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Abstract 

My PhD research project was focused on the design and development of short-chain 

peptides with biomedical applications and on the identification of new peptide synthesis 

strategies.  

Briefly, the specific objectives of my research work were the following:  

· Design and synthesis of novel methylated tetrapeptides acting as leptin antagonists with 

potentially improved stability and pharmacokinetic properties compared to the non-

methylated analogue leptin antagonist LDFI.  

· Identification and synthesis of a novel peptide ligand able to recognize CD38, a marker 

overexpressed on multiple myeloma (MM) cells, for the targeted delivery of bortezomib, 

the drug of choice for this type of cancer.  

· Design and synthesis of new peptide entities to use as inhibitors linked to chelators to 

produce new molecular probes for prostate cancer imaging via PET.  

· Identification of new and efficient peptide synthesis strategies aimed at obtaining small 

peptides in the solution phase. The developed strategies can prove useful for obtaining 

biologically active peptides.  

· Development of a targeted MSN-based nanocarrier bearing the anticancer drug 

doxorubicin and grafted, on the external surface, with folic acid (FOL-MSN-DOXO). The 

system developed in this study provides an attractive template to develop more selective 

DOXO delivery systems by using peptides as targeting ligands.  

The present thesis consists of published work (papers) and work in progress (ongoing 

works) that must still be completed in order to be published in the future.  

Peptide sequences and their structural characterizations have been omitted in ongoing 

work 1 and in ongoing work 2 since a patent application is going to be filed for both 

products. 

  



Table of contents 

 

1. General Introduction ............................................................................................. 1 

1.1.  Strategies to overcome the limitations of peptides ......................................................2 

1.2. N-methylation approach ..............................................................................................4 

1.3. Therapeutic peptides in cancer treatment: a brief overview ........................................5 

1.4. The aim of the work ....................................................................................................7 

References ........................................................................................................................ 16 

2. Solid-phase synthesis of N-methylated analogues of the leptin antagonist 

tetrapeptide LDFI .................................................................................................... 22 

Abstract ............................................................................................................................ 22 

2.1. Introduction ............................................................................................................... 23 

2.2. Results and Discussion .............................................................................................. 27 

2.3. Experimental Section ................................................................................................ 32 

2.3.1. Materials ........................................................................................................... 32 

2.3.2. Synthesis of N-Fmoc-N-methyl-α-aminoacids .................................................. 32 

2.3.3. Peptide Synthesis .............................................................................................. 33 

2.4. Outlook ..................................................................................................................... 35 

References ........................................................................................................................ 36 

3. Synthesis of a new peptide ligand for targeting CD38 receptor on multiple 

myeloma cells ............................................................................................................ 38 

Abstract ............................................................................................................................ 38 

3.1. Introduction ............................................................................................................... 39 

3.2. Results and Discussion .............................................................................................. 46 

3.3. Experimental Section ................................................................................................ 50 

3.3.1. Materials ........................................................................................................... 50 

3.3.2. Microwave assisted peptide synthesis protocol ................................................. 50 

3.3.3. Peptide analysis ................................................................................................. 51 

3.3.4. Mesoporous silica nanoparticles analysis .......................................................... 51 

3.3.5. Synthesis of Mesoporous Silica Nanoparticles .................................................. 52 

3.3.6. Transmission electron microscopy (TEM) and electron immunocytochemistry 53 

3.4. Conclusion and future work ...................................................................................... 54 

References ........................................................................................................................ 55 

4. Synthesis of novel PSMA-targeted tracers as diagnostic tools for prostate 

cancer ........................................................................................................................ 57 

Abstract ............................................................................................................................ 57 



4.1. Introduction ............................................................................................................... 58 

4.2. Results and Discussion .............................................................................................. 61 

4.3. Experimental ............................................................................................................. 75 

4.3.1. Material and instrumentation............................................................................. 75 

4.3.2. Synthesis of THP-PSMA ligands ...................................................................... 76 

4.3.2.1. Synthesis of Resin bound PSMA. ................................................................ 76 

4.3.2.2. Synthesis of bidentate pyridinone ................................................................ 77 

4.3.2.3. Synthesis of Tripodal tris(hydroxypyridinone) ligands ................................ 80 

4.4. Conclusions and outlook ........................................................................................... 88 

References ........................................................................................................................ 89 

5. Formation of amides: One-pot condensation of carboxylic acids and amines 

mediated by TiCl4 .................................................................................................... 91 

Abstract ............................................................................................................................ 91 

5.1. Introduction ............................................................................................................... 92 

5.2. Results and discussion ............................................................................................... 95 

5.3. Experimental ........................................................................................................... 104 

5.3.1. General experimental details ........................................................................... 104 

5.3.2. General procedure for the synthesis of amides 1-28. ....................................... 104 

5.4. Conclusion .............................................................................................................. 110 

References ...................................................................................................................... 111 

6. A titanium tetrachloride-based effective methodology for the synthesis of 

dipeptides ................................................................................................................ 113 

Abstract .......................................................................................................................... 113 

6.1. Introduction ............................................................................................................. 114 

6.2. Results and discussion ............................................................................................. 116 

6.3. Experimental ........................................................................................................... 123 

6.3.1. General experimental details ........................................................................... 123 

6.3.2. General procedure for the synthesis of dipeptides 1-18 ................................... 123 

6.4. Conclusions ............................................................................................................. 132 

Notes and references ...................................................................................................... 133 

7. Alternative formation of amides and β-enaminones from aroyl chlorides using 

the TiCl4-trialkylamine reagent system ............................................................... 136 

Abstract .......................................................................................................................... 136 

7.1. Introduction ............................................................................................................. 137 

7.2. Results and discussion ............................................................................................. 139 

7.3. Experimental ........................................................................................................... 146 



7.3.1. General experimental details ........................................................................... 146 

7.3.2. General procedures for the synthesis of amides and β-enaminones. .................. 146 

7.4. Conclusions ............................................................................................................. 152 

Notes and references ...................................................................................................... 153 

8. Synthesis and Characterization of Large Pore MSU-Type Mesoporous Silica

 ................................................................................................................................. 155 

Abstract .......................................................................................................................... 155 

8.1. Introduction ............................................................................................................. 156 

8.2. Materials and methods ............................................................................................ 157 

8.3. Results and Discussion ............................................................................................ 159 

8.4. Conclusions ............................................................................................................. 161 

References ...................................................................................................................... 162 

9. Mesoporous silica-based nanocarriers for pH-triggered doxorubicin delivery 

in cancer therapy ................................................................................................... 163 

Abstract .......................................................................................................................... 163 

9.1. Introduction ............................................................................................................. 165 

9.2. Results and Discussion ............................................................................................ 167 

9.2.1. MSNs conjugated with DOXO via pH-sensitive imine bond. ......................... 169 

9.2.2. MSNs conjugated with DOXO via pH-sensitive hydrazone bond. .................. 174 

9.3. Experimental ........................................................................................................... 178 

9.3.1. Materials and experimental details .................................................................. 178 

9.3.2. General synthesis of Folic acid-targeted MSNs (FOL-MSN) .......................... 179 

9.3.2.1. Synthesis of Mesoporous Silica Nanoparticles (MSNs) ............................. 179 

9.3.2.2. Synthesis of AP-MSN................................................................................ 179 

9.3.2.3. Synthesis of FOL-MSN ............................................................................. 179 

9.3.3. Synthesis of MSNs conjugated with DOXO via pH-sensitive imine bond   

(FOL-MSN-IM-DOXO) ......................................................................................... 180 

9.3.3.1. Synthesis of MSN-APin (inner surface functionalization) .......................... 180 

9.3.4. Synthesis of MSNs conjugated with DOXO via pH-sensitive hydrazone bond 

(FOL-MSN-HYD-DOXO) ..................................................................................... 181 

9.3.5. In vitro experiments ........................................................................................ 183 

9.3.6. In vitro release studies ..................................................................................... 184 

9.4. Conclusion and Outlook .......................................................................................... 185 

References ...................................................................................................................... 186 

 



 

 

 



 

1 
 

1  
General Introduction 

 

The therapeutic application of peptides is constantly increasing because of their versatility 

for the development of molecules for both diagnostics and therapy.1 Nowadays, 

approximately 60 peptide drugs are approved by the FDA and more than 600 are in 

preclinical and clinical trials, and different diseases are treated using peptide-based 

drugs.2-3  

Peptides are involved in a wide variety of physiological and biochemical processes as 

they act as neurotransmitters,4 hormones,5-6 growth factors,7 and signaling molecules.8 

Besides, peptides also have an interesting pharmacological profile as they are used as 

antibiotics,9-10 antimicrobials,11-12 anticancer,13 gastroprotection,14 opioids,15 and in 

recent decades are successfully employed as target molecules.16 

The use of peptides and short sequences of peptides in the pharmacological field results 

in significant advantages such as high selectivity and effective, high potency, excellent 

safety with low adverse effects, biological and chemical variety (Table 1).17-21 On the 

other hand, the main drawbacks of peptides are their proteolytic degradation by enzymes, 

poor oral bioavailability, risk of immunogenic effects (Table 1).22 

 

Table 1. Advantages and disanvantages of therapeutic peptides (adapted from 21). 

Advantages Disadvantages 

High potency Metabolic instability 

High selectivity Short circulating half-life 

Wide range of targets Poor oral bioavability 

Low toxicity Poor solubility 

Less toxic degradation products Rapid body clearance 

Low accumulation in tissues Possible immunogenic effects 

High biological and chemical variety High manufacturing cost 
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As potential therapeutics, peptides have several advantages over small molecules, 

proteins and antibodies. In fact, small molecules are less specific than peptides, proteins, 

and antibodies are more complicated to synthesize, have poor delivery to the tumor 

because of their large size, have dose-limiting toxicity and are not able to penetrate the 

cell membranes.23-24  

 

1.1. Strategies to overcome the limitations of peptides 

The potential of peptides as drugs is limited by their unfavorable ADME (absorption, 

distribution, metabolism, and excretion) properties. The major part of peptides has less 

than 1% oral bioavailability,25 very short in vivo half-life, low cell membrane 

permeability due to the high hydrogen-bonding capacity, low lipophilicity, fast 

proteolytic degradation and a rapid renal clearance (Table 1).26  

The short half-life is the main issue of peptides, in fact they are cleared from the 

bloodstream within minutes to hours, due to fast renal clearance and enzymatic 

degradation in blood, kidneys and liver, so this reduces the exposure time in the target 

tissue.27 In fact, peptides with a molecular mass below 5kDa and unbound to plasma 

proteins have a fast renal clearance.28 Enzymatic degradation is due to soluble enzymes 

present in the blood and membrane-bound enzymes and to a broad variety of peptidases.29 

Over the years, various strategies have been developed to achieve improvement in their 

pharmacokinetic properties and many of these are chemical modifications (Figure 1). 

 

 

Figure 1. Different chemical modifications on the peptide structure (adapted from 26) 
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An important strategy, to extend half-life time, consists in replacing natural amino acids 

with non-natural analogues (N-methylation, D-amino acids, β-amino acids) in sites 

susceptible to enzymatic cleavage (Table 2).30 These replacements decrease the substrate 

recognition and binding affinity of proteolytic enzymes and increase stability. Cyclization 

is another interesting approach, there are different type of cyclizations such as head-to-

tail, side-chain with side-chain, head/end to side-chain.31 These modifications can also 

decrease the hydrogen-bonding potential and so improve the oral bioavailability and 

intestinal permeability. 

 

Table 2. Peptide backbone modifications 

Modification Effects 

-Cα-alkylated amino acid 

-Nα-alkylated amino acid 

-β3 amino acids 

-D-amino acids 

-Increased hydrophobicity. 

-Reduction of flexibility. 

-Decrease of hydrogen-bonds potential. 

-Conformational constraints. 

-Enzymatic stabilization. 

-Improve half-life. 

-Improve stability. 

-backbone cyclization 

-modification of amide bonds  

-Increase membrane permeability. 

-Decrease of hydrogen-bonds potential. 

-Increased hydrophobicity. 

  

 

The introduction of PEG molecules on the peptide sequence can lead to considerable 

advantages.32 PEG is often conjugated to N or C termini of peptides and can protect them 

from the action of peptidases thus increasing their stability. Furthermore, PEG increases 

the size of the peptide thereby preventing renal filtration, and increasing the 

hydrodynamic radius of the peptide improving thus renal clearance.33 

The approach of lipid conjugation to the peptides can increase the half-life by stabilizing 

the structure of the peptides.34 Lipidated peptides can bind to human serum albumin, 

 which has a protective effect and ensures a prolonged time of circulating peptide.26 
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Another strategy is the introduction of differently sized polymers, which make peptides 

soluble both in water and organic solvents, and can prevent the proteolytic action and 

increase the size over improving the renal clearance.35 

 

1.2. N-methylation approach 

The methylation of nitrogen atoms in peptide backbone is a very useful manipulation that 

allows improving properties such as intestinal and cellular permeability,36 stability to 

enzymatic proteolysis,37 lipophilicity,38 and binding affinity.39 

This chemical modification is often found in natural peptides including the 

immunosuppressor cyclosporin A with seven N-methylated peptide bonds (Figure 2),40 

omphalotin,41 natural cyclic peptides etc.42  

Figure 2. Cyclosporin A structure 

 

N-methylation is mainly used to protect the peptide from enzymatic degradation. 

However, N-methylation causes conformational constraint because it limits the 

predominance of trans versus cis bond configuration.43 In addition, the methyl group can 

sterically interact with the side chain of the adjacent residue.44 

The introduction of the methyl group has also effects on the hydrogen-bonding potential 

as the replacement of the proton-donator NH-group reduces the number of inter and 

intramolecular hydrogen bonds.45 

  



 

5 
 

1.3. Therapeutic peptides in cancer treatment: a brief overview 

The discovery of a wide variety of protein/peptide receptors and tumor-related peptides 

and proteins made therapeutic peptides interesting and promising anticancer agents. 

Commonly, peptides can be directly used as cytotoxic agents or as carriers of cytotoxic 

agents and radioisotopes by selectively targeting cancer cells.46 

The introduction of recombinant display technologies (phage, yeast, bacteria, 

DNA/RNA) has made it possible to detect high-affinity peptides against most protein 

targets.47 

Anticancer effects of different peptides involve the inhibition of angiogenesis (αβ 

peptides),48 protein-protein interactions (β-peptides),49 signal transduction pathways 50 

and apoptosis induction (RGD peptides),51 moreover,  they can act as agonist and 

antagonist of a specific receptor.46, 52 

Among peptides with antitumor activity, very interesting and promising are peptides that 

permeabilize membranes with cytotoxic effects.53 This peptide class could be classified 

into three major groups:  

antimicrobial peptides, cell-permeable peptides and tumor targeting peptides (Figure 1). 

  

Figure 1. Illustration of action mechanisms of antimicrobial/pore-forming peptides,  

cell permeable peptides and tumor targeting (adapted from 31). 
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Anti-microbial peptides(AMPs), such as Cecropins, Defensis, Magainins, are made up of 

about 10-14 amino acids and have a cationic amphipathic structure thanks to which they 

can interact with anionic lipid membranes.54 They are naturally part of the innate immune 

response to microbes in many organisms.  

Lipid membranes are the main target of the major part of AMPs, and they induce the 

cytotoxic effect through apoptosis or necrosis. Because of their mechanism of action, 

these peptides can be used as anti-cancer agents.55 

Cell permeable peptides are short amino acid oligomers (5–30 residues) that can permeate 

the cell membrane via endocytosis and direct translocation.56 The conjugation of these 

peptides with cell-impermeable substances such as proteins, antibodies, antisense 

oligonucleotides drugs, and nanoparticles is a very useful strategy for intracellular 

delivery.57-58 HIV-Tat peptide,59 penetratin (Antp),60 and Tat 61 are the most studied 

examples of cell permeable peptides. 

The recent discovery of tumor biomarkers allowed the introduction of targeted therapies 

in which specific molecular targets present only on tumor cells are exploited for drug 

delivery. The presence of these target receptors is crucial, as peptide-binding can induce 

high levels of internalization by endocytosis processes. This mechanism can, therefore, 

be exploited for the intracellular delivery of drugs.62 

Cancer cell surface targets are usually identified rationally through structure-activity 

studies.63 Peptides are promising alternative targeting molecules due to their smaller size, 

and they can also bind to their targets with high specificity and affinity. 

One of the best examples of receptor-targeted peptide, for active targeting strategies, is 

the Integrins. These proteins are heterodimers transmembrane receptors overexpressed in 

endothelial cells of the tumor.64-65  
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1.4. The aim of the work 

My PhD research project was aimed to design and develop small peptides for biomedical 

applications and smart drug delivery systems in targeted anti-cancer therapy. 

Firstly, the peptide Leu-Asp-Phe-Ile (LDFI), a leptin-receptor antagonist we previously 

developed,66 and its pegylated analogue (LDFI-PEG) were synthesized in order to 

investigate  and evaluate their efficacy in antagonizing leptin actions in human testicular 

seminoma cancer by using in vitro and in vivo experimental models.  

Leptin, is a hormone consisting of 146 amino acids, involved in the control of several 

physiological processes, e.g. body weight regulation and appetite, fertility modulation, 

that performs its functions after interacting with its membrane receptor (LepR).67  

Leptin is involved in the control of several physiological processes (e.g. body weight 

regulation and appetite, fertility modulation, bone formation, angiogenesis and insulin 

secretion).68-71 Moreover, in vitro and in vivo studies have shown leptin has also a role in 

the pathogenesis of various tumor forms: testicular, breast, prostate, colon and pancreatic 

cancers.72-76 In hormone-dependent cancers, such as breast and colon cancer, leptin and 

ObR are overexpressed and therefore proposed as prognostic markers.77-79 

The LDFI peptide acts as a full leptin antagonist, in fact in vitro studies on mammary 

tumor cells, showed the inhibitory effects on the leptin-induced growth of ERα-positive 

(MCF-7) and ERα-negative (SKBR3) breast cancer cells.80  

In prostatic cancer, LDFI has suppressed leptin's effect on JAK2, ERK1/2 and Akt/PKB 

phosphorylation as well as activation of apoptotic proteins.81 

Our results showed that the treatment with the leptin antagonist LDFI significantly 

reduced the leptin-induced growth and motility in seminoma tumor cells (TCam-2 cells). 

Furthermore, the in vivo xenograft experiments showed that LDFI-PEG treatment 

markedly decreased seminoma tumor growth (A. Comandè et al. 2019, Am J Pathol).72 

The use of peptides and short peptide sequences in the pharmacological field has 

significant advantages such as high efficacy and selectivity, high target specificity, low 

toxicity and low accumulation in tissues. However, factors as metabolic instability, 

limited bioavailability and reduced half-life limit their use as therapeutic agents.82 Peptide 
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poor bioavailability is mainly due to rapid enzymatic degradation by peptidase, which 

occurs both in the gastro-intestinal tract and in the circulatory stream.83 

The introduction of methylated amino acids into the peptide chain is a widely used 

strategy to improve the pharmacokinetic profile of peptides in terms of increased 

lipophilicity, metabolic stability and bioavailability.84 

Based on these considerations, two tetrapeptides (peptide a and peptide b) analogues of 

the LDFI peptide methylated on selected amide bonds in order to enhance the proteolytic 

stability and the therapeutic potential of LDFI, were synthesized (Ongoing work 1). 

The N-methylated peptides were easily prepared by solid phase synthesis methods 

starting from N-Fmoc-N-methyl amino acids for the purpose synthesized. 

In vitro studies of the as-synthesized methylated peptides on leptin induced breast cancer 

cell proliferation, showed that they inhibit effectively the leptin-induced growth as well 

as migration in both ERα-positive and ERα- negative breast cancer cells. 

Stability assays of the methylated peptides to study peptide degradation and evaluate the 

stabilization of the leptin antagonist by N-methylation are ongoing. The study of the 

proteolytic degradation in the blood of the two methylated peptides will be performed by 

incubating in parallel LDFI and its methylated analogues in plasma and comparing their 

degradation profiles. The remaining peptides and degradation products will be identified 

through mass spectrometry. 

 

In the last years, peptides have attracted great interest in the field of drug delivery and 

nanomedicine. Peptide-conjugates in fact, are able to direct therapeutic agents selectively 

towards specific biological targets.85  

In these applications, peptides can act by crossing the cytoplasmic membrane and 

allowing the internalization of structurally disadvantaged molecules (CPP) or acting as 

cell-targeting peptides (CTP).86 Peptides are particularly suitable for this purpose since 

they are small, easy to synthesize and generally non-immunogenic furthermore they have 

high affinities and specificities for their receptors. 

Cell-targeting peptides (CTP), interacting with high affinity with the target receptor 

overexpressed on cancer cells allow the internalization of the peptide-conjugates 

selectively into cancer cells thus reducing the side effects associated with anticancer 

therapies.87 
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My research activity in the field of targeted drug delivery was aimed to the development 

of a highly selective delivery system of Bortezomib (BTZ), a drug of choice for the 

treatment of multiple myeloma (Ongoing work 2).88 

Multiple myeloma (MM) is a B-cell malignancy characterized by an abnormal 

proliferation of plasma cells. Due to the high accumulation of misfolded or unfolded 

proteins in the endoplasmic reticulum (ER), the use of proteasome inhibitors constitutes 

the main therapeutic choice for this malignancy. Proteasome inhibition generates an 

accumulation of these proteins, activating apoptotic pathways and consequent cell death.  

Bortezomib, a dipeptide boronic acid, is an antineoplastic agent that acts by inhibiting the 

chemotrypsin-like activity of proteasome 26S. Although bortezomib is a potent 

proteasome inhibitor, it has many associated side effects such as chronic peripheral 

neuropathy that limit its use as an anticancer drug.89  

Therefore, the development of new and highly efficient BTZ delivery systems represents 

a particularly attractive goal. 

Recently, exploiting the high biocompatibility and versatility of mesoporous silica 

nanoparticles (MSNs), we developed a new MSN-based delivery system of Bortezomib 

(FOL-MSN-BTZ).90 

The MSN-based nanodevice (FOL-MSN-BTZ ) employs a receptor-specific ligand (folic 

acid, FOL) on the external surface of MSNs while the antitumor drug Bortezomib is 

linked, mainly on the pore walls, through a pH-sensitive bond thus, it preferentially 

delivers the drug to FOL-expressing target tissues, protecting the drug from premature 

release and avoiding undesired side effects. 

Folic acid was chosen as targeting function since it has a high affinity for folate receptor 

(FR), a tumor associated protein, which is overexpressed in a large number of tumours 91 

while it is present at low levels in most normal tissues. 

The in vitro tests of FOL-MSN-BTZ on cancer cells overexpressing the folate receptor 

(FR+ cells) including the human FRα-/FRβ- multiple myeloma cells lines and on FR- 

normal cells showed that it induces death in FR+ cancer cells but not in FR- normal cells 

while free BTZ was toxic for all cell lines tested, independently on their FR expression.  

Finally, the biocompatibility of FOL-MSN-BTZ at increasing concentrations and its 

antitumor activity was demonstrated in mouse xenograft models. However, the in vivo 

experimentation indicated that our system affects moderately the mouse neuronal cells 
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functionality. Most likely this effect is due to the FR+ receptor expression in the nervous 

system. 

In this regard, encouraged also by the remarkable results obtained with FOL-MSN-BTZ 

prototype we studied the possibility to improve the technology functionalizing our BTZ 

MSN-based delivery system with a ligand able to interact with the CD38 receptor that is 

a biomarker overexpressed on MM cells in order to enhance the potency and efficacy of 

BTZ in MM cells. 

CD38 is a multifunctional cell surface protein that is express at very high levels on plasma 

cell tumors as multiple myeloma.92 We decided then to develop a more selective MSN-

based prototype with BTZ conjugated inside the pores via pH-sensitive bond and a 

peptide ligand on the surface able to recognize the more specific CD38 receptor. This 

approach required the identification and synthesis of a peptide sequence able to bind 

CD38 and induce its internalization. To this aim, the interaction between CD38 receptor 

and specific antibodies was investigated.93 

On the base of the binding site of the antibody SAR650984 (Isatuximab) to CD38,94 some 

short peptide chains mimicking the identified antibody paratope and that could be able to 

interact with CD38 receptor were hypothesized. Then the interactions of the hypothesized 

peptides with the CD38 receptor have been simulated and evaluated by in silico studies. 

The results obtained from these computational studies have allowed us to define a pool 

of short amino acid sequences to synthesize and conjugate to the carrier. 

We started with the synthesis of a small peptide (CD38-PEP) that was prepared using 

solid phase synthesis (SPPS) methodologies based on Fmoc-Chemistry. CD38-PEP is an 

heptapeptide containing an N-terminal cysteine unit, important residue for the 

internalization process. CD38-PEP was obtained in 68% yield, and characterized by 

nuclear magnetic resonance (1H-NMR and 13C-NMR) and chromatographic separation 

techniques combined with mass spectrometry (HPLC-MS). 

The conjugation of the peptide (CD38-PEP) to the nanoparticles (MSNs) was carried out 

through the formation of an amide bond between the amino function grafted on the 

nanocarrier external surface and the carboxyl function of the peptide C-terminal residue. 

The obtained system without BTZ inside the pores (CD38-PEP-MSN) was analyzed via 

transmission electron microscopy (TEM) analysis to assess the uptake of the nanocarrier 
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by MM RPMI-8626 cells expressing the CD38 receptor. TEM images confirmed that the 

recognition of CD38-PEP-MSN depends on CD-38.  

These preliminary data obtained with CD38-PEP-MSN system are encouraging thus, the 

new synthesized CD38 peptide ligand might be an excellent substitute of folic acid for 

the development of a more selective CD38-PEP-MSN-BTZ prototype, since CD38 

receptor is highly expressed on MM cells. 

 

During my doctoral course, I spent a 6 month period research at King's College London, 

where I worked on a project centred on peptide synthesis and (bio)-conjugation of peptide 

inhibitors to metal chelators (Ongoing work 3). 

I developed a library of PSMA small peptide inhibitors related to a tris-

hydroxypyridinone (THP) chelator to produce a total of four new THP-PSMA molecular 

probes for prostate cancer imaging via PET. 

Prostate cancer is the second most prevalent cancer for men worldwide. The progression 

of this type of cancer is very slow and can take up to 15 years for its full development 

into metastatic lesions.95 However, due to the little symptoms it expresses, its diagnosis 

at an early stage is difficult to perform. Therefore, screening for early signs of prostate 

cancer is of clinical importance to detect it before it metastases and spreads to areas where 

it will be too difficult to eradicate. This has lead research to develop pharmaceutical 

therapies personalized around individuals with prostate cancer. Prostate-Membrane 

Specific Antigen (PSMA) is a protease overexpressed in almost all types of prostate 

cancer cells and has been the target of a lot of researches for this type of cancer.96 

PSMA is a type II transmembrane glycoprotein (100-120 kDa) that consists of three 

distinct domains: an intracellular domain (1-18 amino acids), a transmembrane domain 

(19-43 amino acids), as well as a large extracellular domain (44-750 amino acids).97 

PSMA has unique enzymatic functions where it is responsible for glutamate production 

by cleaving N-acetylaspartylglutamate (NAAG) to generate glutamate and N-

acetylaspartate (NAA). Peptide inhibitors are able to be conjugated to a radioactive metal, 

such as gallium-68, lesions containing this peptide will be detectable via Positron 

Emission Tomography (PET).98-100 

New 68Ga-Tris(hydroxypyridinone)-PSMA ligands useful for the prostate cancer 

diagnosis were designed and synthesized. Two final compounds with a longer chain have 
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been synthesized, and will be purified through semi-preparative HPLC, characterized and 

then will be performed in vitro experiments to evaluate the cellular uptake and binding 

affinity. The characterization of the two ligands consisting of a shorter chain is currently 

underway. The systems thus composed may act as 68Ga radiotracer for imaging PSMA 

expression. 

Within the scope of peptide synthesis, my research activity also concerned the 

identification of new and efficient synthetic strategies to obtain small peptide systems in 

solution phase with the aim to extend afterward the developed methodologies also to the 

solution and solid phase synthesis of modified and biologically active peptides.  

The most general way for obtaining peptides involves the activation of the carboxylic 

function of the N-terminal amino acid by means its conversion into the corresponding 

acid chloride 101-102 or by using coupling reagents.103-104 The direct formation of amide 

bond by condensing the non activated carboxylic component and the amine component 

by using metal-mediated procedures represents an alternative to coupling reagent.105-106 

Since titanium tetrachloride (TiCl4) manifests a strong affinity for the oxygen atom and 

increases, the susceptibility of carbonyl-containing compounds towards nucleophiles, 

also promoting dehydration reactions, the use of titanium tetrachloride (TiCl4) as 

condensing agent in the direct reaction between carboxylic acids and amines was 

proposed (Paper 1).107 

Firstly, the TiCl4-mediated amidation reaction was investigated for the synthesis of 

secondary and tertiary amides starting from a series of aliphatic and aromatic carboxylic 

acid and amines precursors. 

The amidation reaction was performed at 85 °C in pyridine, and using an excess of TiCl4 

to accelerate the reaction. The reaction was tested with a wide range of substrates 

providing the corresponding amide products in moderate to excellent yields and high 

purity. The reaction proceeds with low yields when both the carboxylic acid and the amine 

are sterically hindered. The process takes place with nearly complete preservation of the 

stereochemical integrity of chiral substrates. The synthesis involves the activation of the 

carboxylic function by TiCl4, thus facilitating the attack of the amine and the formation 

of a good leaving group. Titanium tetrachloride therefore acts as a condensing agent. 
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Solution phase peptide synthesis is the method of choice for preparing dipeptides and 

more generally small peptides. This strategy, although is not well suited for making longer 

peptides, is much more scalable, and allows to produce larger quantities of high-quality 

peptides, and at a lower cost than solid phase. The formation of amide bond is of particular 

importance for the purposes of stereochemistry preservation of the chiral centres of the 

amino acids that participate in the condensation reaction. Therefore, the development of 

new methods of peptide bond formation in liquid phase is particularly attractive in order 

to obtain dipeptides or small peptides since this methodology can also be used with non-

natural or unusual amino acids. 

In this context, and considering the successful results above described concerning the use 

of titanium tetrachloride as condensing agent in the amidation reaction, the applicability 

of titanium tetrachloride for the formation of peptide systems was investigated.  

The use of titanium tetrachloride (TiCl4) for the formation of the peptide bond was by no 

means obvious. In fact, TiCl4 could deprotect not only the amino functions of N-protected 

amino acids as it occurs with other Lewis acids108-110 but also the amino acid side chain 

functional groups. Accordingly, we tested the reaction in a pyridine-buffered medium.  

A series of dipeptide systems have been synthesized in high yields through a TiCl4-

assisted condensation reaction of N-protected α-amino acids with α-amino acid methyl 

ester hydrochlorides in pyridine (Paper 2).111 Using pyridine as reaction solvent has 

proved useful not only to convert the ammonium group of amino acid methyl ester 

hydrochloride into the free amino function able to react as nucleophile in the condensation 

reaction, but also to preserve the protecting groups on the masked functionalities. The 

reaction was applied successfully to amino acids protected on the α-amino function with 

different protecting groups (Fmoc, Boc, Cbz and Nosyl groups). The recovery of the 

dipeptide products has been achieved by simple filtration through a silica gel column, 

which greatly simplifies the reaction work-up and avoids the formation of emulsions and 

product losses. Furthermore, the preservation of the stereochemical integrity at the amino 

acid chiral centres was evaluated. The maintenance of amino acids stereochemical 

integrity is almost complete for dipeptides protected on the amino function with urethane 

protecting groups (Fmoc, Cbz, Boc). A nonnegligible loss of stereochemical integrity was 

instead observed in N-nosyl-protected dipeptides. 
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Currently, the developed synthesis method has also been applied to tripeptide systems by 

exploiting the ability of titanium tetrachloride to remove acid-labile groups in side chains 

on amino acids and peptides subjected to coupling for the formation of the peptide bond, 

this new extension is still under investigation. 

An alternative synthesis of tertiary amides was carried out by treating acyl chlorides, 

lacking of hydrogen atoms at the carbon atom alpha to the carbonyl group, with TiCl4 in 

the presence of a tertiary amine (NR3) (Paper 3).112 By using the reagent system 

TiCl4/NR3 two different ways of performing the reaction were established leading to the 

formation of completely different main products as the result of two diverse reaction 

pathways (Method A and Method B). The reactions of variously substituted benzoyl 

chlorides with the TiCl4/NR3 reagent system according to method A and method B, both 

modulated by the presence of TiCl4, afforded alternatively the corresponding amides and 

β-enaminones as unique or major products. The two developed protocols were 

investigated with a series of tertiary amines 

Titanium tetrachloride forms with the alkyl tertiary amine an ammonium ion adduct. In 

the presence of an excess of amine this adduct generates, through an elimination process, 

the amide (Method A). The formation of the amide with the proposed method A is quite 

general. 

When the molar ratio of the amine and TiCl4 is 1:1, the produced ammonium ion is 

oxidized generating an organotitanium compound that leads to the formation of β-

enaminone (Method B). This mechanism operates when the amine is not in excess and is 

added slowly. The reported study represents a new example of reactivity of TiCl4–NR3 

reagent system with aroyl chlorides involving carbon–carbon bond formation.  

Lastly, as part of my research project I also worked on the development of a MSN-based 

anticancer prodrug systems for active targeting delivery of doxorubicin (Ongoing work 

4). 

The development of the system started with the identification of a new synthesis protocol 

for obtaining nanoparticles with ideal features for the transport of the drug (Paper 4).113 

Doxorubicin is an antineoplastic drug clinically used in different type of malignancies but 

with serious limitations due to an undesired systemic toxicity.114  
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The use of carrier systems e.g. polymeric nanoparticles, liposomes, micelles and more 

able to control DOXO release and lower down the administered dose represents an 

important approach to overcome these limits.115-117 

In the last few years among drug delivery systems, mesoporous silica-based nanoparticles 

(MSNs) have gained considerable interest thanks to their attractive structural and 

morphological properties. Furthermore, due to their biocompatibility and the presence on 

their surfaces of silanol groups (SiOH) that can be appropriately functionalized, they have 

been extensively investigated for therapeutic and diagnostic purposes, especially in 

oncology.118-122  

The target was the development of devices having stimuli-responsive properties and able 

to release the drug, exploiting the pH difference between the circulatory stream and the 

tumor intracellular microenvironment.  

The developed FOL-MSN-HYD-DOXO nanocarrier, consists of nanometric silica frame 

that presents, folic acid (FOL) covalently linked to the external surface of particles as 

targeting function (folate receptor specific ligand) and doxorubicina (DOXO) linked 

within the pores by means of hydrazone acid-labile bond. 

For our purpose, we have used folic acid as targeting molecule to mediate specific uptake 

by cancer cells.  

The effect of FOL-MSN-HYD-DOXO on cell proliferation was evaluated on FR+ and 

FR- cell lines. 

FOL-MSN-HYD-DOXO gave interesting results since it showed a good FR+ cancer cell 

killing efficacy and consequently an enhanced cellular uptake by FR positive cancer cells 

and a negligible cytotoxicity to FR- negative cells. 

The developed system FOL-MSN-HYD-DOXO represents a versatile drug delivery 

system useful as template for the development of a highly selective and efficient targeted 

DOXO delivery systems in which the targeting function is a peptide molecule that, 

interacting with specific receptors overexpressed on cancer cells, addresses the drug 

exclusively to cancer cells avoiding the normal ones.  
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2 
Solid-phase synthesis of N-methylated analogues of the leptin 

antagonist tetrapeptide LDFI 
 

 

[Ongoing work 1] 

 

 

Abstract 
 

N-methylated analogues of the leptin antagonist peptide LDFI were designed and 

synthesized by solid phase methods using reagent systems and methodologies of Fmoc-

chemistry. To this aim, specific N-Fmoc-N-methyl amino acids were synthesized and then 

used as building block for the solid‐phase synthesis of LDFI peptide methylated on 

selected positions. 

Their efficacy in antagonizing leptin actions in breast cancer was evaluated using in vitro 

experimental models. The obtained results have shown that the synthesized N-methylated 

derivatives inhibit leptin-induced proliferation and motility in human breast cancer cells. 
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2.1. Introduction 

 
Leptin is a hormone belonging to the family of long-chain helical cytokines and it is 

encoded by the obese (Ob) Lep gene located on chromosome 7. The initial transcribed 

protein has a 16KD molecular weight and is composed of 167 amino acids with a 21-

amino acids signal sequence at the amino-terminus, which is cleaved following the 

translocation of leptin into microsomes, the resulting hormone is a 146 amino acids 

peptide. The hormone performs its functions through the interaction with its membrane 

receptor (LepR or ObR) expressed both in the central nervous system and in the peripheral 

tissues and after binding to LepR, it allows its activation.1 

 

 

Figure 1. Three-dimensional structure of the Leptin. 

 

 

Leptin is made up of four α-helices (A, B, C and D) interconnected by two long loops 

(AB and CD) and a shorter one (BC). The four helices are arranged in an "up-up-down-

down" configuration, resulting in helices A and D being antiparallel to helices B and C.  

(Figure 1). 2 

Leptin interacts with its receptor via three different binding sites (I, II and III). Briefly, 

the binding site II consists of two fragments IIa and IIb formed by the residues of the 

helix A and helix C, while the binding site III is formed by the N-terminal residues of the 

helix D. Binding site I, that is formed by the connection loop between helices A and B, 

plays a key role in the formation of the leptin-leptin receptor complex and in the receptor 

activation.3 
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Leptin is involved in the control of several physiological processes, e.g. body 

weight regulation and appetite, fertility modulation, bone formation, angiogenesis and 

insulin secretion.4-7 

Moreover, in vitro and in vivo studies have shown leptin is involved in the pathogenesis 

of various tumor forms: testicular, breast, prostate, colon and pancreatic cancers.8-12 

In hormone-dependent cancers, such as breast and colon cancer, leptin and ObR are 

overexpressed and therefore were proposed as prognostic markers.13-15 It seems evident 

that leptin represents a novel therapeutic target and that its antagonists may constitute a 

new class of anticancer drugs. 

