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ABSTRACT  
Systemic fungal infections represent a threat to public health, and annually more than 150 million 

people suffer from fungal diseases. This worrisome data reflects the growing group of patients with 

immunocompromised conditions: due to cancer chemotherapy, organ transplanting or affected by 

AIDS, and the outbreaks of azoles resistant strains. Moreover, the global emergency caused by SARS-

CoV-2, leading to long term hospitalizations, and intubation increased the susceptibility to develop 

fungal infections. Therefore, now more than ever, the challenge of developing new antifungal drugs 

is dramatically urgent. 

 

Our research group has been interested in the great potential of guanylated compounds as new 

antifungal agents since 2007. During these 15 years, three series of derivatives, characterized by an 

amidinoureas scaffold, have been developed. The structure of these compounds is new and not shared 

with other antifungal drugs present on the market. Consequently, they show remarkably antifungal 

activity, especially among Candida strains resistant to azole drugs. The first chapter of my thesis deals 

with synthesizing new antifungal compounds with a macrocyclic amidinourea scaffold. Firstly, a novel 

compound BM37 was synthesized through a convergent approach using as a key step the ring-closing 

metathesis (RCM). Secondly, we decided to conduct advanced biological investigations of our lead 

compound, BM1. Consequently, we face the need to prepare this compound on a gram scale. To 

achieve this result, we changed the synthetic route and took inspiration from Fukuyama’s work 

designing a new strategy to obtain 1 gram of BM1. 

 

The second chapter of my thesis explores the design and synthesis of novel inhibitors targeting human 

chitinases. This project started when we investigated a putative target for the amidinoureas 

compounds endowed with antifungal activity. This research led us to the Chitinase family. In 

particular, our interest fell on human chitinases due to their involvement in chronic inflammatory lung 

diseases. The development of new human chitinase inhibitors, characterized by two different chemical 

scaffolds, is the aim of this second chapter. The former was the macrocyclic amidinoureas scaffold. 

Here three derivatives: BM56, BM57 and BM58, were synthesized and evaluated on human chitinases. 

The latter explored the chemical space related to the 6-piperazine-1-ylpyrazine-2-carboxamide, a new 

scaffold that emerged from a structure-based virtual screening. In this case, we synthesized a small, 

focused library of derivatives. 

 

The third chapter of my thesis describes my work as visiting PhD student at Uppsala University. During 

this period, I have been involved in the alkylation of the N position of 3-methyl indole with several 

cyclic ketones using a green and efficient amide coupling reagent, the TP3®. 

 

Finally, the last chapter containes chemical and biological data of all the compounds presented in the 

thesis.  
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1.1 INTRODUCTION 

1.1.1 Fungi: cell structure and organization. 

Fungi are one of the most interesting and ancient organisms in the world and can exist as single cells 

or complex multicellular organisms with widespread distribution around the world. They play different 

roles in the ecosystem; some good, like decomposers of soil and dead specimens, others undoubtedly 

bad, as parasites of plants and animals, humans included. Defining which species can be considered 

as Fungi is not straightforward, and it has taken more than 200 years of debate among mycologists. 

Only recently, thanks to the application of molecular methods, have mycologists been able to 

positively identify 10 different phyla and estimate that there are 5.1 million species within the fungi 

kingdom. 

The sizes of fungal cells are somewhere between those of bacteria and plant or animal cells. Their 

cellular organization is like other eukaryotic cells. They possess a cytoplasm full of organelles 

(mitochondria, endoplasmic reticulum (ER), ribosomes and vacuoles) bounded by a plasma membrane 

(plasmalemma) and nuclei contain all cellular DNA. Fungal membranes are typical bilayer membranes, 

but in contrast to mammalian cells, they have ergosterol as their free-flowing agent. Another essential 

structure present in fungi is the cell wall ( 

Figure 1-1). It covers important roles, such as protecting fungal cells from osmotic and mechanical 

stress and controlling cellular permeability. Moreover, it represents a dynamic interface between the 

fungal cell and the environment and a virulence factor since a lot of toxic molecules are released by 

this structure. Cell walls consist of several rigid layers. The innermost is more consistent, whereas the 

outermost changes depending on fungal species. Even though the cell wall composition can change 

between species of fungi, at least four components are fixed and can be found in all fungi:
1–3

 

1. glucans are polysaccharides, made up of monomers of glucose linked together mostly by 

β 1-3 or β 1-4 bonds. These polysaccharides represent 50-60% of the dry weight of this 

structure and they are synthesized by a complex of enzymes, namely glucan synthases. 

