x5min). Afterwards, DMF 

washes (5x1min) were carried out and the next Fmoc-amino acid was incorporated. Boc-amino 

acids were used as the N-terminal amino acid.
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After the complete incorporation of the Boc-amino acid, the resin was washed with DMF 

(3x1min), MeOH (4x1min) and DEE (4x1min). The peptidyl resin was transferred to a container and 

was dried under vacuum for minimum 12h. The dry peptidyl resin was weighed to calculate the 

increase of resin mass ( Mass). Knowing this parameter, the total mmols of the synthesized 

peptide were calculated (Equation 7.2), as well as the resin functionalization (f) (Equation 7.3).

Equation 7.2. Peptide mmols Equation 7.3. Resin functionalization

Mini-acidolysis experiments

Mini-acidolysis experiment were performed generally by treating 20 mg of dry peptidyl resin with 

200 µL of a deprotection cocktail (TFA/DCT/TAN/TIS/H2O, 85:6:3:3:3) for 2h. After this amount of 

time, the supernatant was added to DEE (3 mL) to precipitate the peptide. The resulting 

suspension was centrifuged at 5,000 rpm for 1 min (Hettich EBA 12) and the supernatant was 

discarded. Three more DEE washes were performed by repeating this procedure before drying the 

peptide. Afterwards, 1 mg of the dried peptide was weighed and dissolved in 1 mL of ACN/H2O 

1:1 +1% TFA solution for posterior analysis by HPLC with a linear gradient 5-85%B in 20 min 

(A: H2O+0.1%TFA; B: ACN+0.07%TFA).

7.3 Green Solid-Phase Peptide Synthesis

Synthesis of model peptides

Two different model peptides (MP1 and MP2) were synthesized from different polymeric supports 

using in all the cases Rink amide linker to obtain peptide amides. In all the model peptides, 

succinic acid was incorporated after the introduction of the Thr residue. To do that, succinic 

anhydride (2.5 eq) was dissolved in DMF and DIEA (5 eq) was added. The resulting mixture was 

added to the peptidyl resin and the reaction was left for minimum 1h. When the ninhydrin test 

was negative, we proceeded with the DMF washes (5x1 min) as in the general procedure (section

7.2.2).

7.3.1.1 Model peptide 1 (MP1)

Figure 7.1 MP1 cleaved from the resin

HO-Succinic-Thr-Ala-Lys-Val-NH2 (MP1) (Figure 7.1) was synthesized from three different 

resins: i) p-Methylbenzhydrylamine (pMBHA) resin (f = 1.2 mmol/g) based on PS; ii) ChemMatrix 
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(CM) resin (f = 1.0 mmol/g) based on PEG; and iii) TentaGel (TG) resin (f = 0.49 mmol/g) based on 

PS-PEG.

- MP1-PS was synthesized following the general synthesis procedure using 20.0 g of 

pMBHA resin (fi = 1.2 mmol/g), Rink amide as the linker and Fmoc-Val-OH as the first 

amino acid. Final functionalization: 0.54 mmol/g. HPLC: 5-85%B in 20 min, tR = 9.57 min. 

MS: calculated for C22H40O8N6: 516.6; found: 517.4 [M+H]+.

- MP1-CM was synthesized following the general synthesis procedure using 5.0 g of CM 

resin (fi = 1.0 mmol/g), Rink amide as the linker and Fmoc-Val-OH as the first amino acid. 

Final functionalization: 0.61 mmol/g. HPLC: 5-85%B in 20 min, tR = 9.64 min. 

MS: calculated for C22H40O8N6: 516.6; found: 517.4 [M+H]+.

- MP1-TG was synthesized following the general synthesis procedure using 5.0 of TG resin 

(fi = 0.49 mmol/g), Rink amide as the linker and Fmoc-Val-OH as the first amino acid. Final 

functionalization: 0.34 mmol/g. HPLC: 5-85%B in 20 min, tR = 9.63 min. MS: calculated 

for C22H40O8N6: 516.6; found: 517.4 [M+H]+.

7.3.1.2 Model peptide 2 (MP2)

Figure 7.2 MP2 cleaved from the resin

HO-Succinic-Thr-Ala-Arg-Val-NH2 (MP2) (Figure 7.2). MP2-PS was synthesized using 15.0 g of 

pMBHA resin (fi = 1.1 mmol/g), Rink amide as the linker and Fmoc-Val-OH as the first amino acid. 

Final functionalization: 0.43 mmol/g. HPLC: 5-85%B in 20 min, tR = 10.67 min. MS: calculated for 

C22H40O8N8: 544.6; found: 545.2 [M+H]+.

Buffer preparation

Na2CO3/NaHCO3 pH 9.7 (carbonate buffer): sodium carbonate (53.0 g) was weighed and 

dissolved in Milli-Q water (200 mL, 2.5M). Sodium bicarbonate (16.8 g) was weighed and dissolved 

in Milli-Q water (200 mL, 1M). The buffer was prepared by mixing Na2CO3 2.5M (24 mL), NaHCO3

1.0M (80 mL) and Milli-Q water (96 mL). The pH of the buffer was 9.7 as measured with the 

pH-meter.

NaH2PO4/Na2HPO4 pH 8.7 (phosphate buffer): sodium dihydrogen phosphate monohydrate 

(31.0 g) was weighed and dissolved in Milli-Q water (150 mL, 1.5M). Disodium hydrogen 

phosphate (40.0 g) was weighed and dissolved in Milli-Q water (150 mL, 1.5M). The buffer was 
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prepared by mixing NaH2PO4 1.5M (5 mL), Na2HPO4 1.5M (50 mL) and Milli-Q water (45 mL). The 

pH of the buffer was 8.7 as measured with the pH-meter.

Green SPPS Experiments

All the experiments related to Green Solid-Phase Peptide Synthesis (G-SPPS) in the present 

doctoral thesis were performed using polypropylene syringes with a polyethylene filter connected 

to a vacuum pump. Reagents and solvents were introduced inside the syringe or the reaction 

vessel, which contained the resin. After the appropriate amount of time, the solvent, excess of 

reagents and reaction byproducts were eliminated by filtration. Each experiment will be presented 

- efer to the lab book and the page where the experiment 

the experiment. Example: E1-65ii refers to the second 

experiment noted in the page 65 of the 1st  lab book.

7.3.3.1 Mini-acidolysis and HPLC analysis

Figure 7.3 E3-34iii activation: accepted peaks (in green) and rejected peaks (in red)

After each experiment, reaction controls were performed doing mini-acidolysis experiments as 

described in section 7.2.4. Apart from the general deprotection cocktail (TFA/DCT/TAN/TIS/H2O 

85:6:3:3:3), other simpler cocktails such as TFA:TIS:H2O 95:2.5:2.5 were also used. Afterwards, 1 mg 

of the dried peptide was weighed and dissolved in 1 mL ACN/ H2O 1:1 +1% TFA solution for 

posterior analysis by HPLC.

Peptide samples were analyzed by the linear gradient 5-85% in 20 min (A: H2O+0.1%TFA; 

B: ACN+0.07%TFA). General integration procedure: i) all the peaks of the chromatogram were 

integrated; ii) the 5% of the area of the principal peak was calculated (e.g. 5% of 1,131,068 is 

56,553); iii) all the peaks with an area below the previous 5% were rejected (e.g. rejected peaks 

tR = 9.9, 12.4, 14.9, 15.5 min); iv) the new percentage values of the peaks left were calculated 

(e.g. tR = 12.1 min (93.7%), tR = 13.1 min (6.3%)) (Figure 7.3).
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7.3.3.2 Experimental procedures

Figure 7.4 General experimental procedure

General experimental procedure (Figure 7.4). The peptidyl resin was weighed in the 

corresponding polypropylene syringe. Although 0.2 g of peptidyl resin was the standard quantity 

used in most of the experiments, some of them were performed in gram-scale using 1.0 or 2.0 g. 

The resin was swelled with the solvent that will be used in the activation (usually 5x1min + 

1x10min). The activation was performed by adding the reagents dissolved in the proper solvent. 

Depending on the activators, one or two activation cycles were performed. Once the C-terminus 

is activated, the resin is washed with the solvent used in the activation (5x1min). Then, in some of 

the experiments a small portion of the peptidyl resin was taken out to capture the active ester

with piperidine. The resin was washed again to condition it for the aqueous coupling: depending 

on the miscibility of the activation solvent in H2O, some transition washes were performed. For 

example, if the activation solvent was DCM, apart from this solvent, the resin was washed with 

DMF or DMSO that are water-miscible solvents. After the H2O washes, the coupling was 

performed by adding the reagents dissolved in the proper aqueous conditions. Normally, the 

coupling reactions were performed overnight (14-24h). After the coupling, the resin was washed 

with H2O (5x1min), DMF or DMSO (5x1min), DCM (5x1min), DEE (5x1min), and the resin was dried 

under vacuum. Finally, mini-acidolysis experiments were conducted following the general 

procedure (section 7.2.4) to analyze the results by HPLC or HPLC-MS.

Active ester capture with piperidine. A small portion of peptidyl resin was treated with a 5% 

solution of piperidine in the appropriate solvent for minimum 30 min. Afterwards, the peptidyl

resin was washed with the same solvent (5x1min), DCM (5x1min), DEE (5x1min) and the resin was 
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dried under vacuum. Mini-acidolysis experiment was conducted to analyze the activation results 

by HPLC or HPLC-MS. 

7.3.3.2.1 Experimental procedure of E3-10i 

Figure 7.5 General scheme of E3-10i 

MP1-CM (0.2g, f = 0.61 mmol/g) was weighed in a polypropylene syringe and was washed with 

DCM (5x1min) and swelled in the same solvent (1x10min). HOSu (3.0 eq, 0.37 mmol, 43 mg) and 

EDC (3.0 eq, 0.37 mmol, 71 mg) were weighed and dissolved in DCM (2 mL). The resulting solution 

was introduced in the syringe and was left for 1h. This activation procedure was repeated once 

more. The resin was washed with DCM (5x1min) and DMSO (5x1min). A small portion of the resin 

was taken out and treated with 5% piperidine in DMSO (1x30min) to capture the active ester. The 

rest of the peptidyl resin was washed with H2O (5x1min). Gly (5.0 eq, 0.61 mmol, 47 mg) was 

weighed and dissolved in carbonate buffer (2 mL). This solution was introduced inside the syringe 

and the reaction was left overnight (21h). After that amount of time, the resin was washed with 

H2O (5x1min), DMSO (5x1min), 5% piperidine in DMSO (1x30min). Finally, the resin was washed 

with DMSO (5x1min), DCM (5x1min), DEE (5x1min) and was dried under vacuum for 15 min. Mini-

acidolysis experiments of the resin was performed, as well as the previous active ester sample. 

7.3.3.2.2 Experimental procedure of E3-27ii 

Figure 7.6 General scheme of E3-27ii 

MP2-PS (0.2 g, f = 0.43 mmol/g) was weighed in a syringe and was washed with DMSO  

(5x1 min) and swelled in the same solvent (1x20min). NaN3 (6.0 eq, 0.52 mmol, 34 mg)) was 

weighed separately from PyBOP (3.0 eq, 0.26 mmol 14 mg) and HOBt (6.0 eq, 0.52 mmol, 80 mg), 

and were dissolved in DMSO (2 mL and 1 mL). PyBOP/HOBt solution was added to the syringe 

and DIEA (6.0 eq, 0.52 mmol, 91 µL) was also added. The preactivation was left for 2 min. Then, 

the NaN3 solution was added and the reaction was left for 2h. This activation procedure was 

repeated once more. The resin was washed with DMSO (5x1min). A small portion of the resin was 

taken out and was treated with 5% piperidine in DMSO (1x30min) to capture the azide. The rest 

of the peptidyl resin was washed with H2O (5x1min). Gly (5.0 eq, 0.43 mmol, 33 mg) was dissolved 

in carbonate buffer (1.5 mL) and was introduced inside the syringe. The reaction was left overnight 

(17h). After that amount of time, the resin was washed with H2O (5x1min), DMSO (5x1min), 5% 

piperidine in DMSO (1x30min). Finally, the resin was washed with DMSO (5x1min), DCM (5x1min), 
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DEE (5x1min) and was dried under vacuum for 15 min. Mini-acidolysis experiments of the resin 

was performed, as well as the previous active ester sample. 