The amino acid sequence 39-42, located in the loop that connects helices A and B, is 

essential for activation of the leptin receptor and represents the main target region that 

can be modified for obtaining ObR antagonists.2 

Recently we designed and developed, based on the wild-type sequence of leptin binding 

site I, a leptin antagonist: the short-chain peptide LDFI, consisting of four amino acids 

(Leucine-Aspartic acid-Phenylalanine-Isoleucine, Figure 2).16-18 

LDFI peptide and its pegylated analogue produced very interesting and promising results 

as they proved effective in antagonizing leptin actions in breast cancer by reducing breast 

tumor progression both in vitro and in vivo. The LDFI peptide acts as full leptin 

antagonist, in fact in vitro studies on mammary tumor cells, showed the inhibitory effects 

on the leptin-induced growth of ERα-positive (MCF-7) and ERα-negative (SKBR3) 

breast cancer cells. The peptide did not interfere with cell proliferation in the absence of 

leptin and did not produce any significant cytotoxic effects at all the doses tested.17  

Moreover, using the same leptin receptor antagonist on breast cancer stem cells (BCSC) 

showed reduced mammosphere formation, blocking the stromal-tumor interactions 

driving BCSC-mediated disease progression.18  

Recently, it was observed that the expression of leptin and its receptor was notably 

elevated in human testicular seminoma unlike to normal adult testis. Treatment of TCam-

2 cells (Human seminoma cell line) with the peptide LDFI (leptin receptor antagonist) 

markedly decreased seminoma tumor growth and the expression of leptin-regulated genes  

(A. Comandè et al. 2019, Am J Pathol).8 

The LDFI have been also used for the identification of specific exosome signatures and 

to find molecular effectors associated with cancer progression, to aim interrupt the 
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dangerous cell-to-cell communication in cancer; showing as leptin/leptin receptor/Hsp90 

axis is as an important regulator of exosome generation in mammary carcinoma cells.19 

Furthermore, since LDFI does not act as receptor agonists in the absence of leptin, it 

overcomes the therapeutic limit of other known peptide antagonists. 

 

 

Figure 2. Primary structure of the Leptin antagonist LDFI 

Intending to improve the pharmacokinetic properties of LDFI, we decided to explore the 

possibility of changing the structural properties of the peptide by replacing some amino 

acid residues of LDFI chain with modified amino acid analogues able to enhance the 

proteolytic stability and therefore also the biological activity of LDFI. 

In general, peptides and short peptide sequences are considered promising therapeutic 

molecules thanks to their high efficacy and selectivity, high target specificity, low 

systemic toxicity and low tissue accumulation, furthermore they are easy and fast to 

synthesize.  

However, many factors limit the use of peptides as therapeutic agents such as reduced 

half-life, metabolic instability, limited bioavailability and poor membrane permeability.20 

The low bioavailability of protein and peptide drug, caused by their instability and poor 

membrane permeation, constitutes a major drawback for the development of medicinal 

products since it leads to a poor control over plasma concentrations and as well as 

pharmacological effects. 

The oral peptide delivery is limited by the low absorption and by the acid pH of the 

stomach that induces peptide ionization. The ionization is responsible for the secondary 

and tertiary structure alterations of larger peptides. The low bioavailability of peptides 

following oral administration is also attributed to their inactivation through enzymatic 
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degradation by peptidases present in the gastrointestinal tract.21 Administration by 

injection (parenteral administration) also has limitations due to the instability of peptides 

toward peptidases in the systemic blood circulation that causes rapid elimination (i.e., 

short half-life).22 

Proteolytic degradation of peptide-based drugs represents one of the major factors 

limiting systemic therapeutic applications. Hence, peptide sequences of drug candidates 

are modified to remove patterns recognized by proteases or to induce structural features 

preventing proteolysis. 

Several strategies have been used to generate peptides with enhanced enzymatic stability 

and improved oral bioavailability. These include structural modifications such as covalent 

attachment of polyethylene glycol, lipidation and chemical modifications such as 

cyclization, D-amino acid substitution, and N-methylation of the peptide backbone.23-27 

Backbone N-methylation restrains conformational freedom of peptides and also blocks 

potential intramolecular hydrogen bonding sites and proteolytic enzyme cleavage sites. 

These properties, together with the enhanced hydrophobicity, improve the bioavailability 

and the pharmacological properties of peptides drugs.20, 28 

In light of these evidence, we planned to improve the proteolytic stability and the 

therapeutic potential of LDFI modifying its backbone by N-methylation. 

In this study, the synthesis and biological activity evaluation of two novel N-methylated 

analogues of LDFI is described. 
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2.2. Results and Discussion 
 

The synthesis of peptides containing N-methyl amino acids can be performed by using N-

methyl amino acid derivatives as building blocks or by site-selective N-methylation of 

the peptide chain.  

The N-methylated analogues of the leptin antagonist LDFI were synthesized by solid 

phase methods using reagent systems and methodologies of Fmoc-chemistry. This 

approach required the synthesis of N-Fmoc-N-Methyl-α-aminoacids. 

Various synthetic procedures were developed for the preparation of N-methyl-α-amino 

acid derivatives 29 and among these, the most generally applicable approach is the N-

methylation of N-arylsulfonamide-protected aminoacids.30-31 

For the preparation of the N-Fmoc-N-methyl-α-aminoacids we used an approach 

developed by our group 32 based on the use of the highly acid-labile 2-chlorotrityl chloride 

solid support (Barlos) as carboxylic protecting group, also to exploit the advantages of 

solid-phase synthesis, and of α-amino acids protected on the amino function with the p-

nitrobenzenesulfonyl (nosyl) group, while the methylation reaction is performed by using 

a solution of diazomethane in dichloromethane (Scheme 1) 

 

 

 

Scheme 1. N-Fmoc-N-methyl-α-aminoacids synthesis 

 

After the removal of nosyl group and reprotection of the amino function with the Fmoc 

group the N-Fmoc-N-methyl analogues of Leu, Asp, Phe and Ile were obtained in 65-75% 

yields.  
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Although the above-mentioned strategy successfully yields the N-Fmoc N-methylated 

amino acids in satisfactory yields, the biggest challenge is to assemble them into peptides. 

The coupling reactions onto the sterically hindered N-methyl amino acids is difficult and 

often unsuccessful. The couplings not only result in notoriously poor yields of the final 

peptide but also cause side reactions that become more problematic as coupling rates 

decrease.33 

Several coupling reagents have been reported to overcome these problems.34 

In the synthesis of the N-methylated LDFI analogues (Table 1), in order to improve the 

efficiency of couplings with N-methyl residues, we used the coupling reagent O-(7-

azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU), an 

activating agent recommended for the acylation of N-Methyl amino acids in solid phase,32 

and the microwave heating in addition to perform double or triple coupling cycles. 

We designed and attempted the synthesis of various N-methylated LDFI analogues by 

incorporating different combinations of the synthesized N-methyl-α-amino acids. Then 

we focused our interest only onto two of them, peptide a and peptide b, that showed 

higher leptin antagonistic properties. 

For the synthesis of peptide a and peptide b (Table 1) we used two similar protocols 

starting from Wang resin 100-200 mesh (0.7 mmol) or from N-Fmoc-L-Ile-OH anchored 

to the Wang resin (1) (0.1 mmoles, loading 0.6 mmoles/g) (Scheme 2). 

 

             Table 1. Solid phase synthesis of N-methylated LDFI analogues 

Peptide Yield 

a 70% 

b 60% 
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Scheme 2 
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Coupling reactions were performed in DMF with fivefold excess of N-Fmoc-N-Me-L-

amino acids, and N-Fmoc-L-amino acids, and in the presence of HATU (5.0 equivalents) 

and DIPEA (10 equivalents) for 20 min. at 75°C. The Fmoc protecting group was 

removed by treatment of the resin with a 20% solution of piperidine in DMF at 75°C.  

The peptide was cleaved from the resin using a mixture of TFA, water, and TIS 

(9.5/0.25/0.25 by volume) for 30 min. at 38 °C. Following cleavage the peptides a and b 

were obtained in 70% and 60% yield respectively by precipitation with cold diethyl ether 

(Scheme 2).  

Both peptides (a and b) were characterized by 1H NMR, 13C NMR and ESI-QTOF-MS 

analyses. ESI-MS/MS data were collected to elucidate the peptide structure.  

The 1H NMR spectra showed the incorporation of the N-methylated residues and 

confirmed the structure of the synthesized methylated derivatives. All signal assignments 

were made by decoupling experiments. 

Furthermore, the ESI MS/MS spectra of the MH+ precursor ions showed the key 

fragmentations related to the analyzed peptide sequences.  

The fragmentations of the two peptides (a and b) led to the formation of the typical ions 

that match the expected fragments from the precursor ions ([M+H]+) for the obtained 

methylated sequences. 

The obtained results showed that performing three HATU-mediated couplings in a 5-fold 

excess of reagents allowed for the efficient coupling of the N-Fmoc-amino acids onto the 

hampered resin-bound N-methyl residues. 

Finally, the ability of peptides a and b in antagonizing leptin activity in breast cancer cells 

was evaluated.  

We tested the biological activity of the peptide a and b on anchorage-independent cell 

growth and cell motility using as experimental models ObR-positive and leptin-sensitive 

MCF-7 (Estrogen Receptor alpha-positive) and MDA-MB-231 (Estrogen Receptor 

alpha-negative) breast cancer cells. We found that treatment with leptin (500 ng/ml) 

increased cell proliferation and the peptides a and b at 1 µM concentration significantly 

reversed the leptin-induced cell growth in both cell lines (Figure 3 A and B, upper panel). 

Moreover, pretreatment with the peptides a and b counteracted leptin effects on cell 

motility (Figure 3 A and B, lower panel).  
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* P<0,05 

 

Figure 3. Effects of N-methylated tetrapeptides on leptin induced breast cancer cell proliferation.  

 

Our results suggest that the proposed N-methylated LDFI analogues, acting as full leptin 

antagonists, after further experiments and biological assessments, could represent 

promising therapeutic tools for breast cancer treatment and other leptin-related cancers. 
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2.3. Experimental Section 

2.3.1. Materials 

Reagents were commercially available with analytical grade and used as purchased 

without further purification. Solvents were purified according to well-known laboratory 

methods and freshly distilled prior to use.  

Manual solid-phase synthesis of N-Fmoc-N-Methyl-α-amino acids was carried out in a 

peptide vessel. Commercially available 2-chlorotrityl chloride resin (purchased from 

Sigma-Aldrich) and α-amino acids of the L-series were used.  

The peptide chain assembly was made on a CEM-Liberty microwave-assisted automated 

synthesizer. 

N-Fmoc-L-amino acids, Wang resin (100-200 mesh), Fmoc-L-Ile-Wang resin (100-200 

mesh), O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate 

(HATU), diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA),  triisopropylsilane 

(TIS) and dimethyl sulfoxide-d6 (DMSO-d6) were purchased from Sigma-Aldrich. 

Ultrapure water was distilled with the MilliQ® water, Millipore. 

N-methylpyrrolidone (NMP), Dichloromethane (DCM), N,N-dimethylformamide 

(DMF), diethyl ether were purchased from VWR.  

 

2.3.2. Synthesis of N-Fmoc-N-methyl-α-aminoacids  

N-Fmoc-N-methyl-α-aminoacids were prepared according to a previously developed 

protocol. 32 

 

N-Fmoc-N-methyl-L-leucine (70 %). 1H NMR (300 MHz, DMSO-d6), mixture of two 

rotational isomers A and B (60:40): δ 7.87-7.25 (m, 8H, ArH), 4.60 (dd, J=11.4, 4.5 Hz, 

1H, α-CH), 4.45-4.20 (m, 3H, CH2-Fmoc, CH-Fmoc), 2.72 (B) and 2.68 (A) (2s, 3H, 

CH3), 1.75-1.22 (m, 3H, CH2CH), 0.94-0.65 (m, 6H, CH(CH3)2); 
13C NMR (75 MHz, 

DMSO-d6), mixture of two rotational isomers A and B: δ 172.50, 156.51, 156.22, 144.21, 

144.13, 128.14, 128.02, 127.54, 125.36, 125.26, 120.61, 67.33, 56.65, 56.43, 47.22, 

37.53, 37.24, 30.42, 24.91, 23.62, 22.44, 21.37.  

 

N-Fmoc-N-methyl- -L-Aspartic acid 4-tert-butyl ester (75 %). 1H NMR (300 MHz, 

DMSO-d6), mixture of two rotational isomers A and B (62:38): δ 7.97-7.22 (m, 8H, ArH), 



 

33 
 

4.89 (B) and 4.76 (A) (2dd, J=8.5, 6.2 Hz, 1H, α-CH), 4.41-4.18 (m, 3H, CH2-Fmoc, CH-

Fmoc), 2.89-2.73 (m, 4H, CH3, CH2COOH), 2.69-2.54 (m, 1H, CH2COOH), 1,38 (B) and 

1.34 (A) (2s, 9 H, (CH3)3C); 13C NMR (75 MHz, DMSO-d6), mixture of two rotational 

isomers A and B: δ 171.86, 169.98, 156.16, 144.17, 141.19, 129.22, 128.63, 126.57, 

119.64, 80.41, 56.07, 47.82, 46.03, 35.68, 33.13, 28.78, 27.18, 25.41. 

 

N-Fmoc-N-methyl-L-phenylalanine (65 %). 1H NMR (300 MHz, DMSO-d6), mixture 

of two rotational isomers A and B (52:48): δ 7.94-6.97 (m, 13H, ArH), 4.79 (A) and 4.67 

(B) (2dd, J=11.8, 4.4 Hz, 1H, α-CH), 4.33-4.07 (m, 3H, CH2-Fmoc, CH-Fmoc), 3.28-

2.95 (m, 2H, CH2Ph), 2.691 (A) and 2.66 (B) (2s, 3H, CH3); 
13C NMR (75 MHz, DMSO-

d6), mixture of two rotational isomers A and B: δ 172.27, 156.27, 144.10, 141.03, 130.20, 

129.07, 128.62, 128.15, 127.65, 126.48, 124.31, 119.57, 67.12, 59.62, 46.03, 34.53, 

32.64. 

 

N-Fmoc-N-methyl-L-isoleucine (73%); 1HNMR (300 MHz, DMSO-d6) mixture of two 

rotational isomers A and B (80:20) δ 7.94-7.24 (m, 8H, ArH), 4.48-3.92 (m, 4H, α-CH, 

CH2-Fmoc, CH-Fmoc), 2.71 (A) and 2.69 (B) (2s, 3H, CH3), 1.80 (m, 1H, CHCH3), 1.34-

1.07 (m, 2H, CH2CH3), 0.93-0.72 (m, 6H, CHCH3, CH2CH3); 
13C NMR (75 MHz, 

DMSO-d6) mixture of two rotational isomers A and B: δ 172.27, 156.42, 144.35, 144.26, 

141.35, 128.16, 127.52, 125.41, 120.56, 67.26, 62.72, 59.91, 47.23, 33.12, 30.43, 25.12, 

22.11, 16.21, 10.82.  

 

2.3.3. Peptide Synthesis 

Microwave assisted peptide synthesis protocol 

The peptide chain assembly was made on a CEM-Liberty microwave-assisted automated 

synthesizer. The syntheses’ scales were 0.10 mmol. 

In the 50 mL bottles, the Fmoc-L-AA-OH (0.2 mmol) amino acids were dissolved in 

DMF. Subsequently, solutions containing 20% DIPEA in NMP, the HATU coupling 

reagent dissolved in DMF and 20% piperidine in DMF were prepared.  

The Wang resin 100-200 mesh (0.7 mmol) was introduced into the reaction vessel and 

swollen in DMF (5 ml) for 30 min. Then, the reaction vessel was placed in the Discovery 

microwave and the temperature adjusted via optical fiber.  



 

34 
 

The loading of the resin with N-Fmoc-α-amino acids and all coupling steps were 

performed in DMF with fivefold excess of N-Fmoc-N-Me-L-amino acids, and N-Fmoc-

L-amino acids, and in the presence of HATU (5.0 equivalents) and DIPEA (10 

equivalents) for 20 min. at 75°C. Coupling steps were performed twice or three times. 

The Fmoc protecting group was removed by treatment of the resin with a 20% solution 

of piperidine in DMF (v/v) (7 ml). Deprotection was performed in two stages with an 

initial deprotection of 30 sec. followed by 3 min. at 75°C.  

Between each step, the resin was washed thoroughly with DMF. The completed peptide 

was washed with DMF and DCM.  

The peptide was cleaved from the resin using a mixture of TFA, water, and TIS 

(9.5/0.25/0.25 by volume) for 30 min., the temperature was maintained at 38 °C via 

optical fiber. 

The mixture with the resin was placed in a test tube with a porous septum and washed 

once with 1 mL of TFA, with TFA: DCM (2 mL, 1: 1 v/v) and then with DCM. TFA and 

DCM were removed under reduced pressure conditions. Then the peptides a and b were 

obtained in 70% and 60% yield respectively by precipitation with cold diethyl ether. 

 

Peptide analysis 

1H NMR spectra were recorded on a Bruker Avance 300 instrument at 300 MHz. 

Spectroscopic analysis was performed at 293 K on diluted solutions of each compound 

by using DMSO-d6 as the solvent. Chemical shifts (δ) are reported in ppm. Coupling 

constants (J) are reported in Hertz (Hz). ESI-QTOF mass spectra were recorded on a 

Agilent Quadrupole Time of Flight (QTOF) mass spectrometer fitted with an electrospray 

ionization source (ESI) operating in positive ion mode. 

 

 

Peptide structures and all related experimental data are not reported since a patent 

application is being drafted  
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2.4. Outlook 
 

Here, we synthesized two methylated analogues of the leptin antagonist tetrapeptide 

(LDFI). The N-methylated peptides were easily prepared by solid phase methods starting 

from N-Fmoc-N-methyl amino acids for the purpose synthesized. 

The effects of both methylated peptides on leptin induced breast cancer cell proliferation 

were evaluated using in vitro experimental models. 

Interestingly our results showed that the novel methylated peptides inhibit effectively the 

leptin-induced growth as well as migration in both ERa-positive and - negative breast 

cancer cells. 

Stability assays of methylated peptides a and b are ongoing in order to study peptide 

degradation and evaluate the stabilization of the leptin antagonist by N-methylation.  

The study of the proteolytic degradation in the blood of the two methylated peptides is 

performed by incubating in parallel LDFI and its methylated analogues in plasma and 

comparing their degradation profiles. The remaining peptides and degradation products 

will be identified using mass spectrometry.  
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3 
Synthesis of a new peptide ligand for targeting CD38 receptor 

on multiple myeloma cells 

 

[Ongoing work 2] 

 

Abstract 

A short peptide chain (heptapeptide) able to interact with the CD38 receptor over-

expressed by multiple myeloma cells was designed and synthesized. The developed 

peptide was conjugated, as targeting molecule, to the external surface of a MSN-based 

nanocarrier with the aim to achieve a more specific and efficient bortezomib delivery 

system (CD38-PEP-MSN-BTZ).TEM analysis of the CD38-PEP-MSN conjugate gave 

promising results in fact, TEM images showed that the system is internalized by CD38+ 

RPMI MM cells. The new synthesized CD38 peptide ligand might be an excellent 

substitute of folic acid for the MSN-BTZ prototype, since CD38 receptor is highly 

expressed on MM cells. 
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3.1. Introduction 

 

Peptides regulate a wide range of physiological processes and interact with numerous 

biological targets involved in different pathologies, thus providing a vast opportunity for 

biomedical applications. The interest towards the synthesis of biologically active peptides 

has significantly increased since they are widely used as therapeutic agents against 

different types of diseases. 

In recent years, peptides have also gained remarkable success in the field of drug delivery 

and nanomedicine. Peptide-conjugates in fact, are able to direct active pharmaceutical 

ingredients (APIs) selectively towards specific biological targets.1 

In these applications, peptides can act by crossing the cytoplasmic membrane and 

allowing the internalization of structurally disadvantaged molecules (CPP) or acting as 

cell-targeting peptides (CTP).2  

Peptides are particularly suitable for this purpose since they are small, easy to synthesize 

and generally non-immunogenic furthermore they have high affinities and specificities 

for their receptors. 

Oligopeptides also present the ability to penetrate the cell allowing the transport through 

the membrane of drugs that due to size, possible ionization and plasma protein bonds are 

hardly able to cross it.3  

Importantly the carrier or drug does not necessarily have to be chemically conjugated to 

the peptide; the peptide activates a particular transport system of any molecule that is 

present in the blood.4 

Cell-targeting peptides (CTP) show affinity and specificity towards a cellular or tissue 

targets, and by maintaining a conformation adequate to the interaction with the receptor 

they are able to bind the target receptor with high affinity, thus reducing the side effects 

associated with anticancer therapies.5 

In the identification of new peptides to be used as targeting functions, computer modeling 

techniques are important to establish the possible interactions that occur between a 

receptor protein and peptides, and to improve binding affinities through optimization of 
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amino acid sequences in the peptide chains.6 Methods based on molecular docking 

strategies are essential tools for the structure-based design of optimized binding peptides. 

Multiple myeloma (MM) is a B-cell malignancy characterized by an abnormal 

proliferation of plasma cells. It is the second most common hematologic malignancy 

accounting for more than 10,000 deaths annually in the USA.7 

The disease is characterized by the presence of numerous genetic alterations and it is the 

results from the neoplastic transformation of B lymphocytes. MM causes a decrease in 

the production of blood cells and in the resistance to infection.8  

Due to the high accumulation of misfolded or unfolded proteins in the endoplasmic 

reticulum (ER), the use of proteasome inhibitors constitutes the main therapeutic choice 

for this malignancy. Proteasome inhibition generates an accumulation of these proteins, 

activating apoptotic pathways and consequent cell death. 

Bortezomib (BTZ, VELCADE®) is the first-in-class proteasome inhibitor approved by 

US FDA for the treatment of multiple myeloma (MM) patients.9 

Bortezomib, a dipeptide boronic acid, (Figure 1) is an antineoplastic agent belonging to 

a class of new generation antineoplastic agents which acts by inhibiting the chemotrypsin-

like activity of proteasome 26S. Bortezomib, by inhibiting the proteasome, blocks the 

cellular protein degradation system10-11 and promotes the apoptotic process of the 

myeloma cells. 12-15 

 

Figure 1 Structure of Bortezomib 

Although bortezomib (BTZ) is one of the most potent proteasome inhibitors available, it 

still has a high number of associated undesired side effects, such as chronic peripheral 

neuropathy, that limit its use as anticancer drug.  



 

41 
 

The peripheral neuropathy is one of the most serious dose-limiting side effects that occur 

during BTZ treatment.9 Therefore, there is a great interest for the development of specific 

BTZ delivery systems in order to reduce its side effects in the normal tissues and to 

enhance its potency in the MM cells.16 

Based on the above, the development of new and highly efficient BTZ delivery systems 

represents a particularly attractive goal.17 

Unsoy et al. 2014 developed a drug delivery using Chitosan magnetic nanoparticles 

loaded with Bortezomib. The stimuli-responsive system allows pH-responsive release of 

Bortezomib, which can be targeted to tumor cells under a magnetic field. The magnetic 

targeting limits the side effects of chemotherapy, while the effective release from the 

nanoparticles may reduce the amount of Bortezomib required, and the frequency of drug 

administration.18 

Moreover, it was also synthesized a system for the Bortezomib delivery based on 

liposomal nanoparticles. In vitro studies have demonstrated that the system has induced 

significant proteasome inhibition and cytotoxicity against multiple myeloma cell lines, in 

addition in vivo has showed a remarkable tumor growth inhibition with reduced systemic 

toxicity.19 

Recently in our laboratory, a new system of BTZ administration has been developed 

exploiting the unique properties of mesoporous silica nanoparticles (MSNs) such as high 

biocompatibility and versatility.20 

The intrinsic properties of mesoporous silica nanoparticles (MSN) make them ideal 

delivery platforms.21 Their structural and chemical features as high surface area, tunable 

size, and easy surface modification permit to design versatile nanosystems able to 

encapsulate a variety of therapeutic agents and to host targeting molecules able to interact 

selectively with specific membrane receptors overexpressed in tumor cells.22 The use of 

these drug delivery systems composed of biocompatible nanomaterials allows 

minimizing toxic side effects and increasing the therapeutic efficacy of the drug.23 The 

MSNs can be exploited as vehicles for targeting and release of biologically active 

molecules, to be employed in targeted therapy. MSNs have been tested for the delivery 
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of a variety of drugs including nonsteroidal anti-inflammatories (e.g., aspirin), antibiotics 

(e.g., vancomycin), and chemotherapeutics (e.g., doxorubicin and methotrexate). 24-28 

The patented MSN-based nanodevice (FOL-MSN-BTZ)29 is totally engineered, it 

employs a receptor-specific ligand (folic acid) on the external surface of MSNs while the 

antitumor drug Bortezomib is linked, mainly on the pore walls, through a pH-sensitive 

bond (Figure 2). The drug is only anchored on the inner pore walls, in this way the pH-

sensitive bond is protected from the hydrolysis during the plasmatic distribution, until 

when it penetrates inside the target cells. 

 

 

 

 

 

 

Figure 2. Schematization of our system FOL-MSN-BTZ. 

 

The system works through there steps that are: cellular recognition; system internalization 

and intracellular drug release. 

Mesoporous silica nanoparticles used were synthesized by modifying an interfacial 

synthesis procedure carried out at room temperature, introducing cyclohexane as the 

organic phase in which tetraethyl orthosilicate, silica source, (TEOS) is dissolved (1) 30 

Folic acid (FOL) was used as targeting molecule since its use as tumour-homing agent is 

widespread recognized.31 

Aminopropyl-functionalized particles (MSN-AP) were prepared by covalent grafting of 

aminopropyltriethoxysilane (APTES) on the external surface of MSNs. Folic acid 

functionalized particles (MSN-FOL) were synthesized through amide bond formation 

between the amino group of MSN-AP and folic acid. The following steps concern 

Receptor specific ligand: FOL 

BTZ 

Smart mesoporous  

silica nanoparticle  
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surfactant removal and the conjugation of BTZ-prodrug via pH-sensitive bond to silica 

pore walls.32 

The BTZ boronic acid group forms, with a diol linker anchored on the MSNs pore surface, 

reversible cyclic boronate esters rather stable at neutral and alkaline pH, and that 

dissociate in acidic environments to release the free active drug (Figure 3). 

 

   

 

Figure 3. FOL-MSN-BTZ conjugate 

The formation of boronic acid-diol conjugate is reversible in a pH-sensitive manner: at 

neutral or alkaline pH, BTZ and catechol form a stable boronate ester, in a low-pH 

environment, the BTZ-catechol ester conjugate dissociates and release BTZ, and catechol 

groups.33 

Drug release from FOL-MSN-BTZ as a function of time and at different pH values has 

been studied. Release experiments, carried out in media mimicking the physiological 

(pH=7.4) and endolysosomal compartments (pH = 5) proved the ability of the system to 

modulate drug release in relation to the variation of pH. 

FOL-MSN-BTZ was tested on cancer cells overexpressing the folate receptor (FR+ cells) 

and on FR- normal cells including the human FRα-/FRβ+ MM cells lines, RPMI and 

U266B-1, being BTZ the treatment of choice for this type of cancer. Our experiments 

showed that FOL-MSN-BTZ induces death or inhibit proliferation in FR+ cancer cells 

but not in FR- normal cells while free BTZ resulted toxic for all cell lines tested, 

independently on their FR expression. 

These results fit very well with our TEM observations on RPMI and BJhTERT cells 

treated with FOL-MSN-BTZ, which showed how MSNs uptake occurs in FR+ RPMI 

only and not in FR- BJhTERT cells, where they remain confined in the intercellular 

FOL-MSN-BTZ 
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spaces. Finally, the biocompatibility of FOL-MSN-BTZ at increasing concentrations and 

its antitumor activity was demonstrated in mouse xenograft models. However, the in vivo 

experimentation indicated that our system affects moderately the mouse neuronal cells 

functionality. Most likely this effect is due to the FR+ receptor expression in the nervous 

system. 

In this regards encouraged by the remarkable results obtained we studied the possibility 

to improve the technology functionalizing our BTZ MSN-based delivery system with a 

ligand able to interact with the CD38 receptor that is specifically expressed on Multiple 

Myeloma cells in order to enhance the potency and efficacy of BTZ in MM cells. 

CD38 is a multifunctional cell surface protein that has receptor as well as enzyme 

functions. The protein is generally expressed at low levels on various hematological and 

solid tissues, while plasma cells express particularly high levels of CD38. The protein is 

also expressed in a subset of hematological tumors, and shows especially broad and high 

expression levels in plasma cell tumors such as multiple myeloma (MM).34 

Numerous studies have shown an over-expression, in cells of multiple myeloma, of the 

CD-38 receptor. 

We thought then that a peptide able to bind selectively CD38 receptor could allow to 

selectively target and deliver bortezomib to MM cancer cells. 

CD38 consists of 300 amino acid residues pertaining to three domains: a short 

intracellular domain, a single transmembrane helix domain, and a large extracellular 

domain. The human CD38 molecule presents two separate domains.  

The N-terminal domain (residues 45–118 and 144–200) is formed by a bundle of α helices 

(α1, α2, α3, α5, α6) and two short β strands (β1, β3); and the C-terminal domain (residues 

119–143 and 201–300) consists of a four-stranded parallel β sheet (β2, β4, β5, and β6) 

surrounded by two long helices (α8 and α9) and two short helices (α4 and α7) .Two 

distinct domains are connected by a hinge region composed of three peptide chains, 

including residues 118–119, 143–144, and 200–201. A disulphide bond (Cys119-

Cys201), which is unique in CD38, in addition to the other five pairs of disulphide bonds 

(Cys67-Cys82, Cys99-Cys180, Cys160-Cys173, Cys254-Cys275, and Cys287-Cys296) 

conserved in ADP-ribosyl cyclase family members, further stabilizes the relative 

conformations of two domains by linking peptides 118–119 and 200–201 together.35, 36 
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The process of endocytosis of the human CD38 molecule has been studied in normal 

lymphocytes and in a number of leukemia- and lymphoma-derived cell lines by 

investigating the fate of CD38 after ligation to agonistic and non-agonistic specific 

antibodies.37  

Since CD38 is highly expressed in hematologic malignancies CD38, it represents an 

attractive therapeutic target and a highly interesting target for anticancer therapy in MM. 

Various CD38 antibodies have been identified that show strong preclinical and clinical 

potential. Different study demonstrated that CD38 undergoes internalization after ligation 

with agonistic or non-agonistic specific antibodies.38 

Based on the above, we investigated the interaction between CD38 receptor and specific 

antibodies in order to identify short amino acidic sequences able to bind CD38 and to 

induce its internalization. On the base of the binding site of the antibody SAR650984 

(Isatuximab) to CD38, we identified a sequence of the Isatuximab paratope and 

hypothesized some short peptides mimicking the identified paratope and that could be 

able to interact with CD38 receptor. Finally, on the base of hypothesized peptides we 

defined some specific amino acid sequences incorporating also cysteine residues. It is 

reported in fact that cysteine residues play an important role in the internalization of CD38 

through the formation of disulfide bonds.39 

The interactions of the hypothesized peptides with the CD38 receptor have been 

simulated and evaluated by in silico studies. The careful analysis and interpretation of the 

obtained results from these computational studies have allowed us to define a pool of 

short amino acid sequences to synthesize and conjugate to the carrier. 

In this study, the solid phase synthesis of a short peptide chain (heptapeptide) and its 

conjugation to the external surface of a MSN-based nanocarrier is described. 

Furthermore, through transmission electronic microscopy (TEM) the uptake and 

localization of the obtained system CD38-PEP-MSN within MM cells is evaluated.  
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3.2. Results and Discussion 

 

In our design, for the synthesis of the targeting peptide molecule (CD38-PEP) we use 

Fmoc-based Solid Phase Peptide Synthesis methodologies. 

We designed and synthesized a small peptide (CD38-PEP) composed by 7 amino acids 

containing a cysteine residue as N-terminal unit, important for the nanocarrier uptake. 

For the synthesis of peptide CD38-PEP we used the N-Fmoc protected C-terminal amino 

acid anchored to the Wang resin (1) (0.1 mmoles, loading 0.6 mmoles/g) (Scheme 1) and 

HBTU (N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate) 

as coupling agent. 

Coupling reactions were performed in DMF with fivefold excess of N-Fmoc-L-amino 

acids, and in the presence of HBTU (5.0 equivalents) and DIPEA (10 equivalents) for 20 

min. at 75°C. The last coupling for the insertion of N-Fmoc-Cys(Trt)-OH was performed 

at 50°C for 20 minutes. Lowering the microwave coupling temperature from 75°C to 

50°C limits the racemization of cysteine. The Fmoc protecting group was removed by 

treatment of the resin with a 20% solution of piperidine in DMF at 75°C. The deprotection 

of the amino function was carried out for all the amino acids of the sequence except for 

the N-terminal amino acid cysteine (Scheme 1). The protocol used for the conjugation of 

the peptide to the external surface of the nanoparticles required the presence of the 

protecting group on the cysteine amine function to avoid side reactions. 

Cleavage and removal of  the side-chain protecting group was carried out using a mixture 

of TFA (95% v/v), water (2.5% v/v), and TIS (2.5% v/v) for 30 min. at 38°C by 

microwave heating. 

Following cleavage, the peptide Fmoc-CD38-PEP was obtained in 68% yield by 

precipitation with cold diethyl ether. 

HPLC/MS analysis of the crude peptide showed that peptide ligand Fmoc-CD38-PEP 

was obtained with a high purity degree (> 90%) (Figure 4, rt = 18.0 min). 

The peptide was characterized by 1H NMR, 13C NMR and HPLC-ESI-QTOF-MS 

analysis. All 1H NMR signal assignments were made by decoupling experiments and ESI-

MS/MS data were collected to elucidate peptide structure. The structure of Fmoc-CD38-

PEP derived from the NMR data was confirmed by LC-MS/MS analysis, in which the 

peptide bonds between the amino acid residues were sequentially cleaved. 
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Scheme 1 
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Figure 4. LC/MS analysis of Fmoc-CD38-PEP peptide 

 

 

The Fmoc-CD38-PEP sequence was then conjugated to the external surface of the 

mesoporous silica nanoparticles in order to obtain the targeted nanocarrier CD38-PEP-

MSN and evaluate its uptake by MM cells overexpressing CD38 receptor.  

The nanoparticles (MSNs) were synthesized according to the published procedure, 

present in Paper 5, using Triton X-100 as a surfactant molecule, TEOS as a source of 

silica and cyclohexane. The synthesized nanoparticles were then characterized by SEM, 

XRD and TGA. The external surface of MSNs was then functionalized with APTES in 

order to incorporate on the surface aminopropyl functions useful to conjugate the 

targeting peptide molecule by means an amide bond. 

The conjugation of the peptide to the nanoparticles was carried out through the formation 

of an amide bond between the amino function on the nanocarrier external surface and the 

carboxyl function of the peptide C-terminal residue. 

Firstly, Fmoc-CD38-PEP (0.27 mmoles, 1 equivalent) was dissolved in 10 mL of a 

mixture of anhydrous DCM and DMF (1: 1 by volume), then DIC (0.27 mmoles, 1 

equivalent) and DIPEA (0.54 mmol, 2 equivalents) were added. The reaction mixture was 

left under stirring for about 2 hours at room temperature. Subsequently, 0.1 g of MSNs 

were added and the reaction mixture was left stirring for 48 hours at room temperature. 
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The suspension was then filtered, washed three times with DMF and anhydrous DCM 

and dried to afford the nanocarrier Fmoc-CD38-PEP-MSN.  

The following steps concern surfactant removal from the nanoparticles internal pores by 

extraction with distilled water and the deprotection of the amino function of the N-

terminal cysteine. The removal of Fmoc group was performed using 10 mL of a solution 

of 20% piperidine in DMF. Two deprotection cycles of 30 minutes each were carried out. 

The CD38-PEP-MSN nanoparticles were recovered by filtration and washing with DMF 

and anhydrous DCM. 

The effectiveness of nanomaterials for biomedical applications depends on successful 

ingestion/uptake by cells, and this was verified via transmission electron microscopy 

(TEM) images. 

The CD38-PEP-MSN nanoparticles thus obtained, before Bortezomib loading, were 

analyzed by TEM to evaluate the uptake of the nanocarrier by MM RPMI-8626 cells 

expressing the CD38 receptor and consequently to evaluate the efficacy of the targeting 

peptide function against CD38 receptor. 

Immunogold labeling experiments on RPMI cells demonstrate the recognition of CD38-

PEP-MSN by CD-38. Interestingly, as depicted in Figure 5, after CD38 recognition at the 

cell membrane, CD38-PEP-MSN were internalized through the CD38-mediated 

endocytic process. 

 

Figure 5. Colloidal-gold immunocytochemistry for CD-38 (black dots indicated by red circle) in 

RPMI cells exposed to CD38-MSN for 2h. (a) Scale bars 2μm, x 4.000 magnification (left panel); 

(b) scale bars 0.1μm, x10k magnification (left panel). 

  

a) b) 
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3.3. Experimental Section 

3.3.1. Materials 

Reagents were commercially available with analytical grade and used as purchased 

without further purification. Solvents were purified according to well-known laboratory 

methods and freshly distilled prior to use.  

The peptide chain assembly was made on a CEM-Liberty microwave-assisted automated 

synthesizer. 

N-Fmoc-L-amino acids, Wang resin (100-200 mesh), N,N,N′,N′-Tetramethyl-O-(1H-

benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), diisopropylethylamine 

(DIPEA), trifluoroacetic acid (TFA),  triisopropylsilane (TIS) and dimethyl sulfoxide-d6 

(DMSO-d6), Triton X-100, neutral polyoxyethylene(10) octylphenyl ether, 

tetraethylorthosilicate (TEOS), (3-aminopropyl)-triethoxysilane (APTES), 

Diisopropylcarbodiimide (DIC) were purchased from Sigma-Aldrich. Ultrapure water 

was distilled with the MilliQ® water, Millipore. Diethyl ether, trifluoroacetic acid (TFA), 

N-methylpyrrolidone (NMP), Dichloromethane (DCM), N,N-dimethylformamide 

(DMF), hexane and Cyclohexane were purchased from VWR.  

 

3.3.2. Microwave assisted peptide synthesis protocol 

The peptide chain assembly was made on a CEM-Liberty microwave-assisted automated 

synthesizer. The syntheses’ scales were 0.10 mmol. 

In the 50 mL bottles, the Fmoc-L-AA-OH (0.2 mmol) amino acids were dissolved in 

DMF. Subsequently, solutions containing 20% DIPEA in NMP, the HBTU coupling 

reagent dissolved in DMF and 20% piperidine in DMF were prepared.  

Fmoc-L-amino acid - Wang resin (0.6 mmol) was introduced into the reaction vessel and 

swollen in DMF (5 ml) for 30 min. Then, the reaction vessel was placed in the Discovery 

microwave and the temperature adjusted via optical fiber.  

The loading of the resin with N-Fmoc-α- amino acids and all coupling steps were 

performed in DMF, and in the presence of HBTU (5.0 equivalents) and DIPEA (10 

equivalents) for 20 min at 75°C for all amino acids, and for 20 min at 50°C for cysteine.   

The Fmoc protecting group was removed by treatment of the resin with a 20% solution 

of piperidine in DMF (v/v) (7 ml). Deprotection was performed in two stages with an 

initial deprotection of 30 sec. followed by 3 min. at 75°C.  
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Between each step, the resin was washed thoroughly with DMF. The completed peptide 

was washed with DMF and DCM.  