Their function is to increase the structural resistance of the wall; 

2. chitin is a β -(1,4)-N-acetylglucosamine polymer. Its presence can vary greatly depending 

on the phase of the fungi. For instance, the chitin content in the hyphae of C. Albicans is 

three times higher than in yeasts. Chitin is synthesized by an enzyme called chitin synthase 

and provides structural rigidity and resistance; 

3. glycoproteins are associated with the carbohydrates of the cell wall by O or N linkages. 

They are involved in signal transmission and the reorganization of the wall components 

as well as interaction with the host cells and tissues; 

4. melanin is a high molecular weight pigment, hydrophobic and with a negative charge. It 

plays an important role in the defence and survival of fungi from stressor factors such as 

extreme temperature, UV light and toxins. 
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Figure 1-1: Structural organization and composition of the cell wall in different fungi. The innermost 
layer is a consistent structure composed of the β-glucan-chitin skeleton, whereas the outermost layer 

has a variable composition depending on the species. 

In this thesis, I will focus on pathogenic fungi which represent only 0,0001% of the 5.1 million fungi.
4
 

Among them, three main types of cells can be identified: hyphae, yeast cells and spores ( 

Figure 1-2). 

 

Figure 1-2: Types of fungal cells. From the left to the right: A) Hyphae of Candida albicans. B) Yeast of 
Candida albicans. C) Spores of Aspergillus fumigatus. 

Hyphae are the structural units of moulds, which represent most of the fungi. They are composed of 

a thin, transparent tubular wall enclosing the protoplasm. Hyphae can be unicellular and multicellular. 

In multicellular hyphae, the protoplasm is distributed in sections by septa. Septa possess central pores, 

different in dimension, allowing cytoplasmic and organelle transport between adjacent hyphal 

compartments. In many types of hyphae, this cytoplasmatic continuity leads to a wide region of prolific 

cell fusion. Hyphae tend to aggregate and form a weft or tissue, namely mycelium. The type of mycelia 

varies according to its function. Principally, mycelia are involved in the exploration and invasion of the 

nearby environment, nutrient uptake and mobilization, defence, and reproduction. The most 

important and studied part of a hypha is the growing cellular element present at the colony periphery, 
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which is responsible for its elongation. This process involves a small region (a few micrometres), at the 

apices of the hypha cell, called Spitzenkörper ( 
Figure 1-3) characterized by a large presence of vesicles and complex organelles. The vesicles are 

mostly secretory and contain various cell wall synthesizing enzymes. The direction of the hypha 

growth reflects the environmental signals in a process called thigmotropism, which also plays a 

fundamental role in the invasion of tissues.
2,3 

	
Figure 1-3: Multinucleate hyphae in a colony of Neurospora crassa: Nuclei were labelled with a green 

fluorescent protein. Note the wide region behind the hyphal apex characterised by cytoplasmatic 
continuity. The Spitzenkörper regions are indicated with arrows, they are tiny regions at the tips of 
the growing hypha. Membranes were stained with red (FM4-64) showing that the growing hypha is 

full of organelles and vesicles but without nuclei. 