7.3.3.2.3 Experimental procedure of E3-31ii 

Figure 7.7 General scheme of E3-31ii 

MP1-PS (0.4 g, f = 0.43 mmol/g) was weighed in a syringe and was washed with DMSO (5x1min) 

and swelled in the same solvent (1x20 min). HOSu (3.0 eq, 0.52 mmol, 60 mg) and EDC (3.0 eq, 

0.52 mmol, 100 mg) were dissolved in DMSO (1.5 mL) and were added to the syringe. The reaction 

was left for 1h and this activation procedure was repeated once more. The peptidyl resin was 

washed with DMSO (5x1min). A small portion of the resin was taken out and was treated with 5% 

piperidine in DMSO (1x30min) to capture the active ester. The rest of the resin was washed with 

H2O (5x1min). L-Val (5.0 eq, 0.87 mmol, 101 mg) was dissolved in carbonate buffer (3 mL) and was 

introduced inside the syringe. The reaction was left overnight (17.5h) and a recoupling was 

performed using the same amounts of L-Val and carbonate buffer. The reaction was left for 4.5h. 

The resin was washed with H2O (5x1min) and DMSO (5x1min). A small portion of the resin was 

taken out and was treated with 5% piperidine in DMSO (1x30min). The rest of the peptidyl resin 

was washed with 5% AcOH in DMSO (5x1min) and DMSO (5x1min). HOSu (3.0 eq,  

0.52 mmol, 60 mg) and EDC (3.0 eq, 0.52 mmol, 100 mg) were dissolved in DMSO (1.5 mL) and 

were introduced in the syringe. The reaction was left for 1h and this activation procedure was 

repeated once more. The peptidyl resin was washed with DMSO (5x1min). A small portion of the 

resin was taken out and was treated with 5% piperidine in DMSO (1x30min) to capture the active 

ester. The rest of the peptidyl resin was washed with H2O (5x1min). Gly (5.0 eq, 0.87 mmol,  

66 mg) was dissolved in carbonate buffer (2 mL) and was introduced inside the syringe. The 

reaction was left overnight (16.5h). The resin was washed with H2O (5x1min), DMSO (5x1min), 5% 

piperidine in DMSO (1x30min), DMSO (5x1min), DCM (5x1min), DEE (5x1min) and was dried under 

vacuum for 15 min. Mini-acidolysis experiments of the resin, activation and coupling samples were 

performed. 
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7.3.3.2.4 Experimental procedure of E3-41iv 

Figure 7.8 General scheme of E3-41iv 

MP2-PS (0.2 g, f = 0.43 mmol/g) was weighed in a syringe and was washed with DMSO  

(5x1min) and swelled in the same solvent (1x20min). After that amount of time, the peptidyl resin 

was transferred to an amino acid hydrolysis glass tube. HOSu (3.0 eq, 0.26 mmol, 30 mg), EDC (3.0 

eq, 0.26, 50 mg) and Gly-OMe (5.0 eq, 0.43 mmol, 39 mg) were dissolved in DMSO  

(1.5 mL) and added to the syringe. Et3N (10.0 eq, 0.87 mmol, 120 µL) was introduced and the 

resulting mixture was manually stirred for some seconds. The glass tube was closed and was heat 

at 70ºC on a block heater. The reaction was left for 2h. Afterwards, the resin was transferred back 

to a syringe and washed with DMSO (5x1min), 5% piperidine in DMSO (1x30min), DMSO (5x1min), 

DCM (5x1min), DEE (5x1min) and was dried under vacuum for 15 min. Mini-acidolysis experiments 

of the resin was performed. 

7.3.3.2.5 Experimental procedure of E3-60ii 

Figure 7.9 General scheme of E3-60ii 

MP1-TG (0.1 g, f = 0.34 mmol/g) was weighed in a syringe and was washed with GVL (5x1min) 

and swelled in the same solvent (1x30 min). HOBt (3.0 eq, 0.10 mmol, 16 mg) and EDC (3.0 eq, 

0.10 mmol, 19 mg) were dissolved in GVL (1 mL). The resulting solution was introduced in the 

syringe and was left for 1h. This activation procedure was repeated once more. The resin was 

washed with GVL (5x1min), DMSO (5x1min) and 5% piperidine in DMSO (1x30min). Finally, the 

resin was washed with DMSO (5x1min), DCM (5x1min), DEE (5x1min) and was dried under vacuum 

for 15 min. Mini-acidolysis experiments of the resin was performed. 

7.3.3.2.6 Experimental procedure of E3-65iv 

Figure 7.10 General scheme of E3-65iv 

MP1-TG (0.1 g, f = 0.34 mmol/g) was weighed in a syringe, was washed with DMSO (5x1min) and 

swelled in the same solvent (1x30 min). PFP (3.0 eq, 0.10 mmol, 19 mg) and EDC (3.0 eq,  

0.10 mmol, 19 mg) were dissolved in DMSO (1 mL). The resulting solution was introduced in the 

syringe and was left for 2h. The resin was washed with DMSO (5x1min) and H2O (5x1min). Gly  

(5.0 eq, 0.17 mmol, 13 mg) was weighed and dissolved in H2O (0.75 mL). NMM (10.0 eq, 0.34 

mmol, 37 µL) was added and the resulting solution was introduced in the syringe. The reaction 
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was left overnight (16.5h). After that amount of time, the resin was washed with H2O (5x1min), 

DMSO (5x1min), 5% piperidine in DMSO (1x30min). Finally, the resin was washed with DMSO 

(5x1min), DCM (5x1min), DEE (5x1min) and was dried under vacuum for 15 min. Mini-acidolysis 

experiments of the resin was performed. 

7.3.3.2.7 Experimental procedure of E3-69ii 

Figure 7.11 General scheme of E3-69ii 

MP1-CM (0.30 g, f = 0.62 mmol/g) was weighed in a syringe and was washed with GVL (5x1min) 

and swelled in the same solvent (1x30min). HOSu (3.0 eq, 0.55 mmol, 64 mg) and EDC (3.0 eq, 

0.55 mmol, 106 mg) were dissolved in GVL (2 mL). The resulting solution was introduced in the 

syringe and was left for 1h. This activation procedure was repeated once more. The resin was 

washed with GVL (5x1min) and H2O (5x1min). Carbonate buffer pH 9.5-10 was introduced in the 

syringe. Immediately after, a small portion of the resin (t0h) was taken out, was washed with H2O 

(5x1min) and DMSO (5x1min) and was treated with 5% piperidine in DMSO (1x30min). Small 

portions of the resin were taken at 1h (t1h), 3h (t3h), 5h (t5h) and 21.5h (t21.5h) and were treated as 

the t0h sample. After the piperidine treatment, the samples were washed with DMSO (5x1min), 

DCM (5x1min), DEE (5x1min) and were dried under vacuum for 15 min. Mini-acidolysis 

experiments of the samples were performed. 

7.3.3.2.8 Experimental procedure of E3-80i 

Figure 7.12 General scheme of E3-80i 

MP1-CM (0.25 g, f = 0.62 mmol/g) was weighed in a syringe and was washed with DCM (5x1min) 

and swelled in the same solvent (1x30min). OxymaPure (3.0 eq, 0.46 mmol, 66 mg) and EDC  

(3.0 eq, 0.46 mmol, 89 mg) were dissolved in DCM (2 mL). The resulting solution was introduced 

in the syringe and was left for 30 min. This activation procedure was repeated once more. The 

resin was washed with DCM (5x1min) and DMSO (5x1min). A small portion of the resin was taken 

out and treated with 5% piperidine in DMSO (1x30min). The rest of the resin was washed with 

H2O (5x1min). Gly (5.0 eq, 0.92 mmol, 70 mg) was weighed and dissolved in H2O (3 mL). This 

solution was introduced inside the syringe and Et3N (10.0 eq, 1.84 mmol, 258 µL) was added. 

Immediately after, a small portion of the resin (t0h) was washed with H2O (5x1min), DMSO (5x1min) 

and was treated with 5% piperidine in DMSO (1x30 min). Small portions of the resin were taken 

at 1h (t1h), 3h (t3h), 5h (t5h) and 21.5h (t21.5h) and were treated as the t0h sample. After the piperidine 
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treatment, the samples were washed with DMSO (5x1min), DCM (5x1min), DEE (5x1min) and were 

dried under vacuum for 15 min. Mini-acidolysis experiments of the samples were performed.

7.4 Green solvent-mediated Peptide Acidolysis

Green solvent reactors

Figure 7.13 reactor (left) and schematic representation (right)

All the reactors used to perform green solvent acidolysis experiments are 

).

Figure 7.14 (left), (right) and schematic representation of both reactors (middle)

) was the only reactor which permitted to observe what was happening inside of it while 

the experiment was being carried out thanks to a spy-hole made of sapphire (Figure 7.13). The 



Chapter 7. Experimental section

162

Figure 7.15 (left) and schematic representation (right)

) reactors were very similar between each other and consisted in 

cells of different volume that can be opened 

for the experiment. 

. have to 

entrances for and N2, as well as one exit to the reactor. 

. Due to the similarities between them, both 

reactors were represented with the same scheme (Figure 7.14).

was the only homemade reactor . Due to its small 

volume, it was not possible to have any controlled systems . 

had only one entrance for and the corresponding exit to the reactor. The 

addition of to achieve a final volume of 10 mL

(Figure 7.15).

Synthesis of model peptides

7.4.2.1 ACMP1-CTC

ACMP1-CTC (Figure 7.16) was synthesized using 10.0 g of CTC resin (f = 1.6 mmol/g) and Fmoc-

Leu-OH as the first amino acid. Final functionalization: 0.46 mmol/g. HPLC: 20-100%B in 20 min, 

tR = 10.2 min. MS: calculated for C51H87O12N13: 1074.3; found: 1074.9 [M+H]+.
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Figure 7.16 ACMP1-CTC model peptide

7.4.2.2 ACMP2-pMBHA

ACMP2-RAM-pMBHA (Figure 7.17) was synthesized using 1.0 g of pMBHA resin (f = 1.2 mmol/g) 

that was washed with DCM (3x10min) and DMF (3x1min) inside a 20 mL polypropylene syringe 

equipped with a polyethylene filter and connected to a vacuum pump. Then, Fmoc-Rink amide 

(1.5 eq) and HOBt (2.0 eq) were dissolved in the minimum amount of DMF. DIPCDI (2.0 eq) was 

added and the resulting mixture was stirred for 30 seconds. Next, this solution was introduced in 

the reaction vessel with the resin and the reaction was left for 2h. The ninhydrin test was 

performed to monitor the amino acid coupling. When the ninhydrin test was negative, DMF 

washes (5x1 min) were performed and the resin was transferred to the reaction vessel of a Liberty 

CEM peptide synthesizer that was used to finish the synthesis. Fmoc deprotection was carried out 

using 20% piperidine in DMF (2x10 min) at RT. Fmoc-amino acids (3.0 eq) were coupled in DMF 

using DIPCDI (3.0 eq) and HOBt (3.0 eq) as the activating system (2x1h) at RT. Final 

functionalization: 0.35 mmol/g.

Figure 7.17 ACMP2-pMBHA model peptide

7.4.2.3 Somatostatin-CTC

SST-CTC (15.0 g) was kindly provided by the Production department of BCN Peptides from a GMP 

batch of SST which are routinely synthesized by the company (Figure 7.18). This batch of SST-CTC 

was synthesized using CTC resin (fi = 1.6 mmol/g) and Fmoc-Cys(Trt)-OH as the first amino acid. 