The peptide was cleaved from the resin using a mixture of TFA, water, and TIS 

(9.5/0.25/0.25 by volume) for 30 min., the temperature was maintained at 38°C via optical 

fiber. 

The mixture with the resin was placed in a test tube with a porous septum and washed 

once with 1 mL of TFA, with TFA: DCM (2 mL, 1: 1 v/v) and then with DCM. TFA and 

DCM were removed under reduced pressure conditions. Then the peptide was obtained 

in 68% yield by precipitation with cold diethyl ether. 

 

3.3.3. Peptide analysis 

1H and 13C NMR spectra were recorded on a Bruker Avance 300 instrument at 300 MHz 

and 75 MHz, respectively. Spectroscopic analysis was performed at 293 K on diluted 

solutions of each compound by using DMSO-d6 as the solvent. Chemical shifts (δ) are 

reported in ppm. Coupling constants (J) are reported in Hertz (Hz). LC-MS analysis was 

carried out using a UHPLC instrument coupled to a QTOF mass spectrometer fitted with 

an ESI operating in positive ion mode. Chromatographic separation was achieved using 

a C18 RP analytical column (Eclipse Plus C18, 50 9 2.1 mm, 1.8 lm) at 50°C with an 

elution gradient from 5% to 50% of B over 15 min., A being H2O (0.1% FA) and B 

CH3CN (0.1% FA). Flow rate was 0.5 ml/min. ESI-QTOF mass spectra were recorded on 

an Agilent Quadrupole Time of Flight (QTOF) mass spectrometer fitted with an 

electrospray ionization source (ESI) operating in positive ion mode. 

 

3.3.4. Mesoporous silica nanoparticles analysis 

Fourier transform infrared (FTIR) spectra were recorded with an infrared spectrometer 

(FT/IR-4600 FT-IR, Jasco; Germany). The ordered mesoporous framework of the 

synthesized materials was studied by small angle powder X-ray diffraction (XRD) on a 

MiniFlex 600 Rigaku diffractometer operating at 40 kV and 15 mA, employing Ni b-

filtered Cu Kα radiation in the 2Ɵ range of 0.3–10° with a scan speed of 0.3 deg per min. 

The TG analysis were carried out with a Netzsch STA 409 instrument between 20°C and 

850°C at a ramp of 10°C/min in air with a flow rate of 10 ml/min. 
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3.3.5. Synthesis of Mesoporous Silica Nanoparticles  

MSU-type MSNs were synthesized through an assembly mechanism at neutral pH of non-

ionic poly(ethylene oxide)-based surfactants and silica sources we developed (Paper 5).40 

The surfactant Triton X-100 (21 g) was dissolved in ultrapure water (230 g) in about four 

hours at room temperature. In order to create two phases, along the vessel it was slowly 

added a solution of TEOS (22 g) in cyclohexane (9.8 g) (molar composition TEOS: 

Cyclohexane: Triton X-100: H2O 1: 1.08: 0.32: 120). 

The synthesis was carried out at room temperature and aged for 15 days. The upper phase 

was removed and the resulting precipitate was collected by filtration and washed three 

times with ultrapure water. Finally, the sample was dried in the oven at 70 °C for 24 h 

thus a white powder was obtained. 

 

Synthesis of AP-MSN  

The external surface of the nanoparticles was functionalized with aminopropyl groups 

necessary for the subsequent reaction. For the purpose, APTES was used as the hybrid 

silica source. 

In a typical preparation, a solution containing 1.42 g (0.0064 moles) of APTES in 3 mL 

of ethanol was added to a suspension of 700 mg of MSNs in 2,5 mL of ethanol. The 

synthesis was left under stirring at room temperature for 2 days. 

The resulting suspension was filtered and washed once with ethanol and twice with 

ultrapure water. The MSN-AP were then placed in an oven at 70°C for 24 hours. 

 

Synthesis of CD38-PEP-MSN 

Firstly, the CD38-PEP-(0.27 mmoles, 1 equivalent) was dissolved in 10 mL of a mixture 

of anhydrous DCM and DMF (1: 1 by volume) with DIC (0.27 mmoles, 1 equivalent) and 

DIPEA (0.54 mmol, 2 equivalents) to activate the carboxylic function, and the mixture 

was left to stir for 2 hours at room temperature. Subsequently, 0.1 g of AP-MSNs were 

added and the reaction was carried out for 48 hours, at room temperature and protected 

from light. The suspension was then filtered and washed three times with DMF and finally 

with anhydrous DCM to remove the unbound reagents. The so-obtained nanoparticles 

were dried at room temperature.  



 

53 
 

Subsequently, the surfactant within the pores was removed by two extractions of 12 h 

each, using 0.11 g of PEP-MSN in 0.33 l of ultrapure water at room temperature. The 

nanocarrier was filtered and washed two times with anhydrous 1,4-dioxane and 3 times 

with anhydrous DCM. 

 

N-Fmoc deprotection reaction 

The removal of N-Fmoc group from the N-terminal cysteine was performed using 10 mL 

of a solution of 20% piperidine in DMF. Two deprotection cycles of 30 minutes each 

were carried out and at the end of each cycle, the obtained nanoparticles were filtered and 

washed with DMF and anhydrous DCM. The nanoparticles were dried at room 

temperature and stored under inert atmosphere. 

3.3.6. Transmission electron microscopy (TEM) and electron immunocytochemistry 

For conventional TEM analysis and electron immunocytochemistry, cells were treated as 

described for growth experiments and harvested either right after 1h MSNs treatment (to 

detect MSNs uptake) or after 36h following the 1h exposure to MSNs (to individuate cell 

death and/or cell injury in treated cells). All samples have been routinely fixed, 

dehydrated, and resin embedded using heat polymerization. Indirect immunolabeling has 

been performed on ultrathin sections (60 nm) collected on Formvar carbon-coated nickel 

grids. Grids with sections were floated on drops of 1% bovine serum albumin (BSA) in 

PBS containing 0.02-M glycine at room temperature for 30min to reduce nonspecific 

binding. Sections were then incubated with a rabbit polyclonal antibody against FR-β 

cat#PA5-45768 (1:10) (Invitrogen, ThermoFisher) in PBS 0.1% BSA at 4°C overnight. 

The grids were then washed in four drops of PBS for a total of 15 min, transferred to 

50μL drops of secondary antibody conjugated to 10-nm gold particles for 1 h at room 

temperature. After immunolabeling, the sections were rinsed with PBS and distilled 

water. Control staining to demonstrate the specificity of the immunolabeling was carried 

out with the same steps as above, but the primary antibody was replaced by PBS. All the 

observations were performed under an electron microscope operating at 80 kV (Jeol JEM 

-1400 Plus Jeol Ltd., Tokyo, Japan) 
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Peptide structure and all related experimental data are not reported since a new 

patent application is going to be filed for the CD38-PEP-MSN-BTZ prototype. 

 

 

3.4. Conclusion and future work 
 

An oligopeptide sequence able to interact with the CD38 receptor over-expressed by 

multiple myeloma cells was designed and synthesized.  

The peptide was synthesized, characterized and conjugated to the external surface of 

mesoporous silica nanoparticles as targeting molecule with the aim to achieve a more 

specific and efficient bortezomib delivery system (CD38-PEP-MSN-BTZ). 

The uptake of the system containing on the external surface the new targeting peptide 

molecule was evaluated by TEM analysis. TEM images showed that the system is 

internalized by CD38+ RPMI MM cells. TEM studies on normal cells, expressing low 

levels of CD38, needed.  

The synthesis of the complete system with the targeting peptide molecule on the MSNs 

external surface and with the bortezomib linked inside the pores via pH sensitive bond 

and its in vitro/in vivo evaluation is ongoing. 

The new synthesized CD38 peptide ligand might be an excellent substitute of folic acid 

for the MSN-BTZ prototype, since CD38 receptor is highly expressed on MM cells. 
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4 

Synthesis of novel PSMA-targeted tracers as diagnostic tools 

for prostate cancer 

 

[Ongoing work 3] 

 

 

Abstract 
 

Prostate cancer is the second most prevalent cancer for men worldwide. The progression 

of this type of cancer is very slow and can take up to 15 years for its full development 

into metastatic lesions. However, it is difficult to diagnose prostate cancer at an early 

stage due to the little symptoms that it expresses. Therefore, screening for early signs of 

prostate cancer is of clinical importance to detect it before it metastases and spreads to 

areas where it will be too difficult to eradicate. The aim of this study has been to develop 

four novel PSMA tracers for improved (early) diagnosis of prostate cancer. The inhibitors 

have been linked to a tris-hydroxypyridinone (THP) chelator to produce a total of four 

new THP-PSMA molecular probes for prostate cancer imaging via PET. 
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4.1. Introduction 
 

Prostate cancer (PCa) is the most common one in European men and the first cancer-

related cause of mortality and it was estimated that its incidence is constantly increasing.1 

The survival rate increases if this cancer is diagnosed in its early stage when still confined 

to the prostate gland. Nevertheless, the diagnosis of the tumor often occurs in already 

advanced stages of metastasis when chances of survival are drastically decreased.2 In 

addition, in these stages its identification and treatment are made difficult by the lack of 

highly specific markers on the metastatic cells in circulation.3 

Currently, diagnosis tools commonly used for PCa are prostate-specific antigen (PSA) 

level in blood, digital rectal examination, and prostate gland biopsies. Among these, the 

measurement of serum PSA level is the most used, even if its accuracy is not widely 

accepted across the scientific community 4. In fact, dosage often gives high false-positives 

that can instead be related to other pathological conditions. Given the complexity of this 

neoplasia, new diagnostic tools that allow improving the prostate patient outcome and 

overcoming the limits of current ones are urgently needed. Over the last few years, 

molecular imaging-based techniques have seen a remarkable development in the nuclear 

oncology field. Used mainly as a diagnostic tool, these techniques are able to target 

specific molecules in a safe and non-invasive way providing high levels of earlier 

diagnostic accuracy and improving the overall management of the disease. 

Single photon-emission computed tomography (SPECT) and positron emission 

tomography (PET) are the two most widely used, the latter, combined with the use of 

radiolabelled compounds, being the most efficient in detecting molecular and cellular 

biological processes.5 In PET imaging clinical practice,  68Ga is widely used as a 

radionuclide because of its good decay properties, half-life of 68 minutes and the 

availability of the positron-emitting isotope.6-9  

PSMA, prostate-specific membrane antigen, also known as glutamate carboxypeptidase 

(GCPII) is a type II transmembrane exopeptidase consisting of 750 amino acids, 

presenting an intracellular moiety (amino acids 1-18), a transmembrane domain (amino 

acids 19-43 ) and an extracellular portion (amino acids 44-750).10 

Under physiological conditions, this protein is expressed in the nervous system where it 

performs the function of hydrolyzing the endogenous N-acetylaspartyl glutamate 
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(NAAGa) in N-acetylaspartate and glutamate, and is also expressed to a lesser extent in 

small intestine and kidneys.11 

PSMA has gained considerable interest in PCa research as it is over-expressed on cancer 

cells and its expression levels are related to tumor progression.12, 13 The up-regulation of 

PSMA expression on the cell surface together with the wide extracellular target make 

PSMA an excellent molecular marker for the development of small radiopharmaceuticals 

molecules.14 

PSMA crystal structure analysis allowed to define important structural elements such as 

the interactions between the active site and potential inhibitors, useful for the design of 

PSMA ligands. PSMA contains a binuclear Zn2+ site which catalyzes the hydrolysis of α 

or γ-linked glutamates into peptide structures, and an S1 to S1` (pharmacophore) 

subpockets.15 Site S1` is the one preferentially implicated in the bind of inhibitors, in 

particular with structures containing a glutamate or glutamate-like structures in the C 

terminal portion.16 A fundamental element is the presence of a urea group that is planar 

as a peptide bond, but can resist to enzyme hydrolysis and increases the lipophilicity of 

the system. 17 

 

Figure 2. Structural similarity of the glutamate binding in the S1′ pocket. The X-ray structures of 

rhGCPII/EPE (PDB code 3bi0), rhGCPII/glutamate complex (PDB code 2c6g), and the 

rhGCPII/2 complexes are superimposed using corresponding CR-atoms. The active site ligands 

are in stick representation, residues shaping the S1′ pocket are shown as lines, Zn2+ ions as blue 

spheres, and conserved water molecules as red spheres. The H-bonds are indicated by dashed 

lineswith distances shown in Ångstroms (from the rhGCPII/2 complex). Adapted from 17 

 

The binding of glutamic acid through a urea linker group via alpha amine makes available 

three carboxylic acids, which are fundamental for binding to the active site of the enzyme. 
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Therefore, the use of a lysine with the amine group in the side chain available for the 

formation of the urea linker is an excellent building block for the design of PSMA 

inhibitors.18 

The main purpose of this work has been to develop new PSMA inhibitor ligands with 

variations in their linker region lengths starting from the previously develop 68Ga 

radiolabeled probe (68Ga-THP-PSMA , Figure 1) as model compound.19  

 

 

Figure 1. 68Ga-THP-PSMA chelator. 

 

Although the molecule has given excellent results in vitro and in vivo, binding affinity 

studies have shown an affinity similar or somewhat weaker than to other PSMA-targeted 

bioconjugates examined. Accordingly, new PSMA ligands of different sizes and lengths 

have been synthesized to improve the affinity binding of the system up to the 

(sub)nanomolar level. 
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4.2. Results and Discussion 
 

The Solid-phase dipeptide synthesis was carried out using a 2-chlorotrytil chloride resin 

to which the Fmoc-Lysine(Dde)-OH was loaded as the first amino acid (1, Scheme 1).  
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Scheme 1. Synthesis of PSMA 

 

The Nα-Fmoc ((9-fluorenyl) methoxycarbonyl) group was removed using a 20% solution 

of piperidine in DMF (dimethylformamide) to unmask the NH2 group 3.  

The synthesis of the urea-based structure was performed using triphosgene, which 

allowed the bis (tert-butyl) glutamate isocyanate formation in situ for the coupling with 

lysine 4. The Dde (1-(4,4-Dimethyl-2,6-dioxocyclohex-1-ylidene)-3-ethyl) group was 

removed by hydrazinolysis and the reaction was monitored by LC/MS (Figure 2) doing a 

cleavage on a small amount of sample (10 mg) using trifluoroacetic acid with water (5% 

v/v), phenol (5% w/v) and triisopropylsilane (TIS) (5% v/v) as scavengers.  

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=2ahUKEwiJzb_H76DmAhUDC-wKHZcmDjgQFjABegQIBxAB&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDimethylformamide&usg=AOvVaw38_g6BvPYlRbV0RmB7NDDw
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Figure 2. Liquid chromatography/mass spectrometry (LC-MS) of the compound 5. 

As depicted in Fig. 2 a) UV Chromatogram displayed a single signal with a retention time 

=4.82 minutes was observed corresponding to cleaved product from compound 5, and the 

associated mass spectrum (Fig. 2 b) shows the m/z 320.13 (M+H)+ and 639.05 (2M+H)+  

958.06 (3M+H)+  of the MH+ precursor ion. Synthesized urea-based PSMA inhibitor was 

then conjugated with four different tris(hydroxypyridinone) (py-THP) chelators derivates 

to give the final conjugates (Figures 3, compounds 22c-d, 28c-d). 

 

Figure 3. Structure of novel THP-PSMA ligands  

a)

) 

b) 
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The py-THP chelators have been previously synthesized in such a way to exhibit three 

linked bidentate 3-hydroxy-4-pyridinones able to chelate 68Ga under mild conditions, 

with the formation of a complex with good kinetic stability.20  

Hydroxypyridinones have shown exceptional chelating capacities towards Fe3+ (high 

pFe3+ values) and given the chemical similarities between Fe3+ and Ga3+ it was predicted 

that these chelators would bind gallium. This would allow the development of PET 

radiopharmaceuticals based on 68Ga.21-24 

The four chelator derivates (Fig. 3) are therefore composed of a portion of peptide nature 

for targeting, a variable scaffold structure and portions that create coordination complexes 

with the 68Ga. 

Pyridinones were synthesized in nine steps (6-15, Scheme 2) starting from the 

commercial available kojic acid 6, reaction with neat thionyl chloride yields the chloro-

derivative, according to an established procedure. 23-25 

 

Scheme 2. Synthesis of bidentate pyridinone 

A reduction reaction was then made using Zinc dust in HCl at 60 °C, affording compound 

8 in a moderate yield (55%). The 2-hydroxymethyl group was subsequently introduced 

on the ring with a reaction similar to an aldol condensation obtaining compound 9.  

To mask the 3-hydroxyl chelator unit, a benzylation reaction was performed using benzyl 

bromide under alkaline conditions. The introduced benzyl group will be removed only in 
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the last phase of the synthesis of the final compounds to avoid any metal binding and 

consequently, contamination. Then 3,4-dihydro-2-H-pyran was introduced on the 2-

hydroxymethyl function in position 2 (11) and treatment with methylamine at 70 °C allowed 

the subsequent conversion from pyranone to pyridinone (12). Thus, the protecting group 

was removed in acid conditions, and a Mitsunobu reaction with phthalimide. The crude 

was purified by column chromatography on silica gel, using chloroform: methanol 90:10 

v/v as eluent mixture, so a pure white powder was obtained in a good yield (14, 74%) and 

characterized by NMR and LC/MS (Figure 4). 

 

 

Figure 4. (a) 1H NMR and (b) LC/MS analysis of the compound 14. 

 

a) 

b) 
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The 1H NMR spectrum (Fig 4 a) shows the N-CH3 signals at 3.53 ppm that confirms the 

conversion from pyranone to pyridinone, and the phthalimide signals at 7.75-7.62 ppm 

are present. Furthermore, the major peak in the mass spectrum m/z 389.21 [M+H]+ 

corresponds to the monopositive specie of compound 14. 

The desired product 15 was then prepared by converting phthalimide into a primary amine 

with which pirydinone was conjugated to tripodal tricarboxylic acid (16, Scheme 3). 

 

Scheme 3. Synthesis of tris(hydroxypyridinone) 

Tripodal (16) was first protected on the amino function with the alloc group using allyl 

chloroformate so that compound 17 was obtained after 4 hours and purified by column 

chromatography on silica gel, using as eluent solution hexane : ethyl acetate = 70:30, (17, 

yield 86%). Subsequently, to allow the coupling reaction with pyridinone the removal of 

tert-butyl groups on carboxylic acids was carried out with a mixture of trifluoroacetic acid 

and dichloromethane 50:50 v/v (18).  

The amide bond formation was performed under microwave conditions, activation of the 

carboxylic acids was achieved using HATU as the coupling reagent and DIPEA as a base. 

The amide coupling performance has been improved under microwave irradiation and the 

reaction was completed in a very short time (30 minutes) in good yields (19, 62%). 
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The alloc group removal was carried out using the 

tetrakis(triphenylphosphine)palladium(0) in anhydrous conditions affording compound 

20 that presents a primary amine for the attachment of linkers with different length chain. 

The reaction was left to stir overnight, the crude was purified and product 20 was 

characterized by NMR (Figure 5). 

 

 

Figure 5. 1H NMR spectrum compound 20.  

 

As confirmed by the spectrum, alloc group was successfully removed. Next step involves 

the removal of the benzyl groups that protected the pyridinones’ hydroxyl group, which 

are directly involved in Ga3+/Fe3+ complex formation. To carry out the reaction it has 

been necessary to minimize the possible Fe3+ contamination that could come from 

glassware or other laboratory reagents. Therefore, the deprotection was performed in pre-

treated HCl glassware.26 
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To obtain ligands with variable length alkyl chains, compound 21 was reacted with adipic 

acid bis(N-hydroxysuccinimide ester) that incorporates a 6-atom linker (Scheme 4, 22a, 

c), and with pimelic acid bis(N-hydroxy succinimide ester) that incorporates a 7-atom 

linker (Scheme 4, 22b, d). In order to have NHS ester-activated, the two compounds have 

been previously synthesized starting from the corresponding chlorides and the binding 

reaction with the py-THP was successfully carried out without condensing agents, using 

DIPEA in DMF (22a and 22b).  

The reactions were monitored by LC-MS analysis (Figure 6 and 7) and the products were 

purified by preparative HPLC. 

 

 

Scheme 4. Synthetic routes of final compounds 22c and 22d 
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Figure 6. LC-MS analysis of the crude 22a 

 

The adipic acid bis(N-hydroxy succinimide ester) conjugation reaction was monitored by 

LC- MS (Figure 6) and the peak with a retention time of 8.44 belongs to compound 22a 

as confirmed by the mass spectrum. When the reaction has been completed, the solvent 

was removed under high vacuum and the crude was purified by semipreparative reversed-

phase HPLC. 

The mass spectrum of the reaction crude of 22b (Figure 7) shows the monoisotopic 

[M+H]+ peak at m/z 937.50 (calculated m/z = 937.42), which is the strongest in the 

spectrum together with a species at m/z 469.46 [M+2H]+. 

Figure 7. LC/MS analysys of the reaction crude of 22b 
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The final coupling reaction between PSMA and py-THS molecules was carried out 

solubilizing 22a and 22b (0.12 mmol, 1.5 equiv) in 0.5 mL of anhydrous DMF and 0.1 

mL of DMSO, HATU (0.12 mmol, 1.5 equiv), and DIPEA (0.24 mmol, 3 equiv). The 

solution was left to stir for 10 minutes to activate the carboxylic acids and then a 

suspension with 5, previously swollen in 0.5 DMF, was added. After 36 hours the reaction 

mixture was filtered and washed with DMF.  

Finally, the cleavage of THP-PSMA was performed using a mixture of trifluoroacetic 

acid, phenol, TIS, and water and after for 3 hours the reaction solution was concentrated 

under a nitrogen stream and products precipitated from the ice-cold ether. The crude 

purification by semipreparative reversed-phase HPLC and characterization of the final 

products 22c and 22d are in progress. 

In order to obtain a small library of tris(hydroxypyridinone) compounds, py-THP 

molecules with a longer N-alkyl chain were synthesized (Scheme 5). In addition, in this 

case the starting material has been the tripodal that, however, has been protected on the 

amino group with a β-alanine-derived (23, Scheme 5) which has also allowed the 

elongation of the chain 24.  

Following the removal of the carboxylic acids protecting groups, coupling reaction with 

the bidentate ligand 15 was performed using HATU, DIPEA in DMF, under microwave 

conditions. Treatment with a 55% hydrazine solution in ethanol afforded the conversion 

of phthalimide into the primary amine 26. Finally, the debenzylation was performed in 

neat trifluoroacetic acid and the precipitation from cold-diethyl ether allowed obtaining 

27. The reaction was monitored by LC-MS analysis (Figure 8). 
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Scheme 5. Synthesis of “long chain”THP 

 

 

 

The UV chromatogram of 27 shows a single signal with a retention time of 7.58 minutes. 

In the correlated mass spectrum there are the two major peaks relative to the [M+H]+ 

species at m/z = 769.41 and the [M+2H]2+ at m/z 385.47.  
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Figure 8. LC/MS analysis of debenzylated compound 27 

 

 

The debenzylated compound 27 has been reacted with adipic acid bis(N-

hydroxysuccinimide ester) (Scheme 6, 28a, c), and with the pimelic acid bis(N-

hydroxysuccinimide ester) (Scheme 6, 28b, d).  
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Scheme 8. Synthesis of final compounds 28c and 28d 

 

In solutions of chilled adipic acid bis(N-hydroxysuccinimide ester) (1.04 mmol, 10 equiv) 

and the pimelic acid bis(N-hydroxysuccinimide ester) in 2 mL of anhydrous DMF was 

added dropwise a mixture of 27 (0.104 mmol, 1 equiv) and DIPEA (0.156 mmol, 1.5 

equiv) in 1 mL of anhydrous DMF. The reaction was carried out under inert atmosphere 

and was completed after 12 hours. The solvent was removed under high vacuum and the 

crude was purified by semipreparative reversed-phase HPLC to obtain 28a and 28b. 

To activate groups involved in the formation of the new bond, first of all 28a and 28b 

were treated with the coupling reagent and the base, this allowed coupling reactions. After 

product 5 addition, the reaction in solid phase proceeded for 72 hours, and finally the 

resin cleavage and concurrently the removal of protecting groups in the side chains were 

carried out. 

The reaction crudes were analyzed by LC-MS (Figures 9-10), which allowed to identify 

the masses of the two final products 28c and 28d. 

The LC-MS analysis of the 28c reaction crude (Figure 9) showed the presence of the 

protonated molecular ion species at m/z 600.60 of the final compound (calculated 

monoisotopic for C55H65N7O9 m/z= 599.78). 
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Figure 9. LC/MS analysis of reaction crude of final compound 28c 

 

UV-chromatogram of the 28d crude reaction (Figure 10) shows two peaks with a retention 

time of 8.45 and 8.84. In particular, the first one is matching with a range mass of 605.50-

606.50. The mass spectrum demonstrated the m/z 607.20 [M+H]+ and corroborate the 

presence of the final compound in the reaction crude.  
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Figure 10. LC/MS analysis of reaction crude of final compound 28d 

 

Next steps of the synthesis, currently in progress, will be the purification of the final 

compounds through semi-preparative HPLC and the pure products lyophilization. We 

will proceed with NMR and High resolution Mass Spectrometry (HRMS) 

characterization and ultimately with in vitro binding affinity evaluation to identify the 

ligand with optimal characteristics. 
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4.3. Experimental 
 

4.3.1. Material and instrumentation 

Reagents and starting materials were obtained from commercial sources. All reactions 

were monitored by thin layer chromatography (TLC) using commercial plates pre-coated 

with Merck silica gel 60 F-254. Visualization was performed by UV fluorescence (λmax= 

254 nm) or by staining with iodine o potassium permanganate. Chromatographic 

separations were performed on a silica gel column by gravity (Kieselgel 40, 0.063-0.200 

mm; Merck) or flash chromatography (Kieselgel 40, 0.040-0.063 mm; Merck).   

Compounds and intermediates synthesized were characterized using 1H and 13C NMR 

spectroscopy and mass spectrometry. 

1H NMR spectra were recorded with Avance 400 instruments (Bruker Biospin Version 

002 with SGU). Chemical shifts (δ) are reported in ppm to the nearest 0.01 ppm, using 

the solvent as internal standard.  

Analytical HPLC-MS experiments were performed on Agilent 1100 Series coupled to a 

Thermo LCQ DecaXP (operating in ES+ or ES− mode). A Phenomenex Luna C18-(2)-

HST (50 × 2 mm, 2.5 μm) column was used and the mobile phase, in linear gradient, was 

composed of solvent A (H2O, +0.1% formic acid +0.05 TFA) and solvent B (acetonitrile, 

+0.1% formic acid +0.05 TFA). The sample solutions were prepared at a concentration 

of 0.1–0.01 mg/mL. The injection volume was 10–50 μL, the flow rate was 0.3 mL min−1, 

the column temperature was 40 °C. The values of retention time (Rt) are given in minutes.  

Preparative HPLC purifications were performed using a Gemini 5μ C18 110A Axia 

column (100 mm × 30 mm, 5 micron) and H2O : CH3CN (gradient from 98 : 2 to 5 : 95, 

over 45 min) as the mobile phase. The solvents were degassed and supplemented with 

0.1% formic acid prior to use. The platform consisted of a Waters RP-HPLC system 

(Waters 2767 autosampler for sample injection and collection; Waters 2545 and 515 

pumps to deliver the mobile phase to the source) coupled to a Waters Micromass ZQ mass 

spectrometer (with ESI in positive and negative modes) and a Waters 2996 Photodiode 

Array (with detection between 190–800 nm). 
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4.3.2. Synthesis of THP-PSMA ligands 

4.3.2.1. Synthesis of Resin bound PSMA.  

The dipeptide system was synthesized according to the procedure reported on J.D. Young 

et al 2017.19 

 

Synthesis of compound 2 and 3. In a reaction vessel, 1.2 g (1 equiv) of 2-chlorotrityl 

chloride resin was placed in CH2Cl2 (dichloro methane) to swell for about 30 minutes. 

The first amino acid loading was carried out solubilizing 0.447g (0.7 equiv) Fmoc-

Lys(Dde)-OH in anhydrous CH2Cl2 (dimethylformamide) and adding 440 µL of DIPEA 

(N,N-Diisopropylethylamine) (3 equiv). The reaction was allowed to stir at room 

temperature for 3 hours, after which it was filtered and washed with CH2Cl2 and DMF. 

In order to cap the chloride on the resin a mixture of DIPEA (20 equiv) in methanol (10 

mL) was added and the reaction was left to stir for 30 minutes. Then, the resin was filtered 

and washed with CH2Cl2 and DMF (2).  

The removal of N-Fmoc protecting group was performed using 15 mL of a 20% piperidine 

solution in DMF and stirred for 30 minutes, the resulting resin was washed with DMF 

(3). 

 

Synthesis of compound 4. In a three-neck round bottomed flask a solution of triphosgene 

(300 mg, 1 mmol ) in anhydrous CH2Cl2  (5 mL) was prepared, at 0°C under a nitrogen 

atmosphere. 900 mg of L-glutamic di tert-butyl ester hydrochloride was dissolved in 200 

mL of anhydrous CH2Cl2 and 1.5 mL of DIPEA and added dropwise, over 1 hour, to the 

triphosgene solution. Then, the reaction solution was stirred for 1 hour, at room 

atmosphere and a swollen suspension of 3 (650 mg) in anhydrous CH2Cl2 was added and 

the reaction left to stir for 18 hours. The resulting resin was filtered and washed plenty 

with CH2Cl2.  

Synthesis of compound 5. Removal of Dde group was carried out using a solution of 2% 

(v/v) hydrazine hydrate in 2 mL of DMF and the mixture was stirred for 15 minutes and 

filtered. The procedure was repeated four times to give compound 5.  The reaction was 

monitored by LC-MS doing a cleavage on a small amount (10 mg) of resin (cleavage 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwjemJj88qDmAhUzwAIHHeIfBzoQFjAAegQIBRAB&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FN%2CN-Diisopropylethylamine&usg=AOvVaw04XnXirs1-n6z-qXXekDTg
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cocktail consisted of trifluoroacetic acid: water: TIS (triisopropylsilane): phenol 90: 2.5: 

2.5: 50). LC-MS (ESI) calcd for C12H21N3O7 m/z =319.14 found m/z 320.13 [M+H]+, 

639.05 [2M+H]+. 

 

4.3.2.2. Synthesis of bidentate pyridinone 

The 3-hydroxypyridin-4-ones 2-10, were prepared following the established 

procedures.23-24 

 

Synthesis of compound 7. Kojic acid 6 (50 g, 0.198 mol) was dissolved in distilled 

Thionyl Chloride (200 mL) and stirred for 1 hour. The yellow crystalline solid obtained 

was filtered and washed with petroleum ether. The product was recrystallized from hot 

water to give a colorless solid (39.8 g, 71%). 1H NMR (400 MHz, Acetone-d6) δ: 7.93 (s, 

1H, 2-H), 7.69 (s, 1H, 3-OH), 6.44 (s, 1H, 5-H), 4.48 (s, 2H, Cl-CH2).  

Synthesis of compound 8. In a round-bottomed flask 7 (20g, 0.125 mol) was dissolved 

in water (150 mL). The mixture was stirred and heated at 40° C. Zinc dust (16.29 g, 0.25 

mol) was added and then the mixture was stirred at 60°C followed by HCl 37% (37 mL) 

added dropwise over 1 hour. The reaction mixture was left to stir for 24 hours. The 

reaction progress was monitored by TLC analysis (CHCl3 : CH3OH 9:1 v/v, Rf=0.56), 

Zinc dust was removed by filtration, the pH of the filtrate was adjusted to pH=1 and 

extracted with CH2Cl2 (3×100 mL). The organic phase was dried (Na2SO4) and 

evaporated under reduced pressure to yield a brown oil. Recrystallization from 

isopropanol afforded a yellow crystal (13 g, 55%). 1H NMR (400 MHz, DMSO-d6) δ: 

7.86 (s, 1H, 2-H), 7.57 (s, 1H, 3-OH), 6.35 (s, 1H, 5-H), 2.36 (s, 3H, 6-CH3). 

Synthesis of compound 9. The compound 8 (12g, 95 mmol) was dissolved in an aqueous 

solution of sodium hydroxide (4.4g, 110 mmol) and stirred at room temperature. 

Subsequently, 37% formaldehyde solution (9,5 mL) was added dropwise and the reaction 

was left to stir for 24 hours. The reaction was monitored by TLC analysis (CH2Cl2 : 

CH3OH 8:2 v/v, Rf=0.6). When the reaction was completed, the solution was acidified to 

pH=1 using concentrated HCl and cooled to 5 °C then a yellow precipitate was obtained 

(10.9g, 70%). 1H NMR (400 MHz, DMSO-d6) δ: 8.84 (s, 1H, 3-OH), 6.22 (s, 1H, 5-H), 

5.34 (s, 1H, 2-CH2-OH), 4.40 (m, 2-CH2-OH), 2.27 (s, 3H, 6-CH3). 
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Synthesis of compound 10. To a solution of 9 (9 g, 0.57 mmol, 1 equiv) in 250 mL of 

methanol, sodium hydroxide (2.48 g, 0.62 mmol, 1.1 equiv) dissolved in 5 ml of distilled 

water was added. The reaction was stirred and heated at reflux. Benzyl bromide (9.7 g, 

0.57 mmol, 1 equiv) was added dropwise over 30 min and the reaction mixture was 

refluxed for 24 hours. The reaction was monitored by TLC analysis (CH2Cl2: CH3OH 8:2 

v/v, Rf= 0.8). The solvent was evaporated under reduced pressure, the inorganic salts 

filtered off and the residue was dissolved in dichloromethane (200 mL). The organic 

phase was washed with 5% sodium hydroxide solution (1 ×100) and water (1 ×100) and 

dried (Na2SO4). The solution was then concentrated in vacuum and a brown oil was 

obtained. Recrystallization from dichloromethane and petroleum ether gave a white solid 

(18.7g, 69%). 1H NMR (400 MHz, DMSO-d6) δ: 7.44-7.29 (s, 5H, Ar-H), 6.26 (s, 1H, 5-

H (Pyranone)), 5.01 (s, 2H, CH2-Ph), 4.26 (s, 2H, 2-CH2OH), 3.83 (s, 3H, N-CH3), 2.26 

(m, 3H, CH3). 

 

Synthesis of compound 11. The compound 10 (7g, 0.284 mmol, 1 equiv) was dissolved 

in CH2Cl2 (100 mL) in a round-bottomed flask, then 3,4-dihydro-2-H-pyran (5,20 mL, 0. 

561 mmol, 2 equiv) was added followed by catalytic amounts of p-toluensulfonic acid 

monohydrate (50 mg). The reaction mixture was stirred at room temperature for 6 hours 

and then washed with 5% aqueous sodium carbonate (10 mL) and water (1 ×10 mL). The 

organic fraction was dried over anhydrous sodium sulfate (Na2SO4) and evaporated under 

reduced pressure to yield a yellow/brown oil. Recrystallization with diethyl ether and 

petroleum ether afforded a yellow solid (2.07g, 80%). LC-MS (ESI) calcd for C19H22O5 

330.37 found m/z 331.01 [M+H]+, 353.10 [M+Na]+, 660.68 [2M+H]+, 682.86 [2M+Na]+,  

RT = 7.14. 

 

Synthesis of compound 12. In a sealed in a thick-walled glass tube 11 (6 g, 0.018 mmol) 

was dissolved in ethanol (20 mL) and 40% aqueous methylamine (20 mL).  The reaction 

mixture was stirred at 70 °C for 16 hours. The solvent was removed under reduced 

pressure to give a yellow oil. Recrystallization from propan-2-ol gave a white solid (2,7 

g, 45%). LC-MS (ESI) calcd for C20H25NO4  m/z 343.42, found m/z 344.14 [M+H]+, 

366.10 [M+Na]+, 686.77 [2M+H]+, RT = 6.67. 
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 Synthesis of compound 13. The compound 12 (205g, 0.072 mmol) was dissolved in 

ethanol (20 mL) and 20 mL of a hydrochloric solution 2N and the reaction was heated at 

reflux for 12 hours. The reaction mixture was concentrated under reduced pressure, the 

residue was dissolved in water (50 mL) and washed with diethyl ether (2 × 20 mL). The 

pH of the aqueous fraction was adjusted to pH 9 with 10 N sodium hydroxide solution 

and was followed by extraction with dichloromethane (3×50 mL). The combined organic 

layers were dried over anhydrous sodium sulfate and evaporated to give a light brown 

solid. Recrystallization from methanol/diethyl ether afforded a white crystalline solid. 1H 

NMR (400 MHz, DMSO-d6) δ: 7.49-7.28 (s, 5H, Ar-H), 6.16 (s, 1H, 5-H (pyridinone)), 

5.40 (s, 2H, CH2Ph), 4.52 (s, 2H, CH2-OH), 3.60 (s, 3H, N-CH3), 2.35 (s, 3H, CH3); 
13C 

NMR (100 MHz, DMSO-d6): δ 172.79, 148.32, 145.15, 143.26, 138.26, 128.74, 128.68, 

128.25, 117.78, 73.12, 54.32, 35.92, 20.42; LC-MS (ESI) calcd for C15H17NO3 m/z=  

259.30 (MW), found m/z 260.12 [M+H]+, 282.00 [M+Na]+, 518.84 [2M+H]+, 540.98 

[2M+Na]+, RT = 8.63. 

 

Synthesis of compound 14. Triphenyl phosphine (2.16g, 82.6 mmol, 1.2 equiv) and 

phtalimide (1.21g, 82.6 mmol, 1.2 equiv) were dissolved in anhydrous tetrahydrofuran 

(100 mL). The compound 13 (1.79 g, 68.8 mmol, 1 equiv) was added and the mixture 

was cooled to 0°C in an ice bath. Diethyl azodicarboxylate (1.3 mL, 82.6 mmol, 1.2 equiv) 

was added dropwise over 30 min, and the reaction mixture was allowed to warm slowly 

to room temperature for 12 hours. The precipitate obtained was filtered, washed with THF 

(l0 mL), and dried under reduced pressure to yield a white powder (2,4 g, 74%) 1H NMR 

(400 MHz, CDCl3) δ: 7.75-7.62 (m, 4H, phthalimide Ar-H), 7.74-7.15 (m, 5H, benzyl Ar-

H), 6.29 (s, 1H, 5-H (pyridinone)), 5.37 (s, 2H, CH2Ph), 4.74 (s, 2H, CH2N), 3.53 (s, 3H, 

N-CH3), 2.23 (s, 3H, CH3); 
13C NMR (100 MHz, CDCl3) δ: 172.36, 168.58, 145.89, 

145.46, 136.52, 136.01, 133.25, 130.74, 128.43, 127.15, 126.87, 122.43, 118.26, 71.12, 

35.34, 33.67, 28.68, 20.08; LC-MS (ESI) calcd for C23H20N2O4 m/z=  388.42 found m/z 

389.21 [M+H]+, 411.09 [M+Na]+, 776.82 [2M+H]+, 799.05 [2M+Na]+,  RT = 9.82. 