Yeast cells are uninucleated single cells that reproduce by budding or binary fission. Yeasts are 

characterized by a high metabolic rate and rapid dissemination in aqueous environments, which gives 

them preference as a growth form during the early stage of infections. For instance, Candida, 
Cryptococcus, Histoplasma, Blastomyces, and Paracoccidioides used this form to propagate 

themselves during infections. Moreover, most of these pathogens are dimorphic fungi. Therefore, 

they can switch between yeast and hyphal growth form depending on the stage of disease 

development and the surrounding environment. Dimorphism is a key feature of virulence in human 

fungal pathogen which will be discussed later in this thesis.
3
 

Spores are produced by all fungi and are discrete monocellular or multicellular structures. Spores are 

usually termed mitospores if they are produced by mitosis or mesopores if derived from a sexual 

process. Their functions are reproduction and spreading. Chlamydospores are the best-known types 

of spores since they are produced by a wide range of pathogenic fungi; they are usually large, spherical 

and thick-walled and they can resist harsh environmental conditions.
3
 

In fungi, there is a peculiar growth state, called biofilm, in which all the previous fungal cells exist as a 

community. Biofilms can grow on liquid and solid surfaces. However, the most important from a 

clinical point of view are the ones that can grow on medical devices such as urinary and central venous 

catheters, pacemakers, and mechanical heart valves. The increase in the number of patients with 

these devices in recent years has prompted an exponential growth in biofilm infections. Although 

many species of fungi can form biofilms, those of Candida are the ones most commonly found. The 

species of Candida capable of forming biofilms are C. albicans C. krusei, C. tropicalis, C. parapsilosis. 
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Among them, C. albicans biofilms are the most extensively studied and present a specific architecture: 

an innermost layer of round yeast cell hyphae and pseudohyphae embedded in the extracellular 

matrix extending throughout the biofilm. The polymeric matrix is mainly composed of protein and 

glycoprotein (55%) carbohydrates, such as mannan-glucan complex, lipid (15%) and nucleic acids (5%). 

The development of C. albicans consists of four stages ( 
Figure 1-4). In the first step, spherical yeast cells reach a solid surface and adhere to it. Then, yeasts 

proliferate and form a base layer of anchoring cells. This layer evolves when hyphae or pseudohyphae 

grow and produce the extracellular matrix. In the final step, yeast cells are dispersed from the biofilm 

to another site, which usually is the bloodstream, leading to invasive systemic infections of tissues or 

organs. 
Biofilms are characterized by an inherent resistance to antifungal drugs which makes them a serious 

health concern. It has been reported that C. albicans biofilms are responsible for 100,000 deaths 

annually in the United States. Resistance to antifungal drugs depends on two factors. The former is 

the upregulation of CDR1, CDR2, and MDR1 genes, encoding for efflux pumps, which reduces the 

concentration of drugs in the biofilms. The latter is the presence of an extracellular matrix that acts as 

an impenetrable barrier drug. Nowadays, no antifungal drugs specific for C. albicans (or any other 

Candida species) exist, making treatment of biofilm-based infections particularly problematic. For this 

reason, it is important to understand the molecular mechanisms underlying biofilm formation to 

develop new antifungals that specifically target the biofilm state.
5–7

 

 

Figure 1-4: Stages of Candida albicans biofilm formation. 
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1.1.2 Pathogenic fungi. 

The ‘’relationship” between animals and fungi is very ancient, and it has influenced the evolutionary 

process of both kingdoms. One of the consequences is that animal immune systems have been shaped 

by this coevolution, as demonstrated by Perovic-Ottstadt et al.
8
 They found that a cell surface 

recognizing of (1,3)-β-D- glucan was present in sponges, which are among the earliest species of 

metazoa. This acts as a fungal pathogen-associated molecular pattern, showing that also a long time 

ago, defence from fungal attacks was essential.
8
 The tools for fighting the fungal infection increased 

during animal evolution: insects have the Toll pathway, which releases antimicrobial peptides, while 

vertebrates added the innate and adaptive immune system. Mammals possess a stable and elevated 

temperature keeping fungal infections in check, as demonstrated by Casadevall and colleagues.
9
 Only 

a small minority of fungi, for this reason, meet the criteria, suggested by Kohler et al.,
4
 necessary to 

cause human infection: 

• grows at a stable elevated temperature (37 ℃ or above); 

• reaches internal tissues by sticking into the host barrier; 

• uses human organs and tissues to obtain their components; 

• eludes the human immune system. 