Final functionalization: 0.31 mmol/g. HPLC: 5-85%B in 20 min, tR = 14.4 min. MS: calculated for 

C76H104O19N18S2: 1639.9; found: 820.8 [M+2H]2+.



Chapter 7. Experimental section

164

Figure 7.18 Somatostatin-CTC

7.4.2.4 Leuprolide-CTC

LP-CTC was synthesized using 8.0 g of CTC resin (f = 1.6 mmol/g) and Fmoc-Pro-OH as the first 

amino acid (Figure 7.19). Final functionalization: 0.38 mmol/g. HPLC: 20-100%B in 20 min, 

tR = 10.6 min. MS: calculated for C57H79O13N15: 1182.4; found: 1182.8 [M+H]+.

Figure 7.19 Leuprolide-CTC

Treatment of peptide fractions

After each experiment, 

. Both the filtrate fraction were frozen with a 

dry ice/acetone bath and lyophilized for minimum 12h. The treated peptidyl resin was also dried 

under vacuum for minimum 12h. 

). 1 mg of each peptide fraction was weighed, 

dissolved in and was analyzed by HPLC or HPLC-MS using the gradient method 

20-100%B in 20 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). Occasionally the gradient method 

40-100%B in 20 min was also used to analyze protected peptides. 

eluted from the column.
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Global cleavage/deprotection

7.4.4.1 Standard procedures

Small-scale experiments ( ) were performed by treating the appropriate

amount of dry peptidyl resin with the corresponding quantity for the 

proper amount of time while stirring. 

- In the case the deprotection cocktail was , the supernatant was added to 

DEE ( ) and the resulting suspension was 

centrifuged at 5,000 rpm for 1 min (Hettich EBA 12). 

. Finally, 1 mg of the dried peptide was weighed and dissolved in 1 mL ACN/ H2O 

1:1 +5% AcOH solution for posterior analysis by HPLC.

- In the case the deprotection cocktail was based the resin suspension was 

filtered and the filtrate was frozen in a dry ice/ acetone bath before lyophilization. Finally, 

1 mg of the dried peptide was weighed and dissolved in 1 mL ACN/ H2O 1:1 +5% AcOH 

solution for posterior analysis by HPLC. 

Mini-acidolysis experiments were performed as described in section 7.2.4. 1 mg of the dried 

peptide was weighed and dissolved in 1 mL ACN/ H2O 1:1 +5% AcOH solution for posterior 

analysis by HPLC.

7.4.4.2 Green solvent procedures: first and second series

In this section, a sample of the most relevant experiments carried out with and 

in various reactors will be described in detail.

5th session, Experiment 1. was opened and ACMP1-CTC were introduced, 

(Figure 7.20). Immediately, the reactor was closed and was 

introduced into the reactor . After the reactor was totally filled 

( ) the entrance was closed and it was 

. When it was sure that the , we began to stir the contents 

of the reactor. Due to the solubilization , the fell rapidly. Therefore, more 

was introduced in the reactor by opening the entrance . The final conditions were 

. The experiment was left . Then, the exit tube of the reactor was 

submerged in a 1L bottle containing . In addition, the exit tube was heat 

with an 

. Under these conditions, the reactor was 

slowly by opening the exit . The of the reactor was completed 
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. Without opening the reactor, more  was added through another entrance. 

After closing it again, more  was introduced in the reactor, to stir it for . After that 

amount of time, the reactor was  again under the same conditions as before. The 

previous  mixture was considered as . Finally, the reactor was opened 

and the treated peptidyl resin was recovered 

.  

Figure 7.20 Scheme of 5th session, Experiment 1 Figure 7.21 Scheme of 6th session, Experiment 1 

6th session, Experiment 1.  was opened and  of ACMP1-CTC were introduced, as well 

as  (Figure 7.21). Immediately, the reactor was closed and  was 

introduced into the reactor by opening the entrance e. After the reactor was totally filled  

( ), the experiment was left for . Then, the  tube of the reactor was submerged 

in a 0.5 L bottle containing . In addition, the  tube was heat with an 

electrical resistance and  were used to avoid the formation of any peptide blockages 

in the exit tube due to the expansion of . Under these conditions, the reactor was slowly 

 by opening the exit . The  was completed in . Afterwards, 

more  was introduced into the reactor. The reactor was  again to obtain 

the fraction. Finally, the reactor was opened and the treated peptidyl resin was recovered 

using  which was collected as the  fraction. 

7.4.4.3 Green solvent procedures: third series 

12th session, Experiment 1.  was opened and  ACMP1-CTC inside a glass vial were 

introduced (Figure 7.22). A magnetic stirrer and  were also introduced inside 

the glass vial. Immediately, the reactor was closed and  was introduced into the reactor 

by opening the entrance . After the reactor was totally filled ( ), the stirring was 

turned on but the magnetic stirrer could not move the  mixture. After 5 min, 
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dissolved permitting the stirring of the mixture. The stirring was 

set at and the experiment was left for . After that amount of time, the reactor was 

slowly . , some coming out the were observed. 

, the to half of the glass vial. After the was 

completed, the reactor was opened and the glass vial that contained the 

solid mixture was introduced inside . The peptidyl resin 

was considered as the fraction78.

Figure 7.22 Scheme of 12th session, Experiment 1

Cleavage of protected peptides

7.4.5.1 Green solvent procedures: final series

18th session, Experiment 1. was opened and LP-CTC was introduced (Figure 7.23). 

The reactor was closed and was introduced into the reactor 

(Figure 7.23). After the reactor was filled ( ), 

2 were closed. Then, 

was introduced inside the tube using a syringe and a needle. Immediately after the 

joint was closed again and . The tube was 

with ( ) and were opened consecutively 

to introduce the cocktail into the reactor. Once the reactor was filled, both entrance were 

closed and the experiment was left . Then, tube of the reactor was submerged in a 

0.5 L bottle containing . The reactor was by opening 

the exit . The of the reactor was completed in . solution 

was considered as the exit fraction. Finally, the reactor was opened and the treated peptidyl resin 

was recovered using which was collected fraction.

78 In this experiment, was obtained.
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Figure 7.23 Scheme of 18th session, Experiment 1

LP global deprotection in solution and purification

The elimination of the sidechain protecting groups was performed through the acidolysis in 

solution between the 

( in total) and a ( ) for at 

RT. After this time, the acidic solution was poured over ) 

previously cooled to -10ºC using a dry ice/acetone bath and contained in two 50 mL falcons. Both 

falcons were centrifuged at 5,000 rpm for 1 min (Hettich EBA 12) and 

. After this first wash, used to transfer all the peptide crude to only one 

of the falcons. Then, the resulting suspension was centrifuged once more and 

. Afterwards, washes were performed. After the last wash, the wet 

solid obtained was dried under vacuum for minimum 12h. 

The crude of leuprolide was purified using preparative LC (A: H2O+0.02%TFA; B: ACN) to obtain 

the desired purity grade (>99.5%). To do that, the crude was weighed and dissolved in aqueous 

AcOH 20% (60 mL). Then, the crude solution was filtered with 0.45 µm PVDF filter and injected to 

the column (MK9, flux 55 mL/min, 20 mL per injection) for its purification using 25%B in 30 min. 

Column fractions were collected in various crystal tubes and were analyzed by HPLC through 

20 µL co-injections of various of the column fractions. When the desired combination of fractions 

was obtained (purity of the principal peak had to be >99.5%), the selected tubes were joined in a 

79 HPLC: 20-100%B in 20 min +100%B in 10 min, tR = 10.6 min; 28%B in 30 min, tR = 14.6 min 
(A: H2O+0.1%TFA; B: ACN+0.07%TFA)
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2L round-bottomed flask. Finally, the pure peptide solution was frozen with a dry ice/acetone bath 

and was lyophilized to obtain pure LP (Figure 7.24).

Figure 7.24 Leuprolide structure

LP (H-Pyr1-His2-Trp3-Ser4-Tyr5-D-Leu6-Leu7-Arg8-Pro9-NH2). Protected LP was obtained initially 

from ). The acidolysis of protected 

LP was carried out using only

T. Peptide crude was purified by preparative LC obtaining 

. HPLC: 5-85%B in 20 min, tR = 14.3 min; 20-100%B in 

20 min, tR = 10.6 min; 28%B in 30 min, tR = 14.5 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). 

HRMS: calculated for C57H79O13N15: 1181.5982; found: 1182.6055 [M+H]+.

7.5 Synthesis of Somatostatin Analogs

All somatostatin analogs (SSAs) in the doctoral thesis were synthesized by manual Fmoc/tBu SPPS. 

Peptide syntheses were performed by using a reaction vessel with a pore filter plate, both 

connected to a vacuum pump. Reagents and solvents were introduced inside the reaction vessel, 

which contained the resin. After the reaction was completed, the solvent, excess of reagents and 

reaction byproducts were eliminated by filtration.

Ninhydrin test was used to determine qualitatively the presence of primary amines in the peptidyl

resin, which was used to control the coupling steps throughout the peptide synthesis.

Fmoc-Msa-OH was previously synthesized in the Riera Lab by Dr. Anna Escolà.

Development of Somatostatin Analogs

7.5.1.1 Solid-Phase peptide synthesis

Analogs A74-A82 were synthesized following standard Fmoc/tBu SPPS procedures as described 

in section 7.2.3. Resin functionalization should be between 0.9 and 1.4 mmol/g.
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Figure 7.25 Parallel synthesis of A76 and A77 

To take advantage of their structural similarity, each pair of peptides A76-A77, A78-A79 and 

A80-A81 were synthesized in parallel. As an example, A76 and A77 were synthesized from an 

initial quantity of 5.0 g of CTC resin (fi=1.6 mmol/g). After the coupling of  

Fmoc-Lys(Boc)-OH, the peptidyl resin was divided in two parts by weight and both peptides were 

continued to be synthesized in parallel (Figure 7.25). In the A76 peptidyl resin, Fmoc-Trp-OH was 

coupled, while in the A77 peptidyl resin Fmoc-D-Trp-OH was incorporated. 

7.5.1.2 Oxidative cleavage 

The release of the fully protected peptide was achieved by treating the peptidyl resin with solution 

A (DCM/TFE/AcOH, 70:20:10 v/v, 8.3 vol) for 2h under magnetic stirring. Afterwards, the 

suspension was filtered either in a reaction vessel keeping the filtrate. The resin was washed three 

times with more solution A (2.2 vol per wash). 

The disulfide bond formation between Cys3,14 residues was carried out using I2 as the oxidant. To 

do that, I2 (10 eq) was dissolved in solution A (3.3 vol) under magnetic stirring. The cleavage filtrate 

was added to the iodine solution and was stirred for 15 min at RT. Iodine excess was quenched 

with a 1M aqueous solution of N2S2O3·5H2O (22 eq) until complete discoloration of the oxidation 

solution. After phase separation, the aqueous layer was washed three times with DCM (2.2 vol per 

wash). The combined organic phases were washed with 5% aqueous solution of Citric Acid/NaCl 

1:1 (5.7 vol), washing the resulting aqueous phase three times with DCM (2.2 vol per wash). The 

solvent of the combined organic phases was eliminated under reduced pressure until a wet solid 

was obtained. This solid was dried under vacuum for minimum 1h. The solid was transferred to a 

filtering plate and was washed with water six times. The resulting solid was dried under vacuum 

for minimum 12h. Once the oxidation crude was completely dry, it was weighed and the yield was 

calculated. Yield should be between 100-170%. 
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7.5.1.3 Global deprotection in solution 

The elimination of the sidechain protecting groups was performed through global deprotection 

in solution using a mixture of TFA/DCM/Anisole/H2O (55:30:10:5 v/v) at RT for 4h.  