 

Synthesis of compound 15. To a solution of 14 (2.2 g, 56.7 mmol) in ethanol (20 mL) 

was added 4 mL of 5.5% aqueous hydrazine.  The reaction was refluxed for 3 hours and 

after being cooled to 0 °C was acidified to pH=1 with concentrated hydrochloric acid. 
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The resulting precipitate was filtrated and concentrated in vacuo, and then the residue was 

dissolved in distilled water (50 mL), adjusted to pH 12 with l0 N sodium hydroxide, and 

extracted with dichloromethane (3 × l00 mL). The combined organic layers were dried 

over Na2SO4, and the solvent was removed under reduced pressure to yield an orange oil. 

Purification by column chromatography on silica gel (chloroform: methanol 90:10 v/v) 

gave a white solid (1.3 g, 90%). 1H NMR (400 MHz, DMSO-d6) δ: 7.46-7.28 (m, 5H, Ar-

H), 6.13 (s, 1H, 5-H (pyridinone)), 5.07 (s, 2H, CH2Ph), 3.74 (s, 2H, CH2-NH2), 2.50 (s, 

3H, N-CH3), 2.27 (s, 3H, 6-CH3), 1.51 (s, 2H, NH2); 
13C NMR (100 MHz, DMSO-d6) δ: 

172.66, 147.92, 145.33, 144.53, 138.33, 129.01, 128.73, 128.31, 117.62, 72.59, 39.39, 

36.92, 35.61, 20.57; LC-MS (ESI) calcd for C15H18N2O2 m/z =258.32, found m/z 259.33 

[M+H]+, 517.00 [2M+H]+, 539.00 [2M+Na]+, RT = 4.31. 

 

4.3.2.3. Synthesis of Tripodal tris(hydroxypyridinone) ligands 

Synthesis of adipic acid bis(N-hydroxysuccinimide ester). N-Hydroxysuccinimide 

(690 mg, 6.0 mmol, 1.1 equiv) was dissolved in 40 mL of tetrahydrofuran and the solution 

was cooled at 0°C. A solution of triethylamine (607 mg, 6.0 mmol, 1.1 equiv) and adipoyl 

chloride (1g, 5.46 mmol, 1 equiv) was added dropwise over 10 minutes. The reaction 

mixture was left to stir at room temperature overnight. The solvent was removed under 

reduced pressure, the residue was dissolved in CH2Cl2 and washed 2 times with water 

(2×50 mL). Recrystallization with isopropyl alcohol afforded a white solid. 1H NMR (400 

MHz, CDCl3) δ: 2.80-2.72 (m, 8H, COCH2CH2CO), 2.64-2.56 (m, 4H, OCOCH2), 1.86-

1.79 (m, 4H, COCH2CH2); LC-MS (ESI) calcd for C14H16N2O8 340.29, found m/z 340.87 

[M+H]+, 702.56 [2M+Na]+, RT = 9.90. 

 

Synthesis of pimelic acid bis(N-hydroxysuccinimide ester). N-Hydroxysuccinimide 

(642 mg, 5.58 mmol, 1.1 equiv) was dissolved in 40 mL of tetrahydrofuran and the 

solution was cooled at 0°C. A solution of triethylamine (564 mg, 5.58 mmol, 1.1 equiv) 

and pimeloyl chloride (1g, 5.07 mmol, 1 equiv) was added dropwise over 10 minutes. 

The reaction mixture was left to stir at room temperature overnight. The solvent was 

removed under reduced pressure, the residue was dissolved in CH2Cl2 and washed 2 times 
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with water (2×50 mL). Recrystallization with isopropyl alcohol afforded a white solid. 

1H NMR (400 MHz, CDCl3) δ: 2.91-2.77 (m, 8H, CHCH2CH2CO), 2.63 (t, 4H, J= 7.4 

Hz, NCOCH2), 1.86-1.75 (m, 4H, NCOCH2CH2), 1.63-1.52 (m, 2H, COCH2CH2CH2); 

LC-MS (ESI) calcd for C15H18N2O8 m/z= 354.31, found m/z 354.88 [M+H]+, 414.86 

[M+isoProp+H]+, RT = 10.56. 

Synthesis of compound 17. Tripodal 16 (500mg, 1,20 mmol) was solubilized in 20 mL 

1:1 (v/v) of water/dioxane and stirred at 0°C.  A solution of Allyl chloroformate (217.54 

mg, 1.80 mmol) and NaHCO3 in 2 mL of anhydrous dioxane were added dropwise. The 

reaction mixture was stirred at 0°C for 2 hours and then left for other 2 hours at room 

temperature. The crude was extracted with dichloromethane (3 × 10 mL) treated with an 

aqueous 1 N HCl solution (10 mL) and extracted with methylene chloride (3 × 10 mL). 

The combined organic extracts were washed with a saturated aqueous solution of 1 N 

Hydrochloric acid (3 × 10 mL), dried (Na2SO4), and evaporated to dryness under reduced 

pressure to afford. The product was purified by silica gel chromatography (eluent solution 

hexane : Ethyl Acetate = 70:30, Rf = 0.68, to obtain Compound 17 (520 mg, 86%). 1H 

NMR (400 MHz, CDCl3)δ: 7.19 (s, 1H, CONH), 5.83 (m, 1H, CH=CH2), 5.15 (m, 2H, 

CH=CH2), 4.73 (s, 2H, OCH2CH), 2.15 (m, 6H, (CH2-CH2-COO-tbu)3) 1.84 (m, 6H 

(CH2-CH2-COO-tbu)3) 1.37 (s, 27H (CH2-CH2-COO-tbu)3).  

 

Synthesis of compound 18. The reaction was carried out using 16 mL 1:1 (v/v) 

trifluoroacetic acid: CH2Cl2 and left overnight at room temperature. The trifluoroacetic 

acid was evaporated under a nitrogen stream and the compound was precipitated with the 

addition of ice-cold diethyl ether. The suspension was centrifuged and washed 3 times 

with diethyl ether, the solvent was removed by rotary evaporation. 1H NMR (400 MHz, 

DMSO-d6) δ: 12.04 (s, 3H, COOH), 6.85 (s, 1H, CONH), 5.88 (m, 1H, CH=CH2), 5.21 

(m, 2H, CH=CH2), 4.42 (s, 2H, OCH2CH), 2.12 (m, 6H, (CH2-CH2-COOH) 1.78 (m, 6H 

(CH2-CH2-COOH). 

  

Synthesis of compound 19. To a solution of 18 (0.3 mmol, 1 equiv) in 5 ml anhydrous 

DMF, HATU (1.05 mmol, 3.5 equiv) and DIPEA (3 mmol, 10 equiv) were added and the 

mixture was stirred until its color changed from yellow to gold. The compound 15 (0.93 

mmol, 3.1 equiv)  was solubilized in 5 ml of anhydrous DMF and added to the solution 
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containing the THP. The microwave-assisted reaction was set at 120°C for 30 minutes. 

The formation of the tri-functionalized product was monitored by LCMS. DMF was 

removed in vacuo. The residue was dissolved in chloroform and purified by column 

chromatography (silica gel) with a mobile phase of 9:1 CHCl3/CH3OH. The fractions 

were combined, dried (Na2SO4) and the solvent was removed in vacuo to give a white 

solid (0.19g 62% yield). 1H NMR (DMSO-d6) δ: 7.41-7.22 (m, 15H [CH2-Bnz]) 7.15 (s, 

1H [CONH]) 6.2 (s, 3H [5-H pyridinone]) 5.77 (S, 1H, CH=CH2), 5.04 (s, 6H [CH2-Bnz]) 

4.79 (m, 6H [CONH-CH2-pyridinone]) 3.35 (s, 9H [6-CH3 pyridinone]) 2.2 (s, 9H [N-

CH3 pyridinone]) 2.0 (m, 6H [CH2-CH2-CONH-pyridinone]) 1.75 (m, 6H [CH2-CH2-

CONH-pyridinone]); LC-MS (ESI) calcd for C59H69N7O4  1052.22 (MW), found m/z 

351.84 [M+3H]+, 526.94 [M+2H]+, 1052.50 [M+H]+, RT = 10.39. 

 

Synthesis of compound 20. Compound 19 (0.3 mmol, 1 equiv) was dissolved in 15 mL 

of anhydrous DCM under inert atmosphere. Phenylsilane (1.8 mmol, 6 equiv) and 

tetrakis(triphenylphosphine)palladium(0) (0.03 mmol, 0.1 equiv) were added. The 

reaction was left overnight at room temperature. The solvent was removed under reduced 

pressure and the residue was dissolved in chloroform and purified by column 

chromatography (silica gel) with 9:1 CHCl3/CH3OH as eluent solvent. The fractions were 

combined, dried (Na2SO4) and the solvent was removed in vacuo to give a yellow solid 

(56 %). 1H NMR (400 MHz, methanol-d4) δ: 7.39-7.21 (m, 15H, C3–O–CH2–Ph). 7.07  

(s, 3H, C5–H in pyridinone), 5.13 (d, 6H, J= 6.2 Hz,  CH2–CO–NH), 4.54 (s, 6H, C3–O–

CH2–Ph), 3.79 (d, 9H, J= 7.1 Hz, N-CH3), 3.20 (m, 2H, CO–NH–CH2-pyridinone), 2.52 

(d, 9H, J= 6.0 Hz, C6–CH3), 2.24 (t, 6H, J= 7.7 Hz, CH2–CH2–CO–NH–CH2-

pyridinone), 1.80 (t, 6H, J= 7.6 Hz, CH2–CH2–CO–NH–CH2-pyridinone); 13C NMR (100 

MHz, methanol-d4) δ: 176.19 (CH2–CH2–CO–NH–CH2-pyridinone) 175.34 (C4 in 

pyridinone), 148.65 (C6 in pyridinone), 144.86 (C3 in pyridinone), 143.42 (C2 in 

pyridinone), 139.47 (i-C–CH2 in benzyl), 130.98 (m-CH in benzyl), 127.5 (p-CH in 

benzyl), 117.33 (C5–H in pyridinone), 72.63 (C3–O–CH2–Ph), 58.87 (NHC-tripod), 

37.76 (CH2–CH2–CO–NH–CH2-pyridinone), 31.15 (CH2–CH2–CO–NH–CH2- 

pyridinone), 30.71 (CH2–CH2–CO–NH–CH2-pyridinone), 18.83 (C6–CH3); LC-MS 

(ESI) calcd for C55H65N7O9 m/z= 968.15 , found m/z 323.78 [M+3H]+, 485.11 [M+2H]+, 

968.52 [M+H]+, 990.42 [M+Na]+, 1936.28 [2M+H]+, RT = 9.82. 
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Synthesis of compound 21. Removal of Benzyl groups from 20 was performed using 

neat trifluoroacetic acid. The reaction carried out in a round bottom flask pre-treated with 

HCl. The mixture was monitored by LC/MS until the complete removal of all three benzyl 

groups. Trifluoroacetic Acid was removed under a nitrogen stream and Iced-cold diethyl 

ether was added to precipitate compound 21. The suspension was centrifuged, the solvent 

decanted off and the precipitate washed with diethyl ether. Volatiles were evaporated 

under reduced pressure. 1H NMR (400 MHz, Methanol-d4) δ: 6.93 (s, 3H, C5–H in 

pyridinone), 4.01 (d, 6H, CO–NH–CH2-pyridinone), 2.47 (s, 9H, C6–CH3), 2.17 (m, 6H, 

CH2–CH2–CO–NH–CH2-pyridinone), 1.87 (m, 6H, CH2–CH2–CO–NH–CH2-

pyridinone); 13C NMR (100 MHz, MeOD) δ:174.80, 160.23, 149.05, 143.58, 138.85, 

112.67, 57.18, 34.97, 30.67, 29.60, 28.40, 19.69; LC-MS (ESI) calcd for C34H47N7O9 

m/z= 697.78,found m/z 349.86 [M+2H]+, 698.31 [M+H]+, 1395.22 [2M+H]+, RT = 8.09. 

     

Synthesis of compound 22a. In a round-bottomed flask 288 mg (0.848 mmol, 10 equiv) 

of adipic acid bis(N-hydroxysuccinimide ester) were solubilized in 2 mL of anhydrous 

DMF and cooled in an ice bath. A solution of 21 (65 mg, 0.084 mmol, 1 equiv), and 

DIPEA (1.27 mmol, 1.5 equiv) in 1 mL of anhydrous DMF was added dropwise. The 

reaction was carried out under inert atmosphere and monitored by LC/MS. The solvent 

was removed under high vacuum and the crude purification by semipreparative reversed-

phase HPLC. LC-MS (ESI) calcd for C43H56N8O14 m/z= 922.41, found m/z 923.46 

[M+H]+, 462.55 [M+2H]+, RT = 8.44. 

 

Synthesis of compound 22b. In a round-bottomed flask 300 mg (0.848 mmol, 10 equiv) 

of pimelic acid bis(N-hydroxysuccinimide ester) were solubilized in 2 mL of anhydrous 

DMF and cooled in an ice bath. A solution of 21 (65 mg, 0.084 mmol, 1 equiv) and 

DIPEA (1.27 mmol, 1.5 equiv) in 1 mL of anhydrous DMF was added dropwise. The 

reaction was carried out under inert atmosphere and monitored by LC/MS. The solvent 

was removed under high vacuum and the crude purification by semipreparative reversed-

phase HPLC. LC-MS (ESI) calcd for C45H60N8O14 m/z= 937.42, found m/z 937.44 [M]+, 

469.54 [M+2H]+, 530.36, [M+3ACN+2H]+, RT = 8.91. 
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 Synthesis of compound 22 c. In a polypropylene syringe 22a (110 mg, 0.12 mmol, 1.5 

equiv) was dissolved in 1mL of anhydrous DMF and 0.5 mL of DMSO (dimethyl 

sulfoxide). Subsequently, HATU (48 mg, 0.12 mmol, 1.5) and DIPEA (86 µL, 0.24 mmol, 

3 equiv) were added and the mixture was left to stir for 10 minutes. A suspension with 5 

(80 mg, corresponding to a loading of 0.08, 1 equiv) in 2 mLof anhydrous DMF was 

added and the reaction carried out for 72 hours at room temperature.  

The reaction mixture was filtered and washed 3 times with DMF. In order to perform 

cleavage and removal of side-chain protecting groups a mixture of TFA, phenol (5% w/v), 

water (5% v/v) and TIS (2% v/v) was prepared and added to the resin. The reaction was 

stirred at room temperature for 3 hours. The filtrate containing 22c collected and the resin 

was washed with TFA: CH2Cl2. The solution was concentrated under a nitrogen stream 

and ice-cold diethyl ether was added to precipitate 22c. The suspension was centrifuged, 

the solvent was decanted off and the precipitate washed four times with diethyl ether. The 

crude purification with semipreparative HPLC and further characterization are in itinere. 

 

Synthesis of compound 22 d. In a polypropylene syringe, 22b (112 mg, 0.12 mmol, 1.5 

equiv) was dissolved in 1mL of anhydrous DMF and 0.5 mL of DMSO. Subsequently, 

HATU (48 mg, 0.12 mmol, 1.5) and DIPEA (86 µL, 0.24 mmol, 3 equiv) were added and 

the mixture was left to stir for 10 minutes. A suspension with 5 (80 mg, corresponding to 

a loading of 0.08, 1 equiv) in 2 mLof anhydrous DMF was added and the reaction carried 

out for 72 hours at room temperature.  

The reaction mixture was filtered and washed 3 times with DMF. In order to perform 

cleavage and removal of side-chain protecting groups a mixture of TFA, phenol (5% w/v), 

water (5% v/v) and TIPS (2% v/v) was prepared and added to the resin. The reaction was 

stirred at room temperature for 3 hours. The filtrate containing 22d collected and the resin 

was washed with TFA: CH2Cl2. The solution was concentrated under a nitrogen stream 

and ice-cold diethyl ether was added to precipitate 22d. The suspension was centrifuged, 

the solvent was decanted off and the precipitate washed four times with diethyl ether. The 

crude purification with semipreparative HPLC and further characterization are in itinere. 
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Synthesis of compound 23. The synthesis was carried out following published 

procedure.27 

A solution of β-alanine (4.46 g, 50 mmol) and sodium carbonate (5.35 g, 50.5 mmol) in 

water (100 mL) was treated with N-carbethoxyphthalimide (11.51 g, 52.5 mmol). The 

solution was filtered and acidified to pH 2-3 with 6 M HCl. Filtration was followed by 

washing with water and drying in air affording a white solid (6.35 g, 57 % yield). 1H 

NMR (400 MHz, DMSO-d6) δ: 7.85-7.78 (m, 4H, Ar-H), 3.80 (t, J = 7.3 Hz, 2H, NCH2), 

2.61 (t, J = 7.3 Hz, 2H, CH2CO). 

 

Synthesis of compound 24. A mixture of 23 (2.19 g, 10 mmol), DIPEA (2.27 g, 11 

mmol), HATU (1.49 g, 11 mmol), and anhydrous DMF (5 mL) was stirred at room 

temperature for 1 hour. A solution of 13 in 2 mL of anhydrous DMF was added and the 

reaction mixture was left to stir at room temperature for 72 hours. DMF was removed in 

vacuo and the residue was purified on a silica gel column (Ethyl Acetate/MeOH 9.5:0.5). 

The compound 24 (3.21 g, 52%) was obtained and characterized 1H NMR (400 MHz, 

CDCl3) δ: 7.87-7.73 (m, 4H, Ar-H,), 6.13 (s, 1H, NH), 3.97 (t, J = 7.5 Hz, 2H, NCH2), 

2.56 (t, J = 7.5 Hz, 2H, CH2CO), 2.31–2.21 (m, 6H, CH2CH2CO,), 2.02-1.95 (m, 6H, 

CH2CH2CO), 1.56-1.42 (m, 27H, C(CH3)3). 

 

Synthesis of compound 25. The reaction was carried out using 16 mL of trifluoroacetic 

acid: CH2Cl2 1:1 (v/v) and left overnight at room temperature. The trifluoroacetic acid 

was evaporated under a nitrogen stream and ice-cold diethyl ether was added to 

precipitate a white solid. The obtained product (0.3 mmol, 1 equiv) was dissolved in 5 ml 

of anhydrous DMF, and then HATU (1.05 mmol, 3.5 equiv) and DIPEA (3 mmol, 10 

equiv) were added. The mixture was stirred until its color changed from yellow to gold. 

The compound 15 (0.93 mmol, 3.1 equiv) was solubilized in 5 ml of anhydrous DMF and 

added to the solution containing the THP. The microwave-assisted reaction was set at 

120°C for 30 minutes. The DMF was removed in vacuo and the residue was dissolved in 

chloroform, and purified by column chromatography (eluent solvent 9:1 CHCl3/CH3OH). 

The combined fractions were dried (Na2SO4) and the solvent was removed by rotary 

evaporation to give 0.2 g of a white solid in 58% yield. 1H NMR (DMSO-d6): δ 7.86-7.71 

(m, 4H [Ar-H]), 7.56-7.45(m, 15H [CH2-Bnz]), 7.18 (s, 1H [CONH]) 6.51 (s, 3H [5-H 



 

86 
 

pyridinone]), 5.11 (s, 6H [CH2-Bnz]), 4.79 (m, 6H [CONH-CH2-pyridinone]), 384 (t, 

J=7.5 Hz, 2H, NCH2), 3.38 (s, 9H [6-CH3 pyridinone]), 2.58 (t, J= 7.5Hz, 2H, CH2CO), 

2.31 (s, 9H [N-CH3 pyridinone]) 2.23-1.98 (m, 6H [CH2-CH2-CONH-pyridinone]) 1.75 

(m, 6H [CH2-CH2-CONH-pyridinone]). 

 

Synthesis of compound 26. Compound 25 (3.51 g, 3 mmol) was dissolved in ethanol (40 

mL) and 5.5% aqueous hydrazine (3 mL) was added. The reaction was heated at reflux 

for 3 hours and after was cooled to 0 °C, acidified to pH 1 with concentrated HCl, and 

filtered. The filtrate was concentrated in vacuo, and the residue was dissolved in distilled 

water (40 mL), adjusted to pH 12 with 10 M NaOH, and extracted with dichloromethane 

(5 × 100 mL). The combined organic extracts were dried over anhydrous Na2SO4 under 

reduced pressure to furnish a brown oil. Purification by column chromatography on silica 

gel (chloroform: methanol 90:10 v/v) gave a white solid 26 (3.20 g, 87%). 1H NMR (400 

MHz, DMSO-d6) δ: 8.11 (s, 3H, NH,), 7.62-7.31 (m, 6H, PhH,), 7.55-7.36 (m, 9H, PhH,), 

6.23 (s, 3H, pyridinone-5H,), 5.03 (s, CH2, 6H), 4.43 (d, 6H,  J = 4.78 Hz, CH2), 3.32 (s, 

9H, CH3), 2.68 (t, 2H, J = 6.42 Hz, CH2), 2.17 (s, 9H, CH3), 2.06 (t, 2H, J = 6.42 Hz, 

CH2), 2.03-1.93 (m, 6H, CH2), 1.80-1.73 (m, 6H, CH2), 
13C NMR (100 MHz, DMSO-d6) 

δ: 176.6, 176.4, 172.1, 146.1, 145.1, 140.6, 136.2, 128.7, 128.4, 116.3, 70.8, 39.5, 38.6, 

35.3, 34.4, 31.2, 28.7, 20.3. 

 

 

Synthesis of compound 27. Benzyl groups were removed using neat trifluoroacetic acid. 

The reaction carried out in a round-bottomed flask pre-treated with HCl. The mixture was 

monitored by LC/MS until the complete removal of all three benzyl groups. 

Trifluoroacetic acid was removed under a nitrogen stream. Precipitation from ice-cold 

diethyl ether afforded a white solid. LC-MS (ESI) calcd for C37H52N8O10 m/z= 768.86, 

found m/z 385.47 [M+2H]+, 769.41 [M+H]+. RT = 7.91. 

 

Synthesis of compound 28a. In a round-bottomed flask 288 mg (1.04 mmol, 10 equiv) 

of adipic acid bis(N-hydroxysuccinimide ester) were solubilized in 2 mL of anhydrous 

DMF and cooled in an ice bath. A solution of 27 (80 mg, 0.104 mmol, 1 equiv), and 

DIPEA (0.156 mmol, 1.5 equiv) in 1 mL of anhydrous DMF was added dropwise. The 

reaction was carried out under inert atmosphere for 12 hours, and monitored by LC/MS.  
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The solvent was removed under high vacuum and the crude purification by 

semipreparative reversed-phase HPLC. LC-MS (ESI) calcd for C47H63N9O15 m/z=994.05, 

found m/z 332.41 [M+3H]+, 497.88 [M+2H]+,  994.54 [M]+, 1987.48 [2M+H]+, RT =8.50. 

 

Synthesis of compound 28b. In a round bottomed flask 288 mg (0.848 mmol, 10 equiv) 

of pimelic acid bis(N-hydroxysuccinimide ester) were solubilized in 2 mL of anhydrous 

DMF and cooled in an ice bath. A solution of 27 (65 mg, 0.084 mmol, 1 equiv), and 

DIPEA (1.27 mmol, 1.5 equiv) in 1 mL of anhydrous DMF was added dropwise. The 

reaction was carried out under inert atmosphere for 12 hours, and monitored by LC/MS. 

The solvent was removed under high vacuum and the crude purification by 

semipreparative reversed-phase HPLC. LC-MS (ESI) calcd for C48H65N9O15 

m/z=1007.46, found m/z 504.70 [M+2H]+,  1008.43 [M+H]+, RT = 9.09. 

 

Synthesis of compound 28c. In a polypropylene syringe 28a (110 mg, 0.12 mmol, 1.5 

equiv) was dissolved in 1mL of anhydrous DMF and 0.5 mL of DMSO. Subsequently, 

HATU (48 mg, 0.12 mmol, 1.5) and DIPEA (86 µL, 0.24 mmol, 3 equiv) were added and 

the mixture was left to stir for 10 minutes. A suspension with 5 (80 mg, corresponding to 

a loading of 0.08, 1 equiv) in 2 mL of anhydrous DMF was added and the reaction carried 

out for 72 hours at room temperature.  

The reaction mixture was filtered and washed 3 times with DMF. In order to perform 

cleavage and removal of side-chain protecting groups a mixture of TFA, phenol (5% w/v), 

water (5% v/v) and TIS (2% v/v) was prepared and added to the resin. The reaction was 

stirred at room temperature for 3 hours. The filtrate containing 28c collected and the resin 

was washed with TFA:CH2Cl2. The solution was concentrated under a nitrogen stream 

and ice-cold diethyl ether was added to precipitate 28c. The suspension was centrifuged, 

the solvent was decanted off and the precipitate washed four times with diethyl ether. LC-

MS (ESI) calcd for C55H65N7O9 m/z=  599.78, found m/z 600.60 [M+H]+, RT = 8.09.The 

crude purification with semipreparative HPLC and further characterization are in itinere.  

 

Synthesis of compound 28d. In a polypropylene syringe, 28b (110 mg, 0.12 mmol, 1.5 

equiv) was dissolved in 1mL of anhydrous DMF and 0.5 mL of DMSO. Subsequently, 

HATU (48 mg, 0.12 mmol, 1.5) and DIPEA (86 µL, 0.24 mmol, 3 equiv) were added and 
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the mixture was left to stir for 10 minutes. A suspension with 5 (80 mg, corresponding to 

a loading of 0.08, 1 equiv) in 2 mL of anhydrous DMF was added and the reaction carried 

out for 72 hours at room temperature.  

The reaction mixture was filtered and washed 3 times with DMF. In order to perform 

cleavage and removal of side-chain protecting groups a mixture of TFA, phenol (5% w/v), 

water (5% v/v) and TIPS (2% v/v) was prepared and added to the resin. The reaction was 

stirred at room temperature for 3 hours. The filtrate containing 28d collected and the resin 

was washed with TFA: CH2Cl2. The solution was concentrated under a nitrogen stream 

and ice-cold diethyl ether was added to precipitate 28d. The suspension was centrifuged, 

the solvent was decanted off and the precipitate washed four times with diethyl ether. LC-

MS (ESI) calcd for C55H65N7O9 m/z= 606.79, found m/z 607.20 [M+H]+, RT = 8.16. The 

crude purification with semipreparative HPLC and further characterization are in itinere.  

 

 

 

4.4. Conclusions and outlook 
 

New 68Ga-Tris(hydroxypyridinone)-PSMA ligands useful for the prostate cancer 

diagnosis were designed and synthesized.  

Two final compounds with a longer chain have been synthesized, and will be purified 

through semi-preparative HPLC, characterized and then will be performed in vitro 

experiments to evaluate the cellular uptake and binding affinity.  

The characterization of the two ligands consisting of a shorter chain is currently 

underway. The systems thus composed may act as 68Ga radiotracer for imaging PSMA 

expression. 
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Abstract 
 

A general procedure for the synthesis of amides via the direct condensation of carboxylic 

acids and amines in the presence of TiCl4 is reported. The amidation reaction was 

performed in pyridine at 85 °C with a wide range of substrates providing the 

corresponding amide products in moderate to excellent yields and high purity. The 

reaction proceeds with low yields when both the carboxylic acid and the amine are 

sterically hindered. The process takes place with nearly complete preservation of the 

stereochemical integrity of chiral substrates.  
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5.1. Introduction 
 

Amide is a key functional group in organic chemistry for its widespread occurrence in 

peptide and non-peptide natural products, therapeutic small molecules, and new 

polymeric materials.1-4 

The most general way for obtaining amides involves the activation of the carboxylic 

function by means the conversion of carboxylic acids into the corresponding acid 

chlorides.5-8 Subsequently this reactive derivative is coupled with the appropriate 

amine to yield the corresponding amide. 

Alternatively, carboxylic acids, by the use of activating reagents, can be transformed 

into reactive acylating intermediates (acyl chlorides, anhydrides, activated esters) 

which directly react in situ with the suitable amines without their preliminary isolation 

and purification.9-12 

The use of coupling reagents is the only practicable way when the reagents useful for 

obtaining acid chlorides from carboxylic acids are not compatible with other chemical 

functions or protecting groups present on the substrate.  

The importance of amides has promoted the development of new protocols and 

reagents based on these approaches and alternative methods for amide bond 

formation.13-16 

The direct formation of amides by condensing non-activated carboxylic acids and 

amines is extremely attractive because of its low environmental impact. Using metal-

based catalysis in direct amide preparation, as an alternative to coupling reagents, has 

been reported.17-19 

The main synthetic catalysts employed for direct amidation are boronic acids and 

esters together with Lewis acid metal complexes. 

Boron-based compounds are reported as catalysts promoting the condensation of 

carboxylic acids and amines in refluxing toluene.20-21 

In addition amidation reaction protocols by using boronic acid and ester catalysts were 

also developed for the formation of dipeptide systems.22-24 
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Under homogeneous conditions, the most used metal catalysts for direct coupling of 

carboxylic acids with amines are group IV metals.  

In 1972 Werdehausen et al.25 developed a catalytic procedure for the direct formation 

of amides starting from different long chain fatty acids and amines by using 0.6–1 mol 

% of metal catalysts based on Ti(IV), Zr(IV) and Ta(V), at 120–200 °C.  

Later carboxyamides from benzoic acids and different amines were obtained by using 

stochiometric amounts of various Lewis acid catalysts in refluxing toluene.26 

Ti(OBu)4 was used in catalytic amounts for obtaining amides from several carboxylic 

acids and anilines in refluxing o-xylene with yields ranging from 38 to 98 %), electron 

donating groups on the aromatic ring of anilines provided higher conversions than 

electron withdrawing substituents.27-28 

Different amides were synthesized using titanium (IV) isopropoxide as catalyst in 10-

20 mol % loading in THF.29 Electronically and sterically demanding substrates 

provided their corresponding amides in moderate to good yields using a reaction 

temperature of 100 °C. The hydrolytic decomposition of the catalyst caused a drastic 

lowering of the reaction yields when the reaction was performed in air. 

The use of Zirconium (IV) catalysts for the direct amidation of carboxylic acids and 

amines was also reported [17]. ZrCl4 and ZrCp2Cl2 were particularly effective resulting 

in high conversions of the substrates after four hours of reaction time at 110 °C using 

a 5 mol % catalyst.  

Simultaneously, Adolfsson et al. developed a ZrCl4 catalysed amidation protocol at 70 

°C in THF with molecular sieves as water scavengers.30-31 Both aliphatic and aromatic 

carboxylic acids were converted in secondary and tertiary amides in 62-99 % yield 

with 2–10 mol% catalyst loading. Aromatic carboxylic acids required reaction 

temperatures of 100 °C and 10 % catalyst loading in order to increase the yields after 

24 hours reaction time.  

The sandwich complex bis(dicyclopentadienyl)hafnium dichloride ([Hf(Cp)2Cl2]) 

was used as catalyst for direct amidation of nonactivated carboxylic acids at 26 °C.32 

The method provided different amides in a reaction time of 48 h and using a 10 % 
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catalyst loading. Some substrates were converted in the corresponding amides before 

this time. 

In our research activity, in which titanium tetrachloride was employed, it was observed 

the oxophilic character of this transition metal towards carbonyl and hydroxyl 

groups.33-38 

On the base of these observations, we became interested into investigating the direct 

coupling of carboxylic acids and amines using TiCl4 as condensing agent. 

Here, we report the successful TiCl4-mediated synthesis of secondary and tertiary 

amides starting from various carboxylic acid and amine precursors. 
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5.2. Results and discussion 
 

Optimization of reaction conditions was performed by choosing benzoic acid as model 

substrate.  

The reaction was previously investigated under catalytic conditions. Benzoic acid 

(1mmol) and a catalytic amount of TiCl4 (30 mol %) were treated with aniline (1 mmol) 

in refluxing dry dichloromethane. During the addition of TiCl4 to the carboxylic acid, 

the production of hydrochloric acid was observed. After 12 h of reaction small amounts 

of amide (12 %) were obtained. Then the reaction was repeated for a longer reaction 

time (24 h). Also in this case the reaction did not proceed and the amide product was 

recovered with low yield (15 %). The poor outcome of the reaction prompted us to use 

a base to covert the carboxylic acid into the corresponding carboxylate. Pyridine was 

chosen as base to form the pyridinium carboxylate. It was not possible to use non-

nucleophilic tertiary nitrogen bases such as triethylamine for the known reactivity of 

the trialkyl amines with TiCl4.
39-40 The reaction was designed in dichloromethane 

excluding ethereal solvents such as THF because, in the presence of TiCl4, O-

heterocycle ring opening reaction occurs.41-42 Therefore the amidation reaction was 

carried out in dichloromethane under reflux by treating benzoic acid (1mmol) with 

pyridine (1 mmol) and TiCl4 (1.5 mmol), then aniline was added (1mmol). In the 

reaction mixture, during the adding of pyridine the formation of an insoluble salt, 

probably relating to the pyridinium salt, was observed. After a reaction time of 12 h 

benzanilide was recovered in 38 % yield.  

In the light of these results it was chosen to carry out the reaction in pyridine, which 

performs the function of solvent and base also by neutralizing the hydrochloric acid 

that develops during the reaction, using a higher temperature and an excess of TiCl4 to 

accelerate the reaction. 

Benzoic acid (1 mmol) was dissolved in pyridine (10 mL) in a screw capped vial. Then, 

to the resulting solution heated at 85 °C, were added TiCl4 (3 mmol) and aniline (1 

mmol). After about 2 h reacting, the reaction was completed and the reaction mixture 

was acidified with 1N HCl aqueous solution and extracted with methylene chloride. 
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The organic phase provided the N-phenylbenzamide in 98 % yield and high purity as 

confirmed by GC/MS and NMR analyses. 

Previously, TiCl4 was used in stoichiometric amounts to form carboxamides from 

carboxylic acids.18 In this case the reaction was performed in THF or hexane as solvent 

and the nucleophilic amine was used in large excess to neutralize the hydrochloric acid 

produced during the reaction. The reported procedure is poorly applicable as the 

reaction times are very long (8 h - 7 days) also when heating is required. 

Our result was particularly good and interesting, as the product was recovered pure in 

short times and in excellent yield without requiring the use of complex purification 

procedures.  

Encouraged by the success of this preliminary study, the adopted procedure was 

applied for the preparation of a series of N-phenylamides. Different alkyl and aryl 

carboxylic acids were tested under the developed reaction conditions using aniline, the 

amine component, as a constant (Scheme 1). 

 

R1 OH

+

R3
HN

TiCl4

Py, 85 °C, 2h

O R2

R1 N

O

R3

R2

 

Scheme 1. Direct formation of amides assisted by TiCl4. 

 

Aliphatic and aromatic carboxylic acids performed well, delivering the desired amides 

(1-7) in excellent yields (entry a-g, Table 1). 

The molecular structure of the obtained amides was assigned by 1H NMR, 13C NMR 

and GC/MS analyses.  
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Table 1. Synthesis of N-phenylamides 1-7. 

Entry R1 R2 R3  Product Yield (%)a 

a C6H5 H C6H5 1 

 

98 

b 4-NO2-C6H4 H C6H5 2 

 

98 

c 4-CH3O-C6H4 H C6H5 3 

 

95 

d 4-Cl-C6H4 H C6H5 4 

 

95 

e C6H5CH2 H C6H5 5 

 

95 

f C6H5CH=CH H C6H5 6 

 

91 

g C15H31 H C6H5 7 

 

88 

a isolated yields 

 

Additional experiments, that employed 2-fluoroaniline and 4-methylaniline as amine 

components, were carried out in order to investigate the electronic effect of the 

substituent on the aniline nucleophilicity and consequently on the reaction course. The 

reactions went to completion in short times (2h) and afforded the corresponding 

amides 8-9 in high yields (Scheme 1; Table 2). 

Table 2. Synthesis of substituted anilides 8-9. 

Entry R1 R2 R3  Product Yield (%)a 

h C6H5CH2 H 2-F-C6H4 8 

 

72 

i C6H5CH2 H 4-CH3-C6H4 9 

 

98 

a isolated yields 



 

98 
 

The lower nucleophilicity of 2-fluoroaniline resulted in a lower yield of the 

corresponding amide (8) (72%, Table 2).  

We explored also the reactivity of the more nucleophilic alkyl amines by choosing, as 

amine substrate, the propylamine. The standard protocol applied to the reaction of 

propylamine with aliphatic and aromatic carboxylic acids provided the corresponding 

amides 10-16 with yields higher than 90 %. (Scheme 1, Table 3). 

Table 3. Synthesis of N-propylamides 10-16. 

Entry R1 R2 R3  Product Yield (%)a 

j C6H5 H C3H7 10 

 

91 

k 4-NO2-C6H4 H C3H7 11 

 

92 

l 4-CH3O-C6H4 H C3H7 12 

 

78 

m 4-Cl-C6H4 H C3H7 13 

 

96 

n C6H5CH2 H C3H7 14 

 

95 

o C6H5CH=CH H C3H7 15 

 

97 

p C15H31 H C3H7 16 

 

94 

a isolated yields 

 

Amide formation, by using the developed reaction protocol, was also studied with 

disubstituted amines that are often more difficult substrates since they exhibit a significant 

steric hindrance. 

Diethylamine was chosen as a representative dialkyl amine for studying the influence of 

steric hindrance on the course of the reaction (Scheme 1, Table 4). 
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The desired tertiary N,N-diethylamides were obtained with satisfactory yields even 

though lower than secondary amides probably due to the steric hindrance of diethylamine. 

(Table 4). 

Table 4. Synthesis of N,N-diethylamides 17-23. 

Entry R1 R2 R3  Product Yield (%)a 

q C6H5 C2H5 C2H5 17 

 

64 

r 4-NO2-C6H4 C2H5 C2H5 18 

 

80 

s 4-CH3O-C6H4 C2H5 C2H5 19 

 

56 

t 4-Cl-C6H4 C2H5 C2H5 20 

 

77 

u C6H5CH2 C2H5 C2H5 21 

 

85 

v C6H5CH=CH C2H5 C2H5 22 

 

87 

w C15H31 C2H5 C2H5 23 

 

91 

 

 

 
a isolated yields 

 

The results reported in Table 4 also suggested that, when diethyl amine is used as 

amine component, the reaction is affected by the electronic nature of the substituent 

on the aromatic ring of the benzoic acid (entry r, entry t Table 4) which probably 

characterize the reactivity of the reaction intermediates.  