Human Pathogenic fungi can be divided into primary and opportunistic. The former is the species of 

fungi that are cable of infecting healthy humans, their behaviour comes from the ability to infect and 

invade other hosts like amoebae or insects. Cryptococcus neoformans and gattii belong to primary 

pathogenic fungi
10

 and have attracted considerable attention, especially due to the high rates of death 

caused (625,000 in 2009)
11

 in immunocompetent patients. Cryptococcus enters humans as small 

airborne cells ( <5 µM in size). It can be latent in the lungs for years until it finds a good opportunity 

for growth. Once it is reactivated, it reaches the bloodstream where it can disseminate to all the organs 

as yeast forms. C. neoformans has a strong preference for the central nervous system (NCS), where it 

causes meningitis and, if not treated appropriately, can be lethal. Cryptococcus can rely on several 

virulence factors: a thick capsule composed of glucuronic and galactoxylomannan which prevent the 

phagocytosis from the immunity cells, a cell wall melanin which protects from oxidative and chemical 

stressors, and a unique ability to promote its extrusion from phagocytic cells in a process called 

vomocytosis.
12

 Opportunistic fungi are, under healthy and normal immune conditions, humans’ 

harmless commensals. However, once the host loses his immunity shield, these species of fungi shift 

from innocent commensals to ruthless killers capable of causing 1.7 million deaths per year 

worldwide.
13

 The diseases caused by opportunistic fungi were very uncommon until the 1950s when 

the first cases of candidiasis associated with antibiotics were reported. Afterwards, the introduction 

of iatrogenic immunosuppression, HIV widespread, and long-term hospitalization led to an 

exponential increase in these infections. Three genera of opportunistic fungi are responsible for most 

fungal infections: Candida, Aspergillus and Pneumocystis.
4
 

1.1.3 Invasive candidiasis.  

From a medical point of view, significant fungal infections can be classified into two types according 

to the site of infection: 
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• superficial mycoses: localized on skin, skin structure and mucosa. The most relevant are thrush, 

dermatophytes, and oropharyngeal candidiasis. These diseases are common in 

immunocompetent subjects and represent annoyances rather than life-threatening diseases; 

• invasive fungal infections (IFIs) involve sterile body sites (bloodstream, lung, liver, kidneys, and 

central nervous system). They are the most serious diseases related to fungal infection and, if 

left untreated or worsened by other clinical events, can lead to death. 

Annually, over 150 million people have a serious fungal disease. IFIs are most often caused by Candida 

spp. (70% of the cases), namely invasive candidiasis (IC),
14

 and this is because 60% of healthy people 

have Candida spp. either as a commensal yeast on their skin or in their gut. Furthermore, fungal 

diseases are associated with higher mortality rates (10-20% among patients with candidaemia) and 

come at an exorbitant cost for the health care system (US $40.000 per patient).
15,16

 Among the 150 

species of Candida, five species can be accountable for most of the candidiasis. C. albicans is the most 

extensively studied species and is associated with half of the overall candidiasis. The other four names 

non-albicans Candida species (NAC) are C. parapsilosis, C. tropicalis, C. glabrata, and C. krusei, which 

only recently have attracted considerable attention due to a worrisome increase in their cases.17
 As 

described above, Candida spp. are normal residents on or in our bodies, in particular, the skin and the 

gut. However, under specific conditions, such as long-term exposition to antibiotics (which turns into 

a selective advantage of Candida over bacteria), through the breach of the gastrointestinal and 

cutaneous barriers by cytotoxic chemotherapy or surgery (which enable Candida. spp to translocate 

from the gut into the bloodstream) or impairment of the immune system (which facilitates the 

dissemination of the C. albicans. in the bloodstream), they can shift from commensalism to 

opportunism. This transition is associated with the induction of virulent traits of Candida spp such as: 