As the first step, the deprotection cocktail (15.3 vol) was prepared to treat the oxidation crude for 

4h at RT. After this time, the acidic solution was washed once with heptane (16.2 vol) in a 

separation funnel. The lower phase was poured slowly over DEE (32.5 vol) previously cooled to -

10ºC using a dry ice/acetone bath. The temperature of the mixture was controlled to never reach 

10ºC. The resulting suspension was left to rest between 15 to 30 min. Afterwards, the suspension 

was filtered and the resulting solid was washed six times with DEE discarding all the filtrates. The 

wet solid obtained was dried under vacuum for minimum 12h. The peptide crude was weighed 

and the global yield was calculated. Yield should be between 100-150%. 

7.5.1.4 Purification 

The synthesized SSAs were purified using preparative LC (A: H2O+0.02%TFA; B: ACN) to obtain 

the desired purity grade (>95%). To do that, SSAs were weighed and dissolved either with aqueous 

AcOH 20%, 30% or 40% solutions depending on their solubility. Next, the crude solutions were 

filtered with 0.45 µm PVDF filters and the filtrate was injected to the column for its purification.  

Generally, SSAs were purified using an isocratic method of more or less 30 min depending on the 

analog. A74-A79 and A82 were purified using isocratic methods between 23 to 27%B in 30 min. 

In contrast, A80-A81 had to be purified using gradient methods as shown in section 4.3.2. A74-

A75 were purified with preparative column MK9 (55 mL/min, 20 mL per injection), while A76-A82 

were purified with preparative column NS17 (110 mL/min, 40 mL per injection). 

Column fractions were collected in various crystal tubes and were analyzed by HPLC through  

20 µL co-injections of various of these fractions. When the desired combination of tubes was 

obtained (purity of the principal peak had to be >95%), the selected tubes were joined in one or 

several 2L round-bottomed flasks. Finally, the pure peptide solution was frozen with a dry 

ice/acetone bath and was lyophilized to obtain the pure SSA.  The peptide purity should be above 

95.0% by HPLC and purification recovery should be above 15%. 

7.5.1.5 Ion exchange (Dowex) 

After peptide purification, the ion-exchange from trifluoroacetate (TFA-) to acetate (AcO-) was 

performed using Dowex resin. To do that, the purified SSA was dissolved in 0.1M AcOH aqueous 

solution (30 mg/mL). Dowex resin was weighed and conditioned with three washes of 0.1M AcOH, 

and incorporated to the peptide solution. The resulting mixture was stirred for 15 min and the 

peptide was recovered by filtration. This procedure was repeated once more. The peptide solution 
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was frozen using a dry ice/acetone bath and lyophilized to obtain the peptide in its acetate form. 

Dowex recovery should be between 80-100%.

Purity determination and characterization of the synthesized SSAs was performed by HPLC using 

Kromasil C8 at 1 mL/min. Linear gradient 5-85%B in 20 min and isocratic method in 30 min were 

used to characterize each analog. HPLC-MS and HRMS were used as well to determine the 

presence of the desired peptide and its molecular weight.

List of Somatostatin Analogs

Figure 7.26 Structures of A74 and A75

(D-Ala1,D-Cys3,14,Msa7,D-Trp8)-SST (A74): analog A74 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-Phe6-

Msa7-D-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the general 

synthesis protocol using 2.0 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the 

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Fmoc-Msa-OH was 

incorporated at position 7. Peptide crude was purified by preparative LC obtaining 0.73 g with a 

98.6% purity. HPLC: 5-85%B in 20 min, tR = 14.6 min; 32%B in 30 min, tR = 11.3 min 

(A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: calculated for C79H110O19N18S2: 1679.9760; found: 

840.3875 [M+2H]2+ and 1680.7810 [M+H]+. Analog A74 was previously designed by Dr. Anna 

Escolà.

(D-Ala1,D-Cys3,14,D-Lys4,Msa7,D-Trp8)-SST (A75): analog A75 (H-D-Ala1-Gly2-c[D-Cys3-D-Lys4-

Asn5-Phe6-Msa7-D-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the 

general synthesis protocol using 5.0 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the 

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Fmoc-Msa-OH was 

incorporated at position 7. Peptide crude was purified by preparative LC obtaining 2.77 g with a 

98.5% purity. HPLC: 5-85%B in 20 min, tR = 14.8 min; 32%B in 30 min, tR = 13.9 min 

(A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: calculated for C79H110O19N18S2: 1679.9760; found: 

840.3913 [M+2H]2+ and 1680.7980 [M+H]+.
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(D-Ala1,D-Cys3,14)-SST (A76): analog A76 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-Phe6-Phe7-Trp8-

Lys9-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH)  was synthesized following the general synthesis 

protocol using 2.5 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the C-terminal amino 

acid and Boc-D-Ala-OH as the N-terminal amino acid. Peptide crude was purified by preparative 

LC obtaining 0.80 g with a 99.3% purity. HPLC: 5-85%B in 20 min, tR = 14.5 min; 29.5%B in 30 min, 

tR = 15.2 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: calculated for C76H104O19N18S2: 

1637.8950; found: 819.3565 [M+2H]2+ and 1638.7052 [M+H]+.

Figure 7.27 Structures of A76-A81

(D-Ala1,D-Cys3,14,D-Trp8)-SST (A77): analog A77 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-Phe6-Phe7-

D-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the general synthesis 

protocol using 2.5 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the C-terminal amino 

acid and Boc-D-Ala-OH as the N-terminal amino acid. Peptide crude was purified by preparative 

LC obtaining 1.63 g with a 99.3% purity. HPLC: 5-85%B in 20 min, tR = 14.0 min; 27.5%B in 30 min, 

tR = 14.7 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: calculated for C76H104O19N18S2: 

1637.8950; found: 819.3566 [M+2H]2+ and 1638.7052 [M+H]+.

(D-Ala1,D-Cys3,14,D-Phe6,11)-SST (A78): analog A78 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-D-Phe6-

Phe7-Trp8-Lys9-Thr10-D-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the general 

synthesis protocol using 2.5 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the 

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Peptide crude was 

purified by preparative LC obtaining 0.81 g with a 96.9% purity. HPLC: 5-85%B in 20 min, 

tR = 14.6 min; 30%B in 30 min, tR = 14.4 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS:

calculated for C76H104O19N18S2: 1637.8950; found: 819.3571 [M+2H]2+ and 1638.7064 [M+H]+.

(D-Ala1,D-Cys3,14,D-Phe6,11,D-Trp8)-SST (A79): analog A79 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-

D-Phe6-Phe7-D-Trp8-Lys9-Thr10-D-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the 

general synthesis protocol using 2.5 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the 

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Peptide crude was 
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purified by preparative LC obtaining 2.03 g with a 97.7% purity. HPLC: 5-85%B in 20 min,  

tR = 14.6 min; 30.5%B in 30 min, tR = 14.5 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: 

calculated for C76H104O19N18S2: 1637.8950; found: 819.3571 [M+2H]2+ and 1638.7064 [M+H]+. 

(D-Ala1,D-Cys3,14,D-Thr10)-SST (A80): analog A80 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-Phe6-

Phe7-Trp8-Lys9-D-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the general 

synthesis protocol using 2.5 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the  

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Peptide crude was 

purified by preparative LC obtaining 0.84 g with a 96.1% purity. HPLC: 5-85%B in 20 min,  

tR = 14.1 min; 28%B in 30 min, tR = 14.3 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: 

calculated for C76H104O19N18S2: 1637.8950; found: 819.3572 [M+2H]2+ and 1638.7064 [M+H]+. 

(D-Ala1,D-Cys3,14,D-Trp8,D-Thr10)-SST (A81): analog A81 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-

Phe6-Phe7-D-Trp8-Lys9-D-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the 

general synthesis protocol using 2.5 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the 

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Peptide crude was 

purified by preparative LC obtaining 0.85 g with a 98.7% purity. HPLC: 5-85%B in 20 min,  

tR = 14.0 min; 29.5%B in 30 min, tR = 14.7 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: 

calculated for C76H104O19N18S2: 1637.8950; found: 819.3570 [M+2H]2+ and 1638.7061 [M+H]+. 

Figure 7.28 Structure of A82 

(D-Ala1,D-Cys3,14,Msa6,D-Trp8)-SST (A82): analog A82 (H-D-Ala1-Gly2-c[D-Cys3-Lys4-Asn5-

Msa6-Phe7-D-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13-D-Cys14]-OH) was synthesized following the 

general synthesis protocol using 2.0 g of CTC resin (f = 1.6 mmol/g), Fmoc-D-Cys(Trt)-OH as the 

C-terminal amino acid and Boc-D-Ala-OH as the N-terminal amino acid. Fmoc-Msa-OH was 

incorporated at position 6. Peptide crude was purified by preparative LC obtaining 0.81 g with a 

99.5% purity. HPLC: 5-85%B in 20 min, tR = 15.0 min; 31%B in 30 min, tR = 13.9 min  



Chapter 7. Experimental section

175

(A: H2O+0.1%TFA; B: ACN+0.07%TFA). HRMS: calculated for C79H110O19N18S2: 1678.7636; found: 

840.3900 [M+2H]2+ and 1679.7706 [M+H]+.

Characterization of Somatostatin Analogs

7.5.3.1 Serum stability studies

Figure 7.29 Serum stability studies

Human serum (Sigma, H4522) was incubated at 37ºC for minimum 15 min. Meanwhile, peptide 

stock solution in Milli-Q water (6 mg/mL, solution A) was prepared in a 5 mL plastic tube (Figure 

7.29). A 1:10 dilution of solution A was prepared in human serum: i.e. 150 µL of solution A and 

1350 µL of human serum (0.6 mg/mL, solution B). Immediately after, 200 µL aliquots of solution B 

were prepared in eppendorfs that were incubated at 37ºC. At specified times (ti), the aliquots were 

treated with 400 µL of cold ACN 80 to precipitate the serum proteases (final concentration 

0.2 mg/mL, 66% of ACN). In the case of t0, the sample was directly precipitated with cold ACN 

without any incubation time. The precipitated samples were cooled for some seconds in a dry 

ice/acetone bath and were centrifuged at 10,000 rpm for 5 min and 4ºC (Eppendorf 5415 R). The 

supernatant was filtered with a 0.45 µm PVDF filter and was introduced in a new eppendorf. At 

this point, the samples were analyzed directly by HPLC or kept in the freezer (T = -20ºC) for 

posterior analysis. The stability study standards were prepared as follows:

- Peptide standard: 20 µL of solution A + 180 µL of Milli-Q water + 400 µL of ACN.

- Serum standard: 20 µL of solution A + 180 µL of human serum + 400 µL of ACN. After 

precipitation, this standard was treated following the previous procedure.

80 In general, ACN was used to precipitate serum proteases in all the stability studies performed, except for 
A75 in which 5% TFA solution in ACN was used due to peptide recovery issues.
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- ACN standard: 200 µL of Milli-Q water + 400 µL of ACN.

Immediately before HPLC analysis, both the samples and the standards were diluted to of the 

initial concentration with Milli-Q water (e.g. 50 µL of sample + 100 µL of Milli-Q water). This step 

permitted to decrease the initial 66% ACN of the samples avoiding quick elution from the 

analytical column. After this dilution step, stability samples (60 µL per injection) were analyzed by 

HPLC using the corresponding isocratic method for each peptide (A: H2O+0.1%TFA; 

B: ACN+0.07%TFA). The serum half-life (t1/2) of each peptide was calculated from the HPLC 

degradation data using the linear regression of the natural logarithm of the peak percentage 

(Ln (Ai/A0·100)) with respect to time (ti). The determination of the slope that corresponded to the 

experimental constant (-Ke) allowed the calculation of the half-life of the peptide (Figure 7.30).

Generally, an initial stability study (ti = 0h, 1h, 4h, 8h, 24h, 48h, 72h) was performed on each

peptide to obtain a first orientated result (study I). Afterwards, three stability studies were 

performed in parallel (studies IIA, IIB and IIC). The time points selected for these replicates were 

determined taking into account the results of study I. The mean of the half-life values obtained in 

the replicates of study II was considered as the real half-life of the peptide. For more details about 

the results obtained see section 9.3.2.