In fact, the presence of chlorine and nitro group on the aromatic ring of carboxylic 

acids results in higher yields in amide (18, 20, Table 4) than substrates that have no 

substituents or have electron donor groups on the aromatic ring. (17, 19, Table 4). This 

is consistent with the higher reactivity of the involved intermediates in the formation 

of 18 and 20. 
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In many experiments in which benzoic acid was used, such as in the synthesis of N,N-

diethylbenzamide (17), traces of benzoyl chloride were found in the crude product. 

This observation suggested that the acyl chloride could be the reaction intermediate. 

The amidation reaction could proceed through the formation of an adduct (A) between 

the carboxylate ion, generated by the reaction of the carboxylic acid with pyridine, and 

TiCl4 (Scheme 2) as reported in literature with other metals.30 The adduct A is 

characterized by the presence of a good leaving group that could lead to: a) the direct 

formation of the amide; b) the formation of the acyl pyridinium ion (B); c) the 

formation of the acyl chloride (C) (Scheme 2). B and C could act as additional reaction 

intermediates for the formation of the amide. 
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Scheme 2 Proposed mechanism for the TiCl4 assisted direct amidation 

 

The reaction of the sterically hindered pivalic acid with diethylamine resulted with 

very low conversions and provided, after 2 h, the corresponding amide 26 in 9 % yield 

(entry z, Table 5). When the reaction was performed by treating pivalic acid with 

aniline and propylamine (entry x-y, Table 5), the amides 24 and 25 were recovered 
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respectively with 90 % and 75 % yield (Table 5) demonstrating that the steric effect of 

the alone carboxylic acid has minor impact on the reaction course.  

In these reactions, steric effects play a key role when both amine and carboxylic acid 

are sterically hindered. 

 

Table 5. Synthesis of pivalic acid amides 24-26. 

Entry R1 R2 R3  Product Yield (%)a 

x (CH3)3C H C6H5 24 

 

90 

y (CH3)3C H C3H7 25 
 

75 

z (CH3)3C C2H5 C2H5 26 

 

9 

a isolated yields 

 

We also explored the stereochemical outcome of the adopted procedure by synthesizing 

a couple of anilide enantiomers 27 and 28 starting from (S)-2-(N-tert-

butoxycarbonylamino)propanoic acid (N-Boc-L-Alanine) and (R)-2-(N-tert-

butoxycarbonylamino)propanoic acid (N-Boc-D-Alanine) as acid substrates (Scheme 3). 

Gratifyingly, we were able to synthesize the two enantiomers with high 

enantioselectivity. 

N-Boc-L-alanine and N-Boc-D-Alanine reacted with aniline in the presence of TiCl4 

affording the corresponding amides 27 and 28 respectively in 88 and 87% % yield 

(Scheme 3).  

This result demonstrates that this reaction works well also with carboxylic acids bearing 

acid-labile protecting groups. 

+

H2N TiCl4

Py, 85 °C, 2h

27 (L); 28 (D)

CH3

O

H
N

N
H

O

O

CH3

O

OH
N
H

O

O

 

Scheme 3. Direct formation of enantiomeric amides 27-28 assisted by TiCl4 
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The enantiomeric purity of each crude product 27 and 28 was assessed by analyzing them 

by chiral GC/MS and comparing the resulting chromatograms with that of a suitably 

prepared mixture (approx. 1 : 1) of the two enantiomers (Figure 1). The two enantiomers 

of the mixture, after finding the optimal conditions for achieving good selectivity, were 

resolved by chiral GC/MS: two peaks with retention times of 223.46 and 224.55 minutes 

corresponding to 28 and 27 respectively appeared in the chromatogram (Figure 1B). 

 

Figure 1. Chiral GC/MS analyses of crude amides 27 and 28: (A) (S)-2-(N-tert-butoxycarbonyl-

amino)-N-phenylpropanamide (28); (B) a mixture of 27 and 28 (approx. 1:1); (C) (R)-2-(N-tert-

butoxycarbonylamino)-N-phenylpropanamide (28). 
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The comparison of the chromatograms of the single crude enantiomers 27 and 28 (Figure 

1A and Figure 1C) with the mixture and the integration gave the data for the enantiomeric 

excess (ee) calculation, which was 95% for the D-isomer and 93 % for the L-isomer. The 

calculated enantiomeric excess was for both enantiomers satisfactory. 
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5.3. Experimental 

5.3.1. General experimental details 

All reagents were purchased commercially without further purification. Solvents were 

purified according to well-known laboratory methods and freshly distilled prior to use. 

Reaction were carried out in a tightly sealed screw-capped vial. Reactions were 

magnetically stirred and monitored by thin layer chromatography using Merck-Kieselgel 

60 F254 plates. 1H and 13C NMR spectra were recorded on a Bruker Avance 300 

instrument at 300 MHz and 75 MHz, respectively. Spectroscopic analysis was performed 

at 293 K on diluted solutions of each compound by using CDCl3 and DMSO-d6 as the 

solvents. Chemical shifts (δ) are reported in ppm. Coupling constants (J) are reported in 

Hertz (Hz). GC–MS analyses were performed with a DB-35MS (20 m × 0.18 mm, 35% 

Phenyl 65% dimethylpolysiloxane) capillary column. The mass detector was operated in 

the electron impact ionization mode (EI/MS) with an electron energy of 70 eV. The 

injection port was heated to 250 °C. The oven temperature program was initially set at 70 

°C with a hold of 2 min and ramped to 280 °C at 20 °C/min with a hold of 10 min. Chiral 

GC-MS analyses of enantiomeric compounds 27-28 were performed by using a 25 m × 

0.25 mm, Diethyl tertbutyldimethylisilyl-β-cyclodextrine chiral capillary column. The 

injection port was heated to 250 °C. The oven temperature program was initially set at 50 

°C, with a hold of 2 min, ramped to 250 °C at 0.5 °C/min with a hold of 5 min. 

 

5.3.2. General procedure for the synthesis of amides 1-28. 

TiCl4 (3 mmol) and the amine (1 mmol) were added to a solution of carboxylic acid (1 

mmol) in pyridine (10 mL). The tightly sealed screw-capped vial containing the reaction 

mixture was then heated at 85 °C. After magnetic stirring for about 2 h, TLC analysis 

(chloroform/methanol 90:10 v/v) of the reaction mixture showed complete conversion of 

the carboxylic acid precursor. The reaction mixture was then cooled, and after removing 

pyridine by co-evaporation with toluene, was treated with an aqueous 1N HCl solution 

(10 mL) and extracted with methylene chloride (3 × 10 mL). The combined organic 

extracts were washed with a saturated aqueous solution of sodium bicarbonate (3 × 10 

mL), dried (Na2SO4), and evaporated to dryness under reduced pressure to afford the 

corresponding amides 1-28 with yields ranging from 56-98 %. 
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N-phenylbenzamide (1) Solid (98 %); mp = 163-165 °C; Rf = 0.70; 1H NMR (300 MHz, 

DMSO-d6) δ: 10.23 (s, 1H), 7.99-7.95 (m, 2H), 7.81-7.78 (m, 2H), 7.56-7.52 (m, 3H), 

7.38-7.32 (m, 2H), 7.12-7.07 (m, 1H); 13C-NMR (75 MHz, DMSO-d6) δ: 166.0, 139.7, 

135.5, 131.9, 129.0, 128.8, 128.1, 124.1, 120.9; GC/MS (EI) m/z (% rel.): 197 [M+∙] (46), 

105 (100), 77 (46); 65 (4), 51 (9). 

 

4-nitro-N-phenylbenzamide (2) Solid (98 %); mp = 218-220 °C; Rf = 0.65; 1H NMR (300 

MHz, DMSO-d6) δ: 10.53 (s, 1H), 8.35 (d, J = 9.0 Hz, 2H), 8.18 (d, J = 9.0 Hz,2H), 7.78 

(d, J = 7.5 Hz, 2H), 7.46-7.27 (m, 2H), 7.13 (t, J = 7.4 Hz, 1H); 13C-NMR (75 MHz, 

DMSO-d6) δ: 164.3, 149.6, 141.1, 139.2, 129.7, 129.1, 124.6, 124.0, 121.0; GC/MS (EI) 

m/z (% rel.): 242 [M+∙] (75), 150 (100), 120 (21), 104 (32), 92 (20), 76(25). 

 

4-methoxy-N-phenylbenzamide (3) Solid (95 %); mp = 177-179°C; Rf = 0.69; 1H NMR 

(300 MHz, DMSO-d6) δ: 10.06 (s, 1H), 7.99-7.88 (m, 2H), 7.80-7.74 (m, 2H), 7.39-7.24 

(m, 2H), 7.13-6.99 (m, 3H), 3.83 (s, 3H); 13C-NMR (75 MHz, DMSO-d6) δ: 165.4, 162.4, 

139.9, 130.0, 129.0, 127.5, 123.9, 120.9, 114.1, 55.9; GC/MS (EI) m/z (% rel.): 227 [M+∙] 

(21), 135 (100), 107 (6), 92 (11), 77(12). 

 

4-chloro-N-phenylbenzamide (4) Solid (95 %); mp = 205-207°C; Rf = 0.78; 1H NMR 

(300 MHz, DMSO-d6) δ: 10.28 (s, 1H), 8.06-7.88 (m, 2H), 7.82-7.71 (m, 2H), 7.64-7.53 

m, 2H), 7.40-7.28 (m, 2H), 7.10 (t, J = 7.4 Hz, 1H); 13C-NMR (75 MHz, DMSO-d6) δ: 

164.9, 139.5, 136.9, 134.1, 130.1, 129.1, 128.9, 124.3, 120.9; GC/MS (EI) m/z (% rel.): 

231 [M+∙] (31), 139 (100), 111 (31), 75 (12). 

 

N,2-diphenylacetamide (5) Solid (95 %); mp = 105-107 °C; Rf = 0.73; 1H NMR (300 

MHz, CDCl3) δ: 7.63 (sbroad, 1H), 7.49-7.42 (m, 2H), 7.39-7.21 (m, 7H), 7.09 (t, J = 7.4 

Hz, 1H), 3.70 (s, 2H); 13C-NMR (75 MHz, CDCl3) δ: 169.4, 137.8, 134.6, 129.5, 129.1, 

128.9, 127.6, 124.4, 120.0, 44.7; GC/MS (EI) m/z (% rel.): 211 [M+∙] (49), 119 (11), 

91(68), 93 (100), 77 (11), 65 (21). 

 

N-phenylcinnamamide (6) Solid (91 %); mp = 155-157 °C; Rf = 0.72; 1H NMR (300 

MHz, CDCl3) δ: 8.09 (s, 1H), 7.75 (d, J = 15.6 Hz, 1H), 7.69-7.59 (m, 2H), 7.52-7.39 (m, 
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2H), 7.38–7.23 (m, 5H), 7.12 (t, J = 7.4 Hz, 1H), 6.66 (d, J = 15.6 Hz, 1H).; 13C-NMR 

(75 MHz, CDCl3) δ: 164.7, 142.2, 138.2, 134.6, 129.9, 129.1, 128.8, 128.0, 124.5, 121.2, 

120.4; GC/MS (EI) m/z (% rel.): 223 [M+∙] (25), 131 (100) 103 (36), 93 (19), 77 (24). 

 

N-phenylpalmitamide (7) Solid (88 %), mp = 88-90 °C; Rf = 0.81; 1H NMR (300 MHz, 

CDCl3) δ: 7.53 (d, J = 8.3 Hz, 2H), 7.40 (s, 1H), 7.36-7.22 (m, 2H), 7.11 (m, 1H), 2.42-

2.29 (m, 2H), 1.80-1.60 (m, 2H), 1.41-1.13 (m, 24H,), 0.89 (t, J = 6.7 Hz, 3H); 13C-NMR 

(75 MHz, CDCl3) δ: 171.7, 137.9, 129.0, 124.2, 119.8, 37.8, 31.9, 29.7, 29.6, 29.5, 29.4, 

29.3, 25.7, 22.7, 14.2; GC/MS (EI) m/z (% rel.): 331 [M+∙] (2), 135 (19), 93 (100), 77 (2). 

 

N-(2-fluorophenyl)-2-phenylacetamide (8) Solid (72 %), mp = 100-102 °C; Rf = 0.85; 1H 

NMR (300 MHz, CDCl3) δ: 8.29 (t, J = 8.0 Hz, 1H), 7.53-7.30 (m, 6H), 7.16-7.06 (m, 

1H), 7.06-6.95 (m, 2H), 3.78 (s, 2H); 13C-NMR (75 MHz, CDCl3) δ: 169.2, 152,1 (d, J = 

242.5 Hz), 134.1, 129.5, 129.3, 127.8, 126.2 (d, J = 10.3 Hz), 124.54 (d, J = 3.8 Hz), 

124.51 (d, J = 7.6 Hz), 121.7, 114.7 (d, J = 19.4 Hz), 44.8; GC/MS (EI) m/z (% rel.): 229 

[M+∙] (25), 118 (24), 111 (100), 91 (76), 65 (13). 

 

2-phenyl-N-(p-tolyl)acetamide (9) Solid (98 %), mp = 108-110 °C; Rf = 0.73; 1H NMR 

(300 MHz, CDCl3) δ: 7.52 (sbroad, 1H), 7.43-7.28 (m, 7H), 7.07 (d, J = 8.3 Hz, 2H), 3.69 

(s, 2H), 2.29 (s, 3H); 13C-NMR (75 MHz, CDCl3) δ: 169.3, 135.2, 134.7, 134.0, 129.5, 

129.4, 129.1, 127.5, 120.1, 44.6, 20.9; GC/MS (EI) m/z (% rel.): 225 [M+∙] (49), 133 (12), 

107 (100), 91 (46), 77 (9), 65 (12). 

 

N-propylbenzamide (10) Solid (91 %); mp = 83-85 °C; Rf = 0.64; 1H NMR (300 MHz, 

CDCl3) δ: 7.82-7.69 (m, 2H), 7.52-7.27 (m, 3H), 6.60 (sbroad, 1H), 3.42-3.31 (m, 2H), 

1.70-1.51 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H); 13C-NMR (75 MHz, CDCl3) δ: 167.6, 134.8, 

131.1, 128.4, 126.8, 41.7, 22.8, 11.3; GC/MS (EI) m/z (% rel.): 163 [M+∙] (28), 134 (7), 

105 (100), 77 (30). 

 

4-nitro-N-propylbenzamide (11) Solid (92 %); mp = 102-104 °C; Rf = 0.50; 1H NMR 

(300 MHz, CDCl3) δ: δ: 8.21 (d, J = 8.8 Hz, 2H), 7.92 (d, J = 8.8 Hz, 2H), 6.74 (sbroad, 

1H), 3.44-3.34 (m, 2H), 1.74-1.53 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H); 13C-NMR (75 MHz, 
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CDCl3) δ: 165.6, 149.5, 140.5, 127.6, 123.5, 41.96, 22.6, 11.3; GC/MS (EI) m/z (% rel.): 

208 [M+∙] (21), 193 (12), 179 (12), 150 (100), 104 (23), 76 (15). 

 

4-methoxy-N-propylbenzamide (12) Solid (78 %); mp = 58-60 °C; Rf = 0.54; 1H NMR 

(300 MHz, CDCl3) δ: 7.74 (d, J = 8.8 Hz, 2H,), 6.87 (d, J = 8.8 Hz, 2H), 6.45 (sbroad, 1H), 

3.81 (s, 3H), 3.42-3.28 (m, 2H), 1.70-150 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H); 13C-NMR (75 

MHz, CDCl3) δ: 167.1, 162.0, 128.7, 127.1, 113.6, 55.4, 41.7, 22.9, 11.5; GC/MS (EI) 

m/z (% rel.): 193 [M+∙] (19), 151 (10), 135 (100), 107 (5), 92 (10), 77 (12). 

 

4-chloro-N-propylbenzamide (13) Solid (96 %); mp = 96-98 °C; Rf = 0.58; 1H NMR (300 

MHz, CDCl3) δ: 7.75-7.65 (m, 2H), 7.41-7.28 (m, 2H), 6.55 (sbroad, 1H), 3.43-3.28 (m, 

2H), 1.70-1.50 (m, 2H), 0.94 (t, J = 7.4 Hz , 3H); 13C-NMR (75 MHz, CDCl3) δ: 166.5, 

137.4, 133.2, 128.6, 128.3, 41.8, 22.7, 11.3; GC/MS (EI) m/z (% rel.): 197 [M+∙] (25), 168 

(6), 139 (100), 111 (23), 75 (11). 

 

2-phenyl-N-propylacetamide (14) Solid (95 %); mp = 66-69 °C; Rf = 0.68; 1H NMR (300 

MHz, CDCl3) δ: 7.42-7.17 (m, 5H), 5.65 (sbroad, 1H), 3.55 (s, 2H), 3.22-3.07 (m, 2H), 

1.58-1.31 (m, 2H), 0.82 (t, J = 7.4 Hz , 3H); 13C-NMR (75 MHz, CDCl3) δ: 171.0, 135.1, 

129.4, 129.0, 127.3, 43.8, 41.3, 22.7, 11.2; GC/MS (EI) m/z (% rel.): 177 [M+∙] (18), 92 

(100), 91 (87), 86 (10), 65 (13), 43 (23). 

 

N-propylcinnamamide (15) Solid (97 %); mp = 75-77 °C; Rf = 0.71; 1H NMR (300 MHz, 

CDCl3) δ: 7.62 (d, J = 15.6 Hz, 1H), 7.54-7.41 (m, 2H), 7.38-7.25 (m, 3H), 6.50 (d, J = 

15.6 Hz, 1H), 6.34 (sbroad, 1H), 3.47-3.26 (m, 2H), 1.71-1.49 (m, 2H), 0.94 (t, J = 7.4 

Hz, 3H); 13C-NMR (75 MHz, CDCl3) δ: 166.1, 140.5, 134.9, 128.7, 127.7, 127.7, 121.1, 

41.4, 22.8, 11.4; GC/MS (EI) m/z (% rel.): 189 [M+∙] (27), 131 (100), 174 (5), 146 (24), 

103 (40), 77 (24). 

 

N-propylpalmitamide (16) Solid (94 %), mp = 74-76 °C; Rf = 0.81; 1H NMR (300 MHz, 

CDCl3) δ: 5.49 (sbroad, 1H), 3.27-3.14 (m, 2H), 2.20-2.09 (m, 2H), 1.73-1.58 (m, 2H), 

1.57-1.41 (m, 2H), 1.40-1.11 (m, 24H), 0.98-0.78 (m, 6H); 13C-NMR (75 MHz, CDCl3) 
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δ: 173.1, 41.2, 37.0, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 25.9, 22.9, 22.7, 14.1, 11.4; GC/MS 

(EI) m/z (% rel.): 297 [M+∙] (3), 268 (3), 239 (3), 114 (24), 101 (100), 43 (14). 

 

N,N-diethylbenzamide (17) Viscous oil (64 %); Rf = 0.75; 1H NMR (300 MHz, CDCl3) 

δ: 7.41-7.10 (m, 5H), 3.43 (sbroad, 2H), 3.14 (sbroad, 2H), 1.27-0.89 (m, 6H) ; 13C-NMR (75 

MHz, CDCl3) δ: 171.1, 137.1, 128.9, 128.2, 126.1, 43.1, 39.1, 14.0, 12.7; GC/MS (EI) 

m/z (% rel.): 177 [M+∙] (21), 162 (2), 148 (7), 176 (61), 105 (100), 77 (27). 

 

N,N-diethyl-4-nitrobenzamide (18) Solid (80 %); mp = 54-56 °C; Rf = 0.73; 1H NMR 

(300 MHz, CDCl3) δ: 8.26 (d, J = 8.8 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 3.73-3.36 (m, 

2H), 3.34-3.01 (m, 2H), 1.25 (t, J = 6.9 Hz, 3H), 1.11 (t, J = 6.9 Hz, 3H); 13C-NMR (75 

MHz, CDCl3) δ: 168.9, 148.3, 143.4, 127.3, 123.9, 43.3, 39.5, 14.2, 12.8; GC/MS (EI) 

m/z (% rel.): 222 [M+∙] (17), 221 (42), 205 (7), 175 (4), 150 (100), 120 (13), 104 (25), 92 

(8), 76 (14). 

 

N,N-diethyl-4-methoxybenzamide (19) Oil (56 %); Rf = 0.65; 1H NMR (300 MHz, 

CDCl3) δ: 7.22 (d, J = 8.7 Hz, 2H), 6.77 (d, J = 8.7 Hz, 2H), 3.68 (s, 3H,), 3.29 (sbroad, 

4H), 1.05 (sbroad, 6H); 13C-NMR (75 MHz, CDCl3) δ: 171.1, 160.1, 129.3, 128.0, 113.5, 

55.1, 43.0, 39.7, 13.5; GC/MS (EI) m/z (% rel.): 207 [M+∙] (15), 206 (34), 135 (100), 107 

(4), 92 (11), 77 (9). 

 

4-chloro-N,N-diethylbenzamide (20) Oil (77 %); Rf = 0.65; 1H NMR (300 MHz, CDCl3) 

δ: 7.41-7.24 (m, 4H, ArH), 3.50 (sbroad, 2H), 3.22 (sbroad, 2H), 1.31-0.98 (m, 6H); 13C-

NMR (75 MHz, CDCl3) δ: 170.2, 135.6, 135.1, 128.7, 127.8, 43.1, 39.1, 14.1, 12.7; 

GC/MS (EI) m/z (% rel.): 211 [M+∙] (15), 210 (34), 139 (100), 111 (23), 75 (9). 

 

N,N-diethyl-2-phenylacetamide (21) Oil (85 %); Rf = 0.73; 1H NMR (300 MHz, CDCl3) 

δ: 7.36-7.15 (m, 5H), 3.69 (s, 2H), 3.38 (q, J = 7.1 Hz, 2H), 3.28 (q, J = 7.1 Hz, 2H), 1.16-

1.02 (m, 6H); 13C-NMR (75 MHz, CDCl3) δ: 170.2, 135.5, 128.7, 128.6, 126.6, 42.4, 

40.9, 40.1, 14.2, 12.9; GC/MS (EI) m/z (% rel.): 191[M+∙] (38), 118 (3), 100 (100), 91 

(46), 72 (50). 

 



 

109 
 

N,N-diethylcinnamamide (22) Solid (87) %); mp = 58-60 °C; Rf = 0.73; 1H NMR (300 

MHz, CDCl3) δ: 7.55 (d, J = 15.4 Hz, 1H), 7.41-7.27 (m, 2H), 7.24-7.04 (m, 3H), 6.68 

(d, J = 15.4 Hz, 1H), 3.42-3.15 (m, 4H), 1.16-0.92 (m, 6H); 13C-NMR (75 MHz, CDCl3) 

δ: 165.4, 141.9, 135.3, 129.2, 128.6, 127.5, 117.7, 42.1, 40.9, 14.9, 13.0; GC/MS (EI) m/z 

(% rel.): 203 [M+∙] (32), 188 (8), 131 (100), 126 (8), 103 (35), 77 (12). 

 

N,N-diethylpalmitamide (23) Oil (91) %); Rf = 0.73; 1H NMR (300 MHz, CDCl3) δ: 3.42-

3.21 (m, 4H), 2.35-2.19 (m, 2H), 1.71-1.51 (m, 2H), 1.39-0.99 (m, 30H), 0.87 (t, J = 6.7, 

3H); 13C-NMR (75 MHz, CDCl3) δ: 172.4, 41.9, 40.0, 33.2, 31.9, 29.7, 29.6, 29.5, 29.4, 

25.5, 22.7, 14.4, 14.1, 13.1; GC/MS (EI) m/z (% rel.): 311 [M+∙] (8), 128 (26), 115 (100), 

100 (23). 

 

N-phenylpivalamide (24) Solid (90 %); mp = 133-135 °C; Rf = 0.82; 1H NMR (300 MHz, 

CDCl3) δ: 7.57-7.50 (m, 2H), 7.43 (sbroad, 1H), 7.36-7.25 (m, 2H), 7.14-7.04 (m, 1H), 1.32 

(s, 9H); 13C-NMR (75 MHz, CDCl3) δ: 176.6, 138.0, 128.9, 124.2, 120.0, 39.6, 27.6; 

GC/MS (EI) m/z (% rel.): 177 [M+∙] (90), 120 (7), 93 (100), 77 (12), 57 (95). 

 

N-propylpivalamide (25) Oil (75 %); Rf = 0.84; 1H NMR (300 MHz, CDCl3) δ: 5.73 (s, 

1H), 3.23-3.11 (m, 2H), 1.58-1.40 (m, 2H), 1.16 (s, 9H), 0.88 (t, J = 7.4 Hz, 3H); 13C-

NMR (75 MHz, CDCl3) δ: 178.4, 41.2, 38.6, 27.6, 22.8, 11.3; GC/MS (EI) m/z (% rel.): 

143 [M+∙] (54), 128 (19), 114 (7), 100 (14), 86 (41), 85 (26), 57 (100), 43 (59). 

 

N,N-diethylpivalamide (26) oil (9 %); Rf = 0.65; 1H NMR (300 MHz, CDCl3) δ: 3.48-

3.32 (m, 4H), 1.29-1.18 (m, 15H); GC/MS (EI) m/z (% rel.): 157 [M+∙] (25), 142 (7); 100 

(100), 72 (62), 57 (53). 

 

(S)-2-(N-tert-Butoxycarbonylamino)-N-phenylpropanamide (27) Oil (88 %); Rf = 0.80; 

1H NMR (300 MHz, CDCl3) δ: 8.86 (sbroad, 1H), 7.58-7.45 (m, 2H), 7.36-7.19 (m, 2H), 

7.13-7.01 (m, 1H), 5.50 (d, J = 7.5 Hz, 1H), 4.53-4.31 (m, 1H), 1.48-1.38 (m, 12H); 13C-

NMR (75 MHz, CDCl3) δ: 171.2, 155.9, 137.9, 128.9, 124.2, 119.9, 80.4, 50.4, 28.3, 17.8; 

GC/MS (EI) m/z (% rel.): 264 [M+∙] (17), 208 (25), 191 (29), 144 (18), 120 (28), 93 (100), 

77 (25), 57 (87). 
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(R)-2-(N-tert-Butoxycarbonylamino)-N-phenylpropanamide (28) oil (87 %); Rf = 0.80; 

1H NMR (300 MHz, CDCl3) δ: 8.69 (sbroad, 1H), 7.61-7.42 (m, 2H), 7.33-7.21 (m, 2H), 

7.11-7.02 (m, 1H), 5.31 (d, J = 8.0 Hz, 1H), 4.49-4.27 (m, 1H), 1.51-1.38 (m, 12H); 13C-

NMR (75 MHz, CDCl3) δ: 171.1, 156.1, 137.8, 128.9, 124.2, 119.9, 80.7, 51.7, 28.3, 17.5; 

GC/MS (EI) m/z (% rel.): 264 [M+∙] (17), 208 (24), 191 (28), 144 (18), 120 (28), 93 (100), 

(77 (25), 57 (92). 

 

 

 

 

 

 

5.4. Conclusion 

A general approach to generate amides has been established using TiCl4-induced direct 

condensation of carboxylic acids with amines. 

Our procedure was successfully applied to a broad spectrum of readily available 

carboxylic acids and amines affording, in short times and after a simple work up, the 

corresponding amides in high purity and yields. 

By using N-Boc-L-alanine and its enantiomer N-Boc-D-alanine as chiral carboxylic acids, 

and aniline as amine component, highly enantiomerically enriched anilides were 

synthesized, demonstrating that the developed procedure does not generate any 

significant loss of the optical integrity of the precursors. 

The current investigation showed also that this approach works well also with carboxylic 

acids bearing acid-sensitive groups. 
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Abstract 
 

A series of dipeptide systems have been easily achieved through TiCl4-assisted 

condensation reaction. The reaction of N-protected amino acids with amino acid methyl 

esters in pyridine and in the presence of TiCl4 furnished the corresponding dipeptides in 

high yields and diastereoselectivity.The reaction was successfully applied to amino acids 

protected on the α-amino function with different protecting groups. The adopted 

experimental conditions allowed preserving both the protecting groups on the α-amino 

function and on the side chain functionalities. Furthermore, the preservation of the 

stereochemical integrity at the amino acid chiral centres has been verified.    
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6.1. Introduction 

Dipeptide systems, although are widely used in medicinal and pharmacological 

field as well as in synthetic chemistry,1 have been poorly investigated compared to 

single amino acids and long chain peptides.2 

The biological functions of dipeptides may be due to dipeptides as such or to the 

single amino acids deriving from them as a result of hydrolysis processes.  

Several dipeptide systems show antitumor,3 antioxidant,4 and antihypertensive 

activity.5   

Commercially available dipeptides such as aspartame (L-aspartyl-L-phenylalanine 

methyl ester) and sustamine (L-Alanyl-L-Glutamine) are used as artificial 

sweetener and nutritional supplement respectively.2 The dipeptide L-alanyl-L-

glutamine is much more stable and soluble than the free amino acid L-glutamine 

(L-Gln) consequently the dipeptide system has more efficacy than the single amino 

acid L-glutamine. In fact, when L-Gln is supplied as L-Alanyl-L-Glutamine a 

greater transfer of L-Gln from the gut to plasma occurs compared to when the same 

dose is provided as the free amino acid.6 

Histidine containing dipeptides, such as carnosine (β-alanyl-L-histidine) and 

anserine (β-alanyl-methyl-L-histidine), are easily obtained by controlled 

hydrolysis of animal proteins and have been proposed as food supplements able of 

sequestering reactive carbonyl species originating from lipid oxidative processes 

or from the oxidation of the sugars. These dipeptides also seem to be able to prevent 

the glycosylation of proteins and in particular of hemoglobin, a process that 

characterizes the metabolic syndrome.7 Other dipeptides are then widely used in 

the formulation of cosmetic products for instance cysteine-containing dipeptides,8 

L-Tyr-L-Arg9 and aspartyl dipeptides, the latter possess highly effective skin and 

hair caring properties.10 

Amide bond formation is an extremely important reaction in organic chemistry.11 

Numerous synthetic strategies to synthesize organic molecules containing amide 

bonds and peptides have been reported.12 

The development of solid-phase peptide synthesis (SPPS), also automated, has 

made easily available polypeptides and of great interest for food, pharmaceutical 

and biomedical purposes.13 
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Solution phase peptide synthesis (commonly referred to as ‘liquid phase’) is the 

method of choice for preparing dipeptides and more generally small peptides. This 

strategy, although is not well suited for making longer peptides, is much more 

scalable, and allows to produce larger quantities of high-quality peptides, and at a 

lower cost than solid phase. 

Peptide synthesis strategies in solution, but also in solid phase, require the 

protection of chemical functions not involved in the formation of the peptide bond. 

The formation of this bond is of particular importance for the purposes of 

stereochemistry preservation of the chiral centres of the amino acids that participate 

in the condensation reaction. 

Therefore, the development of new methods of peptide bond formation in liquid 

phase is particularly attractive in order to obtain dipeptides or small peptides since 

this methodology can also be used with non-natural or unusual amino acids. 

In this context, titanium tetrachloride could assume great importance as, due to its 

great affinity for the oxygen atom, it is used in organic synthesis for the 

transformation of various functional groups.14  

In this study, we explored the applicability of titanium tetrachloride for the 

formation of the peptide bond. Our results have shown the successful use of 

titanium tetrachloride as condensing agent for the synthesis of dipeptide systems. 

Furthermore, the preservation of stereochemical integrity at the amino acid chiral 

centres has been verified. 
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6.2. Results and discussion 

The possibility of using titanium tetrachloride (TiCl4) for the formation of the 

peptide bond was by no means obvious. In fact, TiCl4 could deprotect not only the 

amino functions of N-protected amino acids as it occurs with other Lewis acids15 

but also the amino acid side chain functional groups. 

Accordingly, we thought to carry out the reaction in a pyridine-buffered medium. 

We proceeded preliminarily with the synthesis of the dipeptide Asp-Phe-OMe 

(Aspartame), via the Boc-based solution-phase approach. 

In this perspective, L-phenylalanine methyl ester hydrochloride (1 mmol) was 

preliminary treated with pyridine (5 mL), then N-Boc-L-aspartic acid-β-t-butyl 

ester (1 mmol) and TiCl4 (2 mmol) were added to the resulting solution (Scheme 

1). The reaction was carried out in a screw-capped vial at 40 °C and was complete 

within about 5 h. After removal of pyridine by co-evaporation with toluene, the 

resulting crude product was suspended in chloroform and purified by elution 

through a silica gel column using chloroform as mobile phase. After evaporation 

of chloroform the dipeptide N-Boc-Asp-(OtBu)-Phe-OMe (1) was recovered in 84 

% yield and high purity as confirmed by 1H and 13C NMR analyses. Spectroscopic 

data analysis excluded side-chain and N-terminal amino function deprotection. 

 

Scheme 1. Synthesis of dipeptide N-Boc-Asp-(OtBu)-Phe-OMe (1) 

Afterwards Aspartame (Asp-Phe-OMe) (1a) was readily obtained in 95 % yield by 

treating the N-Boc-protected dipeptide 1 with trifluoroacetic acid in 

dichloromethane (1:1 v/v).  

The developed procedure was applied successfully for the synthesis of various N-

Boc-protected dipeptides (Scheme 2, Table 1). 
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Scheme 2. Synthesis of N-Boc protected dipeptides 2-6 

Table 1. Results of the synthesis of N-Boc-dipeptides 2-6 

Dipeptide R1 R2 R3 R4 
Yield 

(%)a 

2 CH2C6H5 H CH3 H 75 

3 CH3 H CH3 H 71 

4 H CH3 CH3 H 80 

5 CH3 H CH2S-(Bzl) H 80 

6 CH3 H (CH2)4NH-(Boc) H 80 

a isolated yield 

All the N-Boc-dipeptides 2-6 were characterized by GC/MS (EI), 1H NMR and 13C 

NMR analyses. N-Boc-Ala-Cys-(SBzl)-OMe (5) and N-Boc-Ala-Lys-(Boc)-OMe 

(6) kept unchanged the masking groups on the amino acid side-chains. 

The successful outcomes obtained with the synthesis of dipeptides 1-6 prompted 

us to extend the developed methodology to the preparation of dipeptide systems 

protected on the α-amino function with the base-labile protecting group 

fluorenylmethoxycarbonyl (Fmoc) (Scheme 3). N-Fmoc-dipeptide systems (7-17) 

were prepared in high yields without observing the formation of reaction products 

deprotected on the α-amino function (Table 2). 

 

 

Scheme 3.  Synthesis of N-Fmoc protected dipeptides 7-17 
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Tabella 2. Results of the synthesis of N-Fmoc-dipeptides 7-17 

Dipeptide R1 R2 R3 R4 
Yield 

(%)a 

7 (CH2)COO-(tBu) H CH2Ph H 84 

8 CH3 H CH3 H 71 

9 CH2CH(CH3)2 H CH3 H 80 

10 H CH2CH(CH3)2 CH3 H 80 

11 H H CH3 H 80 

12 CH2CH(CH3)2 H CH(CH3)CH2CH3 H 87 

13 CH2O-(tBu) H CH3 H 76 

14 CH3 H CH2S-(Bzl) H 78 

15 CH3 H (CH2)4NH-(Boc) H 60 

16 CH2S-(Bzl) H CH3 H 78 

17 H CH2S-(Bzl) CH3 H 74 

a isolated yield 

The stability of side-chain protecting groups was also investigated by carrying out 

the synthesis of dipeptides N-Fmoc-Asp-(OtBu)-Phe-OMe (7), N-Fmoc-Ser-

(OtBu)-Ala-OMe (13), N-Fmoc-Ala-Cys-(SBzl)-OMe (14) and N-Fmoc-Ala-Lys-

(Boc)-OMe (15). In these cases, the reaction occurred without removal of the side-

chain protecting groups and afforded the corresponding dipeptides in high yields 

(Scheme 3, Table 2).  In particular, the t-butyl group on the serine side-chain, the 

benzyl group on the cysteine side-chain and the Boc group on the lysine side-chain 

were preserved during the condensation reaction. Therefore using pyridine as 

reaction solvent has proved useful not only to convert the ammonium group of 

amino acid methyl ester hydrochloride into the free amino function able to react as 

nucleophile in the condensation reaction, but also to preserve the protecting groups 

on the masked functionalities.  

The coupling reaction mediated by TiCl4 gave excellent results also when it was 

employed to get dipeptides protected on the amino terminal function with the 

benzyloxycarbonyl (Cbz) protecting group in fact, N-Cbz-L-Ala-L-Ala-OMe (18), 

and N-Cbz-D-Ala-L-Ala-OMe (19) were obtained in good yields (Scheme 4). 
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Schema 4. Synthesis of N-Cbz protected dipeptides 18-19 

For completeness, we applied the developed procedure to the synthesis of a 

dipeptide system protected on the amine function with the 4-nitrobenzenesulfonyl 

(nosyl) group.16 

Nosyl group (Ns) is an interesting protecting group as it simultaneously protects 

and activates the NH2 moiety of amines,17 in fact, it is widely used for the site-

selective N-alkylation of amino acids and peptides both in solution and solid 

phase.18 

The condensation reaction mediated by TiCl4 proceeded in a different way when 

the amino function of the N-terminal amino acid was protected with the nosyl 

group. 

The reaction between N-Ns-L-phenylalanine and alanine methyl ester 

hydrochloride for obtaining the dipeptide N-Ns-L-Phe-L-Ala-OMe (20) was 

particularly slow. 

After 7 hours, the TLC analysis (chloroform–methanol, 90 : 10, v/v) of reaction 

mixture still showed the presence of N-Ns-L-phenylalanine, then the reaction was 

stopped. After applying to the reaction mixture the previously described workup, 

the reaction product, recovered in 48 % yield, was analyzed by GC/MS (EI). The 

resulting chromatogram gave two peaks at tr = 46.42 min and tr = 46.87 min in 

about 3:1 ratio respectively with identical mass spectra both characterized by the 

presence of the molecular ion m/z 376 consistent with that of dipeptide N-Ns-Phe-

L-Ala-OMe (20) and its corresponding diastereoisomer.  

The 1H NMR spectrum of the product also provided evidence of the presence of a 

mixture of two diastereoisomers in fact it showed, only for a few types of protons, 

the presence of two close signals of different intensity corresponding to the two 

stereoisomers. 
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Therefore, when N-nosyl amino acids are used as N-terminal residues the reaction 

is incomplete, probably because of the presence of the sulfonamide function, and 

the stereochemical integrity of the chiral centers is not completely retained.  

This result prompted us to verify, also in the cases of Boc-, Cbz- and Fmoc-

protected dipeptides, the configuration preservation of the amino acids chiral 

centers. 

To this aim, we designed and carried out the synthesis of couples of 

diastereoisomeric dipeptides protected on the amino function with the above-cited 

urethane protecting groups. 