 

• morphogenesis in response to environmental factors. In candidiasis, it is well-known that yeasts 

and hyphae forms are present and cooperate each in its way. Yeasts participate in the early 

stage of infection since they can readily disseminate in the bloodstream and are resistant to 

mechanical stress. Once fungal cells have reached a favourable location they shift to hyphae or 

pseudohyphae (chains of unicellular cells caused by an incomplete budding of mother-daughter 

separation) which are the preferred form of invading and damaging tissue. Moreover, the 

morphogenic interchange is also a way to evade the immune system. C. albicans yeasts ingested 

by macrophages respond with hyphal growth because hyphae induce pyroptosis, a form of 

apoptosis, in immune cells; 

• secretion of digestive enzymes such as aspartyl proteases, phospholipases that promote tissue 

invasion, and proteins that mediate adherence and invasion in endothelial and epithelial 

cells.
15,16,18

 

Another factor that plays a significant role in IC is the health condition of patients. Humans are 

naturally resistant to most invasive fungal diseases, but if their immune system is knocked out or 

invasive interventions are required, they become at-risk patients for invasive fungal diseases. For this 

reason, many studies have focused on which patients should be considered vulnerable.
15,19,20

 These 

include patients with an indwelling central venous catheter, long exposure to broad-spectrum 

antibiotics, those undergoing organ transplant or major surgery, as well as people with lower immune 
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defences due to immunosuppressive therapy or diseases (AIDS, neoplasms). Furthermore, the latest 

global health emergency (caused by SARS-CoV-2) enhances the possibility of patients being 

susceptible to developing fungal infections. It can lead to lower respiratory disease and severe acute 

respiratory syndrome, which require mechanical ventilation and longer hospital stays.
21–23

 

Finally, timely diagnosis of invasive fungal infections has a major influence on the outcome of the 

patients, as was well highlighted by Garey et al., who reported that a 1- to 2-day delay in the 

introduction of antifungal drugs in the therapy has been associated with a doubling of mortality.
24

 

Nowadays, no clinical signal or symptoms are specific to invasive candidiasis. Thus, one of the most 

important tools used in clinics is to add an antifungal drug to therapy in the presence of persistent 

fever in at-risk patients who are non-responsive to bacterial treatments. Although antigen and 

antibody tests, as well as DNA-bases tests, have been developed and seem to improve the timeliness 

and accuracy of diagnoses, the gold standard remains a blood culture with all its inherent limitations.
25

 

The request for sensitivity and specificity tests, able to detect fungal infections, along with the unmet 

clinical needs for new antifungal agents, represent the next challenge to reduce the burden of death 

related to fungal infections. 

1.1.4 Current antifungal therapies. 

The classes of drugs currently available as therapeutic options for invasive fungal infections are only 

three: polyenes, azoles, and echinocandins. 

 

Polyenes are the oldest family class of antifungal compounds. They act by binding the ergosterol (the 

equivalent of cholesterol in the animal membrane) and thus disrupting the compactness of the double 

layer membrane, which is not able to address the normal function, thus leading to fungal death. For 

this reason, amphotericin B (Figure 1-5), the most representative member of this class, has a fungicidal 

effect and it is one of the most broad-spectrum antifungal available. However, its major drawback is 

related to its interaction with cholesterol which leads to significant toxicity for this compound, 

although the development of formulations of amphotericin B with lipids has reduced this problem. 

Nowadays, amphotericin in combination with 5 flucytosine remains the treatment of choice for 

cryptococcal meningitis, whereas for many common invasive fungal infections the better-tolerate 

azole and echinocandins have replaced it.
15,26–28

 

 

Figure 1-5: Chemical structure of amphotericin B. 