A75 recovery tests were prepared by mixing 20 µL of solution A and 180 µL of serum in an 

eppendorf. Then, the serum proteases were precipitated by adding 400 µL of a variety of organic 

solvents and solutions. Finally, the supernatant was filtered, diluted to with Milli-Q water and 

analyzed by HPLC performing two injections of each sample.

Figure 7.30 Half-life calculation and example

7.5.3.2 Metabolite studies

Serum stability samples of each peptide were re-analyzed by HPLC using the linear gradient 

5-70%B in 45 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA)81. The analysis and comparison of these 

81 The metabolites of A77 were analyzed by the linear gradient 5-40%B in 45 min.
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data permitted to identify various growing peaks that corresponded to different peptide 

metabolites. After the identification of the metabolite peaks, one of the serum stability samples

of each peptide was analyzed by HPLC-MS using the previous gradient method. Analysis of the 

obtained data permitted to assign each metabolite peak to a determined mass. When the mass 

of a peak corresponded to two different structures (e.g. Des[Lys4]-A78 or Des[Lys9]-A78, 

MW 1527.7350), the corresponding metabolite peak was collected through HPLC analysis. The 

collected peak was treated with 20 µL of a 1,4-dithiothreitol (DTT) aqueous solution (1 mg/mL) 

for 1h at RT. This treatment permitted to eliminate the disulfide bond between Cys3,14 and to 

analyze the corresponding fragments directly by MS. The identification of these fragments after 

DTT treatment, permitted to distinguish between the two metabolites.

7.5.3.3 Biologic assays

In July 2021, A74, A75 and A82 were sent to the research group of Prof. Justo Castaño at IMBIC 

(Córdoba). These analogs will be evaluated in vitro against various cellular models of tumors that 

overexpress SSTRs. These tumors are shown in section 4.3.4.

7.6 Synthesis of (S)-Bicalutamide

Initial synthesis of (S)-Bicalutamide

(S)-bromoamide (5-14) (1.0 eq, 6.3 mmol, 2.2 g), TEBAC (1.1 eq, 6.9 mmol, 1.6 g), Na2HPO4

(3.0 eq, 18.8 mmol, 2.7 g) and sulfinate (5-9) (3.0 eq, 18.8 mmol, 3.4 g) were introduced in a 50 

mL round-bottomed flask. Then, H2O (5 vol, 10 mL) was added, and the mixture was heat at 100ºC 

for 3h. Thin-layer chromatography (TLC) (Hexane/EtOAc 1:1) was used to monitor the reaction. 

The crude was left to cool to 65ºC and sodium dithionite (Na2S2O7 7.1 g), IPA (10 mL) and active 

carbon (0.2 g) were added. The resulting mixture was heat at 100ºC for 2h. After this amount of 

time, the crude was filtered at 60ºC using a Büchner funnel with three filters and IPA (10 mL) to 

wash the carbon cake. H2O (50 mL) was added slowly to the filtrate to obtain a final IPA/H2O 

relation of 1:3. In these conditions, the resulting mixture was left to cool for 12-18h and was 

filtered to obtain a light-brown solid (2.8 g). A second discoloration of the crude product was 

performed dissolving it in IPA (1 vol, 3 mL) at 100ºC. Then, an aqueous dithionite solution (0.24 g 

in 3 mL) and active carbon (0.15 g) were added. The resulting mixture was stirred for 2h at 100ºC. 

After this amount of time, the mixture was filtered at 65ºC using a Büchner funnel equipped with 

three filters. The carbon cake was washed with more IPA (3 mL) and H2O (15 mL) was added to 

the filtrate. The mixture was left to cool slowly for 12-18h. The crystallized light-brown solid was 

filtered and dried in a desiccator until constant weight (2.5 g, 90% yield).
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Synthesis of (S)-Bromoamide (E6-168)

Figure 7.31 Synthesis of (S)-bromoamide (5-14)

(S)-Bromoacid (5-13) (1.2 eq, 0.354 mol, 64.8 g) was introduced inside a 1L Schlenk flask with a 

magnetic stir bar. Three vacuum/N2 cycles were applied. Anh. THF (4.7 vol, 260 mL) was introduced 

via cannula and the (S)-bromoacid (5-13) was dissolved by magnetic stirring. The flask was cooled 

at 5ºC with an ice/water bath and thionyl chloride (1.5 eq, 0.44 mol, 32 mL) was added with a 

syringe. The reagents were allowed to react for 2h to obtain the corresponding acid chloride.

4-cyano-3-trifluoromethylaniline (5-4) (1.0 eq, 0.30 mol, 54.9 g) was introduced inside a 0.5L 

Schlenk flask with a magnetic stir bar. Three vacuum/N2 cycles were applied to the flask. Anh. THF 

(2.2 vol, 120 mL) was introduced via cannula and the aniline was dissolved via stirring and 

sonication. The aniline (5-4) solution was transferred via cannula to the acid chloride flask, washing 

the flask with more anh. THF (0.4 vol, 20 mL). The resulting mixture was allowed to react for 30 

min. Anh. Et3N (1.5 eq, 0.44 mol, 62 mL) was introduced via syringe and the resulting mixture was 

allowed to react for 30 min more. Using a N2 flow, a reflux condenser was attached to the 1L 

Schlenk flask maintaining the anhydrous conditions. The reaction mixture was heat at 80ºC 

overnight (minimum 13h). TLC (Hexane:EtOAc 1:1) was used to monitor the reaction.

The reaction crude was allowed to cool until RT was achieved. Afterwards, the solvent was 

eliminated under reduced pressure. Then, it was dissolved in EtOAc (350 mL) and washed with 

aqueous 5% HCl (75 mL) in a 2L separation funnel. After phase separation, the aqueous phase was 

washed with more EtOAc (75 mL). The resulting organic phase was washed with saturated NaHCO3

solution (3x75mL) and H2O (3x75 mL). The organic phase was dried over anh. MgSO4 and filtered 

to a 1L round-bottomed flask.

Active carbon (3.2 g) was added to the crude product dissolved in EtOAc and the resulting mixture 

was heat at 85ºC during minimum 2h for complete discoloration. After this time, the solution was 

allowed to cool until RT was achieved. Then, active carbon was filtered over a Büchner funnel 

equipped with three filters. The filtrate was evaporated under reduced pressure to obtain a brown 

oil. Toluene (100 mL) was used to completely eliminate any rests of EtOAc by evaporation under 

reduced pressure. This step was performed once more to finally obtain a brown solid 

(approximately 134 g).
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The crude was recrystallized from toluene (0.52 vol, 70 mL) at 120ºC. When the product was 

completely dissolved heat was turned off and the solution was allowed to cool until RT while 

stirring. The flask was cooled with an ice/water bath for minimum 10 min. The resulting suspension 

was filtered and the solid was washed with cold hexane (50 mL). The product was dried under 

vacuum until constant weight (79.8 g, 77% yield, 99.2% purity by HPLC-MS).

1H-NMR (400 MHz, CDCl3) (ppm): 8.98 (brs, 1H), 8.08 (d, J = 2.2 Hz, 1H), 7.99-7.91 (m, 1H), 

7.81 (d, J = 8.5 Hz, 1H), 4.02 (d, J = 10.6 Hz, 1H), 3.60 (d, J = 10.5 Hz, 1H), 2.98 (s, 1H), 1.64 (s, 3H).

13C-NMR (101 MHz, CDCl3) (ppm): 171.48, 141.10, 135.88, 121.87, 117.36, 117.31, 115.35, 

104.97, 75.54, 41.04, 24.80.

HPLC: 45%B in 30 min, tR = 16.3 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). MS: calculated for 

C12H10O2N2BrF3: 351.1; found 464.9 [M-1H+TFA]-.

Synthesis of sodium 4-fluorobenzenesulfinate (E6-190)

Figure 7.32 Synthesis of sodium 4-fluorobenzenesulfinate (5-9)

Na2SO3 (1.2 eq, 1.26 mol, 159 g) was introduced in a 2L round-bottomed flask and was dissolved 

in H2O (4.5 vol, 922 mL) by magnetic stirring. Na2CO3 (1.2 eq, 1.26 mol, 133.6 g) was introduced 

in the flask and was also dissolved. The resulting solution was heat at 50ºC and 

4-fluorobenzenesulfonyl chloride (5-23) (1.0 eq, 1.05 mol, 205 g) was added in three portions 

every 10 min. The resulting mixture was heat at 50ºC overnight (minimum 14.5h).

Water was eliminated under reduced pressure to approximately 10% of the initial volume 

(~ 100 mL). The resulting suspension was filtered and the solid was washed with the minimum 

amount of EtOH. The filtrate was evaporated under reduced pressure and the two solids were put 

together in a 5L glass reactor. EtOH (4L) was added and the suspension was left stirring at RT 

overnight (maximum 14 h). The suspension was filtered over a Büchner funnel equipped with three 

filters. EtOH (1L) was used to completely clean the reactor and the filtered solid. The filtrate was 

evaporated under reduced pressure to approximately 10% of the initial volume (~0.5 L). The 

resulting suspension was filtered and the solid was washed with the minimum amount of ACN. 

The filtrate was evaporated under reduced pressure and the two solids were put together in a 2L 

round-bottomed flask. ACN (0.8L) was added and the suspension was left stirring at RT for 30 min 

and was filtered. The solid was washed with more ACN (0.4L) and the product was dried in a 

vacuum desiccator until constant weight (185.4 g, 99% yield, 98.9% purity by HPLC-MS).
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1H-NMR (400 MHz, DMSO-d6) (ppm): 7.50-7.46 (m, 2H), 7.12-7.07 (m, 2H).

HPLC: 8%B in 30 min, tR = 17.3 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). MS82: calculated for 

C6H4O2SFNa: 182.1; found 174.9 [M-1H]-.

Synthesis (E6-195) and recrystallization (E7-058) of (S)-Bicalutamide

Figure 7.33 Synthesis of (S)-bicalutamide (5-1)

(S)-bromoamide (5-14) (1.0 eq, 0.17 mol, 60.8 g), sodium 4-fluorobenzenesulfinate (5-23) (3.0 eq, 

0.52 mol, 94.5 g), triethylbenzylammonium chloride (TEBAC) (1.1 eq, 0.19 mol, 43.3 g) and 

Na2HPO4 (3.0 eq, 0.52 mol, 73.7 g) were weighed inside a two-neck 1L round-bottomed flask. A 

reflux condenser was attached and the whole system was purged with N2 for 20 min. Milli-Q water 

(4 vol, 245 mL) was introduced in a 0.5L Schlenk flask and was degasified with N2 for 20 min.

Degasified Milli-Q water was transferred to the two-neck flask via cannula and the resulting 

mixture was heat at 100ºC for 1h. TCL (Hexane:ETOAc 1:1) was used to monitor the reaction.

The reaction crude was allowed to cool until RT was achieved. Then, it was transferred to a 1L 

separation funnel and more water (250 mL) was added. The product was extracted with EtOAc 

(2x200 mL). The organic phase was dried over anh. MgSO4 and filtered to a 1L round-bottomed 

flask. Active carbon (6.1 g) was added and the mixture was heat at 90ºC for 2h for complete 

discoloration. Afterwards, it was allowed to cool until RT was achieved and was filtered over a 

Büchner funnel equipped with three filters. The filtrate was transferred to a previously weighed 

two-neck 1L flask and the solvent was eliminated under reduced pressure to obtain an orange oil 

(92.5 g, 74.5% purity by HPLC-MS).