Under the typical reaction conditions by using TiCl4/pyridine reagent system, the 

dipeptide N-Boc-L-Ala-L-Ala-OMe (3) and its epimer N-Boc-D-Ala-L-Ala-OMe 

(4) were synthesized. Samples of the crude dipeptides 3 and 4 were analyzed by 

1H NMR and 13C NMR and the resulting spectra were compared with that obtained 

analyzing a mixture, of the same two epimers. 

1H NMR spectra of both single products 3 and 4 showed the presence of signals 

attributable to only one diastereomer and the absence of epimerized products at 

least within the sensibility limits of the NMR technique. The chemical shifts of the 

signals generated by the NH amide protons were different in the two 

diastereoisomers and readily resolved in the 1H NMR spectrum of the mixture of 3 

and 4, prepared for this purpose, with a ratio 4 : 6 respectively (Figure 1).  

 

Figure 1. 1H NMR spectrum of a mixture of 3 and 4 (approx. 4 : 6). 
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The GC/MS analysis of the two epimers N-Boc-L-Ala-L-Ala-OMe dipeptides (3) 

and N-Boc-D-Ala-L-Ala-OMe (4) instead, indicated the presence in both 

chromatogram of a very small amount of the other epimer, the calculated 

diastereomeric excess was for both epimers satisfactory (≥ 95 %).  

A diastereomeric excess ≥ 96 % was measured by analyzing by GC/MS the single 

dipeptides N-Cbz-L-Ala-L-Ala-OMe (18) and its epimer N-Cbz-D-Ala-L-Ala-

OMe (19). 

The 1H NMR spectra of the single products 18 and 19 did not show residual signals 

attributable to the other diastereomer while, in the 1H NMR analysis of a mixture 

of 18 and 19, approximately 4.2 : 5.8 respectively, the signals corresponding to the 

amide proton (6.89 ppm, 6.83 ppm) and to the methyl ester protons (3.72 ppm, 3.73 

ppm) of the two epimers resulted separated. 

Finally, also the dipeptides N-Fmoc-L-Leu-L-Ala-OMe (9) and N-Fmoc-D-Leu-L-

Ala-OMe (10), obtained through the developed methodology, showed no 

detectable loss of stereointegrity. In fact 1H NMR spectra of both single products 

9 and 10 indicated the presence of signals corresponding to only one diastereomer 

while in the 1H NMR spectrum of a mixture of both epimers  9 and 10 the chemical 

shifts of amide and urethanic protons were resolved. 

Additional experiments have been performed in order to test the epimerization 

process when sensitive Cys(Bzl)OH is used as N-terminal residue. To this aim we 

synthesized a couple of diastereomeric dipeptide systems N-Fmoc-L-Cys(Bzl)-L-

Ala-OMe (16) and N-Fmoc-D-Cys(Bzl)-L-Ala-OMe (17) (Scheme 3, Table 2). In 

the crude 1H NMR spectra of both systems (16 and 17) the presence of about 10% 

of the other diastereoisomer has been detected indicating in this case a higher  

epimerization level. In particular, we observed in both spectra two different signals 

corresponding to the NH amide proton in a ratio of about 0.9:0.1.  

The formation of peptide bond under the adopted reaction conditions could occur 

through the mechanism depicted in Scheme 5. We hypothesized that TiCl4 interacts 

with the N-protected amino acid pyridinium salt by forming the intermediate A. 

This could react with the amino acid methyl ester directly or after conversion into 

the corresponding chloride (C) or acyl pyridinium ion (B) to form the dipeptide 

system. 
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Schema 5. Proposed mechanism for the TiCl4-mediated synthesis of dipeptides 

  



 

123 
 

6.3. Experimental 

6.3.1. General experimental details 

Reagents were commercially available with analytical grade and used as purchased 

without further purification. Solvents were purified according to well-known 

laboratory methods and freshly distilled prior to use. Reaction were carried out in 

a tightly sealed screw-capped vial. Reactions were magnetically stirred and 

monitored by thin layer chromatography using Merck-Kieselgel 60 F254 plates. 

Spots on the TLC plates were visualized with a UV lamp (254 nm) and by spraying 

with 0.2% ninhydrin in ethanol and charring after elution.  1H and 13C NMR spectra 

were recorded on a Bruker Avance 300 instrument at 300 MHz and 75 MHz, 

respectively. Spectroscopic analysis was performed at 293 K on diluted solutions 

of each compound by using CDCl3 or DMSO-d6 as solvents. Chemical shifts (δ) 

are reported in ppm. Coupling constants (J) are reported in Hertz (Hz). GC–MS 

analyses were performed with a DB-35MS   (20 m × 0.18 mm, 35% Phenyl 65% 

dimethylpolysiloxane) capillary column. The mass detector was operated in the 

electron impact ionization mode (EI/MS) with an electron energy of 70 eV. The 

injection port was heated to 250 °C. The oven temperature program was initially 

set at 70 °C with a hold of 2 min and ramped to 280 °C at 20 °C/min with a hold 

of 10 min. In order to obtain a good separation of diastereisomers the oven 

temperature program was initially set at 40 °C with a hold of 2 min and ramped to 

280 °C at 5 °C/min with a hold of 10 min. 

 

6.3.2. General procedure for the synthesis of dipeptides 1-18 

α-amino acid methyl ester hydrochloride (1 mmol) is first solubilized in 5 ml of 

anhydrous pyridine by magnetic stirring. After about 5 minutes the N-protected-α-

amino acid (1 mmol) and TiCl4 (2 mmol) are added. The tightly sealed screw-

capped vial containing the reaction mixture is left under magnetic stirring at 40 °C, 

maintaining the pH at values as close as possible to neutrality by adding further 

amounts of pyridine. The reaction, monitored by TLC analysis (chloroform–

methanol, 90 : 10, v/v), is completed after about 5 hours. After removal of pyridine 

by co-evaporation with toluene, the resulting crude product is suspended in 

chloroform and purified by elution through a silica gel column also containing a 
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layer of NaHCO3 and one of NaHSO4 separated by a silica gel one and using 

chloroform as mobile phase. The evaporation of chloroform under reduced 

pressure affords the corresponding N-protected dipeptide 1-18 with yields ranging 

from 60 to 87 %. 

 

N-Boc-L-Phe-L-Ala-OMe (2) White solid (0.140 g), 75 % yield;  mp = 95-97 °C; Rf = 

0,85; 1H NMR (300 MHz, CDCl3) δ: 7.34 – 7.13 (m, 5H, ArH), 6.66 (sbroad, 1H, CONH), 

5.14 (d, J = 7.9 Hz, 1H, OCONH), 4.51 (m, 1H, CHCOOCH3), 4.40 (m, 1H, CHCONH), 

3.70 (s, 3H, OCH3), 3.05 (d, J = 6.2 Hz, 2H, CH2Ph), 1.39 (s, 9H, (CH3)3C), 1.33 (d, J = 

7.2 Hz, 3H, CH3CH); 13C NMR (75 MHz, CDCl3) δ: 172.82, 170.82, 155.38, 136.58, 

129.35, 128.56, 126.88, 80.14, 55.53, 52.33, 48.08, 38.36, 28.22, 18.25; GC/MS (EI, 

70eV) m/z (% rel.): 294 (11), 277 (7), 263 (4), 248 (1) 233 (18), 220 (10), 191 (3,7), 178 

(15), 164 (41,5), 159 (27), 146 (9), 120 (100), 91 (52), 57 (94). Found: C, 61.49; H, 7.45; 

N, 7.96. C18H26N2O5 requires C, 61.70; H, 7.48; N, 7.99 %. 

N-Boc-L-Asp(OtBu)-Phe-OMe (1) Oil (0.133 g), 84 % yield; Rf = 0.90; 1H NMR (300 

MHz, CDCl3) δ: 7.34 – 7.21 (m, 3H, ArH), 7.18 – 7.07 (m, 2H, ArH), 7.01 (d, J = 6.9 Hz, 

1H, CONH), 5.66 (d, J = 8.2 Hz, 1H, OCONH), 4.80 (m, 1H, CHCOOCH3 ), 4.46 (m, 

1H, CHCONH ), 3.68 (s, 3H, OCH3), 3.12-3.07 (m, 2H, CH2Ph), 2.86 (dd, J = 16.9, 4.5 

Hz, 1H, CH2COOtBu), 2.58 (dd, J = 16.9, 6.5 Hz, 1H, CH2COOtBu), 1.43 (s, 18H, 

(CH3)3C); 13C NMR (75 MHz, CDCl3) δ: 173.59, 171.39, 170.61, 157.14, 135.82, 129.29, 

128.53, 127.05, 81.64, 80.19, 53.51, 52.13, 50.68, 37.91, 37.28, 28.25, 28.00; GC/MS (EI, 

70eV) m/z (% rel.): 281 (6), 276 (10), 262 (4), 207 (19), 162 (24), 131 (16), 91 (55), 86 (49), 

71 (69), 57 (100).  Found: C, 61.53; H, 7.63; N, 6.27. C23H34N2O7 requires C, 61.32; H, 7.61; 

N, 6.22 %. 

 

N-Boc-L-Ala-L-Ala-OMe (3) White solid (0.167 g), 87 % yield; mp = 110-111 °C; Rf = 

0,70; 1H NMR (300 MHz, CDCl3) δ: 6.94 (sbroad, 1H, CONH), 5.28 (d, J = 6.7 Hz, 1H, 

OCONH), 4.53 (p, J = 7.2 Hz, 1H, CHCOOCH3), 4.18 (m, 1H, CHCONH), 3.71 (s, 3H, 

OCH3), 1.40 (s, 9H, (CH3)3C), 1.36 (d, J = 7.2 Hz, 3H, CH3CH); 1.33 (d, J = 7.1 Hz, 3H, 

CH3CH); 13C NMR (75 MHz, CDCl3) δ: 173.14, 172.37, 155.44, 79.91, 52.32, 52.31, 

47.96, 28.25, 18.30, 18.13; GC/MS (EI, 70eV) m/z (% rel.): 218 (2), 201 (23), 187 (6), 172 
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(3), 159 (5), 144 (60), 102 (40), 88 (48), 57 (100). Found: C, 52.68; H, 8.05; N, 10.16. 

C12H22N2O5 requires C, 52.54; H, 8.08; N, 10.21 %. 

 

N-Boc-D-Ala-L-Ala-OMe (4) White solid (0.176 g), 87 % yield; mp = 67-68 °C; Rf = 

0.80; 1H NMR (300 MHz, CDCl3) δ: 6.93 (sbroad, 1H, CONH), 5.15 (d, J = 6.8 Hz, 1H, 

OCONH), 4.55 (p, J = 7.2 Hz, 1H, CHCOOCH3), 4.20 (m, 1H, CHCONH), 3.72 (s, 3H, 

OCH3), 1.51 – 1.27 (m, 15H, (CH3)3C, CH3CH); 13C NMR (75 MHz, CDCl3) δ: 173.22, 

172.27, 155.24, 80.19, 52.34, 52.33, 47.98, 28.27, 18.17, 18.16. GC/MS (EI, 70eV) m/z 

(% rel.): 218 (2), 201 (23), 187 (6), 172 (3), 159 (5), 144 (60), 102 (40), 88 (48), 57 (100). 

Found: C, 52.65; H, 8.03; N, 10.18. C12H22N2O5 requires C, 52.54; H, 8.08; N, 10.21 %. 

 

N-Boc-L-Ala-L-Cys(Bzl)-OMe (5) Oil (0.250 g), 80 % yield; Rf = 0.76; 1H NMR (300 

MHz, CDCl3) δ: 7.40 – 7.21 (m, 5H, ArH), 6.89 (d, J = 6.5 Hz, 1H, CONH), 5.06 (d, J = 

7.1 Hz, 1H, OCONH), 4.77 (m, 1H, CHCOOCH3), 4.18 (m, 1H, CHCONH), 3.73 (s, 3H, 

OCH3), 3.70 (s, 2H, CH2Ph), 2.95-2.78 (m, 2H, CH2S), 1.44 (s, 9H, (CH3)3C), 1.36 (d, J 

= 7.1 Hz, 3H, CH3CH); 13C NMR (75 MHz, CDCl3) δ: 172.56, 171.02, 155.45, 137.69, 

128.96, 128.61, 127.27, 80.34, 52.67, 51.31, 49.81, 36.55, 32.84, 28.32, 18.12. GC/MS 

(EI, 70eV) m/z (% rel.): 322 (4), 296 (1), 281 (3), 231 (11), 208 (31), 175 (9), 124 (5), 

101 (2), 91 (100), 73 (5). Found: C, 57.76; H, 7.09; N, 7.03; S, 8.06. C19H28N2O5S 

requieres C, 57.55; H, 7.12; N,7.07; S, 8.09 %. 

 

N-Boc-L-Ala-L-Lys(Boc)-OMe (6) Oil (0.176 g), 80 % yield; Rf = 0.85; 1H NMR (300 

MHz, CDCl3) δ: 6.78 (d, J = 7.3 Hz, 1H, CONH), 5.15 (m, 1H, OCONH ), 4.75 (m, 1H, 

CH2NHCOO), 4.58 (m, 1H, CHCOOCH3 ), 4.19 (m, 1H, CHCONH), 3.73 (s, 3H, OCH3), 

3.15 – 3.02 (m, 2H, CH2NHCOO), 1.96 – 1.78 (m, 2H, CHCH2), 1.68 (m, 1H, 

CHCH2CH2), 1.56 – 1.39 (m, 21H, CHCH2CH2CH2, (CH3)3C)), 1.36 (d, J = 7.1 Hz, 3H, 

, CH3CH); 13C NMR (75 MHz, CDCl3) δ: 172.71, 172.61, 156.17, 155.52, 80.00, 79.00, 

52.38, 51.77, 49.81, 39.97, 31.88, 29.68, 29.19, 28.43, 28.29, 22.29, 17.93. GC/MS (EI, 

70eV) m/z (% rel.): 331 (3), 321 (8), 258 (18), 187 (25), 158 (24), 145 (100), 128 (36), 

84 (98), 73 (26), 57 (70). Found: C, 55.58; H, 8.62; N, 9.72. C20H37N3O7 requires C, 

55.67; H, 8.64; N, 9.74 %. 
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N-Fmoc-L-Asp(tBu)-L-Phe-OMe (7) Oil (0.245 g), 84 % yield; Rf = 0.80; 1H NMR (300 

MHz, CDCl3) δ: 7.78 (d, J = 7.4 Hz, 2H, ArH), 7.59 (d, J = 7.3 Hz, 2H, ArH), 7.42 (t, J 

= 7.4 Hz, 2H, ArH), 7.36-7.11 (m, 7H, ArH), 7.06 (d, J=7.3 Hz, 1H, CONH), 5.97 (d, J 

= 8.0 Hz, 1H, OCONH), 4.83 (m, 1H, CHCOOCH3), 4.55 (m, 1H, CHCONH), 4.38 (m, 

2H, CH2-Fmoc), 4.22 (m, 1H, CH-Fmoc), 3.70 (s, 3H, OCH3), 3.22-2.99 (m, 2 H, CH2Ph), 

2.90 (dd, J = 17.1, J = 4.1 Hz, 1H, CH2COOtBu), 2.62 (dd, J = 17.1, J = 6.6 Hz, 1H, 

CH2COOtBu), 1.45 (s, 9H, (CH3)3CH); 13C NMR (75 MHz, CDCl3) δ: 171.38, 170.20, 

170.14, 160.17, 143.73, 141.32, 135.75, 129.25, 128.59, 127.77, 127.11, 125.05, 120.01, 

81.90, 67.18, 53.57, 52.18, 49.95, 47.13, 37.18, 31.57, 28.03. Found: C, 69.47; H, 6.36; 

N, 4.91. C33H36N2O7 requires C, 69.21; H, 6.34; N, 4.89 %. 

 

N-Fmoc-L-Ala-L-Ala-OMe (8) White solid (0.285 g), 71 % yield; mp = 192-194 °C; Rf 

= 0.54; 1H NMR (300 MHz, CDCl3) δ: 7.68 (d, J = 7.5 Hz, 2H, ArH), 7.50 (d, J = 7.3 Hz, 

2H, ArH), 7.31 (t, J = 7.5 Hz, 2H, ArH), 7.27 – 7.16 (m, 2H, ArH), 6.73 (d, J = 7.1 Hz, 

1H, CONH), 5.55 (d, J = 7.5 Hz, 1H, OCONH), 4.50 (p, J = 7.1 Hz, 1H, CHCOOCH3), 

4.37-4.17 (m, 3H, CH2-Fmoc, CHCONH), 4.13 (t, J = 7.0 Hz, 1H, CH-Fmoc), 3.65 (s, 

1H, OCH3), 1.41-1.22 (m, 6H, CH3CH); 13C NMR (75 MHz, CDCl3) δ: 173.13, 171.96, 

156.11, 143.74, 141.31, 127.74, 127.09, 125.08, 120.00, 67.14, 52.48, 50.46, 48.12, 

47.14, 18.87, 18.22. Found: C, 66.41; H, 6.07; N, 7.04. C22H24N2O5 requires C, 66.65; H, 

6.10; N, 7.07 %. 

 

N-Fmoc-L-Leu-L-Ala-OMe (9) White solid (0.256 g), 80 % yield; mp = 162-163 °C; 

Rf = 0,65; 1H NMR (300 MHz, CDCl3) δ: 7.81 – 7.71 (m, 2H, ArH), 7.64 – 7.52 (m, 2H, 

ArH), 7.45-7.35 (m, 2H, ArH), 7.34 – 7.22 (m, 2H, ArH), 6.91 (d, J = 7.2 Hz, 1H, CONH), 

5.65 (d, J = 8.7 Hz, 1H, OCONH), 4.57 (p, J = 7.2 Hz, 1H, CHCOOCH3), 4.46 – 4.26 

(m, 3H, CH2-Fmoc, CHCONH), 4.20 (m, 1H, CH-Fmoc), 3.72 (s, 3H, OCH3), 1.79 – 1.51 

(m, 3H, CH2CH(CH3)2), 1.39 (d, J = 7.2 Hz, 3H, CH3CH), 1.02-0.83 (m, 6H, CH(CH3)2); 

13C NMR (75 MHz, CDCl3) δ: 173.11, 171.93, 156.17, 143.84, 141.31, 127.70, 127.07, 

125.04, 119.97, 67.10, 53.44, 52.40, 48.07, 47.18, 41.65, 24.64, 22.88, 18.14. Found: C, 

68.21; H, 6.85; N, 6.37. C25H30N2O5 requires C, 68.47; H, 6.90; N, 6.39 %. 

 

N-Fmoc-D-Leu-L-Ala-OMe (10) White solid (0.326 g), 80 % yield; mp = 141-144 °C; 
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Rf = 0.66; 1H NMR (300 MHz, CDCl3) δ: 7.79-7.72 (m, 2H, ArH), 7.65 – 7.53 (m, 2H, 

ArH), 7.44-7.35 (m, 2H, ArH),  7.34 – 7.25 (m, 2H, ArH), 6.78 (d, J = 7.1 Hz, 1H, 

CONH), 5.39 (d, J = 8.5 Hz, 1H, OCONH), 4.58 (p, J = 7.2 Hz, 1H, CHCOOCH3), 4.50 

– 4.34 (m, 2H, CH2-Fmoc), 4.33-4.16 (m, 2H, CHCONH, CH-Fmoc), 3.71 (s, 3H, OCH3), 

1.75 – 1.49 (m, 3H, CH2CH(CH3)2), 1.40 (d, J = 7.1 Hz, 3H, CH3CH), 0.99-0.85 (m, 6H, 

CH(CH3)2); 
13C NMR (75 MHz, CDCl3) δ: 173.11, 171.75, 158.44, 143.74, 141.32, 

127.71, 127.06, 125.02, 119.98, 66.71, 53.37, 52.44, 48.07, 47.21, 41.47, 24.73, 22.94, 

18.22. Found: C, 68.23; H, 6.84; N, 6.35. C25H30N2O5 requires C, 68.47; H, 6.90; N, 

6.39 %. 

 

N-Fmoc-Gly-L-Ala-OMe (11) Oil (0.191 g), 80 % yield; Rf = 0.80; 1H NMR (300 MHz, 

CDCl3) δ: 7.76 (d, J = 7.4 Hz, 2H, ArH), 7.60 (d, J = 7.3 Hz, 2H, ArH), 7.40 (t, J = 7.3 

Hz, 2H, ArH), 7.35-7.28 (m, 2H, ArH), 6.78 (d, J = 6.1 Hz, 1H, CONH), 5.70 (sbroad, 1H, 

OCONH), 4.59 (m, 1H, CHCOOCH3), 4.41 (d, J = 7.0 Hz, 2H, CH2-Fmoc), 4.22 (t, J = 

7.0 Hz, 1H, CH-Fmoc), 3.88 (sbroad, 2H, CH2CONH), 3.73 (s, 3H, OCH3), 1.41 (d, J = 7.1 

Hz, 3H, CH3CH); 13C NMR (75 MHz, CDCl3) δ: 173.27, 168.65, 155.64, 143.74, 141.30, 

127.76, 127.10, 125.07, 120.02, 67.28, 52.59, 48.12, 47.07, 44.34, 18.24. Found: C, 

66.22; H, 5.77; N, 7.29. C21H22N2O5 requires C, 65.96; H, 5.80; N, 7.33 %. 

 

N-Fmoc-L-Leu-L-Ile-OMe (12) Oil (0.120 g), 87 %  yield; Rf = 0.80; 1H NMR (300 

MHz, CDCl3) δ: 7.77 (d, J = 7.5 Hz, 2H, ArH), 7.59 (d, J = 7.3 Hz, 2H, ArH), 7.40 (t, J = 

7.4 Hz, 2H, ArH), 7.34 – 7.28 (m, 2H, ArH), 6.58 (d, J = 8.4 Hz, 1H, CONH), 5.36 (d, J 

= 8.4 Hz, 1H, OCONH), 4.58 (dd, J = 8.4, J = 4.9 Hz, 1H, CHCOOCH3), 4.47-4.35 (m, 

2H, CH2-Fmoc), 4.31-4.17 (m, 2H, CH-Fmoc, CHCONH), 3.73 (s, 3H, OCH3), 1.98-1.74 

(m, 2H, CH3CH, (CH3)2CH), 1.73-1.61 (m, 2H, (CH3)2CHCH2,), 1.41 (m, 1H, CH3CH2), 

1.15 (m, 1H, CH3CH2), 1.02 – 0.83 (m, 12H, (CH3)2CH, CH3CH, CH3CH2); 
13C NMR 

(75 MHz, CDCl3) δ: 172.05, 171.93, 156.16, 143.73, 141.31, 127.71, 127.06, 125.02, 

119.97, 67.10, 56.46, 53.53, 52.02, 47.19, 41.32, 37.86, 25.14, 24.67, 22.86, 22.01, 15.40, 

11.48. Found: C, 69.77; H, 7.51; N, 5.79. C28H36N2O5 requires C, 69.98; H, 7.55; N, 

5.83 %. 

 

N-Fmoc-L-Ser(tBu)-L-Ala-OMe (13) White solid (0.114 g), 76 % yield; mp = 86-87 °C; 
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Rf = 0.83; 1H NMR (300 MHz, CDCl3) δ: 7.78 (d, J = 7.4 Hz, 2H, ArH), 7.65 – 7.58 (m, 

2H, ArH), 7.51 (d, J = 6.9 Hz, 1H, CONH), 7.41 (t, J = 7.2 Hz, 2H, ArH), 7.37 – 7.29 (m, 

2H, ArH), 5.84 (d, J = 6.0 Hz, 1H, OCONH), 4.60 (m, 1H, CHCOOCH3), 4.40 (d, J = 7.1 

Hz, 2H, CH2-Fmoc), 4.32 – 4.19 (m, 2H, CH-Fmoc, CHCONH), 3.83 (dd, J = 8.5, J = 

4.1 Hz, 1H, CH2OtBu), 3.77 (s, 3H, OCH3), 3.41 (t, J = 8.5Hz, 1H, CH2OtBu), 1.44 (d, J 

= 7.2 Hz, 3H, CH3CH), 1.25 (s, 9H, (CH3)3C); 13C NMR (75 MHz, CDCl3) δ: 172.99, 

170.04, 160.96, 143.90, 141.30, 127.71, 127.07, 125.14, 119.98, 80.89, 67.01, 61.87, 

52.02, 50.66, 48.03, 47.16, 27.35, 18.15. Found: C, 66.88; H, 6.86; N, 5.95. C26H32N2O6 

requires C, 66.65; H, 6.88; N, 5.98 %. 

 

N-Fmoc-L-Ala-L-Cys(Bzl)-OMe (14) Oil (0.170 g), 78 % yield; Rf = 0.76 ; 1H NMR 

(300 MHz, CDCl3) δ: 7.77 (d, J = 7.5 Hz, 2H, ArH), 7.67-7.54 (m, 2H, ArH), 7.41 (t, J = 

7.3 Hz, 2H, ArH), 7.36 – 7.21 (m, 7H, ArH), 6.82 (sbroad, 1H, CONH), 5.50 (sbroad, 1H, 

OCONH), 4.78 (m, 1H, CHCOOCH3), 4.40 (d, J = 7.0 Hz, 2H, CH2-Fmoc), 4.31 (m, 1H, 

CHCONH), 4.22 (t, J = 7.0 Hz, 1H, CH-Fmoc), 3.73 (s, 3H, OCH3), 3.66 (s, 2H, CH2Ph), 

2.89 (d, J = 4.9 Hz, 2H, CHCH2S), 1.40 (d, J = 6.8 Hz, 3H, CH3CH); 13C NMR (75 MHz, 

CDCl3) δ: 172.15, 170.89, 156,01, 143.99, 141.31, 137.67, 128.90, 128.62, 127.72, 

127.30, 127.09, 125.08, 119.98, 67.00, 52.64, 51.81, 50.40, 47.16, 36.65, 33.34, 18.57. 

Found: C, 66.98; H, 5.80; N, 5.36; S, 6.16. C29H30N2O5S requieres C, 67.16; H, 5.83; N, 

5.4; S, 6.18%. 

 

N-Fmoc-L-Ala-L-Lys(Boc)-OMe (15) Yellow solid (0.227 g), 74 % yield; mp = 140-

143 °C; Rf = 0.66; 1H NMR (300 MHz, CDCl3) δ 7.81-7.71 (m, 2H, ArH), 7.65-7.52 (m, 

2H, ArH), 7.40 (t, J = 7.0 Hz, 2H, ArH), 7.35-7.27 (m, 2H, ArH), 6.86 (d, J = 7.6 Hz, 1H, 

CONH), 5.73 (d, J = 7.3 Hz, 1H, OCONH), 5.29 (s, 1H, NHCH2), 4.77 (m, 1H, 

CHCOOCH3), 4.57 (m, 1H, CHCONH), 4.37 (d, J = 7.1 Hz, 2H, CH2-Fmoc), 4.21 (t, J = 

7.1 Hz, 1H, CH-Fmoc), 3.73 (s, 3H, OCH3), 3.18-2.95 (m, 2H, NHCH2CH2), 1.83 (m, 

1H, CHCH2), 1.66 (m, 1H, CHCH2), 1.49 – 1.19 (m, 16H, CH3CH, (CH3)3C, CH2CH2CH2 

CH2); 
13C NMR (75 MHz, CDCl3) δ 172.56, 172.36, 161.52, 157.67, 143.69, 141.28, 

127.73, 127.10, 125.10, 119.98, 79.28, 67.22, 56.70, 52.24, 50.46, 47.05, 41.54, 29.37, 

28.42, 22.22, 16.03. Found: C, 64.87; H, 7.06; N, 7.55. C30H39N3O7 requires C, 65.08; H, 

7.10; N, 7.59 %. 
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N-Fmoc-L-Cys(Bzl)-L-Ala-OMe (16) Yellow solid (0.296 g), 78 % yield; mp = 155-

157 °C; Rf = 0.86; 1H NMR (300 MHz, CDCl3) two diastereoisomers (90*:10) δ 7.80 (d, 

J = 7.5 Hz, 2H, ArH), 7.63 (d, J = 7.3 Hz, 2H, ArH), 7.44 (t, J = 7.4 Hz, 2H, ArH), 7.40-

7.20 (m, 7H, ArH), 6.89* and 6.81 (2sbroad, 1H, CONH), 5.72 (sbroad, 1H, OCONH), 4.59 

(p, J = 7.2 Hz, 1H, CHCOOCH3), 4.53 – 4.39 (m, 2H, CH2-Fmoc), 4.39-4.15 (m 2H, 

CHCONH, CH-Fmoc), 3.92-3.63 (m, 5H, SCH2Ph, OCH3), 2.92 (dd, J = 13.5 Hz, J = 5.4 

Hz, 1H, CHCH2S), 2.79 (dd, J = 13.5 Hz, J = 6.9 Hz, 1H, CHCH2S), 1.44 (d, J = 7.1 Hz, 

3H); 13C NMR (75 MHz, CDCl3) δ 172.96, 169.88, 156.01, 143.72, 141.32, 137.94, 

129.78, 128.78, 128.19, 126.26, 124.06, 121.09, 119.03, 67.09, 54.90, 51.67, 49.07, 

47.90, 36.56, 34.23, 17.28. Found: C, 66.89; H, 5.81; N, 5.35; S, 6.17. C29H30N2O5S 

requieres C, 67.16; H, 5.83; N, 5.4; S, 6.18%. 

 

N-Fmoc-D-Cys(Bzl)-L-Ala-OMe (17) Yellow solid (0.310 g), 74 % yield; mp = 147-

148 °C; Rf = 0.86; 1H NMR (300 MHz, CDCl3) two diastereoisomers (90*:10) δ 7.80 (d, 

J = 7.5 Hz, 2H, ArH), 7.63 (d, J = 7.3 Hz, 2H, ArH), 7.44 (t, J = 7.4 Hz, 2H, ArH), 7.40-

7.23 (m, 7H, ArH), 6.91 and 6.82* (2 sbroad, 1H, CONH), 5.73 (sbroad, 1H, OCONH), 4.61 

(p, J = 7.1 Hz, 1H, CHCOOCH3), 4.53 – 4.30 (m, 3H, CH2-Fmoc, CHCONH), 4.26 (t, J 

= 7.0 Hz, 1H, CH-Fmoc), 3.89-3.61 (m, 5H, SCH2Ph, OCH3), 2.92 (dd, J = 13.4 Hz, J = 

4.7 Hz, 1H, CHCH2S), 2.81 (dd, J = 13.4 Hz, J = 7.1 Hz, 1H, CHCH2S), 1.44 (d, J = 7.1 

Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 172.96, 169.77, 156.03, 143.68, 141.30, 137.89, 

129.76, 128.68, 128.18, 126.28, 124.05, 121.07, 119.03, 67.19, 54.91, 51.66, 49.06, 

47.95, 36.52, 34.33, 17.26. Found: C, 66.87; H, 5.78; N, 5.38; S, 6.16. C29H30N2O5S 

requieres C, 67.16; H, 5.83; N, 5.4; S, 6.18%. 

    

N-Cbz-L-Ala-L-Ala-OMe (18) White solid (0.243 g), 74 % yield; mp = 104-106 °C; Rf 

= 0.84; 1H NMR (300 MHz, CDCl3) δ: 7.40 – 7.20 (m, 5H, ArH), 6.78 (d, J = 7.2 Hz, 1H, 

CONH), 5.54 (d, J = 7.5 Hz, 1H, OCONH), 5.10 (s, 2H, CH2Ph), 4.55 (p, 1H, J = 7.2 Hz, 

CHCOOCH3), 4.30 (m, 1H,   173.12, 171.86, 155.67, 136.26, 128.50, 128.14, 128.00, 

66.99, 52.39, 50.36, 48.07, 18.61, 18.17. GC/MS (EI, 70eV) m/z (% rel.): 308 [M•+] (2), 

249 (2), 206 (3), 178 (9), 134 (16), 102 (9), 91 (100), 88 (13), 70 (6), 59 (2). Found: C, 

58.51; H, 6.53; N, 9.07. C15H20N2O5 requires C, 58.43; H, 6.54; N, 9.09 %. 
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N-Cbz-D-Ala-L-Ala-OMe (19) White solid (0.197 g), 75 % yield; mp = 136-137 °C; Rf 

= 0.85; 1H NMR (300 MHz, CDCl3) δ: 7.44 – 7.18 (m, 5H, ArH), 7.01 (d, J = 7.1 Hz, 1H, 

CONH), 5.71 (d, J = 7.6 Hz, 1H, OCONH), 5.09 (s, 2H, CH2Ph), 4.55 (p, J = 7.1 Hz, 1H, 

CHCOOCH3), 4.33 (m, 1H, CHCONH), 3.70 (s, 3H, OCH3), 1.37 (d, J = 7.0 Hz, 6H, 

CH3CH); 13C NMR (75 MHz, CDCl3) δ: 173.35, 172.01, 155.96, 136.19, 128.54, 128.20, 

128.06, 67.01, 52.52, 50.74, 48.01, 18.66, 18.08. GC/MS (EI, 70eV) m/z (% rel.): 308 

[M•+] (2), 249 (2), 206 (3), 178 (9), 134 (16), 102 (9), 91 (100), 88 (13), 70 (6), 59 (2). 

Found: C, 58.53; H, 6.51; N, 9.07. C15H20N2O5 requires C, 58.43; H, 6.54; N, 9.09 %. 

 

N-Ns-L-Phe-L-Ala-OMe (20) Yellow solid (0.169 g), 48 % yield; mp = 168-172 °C; Rf 

= 0.85; 1H NMR (300 MHz, CDCl3), two diastereoisomers (74*:26) δ: 8.14 (d, J = 8.2 

Hz, 2H, ArH), 7.77 (d, J = 8.2 Hz, 2H, ArH), 7.20-7.07 (m, 3H, ArH), 7.07-6.94 (m, 3H, 

ArH), 6.89* and 6.66 (2d, J = 6.8 Hz, 1H, ArSO2NH), 6.19 (d, J = 7.6 Hz, 1H, CONH), 

4.44 (m, 1H, CHCOOCH3), 4.03 (m, 1H, CHCONH), 3.73* and 3.72 (2s, 3H, OCH3), 

3.09 (dd, J = 13.5, J =  4.5 Hz, 1H, CH2Ph), 2.91 (dd, J = 13.5, 8.8 Hz, 1H, CH2Ph), 1.32* 

and 1.26 (2d, J = 7.0 Hz, 3H, CH3CH); 13C NMR (75 MHz, CDCl3) two diastereoisomers 

(74*:26) δ: 172.64, 169.65, 149.93, 145.21, 135.45, 129.27, 128.78, 128.19, 127.28, 

124.17, 58.48, 53.30 and 52.36*, 48.41, 38.92, 19.29 and 18.01*. GC/MS (EI, 70eV) m/z 

(% rel.): 376 (7), 344 (8), 305 (100), 233 (43), 186 (23), 174 (63), 156 (10), 130 (32), 122 

(36), 118 (45), 91 (63), 76 (14), 59 (9). Found: C, 52.32; H, 4.87; N, 9.67; S, 7.35. 

C19H21N3O7S requieres C, 52.41; H, 4.86; N, 9.65; S, 7.36%. 

 

Synthesis of L-Asp-L-Phe-OMe (1a)  

To a solution of N-Boc-Asp-(OtBu)-Phe-OMe (1) (0.1 g, 0.22 mmol), in dry CH2Cl2 (1,5 

mL), trifluoroacetic acid (TFA) (1,5 mL) was added and stirred for 2 h at room 

temperature. The progress of the reaction was followed by TLC analysis with 

chloroform–methanol 80 : 20, (v/v) as eluent and visualization with 0.2% ninhydrin in 

ethanol. Then excess reagent and solvent were removed under  

vacuum. The resulting oil was stirred in cold diethyl ether (15 mL) and L-Asp-L-Phe-

OMe (1a) was recovered by filtration as a white solid (0.086 g) in 95 % yield. 

mp = 244-245 °C; Rf = 0.20; 1H NMR (300 MHz, DMSO-d6) δ: 8.86 (d, J = 6.9 Hz, 1H, 
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CONH), 7.39 – 7.09 (m, 5H, ArH), 4.52 (m, 1H, CHCOOCH3), 4.01 (m, 1H, CHCONH), 

3.61 (s, 3H, OCH3), 3.07 (dd, J = 13.9, 5.3 Hz, 1H, CH2Ph), 2.93 (dd, J = 13.9, 9.1 Hz, 

1H, CH2Ph), 2.78 (dd, J = 17.5, 3.4 Hz, 1H, CH2COOH), 2.65 (dd, J = 17.5, 8.4 Hz, 1H, 

CH2COOH); 13C NMR (75 MHz, DMSO-d6) δ: 171.74, 171.50, 168.84, 137.28, 129.50, 

128.82, 127.17, 54.52, 52.50, 50.63, 38.14, 36.82. Found: C, 56.98; H, 6.14; N, 9.49. 

C14H18N2O5 requires C, 57.13; H, 6.16; N, 9.52 %. 
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6.4. Conclusions 

Here we developed a synthetic process mediated by TiCl4 that yields dipeptide 

systems having high stereochemical and chemical purity. TiCl4/pyridine reagent 

system represents a valuable tool for synthesizing peptides. Dipeptide systems 

were synthesized easily and in high yields through a TiCl4-assisted condensation 

reaction between N-protected amino acids and amino acid methyl esters in 

pyridine. 

The reaction was applied successfully to amino acids protected on the α-amino 

function with different protecting groups. The adopted experimental conditions 

allowed preserving not only the α-amino protecting groups but also the acid-labile 

side chain protecting groups. 

The recovery of the dipeptide products has been achieved by simple filtration 

through a silica gel column, which greatly simplifies the reaction work-up and 

avoids the formation of emulsions and product losses. 