Azoles appeared on the market about twenty years later than amphotericin B and immediately 

became the family of drugs of choice for candidemia and other fungal infections. Their mechanism of 



Chapter 1  1.1 INTRODUCTION 

 - 9 - 

action is the inhibition of lanosterol 14 α -demethylase, an enzyme member of the CYP450 family 

involved in the synthesis of ergosterol, resulting in an accumulation of 14α- methyl sterols which alters 

the membrane stability and permeability. The most common azoles used in therapy are fluconazole, 

voriconazole, and posaconazole (Figure 1-6): they are in general fungistatic (except for voriconazole 

which is fungicidal towards A. fumigatus), well-tolerated and with low toxicity related to the possibility 

of interfering with other drugs metabolised by CYP450. (Only the first generation of azoles, which bear 

the imidazole moiety instead of triazole, suffered from significant toxicity.) Moreover, they are the 

only class of antifungal compounds that can be administrated either intravenously or orally. In general, 

fluconazole has a wide spectrum against Candida and Cryptococcus. However, C. glabrata and C. krusei 
are intrinsically less susceptible to it and it is used to treat cryptococcal meningitis only in the research-

limited region when the quite expensive formulation of amphotericin in combination with 5 

flucytosine is not available. Voriconazole is the treatment of choice for Aspergiulls, whereas 

posaconazole acts against mould infections. 
15,26,27

 

 

Figure 1-6: Common azoles used in therapy. 

Echinocandins are the youngest family members of the antifungal class, even if caspofungin was 

introduced to the market in the early 2000s. They inhibit the 1,3-b-glucan synthase (GS), a key 

component for the formation of the cell wall, have broad fungicidal activity against Candida spp (but 

are fungistatic against Aspergillus and have not shown clinically useful activity on Cryptococcus), low 

toxicity (since the target is specific for the fungal cell and not shared with mammalian cells), and a 

very limited drug-drug interaction. The only drawback is the large molecular weight of this class of 

molecule that requires an intravenous administration. Nowadays, caspofungin, micafungin and 

anidulafungin (Figure 1-7) are used clinically for candidemia where represent the first-line therapy for 

adult patients
15,26,27,29

. 
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Figure 1-7: Chemical structures of caspofungin and micafungin. 

1.1.5 The emergence of antifungal resistance. 

The therapeutical options for invasive fungal diseases are quite limited and not able to satisfy the 

outcomes of fungal infections. Making the situation even worse is the drug resistance among common 

pathogenic fungi and the lack of a new chemical class in the clinical arsenal of antifungal drugs, 

unchanged since the discovery of echinocandins in the 1970s. Antifungal drug resistance is not as 

famous as its counterpart, the antibacterial one, but that does not mean is less worrisome. Drug 

resistance to one or multi-drug classes can eliminate treatment options, which are few, leading to a 

devastating effect on patients’ outcomes.  

 

At least three factors account for the outbreak of resistant strains. First, there is the careless use of 

antifungal drugs in agriculture. These drugs have the same targets as most of the compounds used in 

therapy, which have prompted an environmental reservoir of drug-resistant pathogens. Second, the 

long-term exposure to antifungal drugs in patients with compromised immune systems, which 

contributes to reducing the susceptibility of pathogenic fungi to antifungal drugs. Lastly, the capability 

of formation of drug-impermeable biofilm on implant devices and indwelling catheters contributes to 

suboptimal drug exposure and enhances the possibility of resistance developing.
30

  

 

Microbiological drug resistance can be classified as primary (intrinsic) or secondary (acquired). In the 

first case, a strain is naturally not sensitive to a specific drug without previous exposure due to an 

intrinsic behaviour of the fungi. Examples include C. glabrata and C. krusei which are both intrinsically 

resistant to azoles. On the other hand, acquired resistance involves genomic modifications and specific 

mechanisms which trigger a susceptible strain to become resistant after drug exposure. For instance, 

Aspergillus spp. and Candida spp. have acquired azole resistance, and many studies have correlated 

this resistance to prophylactic and long-term treatment regimens.
31,32

 There are many different 

mechanisms by which fungi can acquire resistance. For better clarity, I have divided them depending 

on the drug family they belong to. 