Recrystallization (Procedure B): an IPA/H2O 1:1 mixture (184 mL, 2 vol in relation to the previous 

crude) was added to the two-neck round-bottomed flask. A reflux condenser was attached and 

the mixture was heat at 120ºC. After the product was completely dissolved, H2O (60 mL) was slowly 

added until a permanent turbidity was observed inside the flask. The heat was stopped and the 

mixture was allowed to cool until RT was achieved. The product was filtered over a filter plate and 

82 The mass found in the HPLC-MS analysis for 4-fluorobenzenesulfinate (5-23) did not correspond to this 
precursor. Despite this, the 1H-NMR peaks of the aromatic protons of sulfinate (5-9) were clearly different 
from the signals of 4-fluorobenzenesulfonyl chloride (5-23). We think that the mass observed (174.9 m/z) in 
the HPLC-MS analysis of sulfinate (5-23) corresponds to: i) the oxidized product (sodium 
4-fluorobenzenesulfonate (MW 198.1)); or, ii) an adduct with water. Nevertheless, we are sure to obtain
sulfinate (5-23) because the reaction to prepare (S)-bicalutamide (5-1) works very well. MS: calculated for 
C6H4O3SFNa: 198.1; found 174.9 [M-1H-Na]-.
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was washed with an IPA/H2O 1:1.65 mixture (50 mL). The product was dried in a vacuum desiccator 

until constant weight (51.3 g, 69% yield, 98.9% purity by HPLC-MS). 

The product was recrystallized twice following the previous procedure to finally obtain pure  

(S)-bicalutamide (47.7 g, 93% recrystallization recovery, 99.8% purity by HPLC-MS). 

1H-NMR (400 MHz, CDCl3)  (ppm): 9.01 (brs, 1H), 7.91 (m, 1H), 7.84-7.81 (m, 2H), 7.73-7.72 (m, 

2H), 7.13-7.09 (m, 2H), 4.97 (s, 1H), 3.90 (d, J = 14.4 Hz, 1H), 3.43 (d, J = 14.4 Hz, 1H), 1.55 (s, 3H). 

13C-NMR (101 MHz, CDCl3)  (ppm): 171.42, 167.51, 164.94, 141.00, 135.80, 135.06, 134.27, 

133.94, 130.93, 130.84, 121.81, 117.27, 116.97, 116.74, 115.29, 74.44, 61.61, 27.70. 

HPLC: 45%B in 60 min, tR = 17.4 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA). MS: calculated for 

C18H14O4N2SF4: 430.4; found 543.1 [M-1H+TFA]-. 
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9 Annex

9.1 Green Solid-Phase Peptide Synthesis

Green solvent protocols
Table 9.1 Green SPPS protocols using 2-MeTHF or EtOAc[78]

EtOAc / 2-MeTHF 
(protocol D)

2-MeTHF 
(protocol E)

1) Washing 1xEtOAc
1x2-MeTHF

3xEtOAc
1x2-MeTHF

2) Fmoc removal 20% piperidine/EtOAc 7 min 20% piperidine/2-MeTHF 7 min

3) Washing
1xEtOAc

1x2-MeTHF

1x2-MeTHF
3xEtOAc

1x2-MeTHF
4) Coupling Fmoc-AA-OH/DIPCDI/OxymaPure (3:3:3 eq), 1h, 2-MeTHF

Table 9.2 Green SPPS protocols using GVL (D) or NFM (E)[80]

GVL (D) NFM (E)
1) Washing 2xGVL 2xNFM

2) Fmoc removal
20% piperidine/GVL 
1x1 min + 1x7 min

20% piperidine/NFM 
1x1 min + 1x7 min

3) Washing 3xGVL 3xNFM
4) Coupling Fmoc-AA-OH/DIPCDI/OxymaPure (3:3:3 eq), 1h

Table 9.3 MW-assisted Green SPPS protocol with GVL[81]

GVL (MW)
1) Fmoc removal 20% piperidine/GVL at 90ºC for 95 s

2) Coupling Fmoc-AA-OH/DIPCDI/OxymaPure (5:5:5 eq) at 90ºC for 165s

Table 9.4 Green SPPS protocol with PC

Propylene Carbonate (PC)
1) Washing 3xPC

2) Fmoc 
removal

20% piperidine/PC, 10 min + 20 min

3) Washing 3xPC
4) Coupling Fmoc-AA-OH/HBTU/HOBt/DIEA (3: 3: 3: 6 eq), 2x1h, PC

Table 9.5 Green SPPS protocol using solvent mixtures of NBP/EtOAc[88]

NBP/EtOAc
1) Washing NBP/EtOAc 1:9, 45ºC, 4x5 min

2) Fmoc removal 5% NMPip in NBP/EtOAc 1:1, 45ºC, 2x15 min
3) Washing NBP/EtOAc 1:9, 45ºC, 4x5 min
4) Coupling Fmoc-AA-OH/DIPCDI/OxymaPure (1: 3: 1 eq) in NBP/EtOAc 1:1, 45ºC, 30 min
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Green solvents
Table 9.6 Activation experiments with NFM

EXP Resin ACTIVATION
Pip-MP

(%)
E3-60iii MP1-TG ACT8, GVL, 2x30 min 68.0
E3-61iv MP1-TG ACT8, PC, 2x30 min 69.3
E3-62i

MP1-TG

ACT1, NFM, 2x1h 35.0
E3-62ii ACT3, NFM, 1x2h 49.2
E3-62iii ACT6, NFM, 2x1h 29.7
E3-62iv ACT8, NFM, 2x30 min 17.7

Screening of organic and inorganic bases
Table 9.7 Screening of tertiary amines

EXP Resin ACTIVATION COUPLING
G-G-MP

(%)
G-MP

(%)

E1-90i
G-MP1-PS

(E1-72)
ACT1, DCM, 2x2h B + Et3N 68.0 27.1

E1-92iv
G-MP1-PS

(E1-72)
ACT1, DCM, 2x2h B + DBU (1 eq) 19.4 36.5

E1-96i
G-MP1-PS

(E1-94) ACT1, DCM, 2x2h B + Collidine 58.9 33.0

E1-99i G-MP1-PS
(E1-94)

ACT1, DCM, 2x2h
B + Me3N 59.2 28.1

E1-99ii B + Me3N (5 eq) 60.7 28.4

E2-02i
G-MP1-PS

(E1-94)
ACT1, DCM, 2x2h B + LUT (5 eq) 57.8 35.2

E2-04i
G-MP1-PS

(E1-94)
ACT1, DCM, 2x2h B + NMM 59.7 36.4

E2-08i
G-MP1-PS

(E1-94)
ACT1, DCM, 2x2h B + DABCO 66.7 26.5

E2-10ii
G-MP1-PS

(E1-94) ACT1, DCM, 2x2h B + NMPip (5 eq) 68.1 25.0

E2-63ii G-MP1-PS
(E2-52)

ACT3, DCM, 1x2h
B + Collidine (5 eq) 40.4 21.4

E2-63iv B + LUT (5 eq) 37.6 21.3

E2-64i
G-MP1-PS

(E2-52)
ACT3, DCM, 1x2h B + NMM 45.6 19.3

Table 9.8 Experiments with inorganic bases

EXP Resin ACTIVATION COUPLING
G-G-MP

(%)
G-MP

(%)
E2-27i

G-MP1-PS
(E2-06i)

ACT1, DCM, 2x2h B + NaHCO3 69.8 24.0
E2-29i ACT1, DCM, 2x2h B + Na2CO3 68.9 24.1

E2-42iv ACT1, DMF, 2x2h B + NaHCO3 (10 eq) + Na2CO3 (3 eq) 69.5 12.6

E2-46i
G-MP1-PS

(E2-31)
ACT1, DMF, 2x2h B + NaHCO3 (1 eq) + Na2CO3 (10 eq) 72.4 9.0
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Hydrolysis experiments
Table 9.9 Hydrolysis experiments

EXP Resin ACTIVATION COUPLING
Pip-MP1 (%)

t0h t1h t3h t5h t21.5h

E3-69i

MP1-CM

ACT1, GVL, 
2x1h

B + Et3N (5eq) 60.9 27.3 18.8 16.1 0
E3-69ii A 95.9 52.4 36.3 32.1 4.3
E3-77i ACT3, PC, 

1x2h
B + Et3N (5eq) 93.5 72.8 64.7 60.1 52.2

E3-77ii A 98.2 85.1 78.9 75.7 62.9
E3-74i ACT6, GVL, 

2x1h
B + Et3N (5eq) 47.6 11.0 8.9 6.0 3.8

E3-74ii A 67.3 27.9 23.8 21.4 13.6
E3-73i ACT8, DCM, 

2x30 min
B + Et3N (5eq) 24.3 6.6 0 0 0

E3-73ii A 45.7 9.9 6.8 5.3 0

Table 9.10 Coupling rate experiments

EXP Resin ACTIVATION COUPLING
G-MP1 (%)

t0h t1h t3h t5h t21.5h

E3-78i

MP1-CM

ACT1, GVL, 
2x1h

B + Et3N 45.8 82.5 81.9 81.9 81.9
E3-78ii A 33.2 69.0 75.4 79.1 83.4
E3-81i ACT3, PC, 

1x2h
B + Et3N 12.6 13.4 31.1 63.6 85.2

E3-81ii A 6.6 33.4 46.4 54.7 80.1
E3-79i ACT6, GVL, 

2x1h
B + Et3N 50.1 70.8 69.7 70.7 70.5

E3-79ii A 30.1 68.0 76.5 76.8 78.4
E3-80i ACT8, DCM, 

2x30 min
B + Et3N 45.9 50.0 51.0 51.6 52.5

E3-80ii A 40.4 45.7 48.4 51.9 52.6

9.2 Green solvent-mediated peptide acidolysis

Global cleavage/deprotection experiments

9.2.1.1 Standard procedures

Table 9.11 Mini-acidolysis experiments 

Cocktail
Time
(h)

Concentration
(M)

1
2
3
4
5
6
7
8
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Table 9.12 Mini-acidolysis experiments using various strong acids in TFE

# Cocktail
Time
(h)

Concentration
(M)

1 .9
2
3
5
6
7
8
9

10
11
12
13
14
15
16

9.3 Synthesis of Somatostatin Analogs

Development of Somatostatin analogs
Table 9.13 Synthesis of analogs A74 and A82

ID Initial resin 
(g)

Final resin 
(g)

Mass 
(g)

Peptide 
mmol

Functionalization
(mmol/g)

A74 2.0 7.18 5.18 1.82 0.91
A75 5.0 18.10 13.10 4.60 0.92
A76 2.5 10.59 8.09 2.89 1.15
A77 2.5 10.18 7.68 2.74 1.10
A78 2.5 10.88 8.38 2.99 1.20
A79 2.5 10.50 8.00 2.86 1.14
A80 2.5 10.40 7.90 2.82 1.13
A81 2.5 10.13 7.63 2.73 1.09
A82 2.0 7.52 5.52 1.92 0.96

Table 9.14 Oxidative cleavage and global deprotection of A74-A82

ID
OXIDATIVE CLEAVAGE GLOBAL DEPROTECTION

Oxidized 
product (g) 

Yield
(%)

Crude
(g)

Yield
(%)

A74 5.60 107 3.11 102
A75 13.25 100 8.47 109
A76 8.04 132 5.59 118
A77 7.95 138 5.39 120
A78 7.52 119 4.87 99
A79 8.21 136 4.82 103
A80 8.40 141 5.85 127
A81 7.87 137 5.04 113
A82 5.66 122 3.92 120
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Table 9.15 Purification and ion exchange of A74-A82

ID

PURIFICATION ION EXCHANGE

Purification
Method

Purificatio
n

Column

Pure 
peptide (g)

Purity
(%)

Recovery
(%)

Acetate 
peptide (g)

Recovery
(%)

A74 27%B in 30 min MK9 0.73 98.6 23 0.66 91
A75 26%B in 30 min MK9 2.77 98.5 32 2.29 84
A76 25%B in 30 min NS17 0.80 99.3 14 0.69 86
A77 23%B in 35 min NS17 1.63 99.3 31 1.43 88
A78 25%B in 30 min NS17 0.81 96.9 17 0.70 87
A79 26%B in 25 min NS17 2.03 97.7 42 1.78 88

A80
24%B in 28.5 min

25.5%B in 28.5-33 min NS17 0.84 97.9 15 0.73 87

A81 24-36%B in 15 min
36%B in 15-32 min

NS17 0.85 98.2 17 0.68 81

A82 26%B in 25 min NS17 0.81 99.5 21 0.71 87

Serum stability studies
Table 9.16 Stability studies of A46, A74 and A75

ID Study Method Time points Result (h) Mean (h)