The maintenance of amino acids stereochemical integrity is almost complete for 

dipeptides protected on the amino function with urethane protecting groups (Fmoc, 

Z, Boc). A non-negligible loss of stereochemical integrity was instead observed in 

N-nosyl-protected dipeptides. 
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Abstract 
 

The TiCl4/NR3 reagent system has been successfully employed for the synthesis of 

amides and β-enaminones. The reaction of variously substituted benzoyl chlorides with 

TiCl4/NR3 reagent system, by using two different experimental procedures (Method A 

and Method B), afforded alternatively the corresponding amides and β-enaminones as 

unique or major products. The two developed protocols were investigated with a series 

of tertiary amines. The reactions, modulated by the presence of TiCl4, provided the 

corresponding amides or β-enaminones with satisfactory yields. This paper  reports a new 

method for carbon-carbon bond formation via the reaction of aroyl chlorides with 

TiCl4/NR3 reagent system. 
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7.1. Introduction 
 

Various kinds of Lewis acid are employed in organic synthesis to promote reactions.1 In 

particular titanium tetrachloride is a reagent widely used in organic synthesis for 

accelerating many reactions and transforming different functional groups.2 Titanium 

tetrachloride (TiCl4) used in combination with a tertiary amine (NR3) represents a useful 

reagent system (TiCl4–NR3) for the formation of carbon–carbon bonds, also with high 

stereoselectivity, such as in aldol and other condensation reactions.3 Titanium enolates 

can be generated by the action of trimethylamine (Et3N) and TiCl4 with aldehydes or 

ketones through the removal of an acid hydrogen atom and used in conjugate addition 

reactions to α,β-unsaturated carbonyl compounds.4 The TiCl4/Et3N reagent system is also 

used to promote the Baiylis-Hilman type reaction in which arylaldehydes react with α,β-

unsaturated carbonyl compounds to provide the corresponding chlorinated condensation 

product.5 Complex processes occur when TiCl4 and Et3N react with esters generating 

titanium enolates. In these cases, oxidation–reduction reactions involve dimerization of 

the enolates.6 

Furthermore, the reaction of the TiCl4/Et3N reagent system with ketimines and ketoximes 

allows the formation of heterocycle systems.7 Organotitanium compounds are also 

obtained by the reaction of 1-alkynes with the TiCl4–NR3 system. These reagents react 

with carbonyl compounds to give the corresponding enynones.8 In all cases, the reaction 

is driven by the amine that generates a carbanion by deprotonation. This carbanion by 

interaction with TiCl4 originates species such as titanium enolates or simple 

organotitanium compounds. In the absence of organic substrates containing acidic 

hydrogens, the tertiary amine reacts with titanium tetrachloride to give an ammonium ion 

adduct which evolves producing an oxidation product with iminium ion structure and a 

titanium(III) specie. 

The iminium ion intermediate containing acidic hydrogen atoms is converted into an 

organotitanium compound by the consecutive action of the amine and titanium 

tetrachloride. Such organotitanium intermediates are not isolated but react in situ with 

aromatic ketones by giving the corresponding unsaturated aldehydes (Scheme 1).9 
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Scheme 1. Conversion of diaryl ketones into α, β-unsaturated aldehydes. 

 

Herein we report an interesting study on the reactivity of acyl chlorides, lacking of 

hydrogen atoms at the carbon atom alpha to the carbonyl group, with organotitanium 

compounds obtained from the reaction of trialkylamines with TiCl4. On this base we 

developed two different experimental procedures that lead to the exclusive or prevalent 

formation of amides and β-enaminones that are of great importance in organic synthesis. 
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7.2. Results and discussion 
 

We began the investigation by testing the model reaction between benzoyl chloride and 

the reagent system consisting of triethylamine (Et3N) and titanium tetrachloride (Scheme 

2). The amount of amine used proved to be critical to the outcomes of the reaction. Two 

different ways of performing the reaction were established leading to the formation of 

completely different main products as the result of two diverse reaction pathways 

(Method A and Method B) (Scheme 2). The reaction via Method A is characterized by 

the presence of an excess of amine and the rapid consecutive addition of the reagents. 

Benzoyl chloride (1 mmol) and TiCl4 (4 mmol) are added to a solution of Et3N (6 mmol) 

in methylene chloride (15 mL). The reaction mixture is kept under magnetic stirring at 

room temperature for about 12 h until complete conversion of the benzoyl chloride. N,N-

Diethylbenzamide (2a) is recovered in 65% yield after purification of the crude reaction 

mixture by column chromatography (Scheme 2). In the Method B a solution of Et3N (4 

mmol) in methylene chloride (15 mL) is added dropwise, by means of a pressure 

equalized dropping funnel, over a period of 1 hour to a solution of benzoyl chloride (1 

mmol) and TiCl4 (4 mmol) in methylene chloride (20 mL). The reaction is complete 

within about 12 h. The purification of crude reaction product by column chromatography 

afforded as main reaction product the corresponding β-enaminone, (E)-3-(diethylamino)-

1-phenylprop-2-en-1-one (3a), in 63% yield and N,N-diethylbenzamide (2a) in 7% yield 

(Scheme 2). 

                          

Cl

O

N N

O

+ CH2Cl2

Method A

+ TiCl4

O

N

CH2Cl2 Method B

N

O

+

Method A: PhCOCl : Et3N : TiCl4 = 1 : 6 : 4; Method B: PhCOCl : Et3N : TiCl4 = 1 : 4 : 4

1a 2a (65%)

2a (7%)3a (63%)

 

Scheme 2. Conversion of benzoyl chloride into the corresponding N,N-diethylamide (method 

A) and N,N-diethyl-β-enaminone (method B). 
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Under the Method B experimental conditions, the reaction occurs in the presence of a low 

concentration of base. 

In the light of these results, in order to confirm the outcome of the reaction via the two 

methods we decided to 

apply the adopted procedures (Method A and Method B) to a series of differently 

substituted benzoyl chlorides (Scheme 3, Table 1). N,N-Diethylamides (2) are the 

predominant reaction products by the reaction pathway A while β-enaminones (3) are the 

main ones by the reaction pathway B. However, with both protocols (Method A and 

Method B), no particular electronic effects of the substituents on the aromatic ring of the 

starting substrates are observed. The reaction of benzoyl chloride with the reagent system 

consisting of tripropylamine (Pr3N) and TiCl4 (Scheme 4) leads to results consistent with 

those obtained with trimethylamine and TiCl4. In fact, with the method A, N,N-

dipropylbenzamide (4a) is obtained in 68% yield as unique reaction product, whereas 

with method B the amide (4a) is recovered only in 4% yield and the β-enaminone (5a) is 

the prevalent product (71% yield) (Scheme 4). 

Additional experiments were performed by using tertiary amines with different alkyl 

substituents. To this aim, N,N-diisopropylethylamine (DIPEA) and N,N-

dimethylisopropylamine (DMIPA), chosen as model systems, were treated with p-

chlorobenzoyl chloride (1d) and TiCl4 under the reaction conditions of both Method A 

and Method B. 

R Cl
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N R N

O

+

CH2Cl2

Method A

+ TiCl4

R

O

N

CH2Cl2 Method B

Method A: RCOCl : Et3N : TiCl4 = 1 : 6 : 4; Method B: RCOCl : Et3N : TiCl4 = 1 : 4 : 4

+ R

O

N

R N

O

+

Major product

Major product

2b-e 3b-e

3b-e 2b-e

1b-e

 
Scheme 3 Synthesis of N,N-diethylamides (method A) and N,Ndiethyl-β-enaminones (method 

B). 
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N,N-diethylamides (2) are the predominant reaction products by the reaction pathway A 

while β-enaminones (3) are the main ones by the reaction pathway B. 

However, with both protocols (Method A and Method B), no particular electronic effects 

of the substituents on the aromatic ring of the starting substrates are observed. 

 

Table 1.  Results of the reactions reported in Scheme 3. 

 

 

 

 

 

 

 

 
a Isolated yield 

 

The reaction of benzoyl chloride with the reagent system consisting of tripropylamine 

(Pr3N) and TiCl4 (Scheme 4) leads to results consistent with those obtained with 

triethylamine and TiCl4. In fact, with the method A, N,N-dipropylbenzamide (4a) is 

obtained in 68% yield as unique reaction product, whereas with method B the amide (4a) 

is recovered only in 4% yield and  the β-enaminone (5a) is the prevalent product (71% 

yield) (Scheme 4). 

 

 R Method Amidea 

2 

β-Enaminonea 

3 

b p-H3COC6H4 A 62 % 8 % 

b p-H3COC6H4 B 8 % 65 % 

c m-ClC6H4 A 70 %  

c m-ClC6H4 B 7 % 69 % 

d p-ClC6H4 A 67 % 4 % 

d p-ClC6H4 B 6 % 60 % 

e p-O2NC6H4 A 62 % 5 % 

e p-O2NC6H4 B 7 % 61 % 
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Scheme 4 Synthesis of N,N-dipropylamides (Method A) or N,N-dipropyl- -enaminones (Method B). 

 

Additional experiments were performed by using tertiary amines with different alkyl 

substituents. To this aim, N,N-diisopropylethylamine (DIPEA) and N,N-

dimethylisopropylamine (DMIPA), chosen as model systems, were treated with p-

chlorobenzoyl chloride (1d) and TiCl4 under the reaction conditions of both Method A 

and Method B. 

It is interesting to note that by using the reagent system consisting of DIPEA and TiCl4 

the two isopropyl groups of the amine are kept in the reaction products obtained through 

both reaction pathways (Scheme 5). 

Method A leads to the exclusive formation of N,N-diisopropyl-p-chlorobenzamide (6d) 

(66% yield ) while method B provides the corresponding β-enaminone (E)-1-(4-

chlorophenyl)-3-(diisopropylamino)prop-2-en-1-one (7d) in 75% yield  and traces of 

amide (6d)  (4% yield) (Scheme 5). 

 

Scheme 5 Synthesis of N,N-diisopropylamides (Method A) or N,N-diisopropyl- -enaminones (Method B). 

These results offer evidence that the ethyl group of DIPEA is involved in the formation 

of the reactive intermediates and is lost during the reaction. On the other hand, the 
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isopropyl groups of DIPEA do not participate in the reaction and are preserved in the 

reaction products of both reaction pathways. 

Instead, the reaction driven by the reagent system DMIPA/TiCl4 under both methods A 

and B provides a single reaction product consisting of N,N-dimethyl-p-chlorobenzamide 

(8d) in 63% and 70 % yield respectively (Scheme 6, Table 2). 

 
Scheme 6 Synthesis of N,N-dimethylamides (Method A, Method B). 

The outcome of the reaction of p-chlorobenzoyl chloride (1d) with the reagent system 

DMIPA/TiCl4 shows that the formation of the β-enaminone requires that at least one of 

the alkyl groups of the amine has, in alpha position with respect to nitrogen atom, a 

primary carbon atom with not sterically hindered hydrogens and also a chain of at least 

two carbon atoms.  

This finding is confirmed by the reaction of the same reagent system DMIPA/TiCl4 with 

benzoyl chloride (1a) (Scheme 6, Table 2). Also in this case, in fact, both method A and 

B provide exclusively N,N-dimethylbenzamide (8a) with yields close to 65%. 

Table 2.  Results of the reactions reported in Scheme 6. 

 R Method Amidea 

8 

β-Enaminonea 

 

a C6H5 A 65 % _ 

a C6H5 B 63 % _ 

d p-ClC6H5 A 63 % _ 

d p-ClC6H5 B 70 % _ 

a Isolated yield 
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On the basis of the collected experimental data using differently substituted tertiary 

amines under the reaction conditions of the two diverse reaction pathways, and of the 

available literature data9 on the reactivity of the TiCl4/Et3N reagent system, adequate 

reaction mechanisms for the formation of the amides and β-enaminones were 

hypothesized.   

The key intermediate could be the ammonium ion (Adduct I) (Scheme 7, Scheme 8) that 

is generated from the reaction between the tertiary amine and titanium tetrachloride.  

The reaction path, which provides the amide as the predominant product, is favoured 

when an excess of amine is present in the reaction medium (Method A). Under these 

conditions, the ammonium ion (Adduct I) reacts with the amine in excess through an 

elimination process with the loss of an alkene (Hoffmann elimination) and the formation 

of a nucleophile intermediate (IIA) that reacts with the acyl chloride thus generating the 

amide (Scheme 7). 

Scheme 7 Proposed mechanism for amide formation (Method A) 

The reaction path, which provides the amide as the predominant product, is favoured 

when an excess of amine is present in the reaction medium (Method A). Under these 

conditions, the ammonium ion (Adduct I) reacts with the amine in excess through an 

elimination process with the loss of an alkene (Hoffmann elimination) and the formation 

of a nucleophile intermediate (IIA) that reacts with the acyl chloride thus generating the 

amide (Scheme 7). 

When the amine is added slowly (Method B) to the reaction mixture containing TiCl4 and 

the acyl chloride, the produced ammonium ion (adduct I), in the presence of limited 

amount of amine, is oxidized generating the iminium ion (IIB) which then reacts with the 
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amine and TiCl4 to give the imminioalkyl titanium ion (IIIB) (Scheme 8). The reaction of 

acyl chloride with the organotitanium compound (IIIB) generates the adduct IVB, that 

evolves to β-enaminone, and TiCl4 that is converted in titanium dioxide (TiO2) during the 

final hydrolytic workup (Scheme 8). 

 

Scheme 8 -enaminone formation (Method B) 
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7.3. Experimental 

7.3.1. General experimental details  

All reagents were purchased commercially without further purification. Solvents were 

purified according to well-known laboratory methods and freshly distilled prior to use. 

Reaction were carried out in a tightly sealed screw-capped vial. Reactions were 

magnetically stirred and monitored by thin layer chromatography using Merck-Kieselgel 

60 F254 plates. 1H and 13C NMR spectra were recorded on a Bruker Avance 300 

instrument at 300 MHz and 75 MHz, respectively. Spectroscopic analysis was performed 

at 293 K on diluted solutions of each compound by using CDCl3 as the solvent. Chemical 

shifts (δ) are reported in ppm. Coupling constants (J) are reported in Hertz (Hz). GC–MS 

analyses were performed with a DB-35MS (20 m × 0.18 mm, 35% Phenyl 65% 

dimethylpolysiloxane) capillary column. The mass detector was operated in the electron 

impact ionization mode (EI/MS) with an electron energy of 70 eV. The injection port was 

heated to 250 °C. The oven temperature program was initially set at 70 °C with a hold of 

2 min and ramped to 280 °C at 20 °C/min with a hold of 10 min. 

 

7.3.2. General procedures for the synthesis of amides and β-enaminones. 

 

General procedure Method A 

Benzoyl chloride or substituted benzoyl chloride (1 mmol) and TiCl4 (4 mmol) were 

added in rapid succession to a solution of trialkylamine (6 mmol) in anhydrous 

dichloromethane (15 mL). The resulting mixture was maintained under an inert 

atmosphere (N2) and stirred at room temperature for about 12 hours monitoring the 

reaction progress by TLC (chloroform/methanol 90:10 v/v). After adding 

dichloromethane (20 mL) the mixture was washed first with aqueous HCl 1N (3×10 mL) 

and then with a saturated aqueous solution of NaHCO3 (3 × 10 mL) and dried over 

anhydrous Na2SO4. The evaporation of the organic solvent under reduced pressure 

afforded a crude reaction product that was purified by flash column chromatography 

(chloroform/methanol 95:5 v/v) to provide the corresponding N,N-dialkylamide (62-70 

% yield) and N,N-dialkyl-β-enaminone (0-8 % yield). 
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General procedure Method B 

To a solution of benzoyl chloride or substituted benzoyl chloride (1 mmol) in anhydrous 

dichloromethane (20 mL), under an inert atmosphere (N2), TiCl4 (4 mmol) was added.  

To the resulting solution trialkylamine (4 mmol), dissolved in anhydrous 

dichloromethane (15 mL), was added dropwise over a period of an hour. The mixture was 

stirred at room temperature for about 12 hours monitoring the reaction progress by TLC 

(chloroform/methanol 90:10 v/v). Then the mixture was washed with aqueous HCl 1N 

(3×10 mL) and with a saturated aqueous solution of NaHCO3 (3 × 10 mL) and dried 

(Na2SO4). The organic solution was concentrated in vacuo and the crude residue was 

purified by flash column chromatography (chloroform/methanol 95:5 v/v) to provide the 

corresponding N,N-dialkyl-β-enaminone (61-75 % yield) and N,N-dialkylamide (0-7 % 

yield). 

 

N,N-diethylbenzamide (2a) Oil (65%); Rf = 0.70; 1H NMR (300 MHz, CDCl3) δ: 7.45-

7.30 (m, 5H, ArH), 3.67-3.43 (m, 2H, CH2), 3.40-3.15 (m, 2H, CH2), 1.25 (t, J = 6.0 Hz, 

3H, CH3), 1.11 (t, J = 6.0 Hz, 3H, CH3); 
13C NMR (75 MHz, CDCl3) δ: 171.14, 137.12, 

128.94,  128.23, 126.09, 43.13, 39.12, 14.02, 12.74; GC/MS (EI, 70 eV) m/z (% rel.): 177 

[M+.] (15), 176 (42), 162 (1), 148 (3), 105 (100), 77 (32), 51 (6). Found: C, 74.62; H, 

8.56; N, 7.86. C11H15NO requires C, 74.54.13; H, 8.53; N, 7.90% 

(E)-3-(diethylamino)-1-phenylprop-2-en-1-one (3a) Oil (63%); Rf = 0.62; 1H-NMR 

(300 MHz, CDCl3) δ: 7.93-7.77 (m, 3H, ArH, CHN), 7.56-7.30 (m, 3H, ArH), 5.75 (d, J 

= 12.5 Hz, 1H, COCH), 3.42-3.13 (m, 4H, CH2), 1.43-1.02 (m, 6H, CH3); 
13C NMR (75 

MHz, CDCl3) δ: 188.80, 152.46, 140.78, 130.73, 128.07, 127.44, 91.77, 50.52, 42.91, 

14.59, 11.39 (prof); GC/MS (EI, 70 eV) m/z (% rel.): 203 [M+.] (97), 186 (100), 174 (40), 

146 (17), 126 (18), 105 (95), 98 (32), 77 (45). Found: C, 76.56; H, 8.48; N, 6.81. 

C13H17NO requires C, 76.81; H, 8.43;  N, 6.89%.  

N,N-diethyl-4-methoxybenzamide (2b) Oil (62%); Rf = 0.71; 1H NMR (300 MHz, 

CDCl3) δ: 7.22 (d, J = 8.7 Hz, 2H, ArH), 6.77 (d, J = 8.7 Hz, 2H, ArH), 3.68 (s, 3H, 

OCH3), 3.49-3.06 (m, 4H, CH2), 0.90-1.26 (m, 6H, CH3); 
13C NMR (75 MHz, CDCl3) δ: 

171.06, 160.15, 129.30, 127.99, 113.48, 55.08, 42.40, 39.81, 13.30; GC/MS (EI, 70 eV) 

m/z (% rel.): 207 [M+.] (12), 206 (28), 135 (100), 107 (5), 92 (10), 77 (11). Found: C, 

69.61; H, 8.21; N, 6.65. C12H17NO2 requires C, 69.54; H, 8.27; N, 6.76%. 



 

148 
 

(E)-3-(diethylamino)-1-(4-methoxyphenyl)prop-2-en-1-one (3b) Oil (65%); Rf = 0.64; 

1H NMR (300 MHz, CDCl3) δ: 7.87 (d, J = 8.9 Hz, 2H, ArH), 7.79 (d, J = 12.5 Hz, 1H, 

CHN), 6.89 (d, J = 8.9 Hz, 2H, ArH), 5.74 (d, J =12.5 Hz, 1H, COCH), 3.82 (s, 3H, 

OCH3), 3.30 (q, J = 7.2 Hz, 4H, CH2), 1.20 (t, J = 7.2 Hz, 6H, CH3); 
13C NMR (75 MHz, 

CDCl3) δ: 187.57, 161.84, 152.02, 133.30, 129.39, 113.26, 91.15, 55.33, 45.51, 14.67; 

MS (EI, 70 eV) m/z (% rel.): 233 [M+.] (54), 216 (46), 204 (10), 190 (5), 176 (7), 161 (3), 

135 (100), 107 (5), 98 (26), 77 (15).  Found: C, 72.33; H, 8.29; N, 5.93. C14H19NO2 

requires C, 72.07; H, 8.21; N, 6.00%. 

3-chloro-N,N-diethylbenzamide (2c) Oil (70%); Rf = 0.50; 1H NMR (300 MHz, CDCl3) 

δ: 8.01-7.89 (m, 1H, ArH), 7.55-7.50 (m, 1H, ArH), 7.59-7.47 (m, 1H, ArH), 7.41-7.31 

(m, 1H, ArH), 7.28-7.20 (m, 1H, ArH), 3.66-3.45 (m, 2H, CH2), 3.35-3.18 (m, 2H, CH2), 

1.33-1.18 (m, 3H, CH3), 1.21-0.99 (m, 3H, CH3); 
13C NMR (75 MHz, CDCl3) δ: 169.88, 

138.71, 134.49, 129.85, 129.37, 126.55, 124.41, 45.85, 33.44, 14.12, 12.70; GC/MS (EI, 

70 eV) m/z (% rel.): 211 [M+.] (13), 210 (38), 182 (5), 139 (100), 111 (25), 75 (11). 

Found: C, 62.47; H, 6.65; N, 6.54. C11H14ClNO requires C, 62.41; H, 6.67; N, 6.62%. 

 (E)-1-(3-chlorophenyl)-3-(diethylamino)prop-2-en-1-one (3c) Oil (69%); Rf = 0.34; 

1H NMR (300 MHz, CDCl3) δ: 7.99-7.53 (m, 3H, ArH, CHN), 7.46-7.07 (m, 2H, ArH), 

5.67 (d, J = 12.5 Hz, 1H, COCH), 3.51-2.99 (m, 4H, CH2),  1.36-0.89 (m, 6H, CH3); 
13C 

NMR (75 MHz, CDCl3) δ: 186.88, 152.78, 142.49, 134.12, 130.53, 129.35, 127.50, 

125.48, 91.16, 50.58, 42.82, 14.64, 11.48; GC/MS (EI, 70 eV) m/z (% rel.): 237 [M+.] 

(87), 222 (39), 220 (92), 208 (41), 190 (15), 180 (16), 165 (8), 154 (6), 139 (100), 126 

(36), 111 (52), 98 (56), 75 (23), 56 (38). Found: C, 65.55; H, 6.85; N, 5.84. C13H16ClNO 

requires C, 65.68; H, 6.78; Cl, 14.91;  N, 5.89%. 

4-chloro-N,N-diethylbenzamide (2d) Oil (67%); Rf =  0.63; 1H NMR (300 MHz, 

CDCl3) δ: 7.41-7.24 (m, 4H, ArH), 3.63-3.37 (m, 2H, CH2), 3.34-3.11 (m, 2H, CH2), 

1.35-0.97 (m, 6H, CH3); 
13C NMR (75 MHz, CDCl3) δ: 170.21, 135.58, 135.11, 128.67, 

127.82, 43.22, 39.11, 14.29, 12.82; GC/MS (EI, 70 eV) m/z (% rel.): 211 [M+.] (13), 210 

(35), 139 (100), 111 (24), 75 (10). Found: C, 62.46; H, 6.64; N, 6.54. C11H14ClNO 

requires C, 62.41; H, 6.67; Cl, 16.75;  N, 6.62%.  

(E)-1-(4-chlorophenyl)-3-(diethylamino)prop-2-en-1-one (3d) Oil (60%); Rf = 0.47; 

1H NMR (300 MHz, CDCl3) δ: 7.92-7.77 (m, 3H, ArH, CH-N), 7.45-7.32 (m, 2H, ArH), 
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5.71 (d, J = 12.4 Hz, 1H, COCH), 3.51-3.18 (m, 4H, CH2), 1.38-1.13 (m, 6H, CH3); 
13C 

NMR (300 MHz, CDCl3) δ: 187.17, 152.62, 139.12, 136.79, 128.88, 128.26, 91.28, 50.70, 

42.95, 14.62, 11.60; GC/MS (EI, 70 eV) m/z (% rel.): 237 [M+.] (73), 220 (78), 208 (29), 

180 (13), 139 (100), 111 (35), 98 (40), 75 (14), 56 (19). Found: C, 65.81; H, 6.71; N, 

5.96. C13H16ClNO requires C, 65.68; H, 6.78; Cl, 14.91;  N, 5.89%.  

N,N-diethyl-4-nitrobenzamide (2e) Oil (62%); Rf = 0.43; 1H NMR (300 MHz, CDCl3) 

δ: 8.35-8.12 (m, 2H, ArH), 7.58-7.38 (m, 2H, ArH), 3.64-3.38 (m, 2H, CH2), 3.29-3.05 

(m, 2H, CH2), 1.25 (t, J = 7.0 Hz, 3H, CH3), 1.11 (t, J = 7.0 Hz, 3H, CH3); 
13C NMR (75 

MHz, CDCl3) δ: 168.94, 148.02, 143.38, 127.35, 123.87, 43.28, 39.48, 14.19,12.85; 

GC/MS (EI, 70 eV) m/z (% rel.): 222 [M+.] (14), 221 (34), 193 (3), 150 (100), 120 (27), 

104 (31), 92 (14), 76 (19). Found: C, 59.38; H, 6.44; N, 12.70. C11H14N2O3 requires C, 

59.45; H, 6.35; N, 12.60%.  

(E)-3-(diethylamino)-1-(4-nitrophenyl)prop-2-en-1-one (3e) Solid (61%); mp = 85.0-

86.6 °C; Rf = 0.30; 1H NMR (300 MHz, CDCl3) δ: 8.23 (d, J = 8.8 Hz, 2H, ArH), 7.99 

(d, J = 8.8 Hz, 2H, ArH), 7.86 (d, J = 12.4 Hz, 1H, CHN), 5.72 (d, J = 12.4 Hz, 1H, 

COCH), 3.51-3.21 (m, 4H, CH2), 1.34-1.17 (m, 6H, -CH3); 
13C NMR (75 MHz, CDCl3) 

δ: 185.82, 153.32, 148.92, 146.23, 128.23, 123.32, 91.44, 50.80, 43.02, 14.64, 11.52; 

GC/MS (EI, 70 eV) m/z (% rel.): 248 [M+.] (75), 231 (100), 219 (43), 173 (16), 150 (49), 

98 (49), 76 (21), 56 (34). Found: C, 63.04; H, 6.45; N, 11.19. C13H16N2O3 requires C, 

62.89; H, 6.50; N, 11.28%.  

N,N-dipropylbenzamide (4a) Oil (68%); Rf = 0.77; 1H NMR (300 MHz, CDCl3) δ: 7.48-

7.29 (m, 5H, ArH), 3.57-3.35 (m, 2H, NCH2), 3.25-3.07 (m, 2H, NCH2), 1.80-1.61 (m, 

2H, CH2), 1.61-1.42 (m, 2H, -CH2), 1.08-0.91 (m, 3H, CH3), 0.83-0.65 (m, 3H, CH3); 
13C 

NMR (75 MHz, CDCl3) δ: 170.90, 136.42, 128.36, 127.52, 125.61, 49.89, 45.48, 21.05, 

19.85, 10.65, 10.18; GC/MS (EI, 70 eV) m/z (% rel.): 205 [M+.] (15), 204 (20), 176 (8), 

162 (2), 134 (7), 105 (100), 77 (23). Found: C, 75.98; H, 9.35; N, 6.75. C13H19NO requires 

C, 76.06; H, 9.33; N, 6.82%.  

(E)-3-(dipropylamino)-1-phenylbut-2-en-1-one (5a) Oil (71%); Rf = 0.66; 1H NMR 

(300 MHz, CDCl3) δ: 7.62-7.20 (m, 6H, ArH, CHN), 3.28-3.02 (m 4H, NCH2), 2.08 (s, 

3H, CH3), 1.69-1.46 (m, 4H, CH2CH3), 1.09-0.70 (m, 6H, CH2CH3); 
13C NMR (75 MHz, 

CDCl3) δ: 197.00, 155.43, 142.35, 128.83, 128.25, 127.71, 105.12, 55.05, 22.59, 10.87, 
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10.83; GC/MS (EI, 70 eV) m/z (% rel.): 245 [M+.] (37%), 228 (100), 216 (45), 202 (17), 

168 (11), 160 (12), 145 (8), 140 (30), 105 (84), 91 (50), 77 (56). Found: C, 78.18; H, 9.38; 

N, 5.65. C16H23NO requires C, 78.32; H, 9.45; N, 5.71%.  

4-chloro-N,N-diisopropylbenzamide (6d) Solid (66%); mp= 81.6-83.7 °C; Rf = 0.70; 

1H NMR (300 MHz, CDCl3) δ: 7.42-7.32 (m, 2H, ArH), 7.30-7.21 (m, 2H, ArH), 3.98-

3.34 (m, 2H, NCH(CH3)2), 1.61-1.02 (m, 12H, NCH(CH3)2); 
13C NMR (75 MHz, CDCl3) 

δ: 169.88, 137.30, 134.61, 128.70, 127.13, 51.99, 20.69; GC/MS (EI, 70 eV) m/z (% rel.): 

239 [M+.] (6), 224 (5), 196 (18), 139 (100), 111 (19). Found: C, 65.22; H, 7.64; N, 5.79. 

C13H18ClNO requires C, 65.13; H, 7.57; Cl, 14.79;  N, 5.84%.  

 

(E)-1-(4-chlorophenyl)-3-(diisopropylamino)prop-2-en-1-one (7d) Oil (75%); Rf = 

0.63; 1H NMR (300 MHz, CDCl3) δ: 7.97 (d, J = 12.5 Hz, 1H, CHN), 7.82 (d, 2H, J = 

8.7 Hz, ArH), 7.35 (d, 2H, J = 8.7 Hz, ArH), 5.83 (d, J = 12.5 Hz, 1H, -CO-CH=CH), 

4.08-3.90 (m, 1H, NCHCH3)2), 3.73-3.51 (m, 1H, -NCH(CH3)2), 1.30-1.20 (m, 12H, -

NCH(CH3)2); 
13C NMR (75 MHz, CDCl3) δ: 186.49, 149.31, 139.19, 136.65, 128.87, 

128.23, 91.29, 49.51, 48.19, 23.68, 19.68; GC/MS (EI, 70 eV) m/z (% rel.): 265 [M+.] 

(33), 250 (8), 222 (56), 139 (100), 126 (20), 111 (21), 43 (18). Found: C, 68.04; H, 7.67; 

N, 5.16. C15H20ClNO requires C, 67.79; H, 7.58; Cl, 13.34;  N, 5.27%. 

N,N-dimethylbenzamide (8a) Oil (65% yield method A, 63% yield method B); Rf = 

0.64; 1H-NMR (300 MHz, CDCl3) δ: 7.51-7.30 (m, 5H, ArH), 3.11 (s, 3H, CH3), 2.97 (s, 

3H, CH3); 
13C- NMR ( 75 MHz, CDCl3) δ: 171.62, 136.37, 129.45, 128.29, 127.01, 39.23, 

35.11; GC/MS (EI, 70 eV) m/z (% rel.): 149 [M+.] (21), 148 (64), 105 (100), 77 (53), 51 

(12). Found: C, 72.50; H, 7.40; N, 9.34. C9H11NO requires C, 72.46; H, 7.43; N, 9.39%.  

4-chloro-N,N-dimethylbenzamide (8d) Oil (63% yield method A, 70% yield method 

B); Rf = 0.53; 1H NMR (300 MHz, CDCl3) δ: 7.42-7.24 (m, 4H, ArH), 3.08 (s, 3H, CH3), 

2.96 (s, 3H, CH3); 
13C NMR (75 MHz, CDCl3) δ: 170.51, 135.57, 134.68, 128.62, 128.59, 

39.50, 35.55; GC/MS (EI, 70 eV) m/z (% rel.): 183 [M+.] (18), 182 (51), 139 (100), 111 

(38), 75 (16). Found: C, 58.97; H, 5.53; N, 7.58. C9H10ClNO requires C, 58.86; H, 5.49; 

Cl, 19.31;  N, 7.63%.  
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7.4. Conclusions 

In this work, we have devised two methodologies that can constitute alternative 

procedures for the synthesis of amides and β-enaminones. The reported study 

represents a new example of reactivity of TiCl4-NR3 reagent system with aroyl 

chlorides involving carbon-carbon bond formation.  

The reactions according to method A and method B, both modulated by the 

presence of TiCl4, lead to the formation, with satisfactory yields, of amides or β-

enaminones that are of great importance in organic synthesis.  

Amides in fact are very important functional groups in organic chemistry and the 

formation of amide bond is one of the most used transformations in organic 

synthesis.10 Amides are also biologically interesting compounds because of their 

presence in molecules such as peptides, pharmaceutical agents, naturally occurring 

molecules, proteins.11 

β-enaminones represent useful synthons for the synthesis of various heterocyclic 

compounds and biologically active molecules.12 β-enaminones possess the 

nucleophilicity of an enamine and the electrophilicity of an enone, therefore they 

are important intermediates in organic synthesis.  

Titanium tetrachloride forms with the alkyl tertiary amine an ammonium ion 

adduct. In the presence of an excess of amine this adduct generates, through an 

elimination process, the amide (Method A). The formation of the amide with the 

proposed method A is quite general. 

In the absence of further amine the adduct leads to the formation of β-enaminone 

(Method B). This mechanism operates when the amine is added slowly.  

The formation of the β-enaminone with the method B, however, does not occur 

when the amine has a secondary carbon directly linked to the nitrogen atom. This 

situation evidently prevents the oxidation process of the amine to the iminium ion 

by TiCl4. Iminium ion, in fact, constitutes the key intermediate for the formation 

of the β-enaminone. 

The formation of alkyltitanium species seems to be favoured at primary carbon 

atoms rather than secondary ones. When β-enaminone, for the reasons mentioned 

above, does not form, the channel leading to the formation of the amide is activated.  
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Abstract 

The syntheses and characterization of mesoporous silica obtained by neutral 

polyoxiethylene surfactants are reported. Syntheses were carried out according to a 

previously-reported interfacial approach based on a slow-rate not-catalyzed 

tetraethylortosilicate (TEOS) hydrolysis but using different organic phases. Synthesis 

systems are constituted by a two-level biphasic emulsion and mesoporous silica 

particles grow at the interface of the organic (upper) and the inorganic (lower) regions. 

The newly-formed particles migrate because of the gravity force to the bottom of the 

synthesis vessel, far from the upper silica-feeding solution. Typical particle size is at 

the nanometer scale. Solids with very large mesopores, high pore volume and specific 

surface SBET up to 400 m2/g are obtained at room temperature starting from synthesis 

systems not including a mineralizing agent such as H+, OH- or F- ions. 
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8.1. Introduction 
 

Silica-based mesoporous materials have been proposed for several applications such 

as drug targeting,1 sampling of peptide mixtures for mass spectrometry,2 and enzyme 

immobilization.3 The regular nanostructure, large surface areas, large void volumes, the 

high homogeneity in pore diameter and the high versatility of the procedures to modify 

the external and/or internal silica surface allow to consider these materials as a promising 

tool for the biomedicine-applied nanotechnology. 

Mesoporous macroscale structures were obtained by oil-water interface templating 

systems at acid pH. TEOS is used as silica source and is hydrolyzed just at the oil-water 

interface where mesostructures are formed reflecting, on a larger scale, size and shape of 

the oil spheres because the inorganic materials condense around them. Stirring is one of 

the mechanism for controlling emulsion properties through modification of long-range 

hydrodynamic forces. Under slow stirring fiber-type morphologies are predominantly 

observed while with increasing stirring rate more and more sphere-like particles are 

formed. The two level by-phase control was also used on a larger scale to produce self-

supporting membranes at a static interface between an aqueous and an inorganic phase.4 

Successively, a method has been described in which mesoporous silica particles of 

macroscopic dimensions functionalized with organic ligands can be produced from 

alkaline medium in a one-step emulsion process.5 Furthermore, hard mesoporous silica 

spheres have been described according to a procedure closely related to that initially 

reported for the synthesis of MCM-41;6-7 the primary difference is that phase separation 

and emulsion chemistry which result from the hydrophobic nature of 

tetrabutylorthosilicate and butanol are used in order to create the desired morphology.8 

More recently, the conditions favoring the formation of mesoporous film over bulk 

material through the separation of the ingredients into two stratified phases, both in acid 

and in basic media, have been defined.9 Mesoporous materials and functionalized 

mesoporous materials are obtained from two-level biphase emulsions. The upper one is 

an organic phase and contains the silica source; the lower phase is a water or water-

ethylene glycol solution of the neutral surfactant. Micelles are feed by the silicon 

alkoxide, precursor of the inorganic coverage, in the interfacial region and, after 

condensation, the particles move to the bottom part of the synthesis vessel.10 In this work 
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the same approach has been applied employing emulsions with different organic phases 

with the aim of producing mesoporous silica provided with ultra large porosity for 

engineering multifunctional devices.  

 

 

8.2. Materials and methods 

 

The neutral surfactant, named Triton x-100, was used as received by Sigma-Aldrich, 

Tetraethylortosilicate (Aldrich) was used as silica source. The molar compositions of the 

synthesis mixtures investigated are shown in Table 1. 

 

Table 1. Molar ratios in two-level biphase emulsions used for the synthesis of mesoporous materials. 

System        Upper Phase       Lower Phase 

TEOS  Cyclohexane Decane Dodecane Triton x-

100 

H2O  

1 1     1.01     0,32 120  

2(15 

days) 

1  1.08   0,32 120  

3(10 

days) 

1  1.08   0,32 120  

4 1    1.08 0,32 120  

 

In a typical preparation of a mesoporous silica (Synthesis system for MSN-3) 21,0 g of 

the surfactant are completely dissolved in 230 g of distilled H20 at room temperature. A 

solution of TEOS (22,0 g) in cyclohexane (9,8 g) had slowly run along the vessel wall of 

the aqueous solution so that the upper organic phase is easily established. The mixture is 

aged at room temperature for 15 days (MSN-1 and MSN-2) or 10 days (MSN-3 and MSN-

4) under slow magnetic stirring. The organic phase is finally removed and the resulting 

suspension is filtered, washed and dried for 8 hours at 80° C. 
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Solvent extraction is carried out by refluxing 1,0 g of the as-synthesized mesoporous 

silica in 600 ml of a 1/1 V/V  water-ethanol mixture under stirring for 50 hours at 70°C.  

X-Ray powder diffraction patterns were measured on a Bruker D8 Advance 

diffractometer using Cu-Kα radiation (40 Kv, 20 mA) over the range 0.5<2ϴ<10. The N2 

adsorption-desorption volumetric isotherms at 77 K were measured on a Micromeritics 

Asap 2010 apparatus. Samples were pre-treated under vacuum at 573 K to a residual 

pressure of 2 µm Hg. Surface area of the samples was calculated by BET linearization in 

the pressure range 0.05 to 0.2 P/P0. Lattice pore volume was obtained from the amount 

of nitrogen gas adsorbed at the top of the rising section of the isotherms of type I or IV. 

The amount of surfactant was measured by TG analysis. The measurements were carried 

out with a Netzsch STA 409 instrument between 20 °C and 850 °C at a ramp of 10 °C/min 

in air with a flow rate of 10 ml/min. SEM micrographs were collected by a Field Emission 

Scanning Electron Microscope (FESEM) mod. Quanta 200F - FEI Company while TEM 

images were obtained on JEM-1400 PLUS (JEOL Ltd./Japan) operating at 80 kV 

accelerating voltage. 
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8.3. Results and Discussion 

 

In this work cyclohexane, decane and dodecane have been used as organic phases. 

The upper organic phase dissolves the silica source while the lower inorganic phase 

contains the surfactant so that the composite material is assembled in the interfacial 

region. 