 

Azole resistance is common in Aspergillus and Candida spp., whereas azole resistance among 

Cryptococcus spp. remains low. There are four mechanisms involved in azole resistance: 
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• mutation on ERG 11 or Cyp51A. Erg 11 (in yeast) and Cyp51A (in moulds) are the genes 

responsible for the synthesis of the Cytochrome P450 enzyme sterol 14α- demethylase, the 

target enzyme of azoles. Point mutations in these genes inhibit the binding of triazole moiety 

of the azole to the ferric iron of the heme-binding site and provide the azole resistance. In 

Aspergillus species, mutation on Cyp51A represents the most important mechanism of 

resistance.
32

 

• overexpression of Erg11 or Cyp51. The increased expression of these genes is the result of a 

mutation in the transcription factor UPC2, which is the genetic regulator of ERG. Overexpression 

of Erg11 results in an abundance of the target enzyme, requiring more drugs to obtain the same 

inhibition and leading to azole susceptibility;
32

 

• drug effluxes represent the most significant mechanism of azole-resistance in Candida spp. 
Briefly, the drug efflux consists of the overexpression of membrane-associated efflux pumps 

which can recognise various chemical substances and facilitate their efflux from the fungal cell. 

Since they can recognise several drugs, this can lead to phenomes of multidrug resistance. The 

genes encoding for the efflux pumps belong to two superfamily types: ATP-binding cassette 

(ABC) or major facilitator superfamily (MFS). The main difference among them is the former 

encodes for proteins that used ATP-dependent transport, whereas the latter uses the 

electrochemical proton-motive force to power drug efflux. In C. Albicans, CDR1, CDR2 are the 

genes encoded for efflux pumps of ABC, while the MDR1 belongs to MFS;
32,33

  

• biofilm formation. Mature biofilms display a complex disposition of yeast and hyphae forms 

embedded in an exopolymer matrix rich in β-1,3 glucans. This complex architecture can 

promote drug resistance both by trapping drugs in this polymeric matrix and by induction of 

drug efflux transports up-regulating the CDR and MDR genes.
7
 

 

Polyenes which acquire resistance among Candida and Cryptococcus spp. are rare while intrinsical 

resistance concerns only species of Aspergillus. The mechanism of resistance is based on the reduction 

of ergosterol content in the cell membrane by down-regulation of genes involved such as ERG1, ERG2, 

ERG3, and ERG4. However, cross-resistance in Candida spp. is common in polyene, especially when 

administrated after an initial treatment with azoles. The reason is that previous treatment with azole 

can lower the cellular sterol concentrations in antifungal compounds and confer polyene 

resistance.
31,32

 

 

Echinocandins’ resistance is low (in large-scale observational studies, resistance is less than 1% in C. 
albicans and can reach 2% in C. glabrata). The mechanism of resistance consists of a mutation of the 

gene FKS, which encodes the catalytic subunits of glucan synthase. Fortunately, no cross-resistance 

nor multidrug resistance is reported for this class of compound, which is highly active against Candida 

spp. and the first line of therapy for ICs.
26,31,32

 

 

Finally, an alarm has been caused recently by outbreaks of a candida species, namely C. auris. This 

strain was described for the first time in Japan in 2009 and immediately climbed the negative charts 

of dangerous pathogens because of its reduced susceptibility to the major antifungal drugs 

(fluconazole-resistant in 93% of patients; amphotericin B-resistant in 35%, echinocandins in 7%), its 

ability to spread rapidly and its high mortality rate.
15
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1.1.6 New antifungal drugs. 

The development of new antifungal drugs represents our best weapon to address the burden of fungal 

infection, but it must face up to two fundamental challenges. Firstly, fungi resemble eukaryotic cells, 

so specific structures to target are fewer in number than with bacteria and, if a compound is toxic to 

yeast, it is likely to be toxic to humans. Secondly, the regulatory and economic challenges, which are 

so tough that 80% of new potential antifungal compounds are not able to reach the market. The 

antifungal drugs that are currently undergoing clinical evaluation are (Figure 1-8) orotomides, 

ibrexafungerp, rezafungin, and isavuconazole. 