A46

Previous83a 20-80%B in 30 min 0h, 0.25h, 0.5h, 1h, 2h, 3h, 5h, 
8h, 15.5h, 20h, 24h, 30h, 48h

24.6 -

Previous83b - 0h, 0.08h, 0.5h, 1h 0.45 -
I

32%B in 30 min 0h, 0.25h, 0.5h, 0.75h, 1.0h
0.87

1.0II 1.11
III 1.08

A74

Previous83b -
0h, 0.08h, 0.17h, 0.5h, 1h, 2h, 8h, 

30h, 48h
40.0 -

I

31.5%B in 30 min

0h, 1h, 4h, 8h, 24h, 48h, 72h 56.1 -
IIA

0h, 8h, 24h, 48h, 72h, 96h
43.6

53.8IIB 55.5
IIC 62.4

A75

I

32%B in 30 min

0h, 3h, 6h, 24h, 72h, 96h 202.0 -
IIA

0h, 72h, 120h, 168h, 240h, 288h
242.0

252.1IIB 241.2
IIC 273.2

Table 9.17 Stability studies of A76 and A77
ID Study Method Time points Result (h) Mean (h)

A76

I

30%B in 30 min

0h, 1h, 4h, 8h, 24h, 48h, 72h 2.6 -
IIA

0h, 0.5h, 1.5h, 3h, 4h, 6h
1.0

1.1IIB 1.1
IIC 1.2

A77

I

28%B in 30 min

0h, 1h, 4h, 8h, 24h, 48h, 72h 52.4 -
IIA

0h, 8h, 24h, 48h, 72h, 96h
46.1

48.1IIB 49.9
IIC 48.3

83 a) Performed by Dr. Marc Gómez[23]; b) Performed by Dr. Anna Escolà[26].
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Table 9.18 Stability studies of A78 and A79 
ID Study Method Time points Result (h) Mean (h) 

A78 

I 

30%B in 30 min 

0h, 1h, 4h, 8h, 24h, 48h, 72h 140.6 - 
IIA 

0h, 24h, 96h, 144h, 192h, 264h 
38.9 

36.7 IIB 35.4 
IIC 35.8 

A79 

I 

31%B in 30 min 

0h, 1h, 4h, 8h, 24h, 48h, 72h 331.6 - 
IIA 

0h, 96h, 168h, 264h, 336h, 408h, 
480h 

520.4 
410.9 IIB 353.7 

IIC 358.6 
 

Table 9.19 Stability studies of A80 and A81 
ID Study Method Time points Result (h) Mean (h) 

A80 

I 

28%B in 30 min 

0h, 1h, 4h, 8h, 24h, 48h, 72h 42.0 - 
IIA 

0h, 8h, 24h, 48h, 72h, 96h 
58.2 

56.7 IIB 55.7 
IIC 56.2 

A81 

I 

27.5%B in 30 min 

0h, 1h, 4h, 8h, 24h, 48h, 72h 104.2 - 
IIA 

0h, 24h, 96h, 120h, 144h, 192h 
164.5 

174.9 IIB 197.8 
IIC 162.4 

 

Table 9.20 Stability studies of A45 and A82 
ID Study Method Time points Result (h) Mean (h) 

A45 
Previous84 20-80%B in 30 min 

0h, 0.25h, 0.5h, 1h, 2h, 3h, 5h, 
8h, 15.5h, 20h, 24h, 30h, 48h 

26.2 - 

I 32%B in 30 min 0h, 1h, 1.5h, 2h, 2.5h, 3h 1.5 - 

A82 

I 

31%B in 30 min 

0h, 1h, 4h, 8h, 24h, 48h, 72h 75.0 - 
IIA 

0h, 24h, 48h, 72h, 80h, 96h, 104h 
112.3 

95.2 IIB 86.9 
IIC 86.5 

 

 
84 Performed by Dr. Marc Gómez[23]. 
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Metabolite studies

Figure 9.1 Metabolites of A74

Table 9.21 Metabolites of A74

#
tR85a

(min)
MS

(amu)
Type of

peak
MW

(g/mol)
ti85b

(h)
Fragment Identification

1 25.3 776.2 [M+2H]2+ 1551.8 24 des[D-Ala1,Gly2]-A74
2 25.8 641.4 [M+2H]2+ 1282.5 8 des[D-Trp8,Lys9,Thr10]-A74
3 26.0 685.4 [M+2H]2+ 685.8 24 des[Asn5,Phe6,Msa7,D-Trp8,Lys9,Thr10,Phe11]-A74
4 26.4 623.4 [M+H]+ 622.8 24 Msa7-D-Trp8-Lys9-Thr10

5 26.6 1031.5 [M+H]+ 1031.2 72 Asn5-Phe6-Msa7-D-Trp8-Lys9-Thr10-Phe11

6 27.0 849.7 [M+2H]2+ 1698.0 8 A74+H2O (opening between Phe6-Msa7)
7 28.2 840.9 [M+2H]2+ 1680.0 - A74
8 28.8 1248.0 [M+H]+ 1247.5 24 des[Asn5,Phe6,Msa7]-A74

Table 9.22 Metabolites of A76

#
tR

(min)
MS

(amu)
Type of

peak
MW

(g/mol)
ti

(h)
Fragment Identification

1 13.2 755.3 [M+2H]2+ 1509.8 1.5 des[D-Ala1,Gly2]-A76
2 13.7 1567.4 [M+H]+ 1566.8 0 des[D-Ala1]-A76
3 14.2 1047.0 [M+H]+ 1047.2 0.5 des[Phe6,Phe7,Trp8,Lys9]-A76
4 14.9 845.5 [M+H]+ 845.0 1.5 des[Phe7,Trp8,Lys9,Thr10,Phe11,Thr12]-A76
5 17.2 805.3 [M+2H]2+ 804.9 1.0 des[Lys4,Asn5,Phe6,Phe7,Trp8,Lys9]-A76
6 21.1 627.6 [M+H]+ 626.8 1.5 Phe6-Phe7-Trp8-Lys9

7 22.9 829.0 [M+H]+ 829.0 0 Phe7-Trp8-Lys9-Thr10-Phe11-Thr12

8 24.2 828.9 [M+2H]2+ 1656.0 0.5 A76+H2O (opening between Phe7-Trp8)
9 25.0 916.9 [M+H]+ 916.0 0.5 Phe7-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13

10 25.9 869.6 [M+H]+ 869.0 0.5 Lys4-Asn5-Phe6-Phe7-Trp8-Lys9

11 27.1 819.8 [M+2H]2+ 1638.0 - A76

85 a) Retention time of the metabolite; b) Time point of the stability study in which the metabolite is detected.
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Table 9.23 Metabolites of A77 

# 
tR 

(min) 
MS 

(amu) 
Type of 

peak 
MW 

(g/mol) 
ti 

(h) Fragment Identification 

1 15.5 1341.0 [M+H]+ 1341.5 24 des[D-Trp8,Lys9]-A77 
2 16.2 976.6 [M+H]+ 727.9 0 Phe6-Phe7-D-Trp8-Lys9-Thr10-Phe11-Thr12 
3a 22.1 1194.4 [M+H]+ 1194.3 

0 
des[Phe7,D-Trp8,Lys9]-A77 

3b 22.2 1177.1 [M+H]+ 1177.3 Asn5-Phe6-Phe7-D-Trp8-Lys9-Thr10-Phe11-Thr12-Ser13 
4 32.7 581.4 [M+H]+ 580.7 8 Phe7-D-Trp8-Lys9-Thr10 
5 32.9 845.2 [M+H]+ 845.0 24 des[Phe7,D-Trp8,Lys9,Thr10,Phe11,Thr12]-A77 
6 33.6 829.3 [M+H]+ 829.0 8 Phe7-D-Trp8-Lys9-Thr10-Phe11-Thr12 
7 34.5 704.5 [M+H]+ 703.8 24 des[Lys4,Asn5,Phe6,Phe7,D-Trp8,Lys9,Thr10]-A77 
8 34.6 1093.1 [M+H]+ 1093.2 8 des[Phe7,D-Trp8,Lys9,Thr10]-A77 
9 35.1 1219.2 [M+H]+ 1219.4 24 des[Thr10,Phe11,Thr12,Ser13]-A77 
10 39.9 819.7 [M+2H]2+ 1637.9 - A77 
11 41.9 1061.7 [M+H]+ 1061.2 24 des[Asn5,Phe6,Phe7,D-Trp8]-A77 

 

Table 9.24 Metabolites of A79 

# 
tR 

(min) 
MS 

(amu) 
Type of 

peak 
MW 

(g/mol) 
ti 

(h) 
Fragment Identification 

1 9.8 627.1 [M+H]+ 626.8 0 D-Phe6-Phe7-D-Trp8-Lys9 
2 16.6 771.2 [M+2H]2+ 1541.8 336 des[Asn5]-A79 
3 17.2 754.6 [M+2H]2+ 1508.7 0 des[Phe7]-A79 
4 17.3 1047.2 [M+H]+ 1047.2 0 des[D-Phe6,Phe7,D-Trp8,Lys9]-A79 
5 27.9 819.7 [M+2H]2+ 1637.9 - A79 
6 28.2 832.6 [M+H]+ 832.0 96 des[Asn5,D-Phe6,Phe7,D-Trp8,Lys9,Thr10]-A79 
7 28.5 784.5 [M+2H]2+ 1568.8 0 des[Ser13]-A79 
8 28.6 842.0 [M+H]+ 842.0 96 Asn5-D-Phe6-Phe7-D-Trp8-Lys9-Thr10 
9 29.1 1509.5 [M+H]+ 1509.8 168 des[D-Ala1,Gly2]-A79 

 

Table 9.25 Metabolites of A80 

# 
tR 

(min) 
MS 

(amu) 
Type of 

peak 
MW 

(g/mol) 
ti 

(h) 
Fragment Identification 

1 13.3 624.3 [M+2H]2+ 1247.5 8 des[Asn5,Phe6,Phe7]-A80 
2 13.8 783.9 [M+2H]2+ 1566.8 0 des[D-Ala1]-A80 
3 14.5 754.6 [M+2H]2+ 1508.7 0 des[Phe6]-A80 
4 14.9 869.7 [M+H]+ 869.0 24 Lys4-Asn5-Phe6-Phe7-Trp8-Lys9 
5 15.2 805.4 [M+H]+ 804.9 24 des[Lys4,Asn5,Phe6,Phe7,Trp8,Lys9]-A80 
6 15.5 829.2 [M+H]+ 829.0 24 Phe7-Trp8-Lys9-D-Thr10-Phe11-Thr12 
7 16.0 1218.0 [M+H]+ 1218.4 24 Lys4-Asn5-Phe6-Phe7-Trp8-Lys9-D-Thr10-Phe11-Thr12 
8 16.3 1240.3 [M+H]+ 1238.4 72 des[Trp8,Lys9,D-Thr10]-A80 
9 17.2 1047.2 [M+H]+ 1047.2 0 des[Phe6,Phe7,Trp8,Lys9]-A80 

10 18.7 1413.1 [M+H]+ 1413.6 8 des[Lys4,Asn5]-A80 
11 19.7 532.2 [M+2H]2+ 1063.2 8 Phe6-Phe7-Trp8-Lys9-D-Thr10-Phe11-Thr12-Ser13 
12 26.0 819.7 [M+2H]2+ 1637.9 - A80 
13 26.2 784.9 [M+2H]2+ 1568.8 24 des[Ser13]-A80 
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Table 9.26 Metabolites of A81