The particle growth process stops when silica particles move by sedimentation to the 

bottom of the synthesis vessel far from the upper organic silica-feeding solution. Table 

2 shows the reticular plane distance d-spacing values, d0, for as-made samples, d0 ex, for 

extracted samples (from XRD analysis), specific surface areas SBET, pore volume and 

organic content data of obtained mesoporous silica samples.  

 

Table 2. d-spacing values, d0, for as-made samples, d0ex for extracted samples (from XRD analysis), 

specific surface areas SBET and pore volume of obtained mesoporous silica samples. 

 

 

In Figure 1 X-ray powder diffraction patterns of the different samples are presented. 

It can be noted that a main reflection is present composed of two reticular plane distance 

for all the samples that are reported in Table 2. Higher order reflections are completely 

System do (Å) 

As made 

d0ex (Å) 

Extracted 

SBET 

(m2/g) 

Pore Volume 

(0,95 P/P0 , 

cm3/g) 

Organic/SiO2+Orga

nic % 

mass ratio 

1 120.8-

98.3 

   44,7 

2 119.4-

97.9 

   58.1 

3 125.9-

99.5 

125.1-100 376 0.88 70,5 

4 123.3-

99.7 

125.0-

100.0 

355 0,88 62,6 
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absent for all the obtained samples as it is usual with MSU-type mesoporous materials.11 

Surfactant removal carried out by solvent extraction (see materials and methods) does not 

induce shift in d0ex position (Table 2). The higher values obtained for do and d0ex, if 

compared with the results presented in ref. 10, 

2 4 6 8 10
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FIGURE 1. X-ray powder diffraction patterns of the different samples obtained. 

 

can be explained with the different ability of the organic phases employed in this work to 

be included in the cores of the surfactant micelles, so-producing, micelles with very large 

diameters. Nitrogen adsorption-desorption isotherms have been carried out on samples 

MSN-3 and MSN-4 (Figure 2). The isotherms, in both cases type IV, present a mesopore-

filling step at very high relative pressures. The materials show SBET specific surface 

around 400 m2/g and high pore volumes up to 0.9 cm3/g . BJH adsorption average pore 

diameters resulted to be 121.5 and 91.0 Å for samples MSN-3 and MSN-4 respectively 

that are at the upper limit for MSU-type materials.   SBET specific surface area values 

are lower if compared to the samples obtained in reference 10, this reduction can be 

explained with the relevant increase of pore diameters. All the samples includes very large 

organic amounts (Table 2). 

In Figure 3 Scanning Electron (SEM)  and Transmission Electron (TEM) micrographs of 

sample MSN-4 are shown. SEM micrograph shows particles not larger than 300 nm in 

the form of aggregates while in TEM micrograph a single particle is observed. It presents 

the typical worm-like porosity obtained with neutral surfactant (not easily observable at 

this magnification) and it is comparable, in size, with the black bar (200 nm). 
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FIGURE 2. Nitrogen adsorption-desorption isotherms acquired on sample MSN-3 a) and 

MSN-4 b) 

 

It presents the typical worm-like porosity obtained with neutral surfactant (not easily 

observable at this magnification) and it is comparable, in size, with the black bar (200 

nm). 

 

                                              

 

FIGURE 3. SEM a) and TEM b) micrographs of sample MSN-4. 

 

 

8.4. Conclusions 

 

In conclusion, emulsions with cyclohexane, decane and dodecane have been employed in 

the synthesis of mesoporous silica provided with ultra large porosity producing materials 

potentially useful in the engineering  multifunctional devices.  
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9 
Mesoporous silica-based nanocarriers for pH-triggered 

doxorubicin delivery in cancer therapy 
 

 

[Ongoing work 4] 

 

Abstract 
 

The major limitations of antineoplastic drugs are poor bioavailability, high-dose 

requirements, the development of drug resistance, and adverse side effects induced by the 

lack of selectivity. 

In this regard, the main effort of pharmaceutical research is to obtain a therapeutic strategy 

that addresses these drawbacks by developing drug delivery systems (DDS), that can 

selectively release the drug to cancer tissues avoiding normal cells.  

Recently, several nanocarriers based on organic (liposomes, polymers) and inorganic 

(gold and silica nanoparticles) platforms have been developed as promising candidates 

for drug delivery. 

Among the inorganic-based DDS mesoporous silica nanoparticles (MSN) have attracted 

great attention thanks to their unique structural characteristics such as high surface area, 

tunable pore diameter, easy surface modification and biocompatibility, which make them 

widely exploited in the biotechnological and biomedical field.  

Furthermore, the abundant silanol groups (Si–OH) present in their surfaces facilitate post-

synthesis modification, and allow to design versatile DDS able to host various 

therapeutics agents and to conjugate, on the outer MSNs surface, targeting ligands that 

interact selectively with specific receptors overexpressed in cancer cells. 

The drugs can be adsorbed or covalently linked inside the pores of the particles through 

cleavable bonds and then released under specific conditions.1 
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In this work, the design and synthesis of MSN-based anticancer prodrug systems for 

active targeting delivery of doxorubicin is described. 

Doxorubicin is an antineoplastic drug clinically used in different types of malignancies 

but with serious limitations due to undesired systemic toxicity.  

The target was the development of devices having stimuli-responsive properties and able 

to release the drug, exploiting the pH difference between the circulatory stream and the 

tumor intracellular microenvironment.   

The MSN-based devices, FOL-MSN-DOXO, consist of nanometric silica frame that 

presents, folic acid (FOL) covalently linked to the external surface of particles as targeting 

function (folate receptor specific ligand) and doxorubicin (DOXO)  linked  within the 

pores by means of imine or hydrazone acid-labile bonds. 

For our purpose, we have used folic acid as targeting molecule to mediate specific uptake 

by cancer cells.  

In the present study, our aim was to design, synthesize FOL-MSN-DOXO conjugates, 

evaluate their cytotoxic effect in vitro and understand the structure-biological activity 

relationship of the obtained systems, with the intention of creating effective DOXO 

delivery systems as chemotherapeutics for tumor targeting. 

The developed systems will constitute a model for the development of similar devices for 

the delivery of DOXO in which the targeting function is a peptide molecule that is tailored 

toward specific receptors, which are overexpressed or exclusively expressed in cancer 

cells and that recognize tumors with high specificity. 
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9.1. Introduction  
 

Anthracyclines are an important class of chemotherapeutic agents used in the treatment 

of various malignancies such as Lymphoma and Leukaemia,2 furthermore, they represent 

a cornerstone in early and metastatic breast cancer treatment.3, 4  

Doxorubicin and Daunomycin have been the firsts Anthracyclines drugs discovered in 

the early 1960s from Streptomyces peucetius and being drugs with a wide-spectrum of 

action they continue to attract considerable interest in today pharmaceutical research 

field.5,6 

Doxorubicin (DOXO), and in general anthracyclines, perform their cytotoxic action 

through different proposed mechanisms i.e. by inhibiting Topoisomerase II (enzyme 

involved in DNA repair), acting as a DNA intercalating agent and generating free 

radicals.7,8 However, doxorubicin therapy is also associated with serious adverse effects 

such as cardiomyopathy, myelosuppression and other effects on the gastrointestinal 

tract.9-13 

The mechanism by which DOXO causes cardiotoxicity has not been well clarified. 

Initially, the main cause of this side effect was attributed to reactive oxygen species 

generation.14 Recently, however, the hypothesis of an involvement of Topoisomerase II 

present in cardiac tissues seems to take hold.15 Noteworthy is that cardiotoxicity level is 

also related to the age of the patient, the heart state of health and above all to the drug 

dosage received.15 

Considering the therapeutic importance of anthracyclines, various approaches have been 

proposed to limit cardiotoxicity.16, 17 

The use of carrier systems e.g. polymeric nanoparticles, liposomes, micelles and more 

able to control DOXO release and lower down the administered dose represents an 

important approach to overcome these limits.18-20  

In the last few years among drug delivery systems, mesoporous silica-based nanoparticles 

(MSNs) have gained considerable interest thanks to their attractive structural and 

morphological properties. Furthermore, due to their biocompatibility and the presence on 

their surfaces of silanol groups (SiOH) that can be appropriately functionalized, they have 

been extensively investigated for therapeutic and diagnostic purposes, especially in 

oncology.21-25  
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Nowadays, several delivery systems for DOXO based on mesoporous silica nanoparticles 

have been developed.  M. Martinez-Carmona et al. 2015 have designed a nanocarrier with 

Transferrin (Tf) molecules anchored through a UV-sensitive cross-linker on the surface 

of Doxorubicin (DOXO)-loaded MSNs.26 

In order to improve the selectivity of the system and the cytotoxicity of DOXO has been 

also synthesized MSNs conjugated with cRGD peptide and loaded with the antineoplastic 

drug.27 Another interesting device are the magnetic nanocarriers DOX‐conjugated  

(MMCNCs‐DOX) and  stabilized by polysaccharose (agarose) with a facile solvothermal 

method, that exhibited the pH‐sensitive behavior (targeted drug release in tumor cells) 

and the ability to be driven externally through magnetic manipulation.28 

As part of our research activity, smart mesoporous silica nanostructured devices, able to 

overcome the main limitations currently associated with conventional antineoplastic 

agents, have been developed. 

Specifically, these systems present a targeting molecule (ligand) on the outer surface able 

to target, bind and penetrate cells that express the specific receptor for the ligand and an 

anticancer drug conjugated to the pore walls, through a pH-sensitive bond, that is stable 

at physiological pH but that it can be hydrolyzed at slightly acid pHs.29-34  

In such a way, the drug is protected inside the nanocarrier during the plasmatic 

distribution, until when it enters the target cells, where it leaves the system because of the 

lower pH of the intracellular compartments and it can exert its effects on the cells. 

Folic acid was chosen as targeting function since its use as tumour-homing agent is 

widespread recognised. 35 

This essential vitamin has a high affinity for folate receptor (FR), a tumour associated 

anchored protein which is expressed at high to moderate levels in a large number of 

tumours36 while it occurs at very low levels in most normal tissues and  that can actively 

internalize folates and folate conjugated compounds via receptor-mediated endocytosis.37  

The anticancer drug doxorubicin was conjugated to the nanoparticles through a 

carboxylic hydrazone linker or by means the formation of an imine bond both cleavable 

under acidic conditions. 

The obtained MSN-based conjugates have been characterized by FT-IR spectroscopy, 

powder X-ray diffraction, thermogravimetric analysis (TGA).  
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The effect of FOL-MSN-DOXO prototypes on cell proliferation was evaluated on FR+ 

and FR- cell lines aimed at obtaining informations regarding their cytotoxic activity. 

 

 

9.2. Results and Discussion 

 

We designed and constructed pH-sensitive mesoporous silica nanocarriers with diverse 

functional components, such as tumor-targeting unit to mediate specific uptake by cancer 

cells, and pH-sensitive linkers to get the acid-responsive drug release at the desired site. 

In the present work, drug doxorubicin (DOX)-loaded MSN-based systems were 

developed using MSU-Type Mesoporous Silica nanoparticles.  

The MSU-type MSNs were obtained by using an interfacial synthesis procedure at room 

temperature (RT), introducing cyclohexane as the organic phase in which TEOS is 

dissolved, that we developed to obtain large pore nanoparticles (Paper 5). 32 Specifically, 

the cyclohexane usage as a solvent has led to the formation of micelles with a wider 

diameter. The micelles acting as a templating agent for the mesostructured material 

formation led to the synthesis of MSNs with a large pore diameter (the BJH adsorption 

average pore diameter was 121.5 Å). The synthesized MS particles have an average 

diameter between 100 and 200 nm as shown in the SEM image (Figure 1).  

 

 

 

Figure 1 Electron scanning microscopy (SEM) 

 

This structural feature has made these nanoparticles the ideal carriers for the binding of 

drugs within the pores. 
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Furthermore, to prevent a dramatic pore volume reduction in the final systems, the 

obtained materials were externally functionalized before surfactant extraction to 

preferentially address the siloxane modifying agent on the external surface of the 

particles. In this way, a considerable pore volume is recovered after surfactant extraction 

and folic acid targeting molecule is anchored preferentially on the external surface since 

allowing a consistent drug loading. 

An important feature for a stimuli-responsive device is to respond with physicochemical 

changes to specific stimuli such as pH gradients, different temperatures, magnetic field 

etc.38 

In physiological and pathological states is present a pH gradient among subcellular 

organelles, organs, and human tissues,39  the pH of normal tissues and blood is 

approximately 7.4, while the pH value is lower in the tumor microenvironment such as in 

the endosomal  (pH = 5.9-5.5) and lysosomal (pH<5) compartments.40 

These aspects can be exploited to create systems that allow the anticancer drug release 

only after the system is internalized by cells through endocytosis. To achieve this goal, in 

these systems the drug should be conjugated to the nanoparticles by means a bond that is 

stable at physiological pH and easily cleavable inside the endosomal compartments where 

the pH is slightly acid. To this aim, a widely used procedure in the design of DDS is to 

anchor the drug to the vehicle by means acid-sensitive bonds. 

It is largely reported the use of acid-sensitive acetals, 41-42 imines, 43-45 hydrazones 46-48 or 

ortho-ester linkers49 that could be stable at physiological pH (pH 7.4) but degraded 

effectively at the lower pH of endosomes and lysosomes (pH 4.5-6) to release drug.  

The silanol groups (Si-OH) present on the inner surface of the nanoparticles can be 

suitably derivatized in order to bind Doxorubicin covalently. It is interesting to note that 

Doxorubicin presents, in its structure, different groups (carbonyl, hydroxyl and amine 

functions) that can be exploited for the formation of acid-sensitive bonds (Figure 2). 
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Figure 2.  Doxorubicin structure 

To our aims, we focused on the formation of imine and hydrazone linkages therefore the 

inner pore walls of nanoparticles were decorated with different chemical functionalities 

to incorporate doxorubicin through imine or hydrazone bonds. 

 

9.2.1. MSNs conjugated with DOXO via pH-sensitive imine bond.  

 

Firstly, the targeting ligand folic acid was covalently attached to the MSNs external 

surface through amide bond formation between the amino group of AP-MSN and folic 

acid using DIC as condensing agent (Scheme 1). Then, after removal of templating agent 

from the pores, the nanoparticles were functionalized with 3-

aminopropyltrimethoxysilane (APTES) to afford the amine functionalized mesoporous 

silica nanoparticles (FOL-MSN-APin) that were recovered by filtration and analyzed by 

thermogravimetric analysis and FT-IR spectroscopy.  

Thermogravimetric analysis of the sample before and after functionalization with APTES 

shows an increment of the organic compound mass on the sample by 6.53%. 

 

Scheme 1 Synthesis of FOL-MSN 
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The anticancer drug DOXO was conjugated to the nanoparticles through an imine bond 

thus the MSN-based targeted prodrug (FOL-MSN-IM-DOXO) was obtained. 

The formation of imine bond occurs between the carbonyl group of hydroxymethyl 

ketone side chain at C-9 of doxorubicin and the amino functions present on the inner pore 

walls of the nanoparticles (Figure 3). 

 

 

Figure 3. FOL-MSN-IM-DOXO system 

 

The obtained intense red colored FOL-MSN-IM-DOXO powder was exhaustively 

washed with solvent, dried and then characterized by FT-IR spectroscopy (Figure 4) and 

Thermogravimetric analysis. 

 In the IR spectrum of FOL-MSN-IM-DOXO the absorbance bands related to the C = N 

group of hydrazone and those characteristics of the amide bonds  overlap at 1640 cm-1 

and at about 1540 cm-1, while the characteristic peaks at  1725, 1607 and 1580 cm−1 are 

assigned to quinone and ketone carbonyl groups of doxorubicin  molecule.50 

Some additional absorption bands are observed in the range of 800-700 cm−1 

corresponding to the primary amine NH2 wagging and N-H deformation bonds from 

DOXO. These observations confirm the loading of DOX to the nanocarrier.  
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Figure 4. a) FT-IR spectra of FOL-MSN and FOL-MSN-IM-DOXO, b) magnification of a) 

between 1800 and 550 cm-1.  
 

In addition, the cytotoxicities of the FOL-MSN-IM-DOXO, FOL-MSN nanoparticles and 

free-DOXO were  investigated in vitro  and compared using HeLa cervical cancer cells 

(FR +), RPMI-8226 human multiple myeloma cells (FR+) and human normal fibroblast 

BJhTERT (FR-) (Figure 5). 
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Figure 5. Growth curves of a) cancerous FR+ HeLa, b) cancerous FR+ RPMI-8626 human 

myeloma cells, c) Normal FR- BJhTERT cells treated with FOL-MSN-IM-DOXO, FOL-MSN 

and free-DOXO; C = control  

 

 

Normal FR- BJhTERT cells, cancerous FR+ RPMI cells and cancerous FR+ HeLa, were 

left untreated (C= control) or treated for 1h with FOL-MSN-IM-DOXO, FOL-MSN and 

with an equivalent concentration of free-DOX. Free-DOXO was used as positive control. 

Cell viability has been evaluated after 1, 2 or 3 days after treatment. 

Figure 5a and 5b shows how FOL-MSN-IM-DOXO significantly reduced the viability 

in HeLa and RPMI-8226 cells respectively. The cytotoxicity of the sample is comparable 

to that determined by the free DOX. However, FOL-MSN-IM-DOXO showed some 

toxicity even on normal FR- BJhTERT cells (Fig. 5c). FOL-MSN system was also tested 

to demonstrate the biocompatibility of the device. 

The detected toxicity of FOL-MSN-IM-DOXO on FR- BJhTERT cells is probably due 

to the premature release of the drug at neutral pH without cellular uptake. Therefore the 

imine bond between DOXO and nanoparticles could be unstable at pH 7 and result in 

undesired drug leakage and cell toxicity. 

While certain types of imine bonds are known to be stable at pH 7.4 and degrade at low 

pH (i.e., < 6.0), chemistries adjacent to both hydrazine and ketone functionality can 

a) b) 

c) 
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greatly affect pH and hydrolytic stability. Hence, imine bonds can present different bond 

cleavage rates and pH sensitivities.  

In light of these results, we performed DOXO in vitro release studies at different pH 

values in order to investigate the stability of the imine linker. 

 

9.2.1.1. In vitro DOXO release tests  

The system FOL-MSN-IM-DOXO was incubated in phosphate or acetate buffer (pH 7.4 

and 5.0, respectively), to verify its stability at physiological pH (pH 7.4) and evaluate the 

release of the drug at endolysosomal compartment pH (pH ~ 5) (Figure 6). 

Figure 6. Doxorubicin release at pH=5 and 7.4. a) Drug release profile within 6 hours b) Drug 

release profile within 24 hours. 

 

DOXO release profile from the carrier (Figure 5) shows a linear and gradual trend over 

time. The release is higher at pH =5 and this demonstrates that the imine bond between 

Doxorubicin and FOL-MSNs undergoes hydrolysis preferably at acid pH values. 

However, although the released amount is lower, some not negligible release occurred 

even at pH=7.4. This result indicates that the designed imine bond is not sufficiently 

stable at neutral pH, and justify 

a)  

b)  
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es the toxicity observed on FR- BJhTERT cells. 

 

9.2.2. MSNs conjugated with DOXO via pH-sensitive hydrazone bond. 

 

The applied synthetic route for obtaining FOL-MSN-HYD-DOXO is shown in Scheme 

2. The antineoplastic drug DOXO was conjugated to the pores of nanoparticles by 

condensation of DOXO side chain carbonyl group with the hydrazide linker anchored to 

MSNs. To incorporate the hydrazine group on the pore surface, a linker molecule (N-Boc 

succinic acid monohydrazide) was synthesized and anchored to the MSNs through an 

amide bond. 

 

 

 

 

Scheme 2. Synthesis of FOL-MSN-HYD-DOXO 

 

After removal of Boc group from the hydrazide function with trifluoroacetic acid, 

doxorubicin was covalently linked to the particles via hydrazone bond (Scheme 2). 
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FOL-MSN-APin, FOL-MSN-HYD and FOL-MSN-HYD-DOXO samples were analysed 

by XRD (Figure 7). The XRD analysis shows how the presence of new chemical species 

within the pores attenuates the intensity of the diffraction.51 Therefore with the 

progression of the pore filling the interference is increasing. All samples show ample 

single reflection due to the lack of long-range crystalline order. 

 

 Figure 7. XRD analysis with an overlay of MSN-APin, MSN-HYD and MSN-HYD-DOXO 

samples.  

 

FT-IR spectra of pure DOXO and FOL-MSN-HYD-DOXO are shown in Figure 8b while 

FT-IR spectra of the precursors FOL-MSN-APin and FOL-MSN-HYD are reported in 

Figure 8b. 

In the IR spectrum of FOL-MSN-HYD-DOXO is possible to observe some of the typical 

bands of Doxorubicin, which demonstrate the nanoparticle drug loading. In FOL-MSN-

HYD-DOXO spectrum (Figure 8b) the bands at 3524 cm-1 and 3327 cm-1 assigned to the 

stretching vibration of OH and NH2 groups of DOXO are evident, furthermore, in the 

spectral range 3100–2900 cm-1, are present new absorption bands respect to the spectrum 

of the precursor FOL-MSN-HYD (Fig. 8a) that correspond to the stretching of aromatic 

and aliphatic C-H bonds. In the spectral range 1700-1500 cm-1, the band ascribable to the 

hydrazone stretching vibration overlaps with the absorption peaks corresponding to the 

stretching vibrations of amide and ketone carbonyl groups of the different chemical 

entities conjugated to the carrier. The loading of DOXO was also confirmed by the 

appearance, in FT-IR spectrum of FOL-MSN-HYD-DOXO (Fig. 8b), of a new absorption 

band at about 830 cm−1, ascribable to the out-of-plane bending of aromatic C-H bonds. 
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Figure 8. FT-IR spectra of a) FOL-MSN-APin, FOL-MSN-HYD, b) FOL-MSN-HYD-DOXO 

and DOXO 
 

The effect of MSN-HYD-DOXO nanoparticles on cell proliferation was evaluated on 

normal FR- BJhTERT cells and cancerous FR+ HeLa cells (Figure 9). Cells have been 

treated with FOL-MSN-DOXO, left untreated (C=control), FOL-MSN (used as negative 

control) and the free drug DOXO (positive control). 

Figure 9. Growth curves of a) cancerous FR+ HeLa, b) Normal FR- BJhTERT cells treated with 

FOL-MSN-HYD-DOXO, FOL-MSN and free-DOXO; C = control 

a 

b

> 



 

177 
 

FOL-MSN-HYD-DOXO nanoparticles cause significant cell death only in HeLa cervical 

cancer cells (FR+ cells) (Figure 8a) but not in FR- normal cells (Figure 9b). 

Furthermore, the device bearing the receptor-specific ligand folic acid (FOL-MSN) is not 

cytotoxic. 

Compared to the antineoplastic drug doxorubicin alone (DOXO), MSN with folic acid 

(FOL-MSN) and DOXO (FOL-MSN-DOXO), induce death only in cancer cells 

expressing folate receptor (FR), but not in normal cells (FR-). This means that, when 

doxorubicin is conjugated to MSNs, drug toxicity on healthy cells is almost completely 

abrogated. 
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9.3. Experimental 
 

9.3.1. Materials and experimental details 

Triton X-100, neutral polyoxyethylene(10) octylphenyl ether, tetraethylorthosilicate 

(TEOS), (3-aminopropyl)-triethoxysilane (APTES), Folic acid (FOL), 

Diisopropylcarbodiimide (DIC)  Doxorubicin hydrochloride European Pharmacopoeia 

(EP) Reference Standard, Tert-butyl carbazate, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-Hydroxysulfosuccinimide 

sodium salt (sulfo-NHS), succinic anhydride, 4-dimethylamino pyridine (DMAP), water 

(HPLC grade), Acetone (HPLC grade) were purchased from Sigma Aldrich. Ethanol, 

Diethyl ether, 1,4-Dioxan, Dimethylformamide (DMF), Tetrahydrofuran (THF), 

trifluoroacetic acid (TFA), Acetic Acid from VWR. Dimethyl sulfoxide (DMSO) and 

Cyclohexane from Merck and Triethylamine from Carlo Erba. Solvents were purified 

according to well-known laboratory methods and freshly distilled prior to use. Ultrapure 

water was distilled with the MilliQ® water, Millipore. Triethoxysilylbutyraldehyde, tech-

90 was purchased from Gelest, Inc.  

Fourier transform infrared (FTIR) spectra were recorded with an infrared spectrometer 

(FT/IR-4600 FT-IR, Jasco; Germany). The ordered mesoporous framework of the 

synthesized materials was studied by small angle powder X-ray diffraction (XRD) on a 

MiniFlex 600 Rigaku diffractometer operating at 40 kV and 15 mA, employing Ni b-

filtered Cu Kα radiation in the 2Ɵ range of 0.3–10° with a scan speed of 0.3 deg per min. 

The TG analysis were carried out with a Netzsch STA 409 instrument between 20 °C and 

850 °C at a ramp of 10 °C/min in air with a flow rate of 10 ml/min. Doxorubicin amount 

was determined using a 300 UV-Vis Evolution, Thermo Fisher Scientific. 

1H and 13C NMR spectra were recorded on a Bruker Avance 300 instrument at 300 MHz 

and 75 MHz, respectively. Spectroscopic analysis was performed at 293 K on diluted 

solutions of each compound by using CDCl3 as the solvent. Chemical shifts (δ) are 

reported in ppm. Coupling constants (J) are reported in Hertz (Hz).  

GC-MS analyses were performed with a DB-35MS (20 m × 0.18 mm, 35% Phenyl 65% 

dimethylpolysiloxane) capillary column. The mass detector was operated in the electron 

impact ionization mode (EI/MS) with an electron energy of 70 eV. The injection port was 
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heated to 250 °C. The oven temperature program was initially set at 70 °C with a hold of 

2 min and ramped to 280 °C at 20 °C min−1 with a hold of 10 min. 

 

9.3.2. General synthesis of Folic acid-targeted MSNs (FOL-MSN) 

 

9.3.2.1. Synthesis of Mesoporous Silica Nanoparticles (MSNs) 

MSU-type MSNs were synthesized through an assembly mechanism at neutral pH of non-

ionic poly(ethylene oxide)-based surfactants and silica sources we developed (Paper 5).32 

The surfactant Triton X-100 (21 g) was dissolved in ultrapure water (230 g) in about four 

hours at room temperature. In order to create two phases, along the vessel it was slowly 

added a solution of TEOS (22 g) in cyclohexane (9.8 g) (molar composition TEOS: 

Cyclohexane: Triton X-100: H2O 1: 1.08: 0.32: 120). 

The synthesis was carried out at room temperature and aged for 15 days. The upper phase 

was removed and the resulting precipitate was collected by filtration and washed three 

times with ultrapure water. Finally, the sample was dried in the oven at 70 °C for 24 h 

thus a white powder was obtained. 

 

9.3.2.2. Synthesis of AP-MSN  

The external surface of the nanoparticles was functionalized with aminopropyl groups 

necessary for the subsequent reaction. For the purpose, (3-aminopropyl)-triethoxysilane 

(APTES) was used as the hybrid silica source. 

In a typical preparation, a solution of APTES (19.46 g) in ethanol (34 ml) was added to a 

dispersion of MSNs (8 g) in ethanol (28,57 ml). The synthesis was left under stirring at 

room temperature for 2 days. 

The resulting suspension was filtered and washed once with ethanol and twice with 

ultrapure water. The resulting aminopropyl functionalized mesoporous silica nanospheres 

(AP-MSN) were then placed in oven at 70 ° C for 24 hours. 

 

9.3.2.3. Synthesis of FOL-MSN  

All the prototypes used for this study were externally functionalized with Folic acid.  
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For FOL-MSN preparation Folic acid (0.60 g, 1,35 mmol) was completely dissolved in 

DMSO (15 mL). After that, triethylamine (0.301 mL, 2,16 mmol) and AP-MSN (4.3 g) 

were added. 

The amide bond formation between the folic acid carboxylic group and the amine groups 

on the nanoparticles was carried out adding of DIC (0.746 ml, 4,7 mmol). 

The so-obtained suspension was stirred at room temperature for 40 hours. Finally, the 

mixture was filtered and washed with dimethylformamide, dioxane, diethyl ether and 

ultrapure water (once for every solvent). The resultant yellow powder (6.2 g) was dried 

and stored in sealed containers protected from light. 

Subsequently, the surfactant within the pores was removed by two extractions of 12 h 

each, using 1 g of material in 0.33 L of ultrapure water at room temperature.  

The number of extractions to perform to reach a complete surfactant removal was 

established by monitoring (TG analysis) the total mass loss of little amounts of samples 

subjected to additional extraction steps, until a constant value was reached.  

Then, the solution of the last extraction was filtered, and the obtained nanoparticles FOL-

MSN were washed with 1,4-dioxane and dried at 45 °C overnight. 

 

 

9.3.3. Synthesis of MSNs conjugated with DOXO via pH-sensitive imine bond (FOL-

MSN-IM-DOXO) 

 

9.3.3.1.Synthesis of MSN-APin (inner surface functionalization) 

 

The inner pores of FOL-MSN were functionalized with APTES in order to decore the 

walls with amino functions useful to anchor the drug to MSNs by an imine bond. 

FOL-MSN (0.70 g) was dissolved in 1,4-dioxan (20 mL) and then APTES (1.54 g) was 

added. After 18 hours under stirring the suspension was filtered and the solid washed with 

1,4-dioxan and tetrahydrofuran (THF). The nanoparticles (MSN-APin) were dried at 45°C 

overnight.  
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9.3.3.2. Synthesis of FOL-MSN-IM-DOXO  

 

For FOL-MSN-DOXO preparation doxorubicin was loaded using a MSN: DOXO ratio 

of 1:1.5 on the base of the aminopropyl amount determined by TGA analysis. The 

reaction was carried out under an inert atmosphere.  

Doxorubicin Hydrochloride (0.060 g) was dissolved in anhydrous THF (20 mL) then, 

FOL-MSN-APin (0.260 g) was added and the pH was adjusted to pH~5 with acetic acid. 

The reaction proceeded for 24 hours at room temperature and then the nanoparticles were 

filtered and washed with anhydrous THF. The obtained red solid was suspended again in 

10 mL of anhydrous THF and a second drug loading was carried out in order to maximize 

DOXO interaction with mesoporous silica. The second loading step was performed under 

the same operating conditions of the first one. 

After 24 hours, the reaction was filtered and washed plenty with anhydrous THF and 

CH2Cl2. The red powder (FOL-MSN-DOXO) was stored at -20 °C, under an inert 

atmosphere and protected from light. The amount of DOXO loaded (5 %) was quantified 

by UV-VIS (λabs = 485 nm).  

 

 

9.3.4 Synthesis of MSNs conjugated with DOXO via pH-sensitive hydrazone bond 

(FOL-MSN-HYD-DOXO) 

 

The starting system for the synthesis of this prototype consists of MSNs decorated on 

the external surface with folic acid and functionalized on the pore walls with 

aminopropyl groups (FOL-MSN-APin). 

The synthesis of FOL-MSN-APin was carried out according to the procedures above 

described. 

 

9.3.4.1.Synthesis of N-tert-butyloxycarbonyl-succinic acid monohydrazide  (N-Boc- 

succinic acid monohydrazide) 

 

N-Boc- succinic acid monohydrazide  was used as linker molecule for the hydrazone bond 

formation.34 
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In a round-bottom flask succinic anhydride (0.5 g, 5.0 mmol) was dissolved in CH2Cl2 

(20 mL), then DMAP (5 mg, 0.039 mmol) was added. Subsequently, a solution of tert-

butyl carbazate (0.67 g, 5.0 mmol) in dichloromethane (7 ml) was added dropwise under 

stirring.  The reaction proceeded for about 12 hour at room temperature. The solvent was 

removed under reduce pressure. Then the crude product was purified by flash column 

chromatography (chloroform/methanol 90:10 v/v). 

1H NMR (300 MHz, CDCl3) δ: 8.83 (s, 1H), 8.28 (s, 1H), 7.43 (s, 1H), 2.74-2.58 (m, 2H, 

(CH2COOH), 2.57-2.44 (m, 2H, (CH2CONHNH), 1.43 (m, 9H, (CH3)3) (SPETTRO 22-

3-17); 13C NMR (75 MHz, CDCl3) δ: 176.07, 172.14, 156.11, 81.97, 28.97, 28.36, 28.12;  

GC/MS (EI, 70 eV) m/z (% rel.): 232 [M•+] (19), 176 (39), 159 (45), 132 (26), 114 (15), 

101 (9), 76 (8), 57 (100).  

 

9.3.4.2.Synthesis of MSNs conjugated to succinic acid monohydrazide linker (FOL-

MSN-hydrazine)  

 

N-Boc-succinic acid monohydrazide was conjugated to MSNs through the formation of 

an amide bond between the carboxyl group of succinic acid moiety and the amino 

functions present on the wall of the FOL-MSN-APin pores. Boc group was then removed 

under acid conditions in order to generate the hydrazine functional group through which 

is formed the hydrazone bond with DOXO. 

N-Boc-succinic acid monohydrazide (0.210 g, 0.90 mmol was dissolved in 5 mL of 

DMSO then EDC (0.176 g, 0.91 mmol) and sulfo-NHS (0.199 g, 0.9 mmol)  were added.  

After about 1 hour a suspension of FOL-MSN-APin (0.635g) in 25 mL of DMSO was 

added and the reaction mixture was left under stirring for 24 hours at room temperature, 

Finally, the suspension was filtered and washed with DMSO and diethyl ether and then 

dried at 45°C overnight. 

The obtained powder (FOL-MSN-hydrazine-Boc) was dissolved in 20 mL of  

CH2Cl2/TFA (10% TFA in CH2Cl2 by volume), the resulting reaction mixture was left  

under stirring for 24 hours. Then, was centrifuged (9000 rpm for 10 minutes) and the 

obtained sediment was plenty washed with anhydrous CH2Cl2. The recovered 

nanoparticles (FOL-MSN-hydrazine) were dried at 45°C overnight. 
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9.3.4.3. Synthesis of FOL-MSN-HYD-DOXO  

 

Doxorubicin hydrochloride (0.020 g) was dissolved in anhydrous tetrahydrofuran (10 

mL) thus FOL-MSN-hydrazine (0.200 g) was added and the pH adjusted to pH~5 with 

acetic acid. The drug was loaded with a ratio of 1:1,5 (Linker molecule: DOXO), the 

linker amount was determined with TGA analysis.  

The reaction was performed at room temperature under anhydrous conditions. After 

stirring for 24 h the drug loaded nanoparticles were filtered and then washed with 

anhydrous tetrahydrofuran. The resulting precipitate was suspended in anhydrous THF 

and a second drug loading was carried out under the same previously described reaction 

conditions. Then the reaction mixture was filtered and washed plenty with anhydrous 

THF and dichloromethane. The obtained nanomaterial FOL-MSN-HYD-DOXO was 

stored in sealed containers at -20°C, under anhydrous conditions. The amount of DOXO 

loaded (7,5 %) was quantified by UV-VIS (λabs = 482 nm).  

 

9.3.5. In vitro experiments 

The effect of the synthesized FOL-MSN-DOXO systems on cell proliferation was asses 

by trypan blue exclusion assay. All cells lines in the exponential growth phase were plated 

in the following way: BJhTERT and HeLa cells were seeded in triplicate in 12-well plates 

at a concentration of 105 cells/well and grown overnight.  

The following day, cells were synchronized in serum free media (SFM) for 24h, so that 

most of the cells belonged to a population in the same cell cycle phase, to avoid growth 

differences among cells. 

RPMI-8226 were seeded in 100mm untreated plates at the concentration of 3x106 

cell/dish, directly in SFM where grown for 24h.  

All samples were suspended (1mg) in 5ml SFM, stirred for 30’. Therefore, the 

suspensions were added to the cells: 10ug/well for BJhTERT, HeLa, and 300ug/dish for 

RPMI-8226. Whereas 1mg of doxorubicin powder were dissolved in 1ml DMSO and 

added to the cells at the final concentration of 0,5ug/well (BJhTERT/HeLa) and 5ug/dish 

(RPMI-8226). 

After 1h the cells were washed twice in PBS and the medium was then replaced with fresh 

medium plus 1% FBS. In this phase RPMI-8226 were collected in falcon tubes and 
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centrifuged at 500-600 rpm to pellet only the live cells and discard most of dead cells and 

nanoparticles. The pellet is thus resuspended in fresh medium with 1% FBS end seeded 

in 12-well no-treated plates at the confluence of 100.000/well. 

After 3 days, both cell lines have been counted: BJhTERT and HeLa cells were harvested 

by trypsinization; RPMI-8226 have been collected in eppendorf directly. Each collected 

samples were incubated in a 0.5% trypan blue solution for 1 min at room temperature 

(20ul+20ul). Cell viability was determined by Countess Automated Cell Counter 

(Invitrogen, Life Technology, IT).  

 

9.3.6. In vitro release studies  

 

DOXO release experiments were performed in media mimicking the physiological 

conditions (pH 7.4) and the acidic endolysosomal compartment (pH 5.0). 

A dispersion of FOL-MSN-IM-DOXO (19 mg) in acetate buffer or phosphate buffer (5 

mL) was loaded in a dialysis bag (cut-off 12kDa) that was immersed in 60 mL of the 

corresponding buffer solution and stirred. 

At pre-established times, 1 mL of release medium was collected, replaced with 1 ml of 

fresh solution buffer and analyzed with a UV–Vis absorption spectrophotometer (λabs = 

485 nm) using standard calibration curves of DOXO (range of 5-50 ppm) prepared under 

the same conditions. Experiments were performed in triplicate.  
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9.4. Conclusion and Outlook 

 

In this work, we designed and synthesized MSNs-based nanodevices (FOL-MSN-

DOXO) with folate-mediated cell uptake for the controlled release of the anticancer drug 

doxorubicin. The effect of MSNs on cell proliferation was evaluated on FR+ and FR- cell 

lines. 

The in vitro test of FOL-MSN-IM-DOXO system, in which the drug is linked to the 

nanocarrier via an imine bond, showed some toxicity also on FR- BJhTERT cells due to 

the premature drug release at physiological pH demonstrating a moderate stability of 

imine bond at neutral pH. 

The second system (FOL-MSN-HYD-DOXO), in which the drug is conjugated to the 

nanoparticles through a hydrazone bond gave interesting results since it showed a good 

FR+ cancer cell killing efficacy and consequently an enhanced cellular uptake by FR 

positive cancer cells and a negligible cytotoxicity to FR- negative cells. 

The developed system FOL-MSN-HYD-DOXO represents a versatile drug delivery 

system useful as template for the development of a highly selective and efficient targeted 

DOXO delivery systems in which the targeting function is a peptide molecule that, 

interacting with specific receptors overexpressed on cancer cells, addresses the drug 

exclusively to cancer cells avoiding the normal ones.  
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