#
tR

(min)
MS

(amu)
Type of

peak
MW

(g/mol)
ti

(h) Fragment Identification

1 13.4 611.3 [M+H]+ 610.7 24 des[Phe6,Phe7,D-Trp8,Lys9,D-Thr10,Phe11,Thr12,Ser13]-A81
2 13.8 685.0 [M+H]+ 684.8 24 des[Asn5,Phe6,Phe7,D-Trp8,Lys9,D-Thr10,Phe11]-A81
3 17.2 755.2 [M+2H]2+ 1509.8 0 des[D-Ala1,Gly2]-A81
4 22.2 989.5 [M+H]+ 989.1 24 Asn5-Phe6-Phe7-D-Trp8-Lys9-D-Thr10-Phe11

5 23.3 1175.8 [M+H]+ 1175.3 24 des[Phe6,Phe7,D-Trp8]-A81
6 24.5 799.4 [M+H]+ 798.9 96 des[Phe6,Phe7,D-Trp8,Lys9,D-Thr10,Phe11]-A81
7 25.7 819.9 [M+2H]2+ 1637.9 - A81
8a 25.8 869.8 [M+H]+ 869.0 24 Lys4-Asn5-Phe6-Phe7-D-Trp8-Lys9

8b 25.9 613.2 [M+H]+ 612.7 96 Asn5-Phe6-Phe7-D-Trp8

9 26.2 624.0 [M+2H]2+ 1247.5 96 des[Asn5,Phe6,Phe7]-A81
10 27.4 1061.5 [M+H]+ 1061.2 96 des[Asn5,Phe6,Phe7,D-Trp8]-A81

Table 9.27 Metabolites of A82

# tR

(min)
MS

(amu)
Type of

peak
MW

(g/mol)
ti

(h)
Fragment Identification

1 12.7 884.8 [M+H]+ 884.0 48 Asn5-Msa6-Phe7-D-Trp8-Lys9-Thr10

2 13.1 988.1 [M+H]+ 988.1 0 des[Phe7,D-Trp8,Lys9,Thr10,Phe11]-A82
3 13.3 685.5 [M+H]+ 684.8 24 des[Asn5,Msa6,Phe7,D-Trp8,Lys9,Thr10,Phe11]-A82
4 24.7 1132.0 [M+H]+ 1132.3 24 Asn5-Msa6-Phe7-D-Trp8-Lys9-Thr10-Phe11-Thr12

5 25.0 682.2 [M+H]+ 681.8 48 D-Trp8-Lys9-Thr10-Phe11-Thr12

6 26.1 1550.8 [M+H]+ 1550.8 24 des[Phe7]-A82 or des[Phe11]-A82
7 27.5 840.7 [M+2H]2+ 1680.0 - A82

9.4 Synthesis of (S)-Bicalutamide

(S)-Bromoamide optimization
Table 9.28 Synthesis conditions of (S)-bromoamide (5-14) experiments

SYNTHESIS E6-116 E6-130 E6-160 E6-168
(S)-bromoacid

(5-13)
Eq 1.2 1.2 1.2 1.2

Mass (g) 5.9 23.6 5.9 64.8
Aniline
(5-4)

Eq 1.0 1.0 1.0 1.0
Mass (g) 5.0 20.0 5.0 54.9

Stirring SOCl2 (h)86 2.0 2.0 2.8 2.6
Stirring aniline (5-4) (min)86 10 10 20 30

Stirring Et3N (min)86 10 10 10 30
Reflux time (h) 13 15 18 16

86 Stirring time after the addition of the corresponding reagent.
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Table 9.29 Purification conditions of (S)-bromoamide (5-14) experiments
PURIFICATION E6-116 E6-130 E6-160 E6-168

Discoloration Time (h) 1887 4.387 4.088 2.089

1st Recrystallization

Initial crude (g) 10.3 - 11.7 134.2
Toluene (mL) 10 25 7 70
Product (g) 7.9 27.1 6.5 79.8

Yield (%) 84 72 69 77
Purity (%)90 98.95 - 98.73 99.20

5-21 (%) 0 - 0 0
5-30 (%) 0 - 0 0

2nd 
Recrystallization

Solvent IPA/H2O IPA/H2O Toluene -
Product (g) 5.1 19.5 3.9 -

Yield (%) 64 52 41 -
Purity (%) 95.76 96.58 98.27 -
5-21 (%) 0.13 0.07 0 -
5-30 (%) 0.09 0.06 0 -

3rd 
Recrystallization

Solvent IPA/H2O IPA/H2O - -
Product (g) 4.0 10.2 - -

Yield (%) - 27 - -
Purity (%) 93.45 94.87 - -
5-21 (%) 0.64 0.54 - -
5-30 (%) 0.78 0.57 - -

4-fluorobenzenesulfinate optimization
Table 9.30 Synthesis conditions of 4-fluorobenzenesulfinate (5-9) experiments

SYNTHESIS E6-124 E6-136 E6-174 E6-184 E6-188 E6-190

Sulfonyl
(5-23)

Eq 1.0 1.0 1.0 1.0 1.0 1.0
Mass(g) 20.0 10.0 30.0 10.0 10.0 205.0

Distributor Sigma-Aldrich Fluorochem T&W 
Group91

Purity (%) 99.03 99.46 98.71
5-28 (%) 0.96 Not detected 0.51

Eq Na2SO3 1.0 1.2 1.2 1.2 1.2 1.2
Eq Na2CO3 2.0 1.2 1.2 1.2 1.2 1.2

H2O volumes 9 9 9 4.5 4.5 4.5
Heating time (h) 18 18 16 14.5 17 16.5

87 Total time of discoloration performed at the same time as the recrystallizations with IPA/H2O.
88 Total time of discoloration performed at the same time as the recrystallizations with toluene.
89 Discoloration time performed on the organic phase (EtOAc) of the work-up.
90 (S)-bromoamide (5-14) HPLC: 45%B in 30 min (A: H2O+0.1% TFA; B: ACN+0.07%TFA); tR = 16.3 min.
91 Although Fluorochem 4-fluoro sulfonyl (5-23) was selected as the best, we had already bought a big 
quantity of starting material from T&W Group. As a consequence, we used that 205.0 g batch from T&W 
Group only to increase the scale of the reaction.
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Table 9.31 Purification conditions of 4-fluorobenzenesulfinate (5-9) experiments
PURIFICATION E6-124 E6-136 E6-174 E6-184 E6-188 E6-190

EtOH Volume (mL) 400 200 900 300 150 6000
Stirring time (h) 1.3 0.5 1.0 1.5 1.5 16

ACN Volume (mL) 100 75 170 90 90 1200
Stirring time (h) 14 0.5 0.3 4.0 1.0 0.5

Product Mass (g) 18.3 8.3 28.0 9.4 4.9 185.4
Yield (%) 98 89 100 100 52 99

Purity (%)92 97.70 98.03 - 99.90 - 98.97
5-28 (%) - - - 0 - 0.16

(S)-Bicalutamide optimization
Table 9.32 Synthesis conditions of (S)-bicalutamide (5-1) experiments

SYNTHESIS E6-140 E6-156 E6-178 E6-186 E6-193 E6-195

(S)-bromoamide
(5-14)

Eq 1.0 1.0 1.0 1.0 1.0 1.0
Mass (g) 2.2 2.2 9.7 6.0 2.9 60.8

Batch E6-130 E6-168
Purity (%) 93.39 99.20

Sulfinate
(5-9)

Eq 3.0 5.0 5.4 3.0 3.0 3.0
Mass (g) 3.4 5.7 27.5 9.4 4.5 94.5

Batch E6-124 E6-174 E6-184 E6-188 E6-190
Purity (%) 97.31 - 99.89 - 98.97
5-28 (%) - - 0 - 0.16

Eq TEBAC 1.1 1.1 2.0 1.1 1.1 1.1
Eq Na2HPO4 3.0 3.0 5.4 3.0 3.0 3.0
H2O volumes 5.0 3.2 4.0 4.0 4.0 4.0

Temperatue (ºC) 115 110 100 80 100 100
Reflux time (h) 15 20 25 17 1 1

92 Sulfinate (5-23) HPLC: 5-85%B in 20 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA); tR = 11.7 min.
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Table 9.33 Purification conditions of (S)-bicalutamide (5-1) experiments93

PURIFICATION E6-140 E6-156 E6-178 E6-186 E6-193 E6-195

Work-up

Procedure - A + C D C D D
Discoloration (h) 2.0 2.0 0.5 - 2.0 2.0

Mass (g) - 2.3 15.3 7.1 3.7 92.5
Yield (%) - 87 > 100 97 > 100 > 100

Purity (%) - 81.53 - - 80.61 74.54
5-27 (%) - 0.51 - - 0 0
5-21 (%) - 13.29 - - 12.3 10.51

1st Recrystallization

Procedure A B B B B B
Mass (g) 2.0 1.6 11.5 5.0 2.4 51.3
Yield (%) 84 59 96 68 66 69

Purity (%) 93.88 99.00 - 99.24 98.62 98.94
5-27 (%) 0.56 0.57 - 0 0 0
5-21 (%) 4.09 0.19 - 0.19 0.19 0.31

2nd Recrystallization

Procedure B - B - - -
Mass (g) 1.7 - 11.1 - - -
Yield (%) 63 - 92 - - -

Purity (%) 99.22 - 99.90 - - -
5-27 (%) 0.55 - 0 - - -
5-21 (%) 0.08 - 0 - - -

Impurity B synthesis
Table 9.34 Synthesis and purification conditions of ortho-fluoro sulfinate (5-28) experiment

SYNTHESIS E6-148 PURIFICATION E6-148

ortho-fluoro 
sulfonyl
(5-29)

Eq 1.0
EtOH

Volume (mL) 140
Mass(g) 4.5 Stirring time (h) 0.5

Distributor Sigma-Aldrich
ACN

Volume (mL) 40
Purity (%) 100.00 Stirring time (h) 0.5

Eq Na2SO3 1.2

Product

Mass (g) 3.9
Eq Na2CO3 1.2 Yield (%) 93

H2O volumes 9.0
Purity (%)94 99.69

Heating time (h) 22

Table 9.35 Synthesis and purification conditions of impurity B (5-27) experiment
SYNTHESIS E6-164 PURIFICATION E6-164

(S)-bromoamide
(5-14)

Eq 1.0

Work-up
Procedure C

Mass (g) 1.2
Batch E6-130

Mass (g) 1.4
Purity (%) 94.94

ortho-fluoro 
sulfinate

(5-28)

Eq 3.0

Column
chromatography

Eluents
Hexane/
EtOAcMass 1.9

Batch E6-148
Mass (g) 0.8

Eq TEBAC 1.1
Eq Na2HPO4 3.0

Yield (%) 57
H2O volumes 3.2

Temperature (ºC) 100
Purity (%) 96.94

Reflux time (h) 20

93 Procedure A: discoloration/recrystallization using IPA/H2O (same methodology as in the initial synthesis 
from section 5.3.1). Procedure B: recrystallization using IPA/H2O (detailed in the text). Procedure C: product 
extraction with EtOAc. Procedure D: product extraction with EtOAc and discoloration with active carbon.
94 Ortho-fluoro sulfinate (5-28) HPLC: 8%B in 30 min (A: H2O+0.1%TFA; B: ACN+0.07%TFA); tR = 14.1 min
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(S)-Bicalutamide recrystallization
Table 9.36 Final purification of (S)-bicalutamide (5-1)

FINAL PURIFICATION E6-198 E7-058

Previous Batches

Batch E6-140 E6-178 E6-186 E6-193 E6-195 E6-198
Mass (g) 1.3 8.0 4.9 2.2 51.3 65.7

Purity (%) 99.22 99.90 99.24 98.62 98.94 99.65
5-27 (%) 0.55 0 0 0 0 0
5-21 (%) 0.08 0 0.19 0.19 0.31 0

Total mass (g) 67.7 -

Recrystallization

IPA/H2O 1:1.63 1:1.38 
Mass (g) 65.7 63.4

Purity (%) 99.65 99.79
5-27 (%) 0 0
5-21 (%) 0 0

Dehydratation 
E/Z (5-31) (%)

0.15 0.06

(S)-bicalutamide
+ sulfinate (5-26) (%)

- 0.14
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