Olorofim is the first representative of a family of antifungal drugs (ortomides) with a new mechanism 

of action, which targets the dihydroorotate dehydrogenase (DHODH), an enzyme that evolved in the 

pyrimidine biosynthesis as an important molecule in DNA and RNA. Due to this peculiarity, it does not 

show cross-resistance with other antifungal drugs and possesses a broad spectrum against Candida 

and Aspergillus. Moreover, it can be administrated orally. 

Ibrexafungerp is a new compound in phase 3 which shares the mechanism of action with 

echinocandins even if its chemical structure is completely different. It can be administered both orally 

and intravenously, it is characterized by low drug-to-drug interaction, and it has an increased efficacy 

among azole- and echinocandin-resistant Candida species. 

Rezafungin is structurally analogous to anidulafungin. Its peculiarities are represented by increased 

metabolic stability and a long-acting effect compared to other echinocandins. The activity profile 

resulted in an ameliorated effect, especially against C. auris and biofilms formed by Candida species. 

Finally, isavuconazole is a new derivative of the family of azoles in phase 4 testing as an antifungal 

agent. It displays an improved safety profile and reduction of drug-drug interaction compared to other 

members of the family. It has shown high efficacy against a broad spectrum of fungal infections, and 

it is available in oral formulation, a desirable feature for new antifungal drugs.
26,34,35

 

 

	
Figure 1-8: Chemical structures of new antifungal drugs. A) Olorofim, the representative of the 
orotomides, a new antifungal family of compounds. B) Ibrexafungerp the first member of a new 

glucan synthase inhibitor C) Rezafungin a structurally analogous to anidulafungin. D) Isavuconazole 
is a new derivative of the family of azoles. 

  



Chapter 1  1.2 STATE OF THE ART 

 - 13 - 

1.2 STATE OF THE ART 

1.2.1 In the beginning, there was guazatine. 

Guazatine is a broad-spectrum, water-soluble fungicide. Its mechanism of action is based on the 

alteration of fungi membranes, and it is widely used to control the seed-borne diseases of cereal in 

agricultures. Guazatine has been classified by the WHO as moderately hazardous for humans and is 

commercially available in the form of guazatine acetate. It is a complex mixture (Figure 1-9) in which 

the main components are represented by fully guanidated triamine (GGG) 30.6% and diamine (GG) 

29.5% followed by monoguanidated diamine (GN) 9.8% and diguanidined triamines (GGN) 8.1% and 

(GNG) 4.5%.
36,37

 

 

Figure 1-9: Main components of guazatine: GGG 30.6%; GG 29.5%; GN 9.8%; GGN 8.1 %; GNG 4.5%. 

In 2007, our research group began to take the first step in the development of antifungal compounds 

showing a great interest in the antifungal properties of this agricultural fungicide
36

. Therefore, firstly 

an LC-MS method for identification of the different components of guazatine was set up. Secondly, 

the purified single components were tested against Candida spp. (resistant and wild type) and 

compared with the activity of the guazatine mixture (Pestanal®) and fluconazole (Table 1-1). 
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Table 1-1:	Antimycotic activity of purified guazatine components, guazatine and fluconazole on 11 
Candida spp. 

Candida strains 
MIC50(μΜ) 

GNN GGG GG GNG GN Ga Fb 

Candida albicans 
ATCC60193 >80 5 >80 80 >80 40 0.8 

C. albicans 4T 80 5 >80 80 >80 20 209.0 
C. albicans 53T 80 20  40 >80 40 418.0 
C. albicans 15T 80 10 >80 80 >80 80 209.0 
C. krusei 
ATCC14243 40 10 >80 20 >80 20 209.0 

C. krusei 193T 40 40 >80 20 >80 20 418.0 
C.parapsilosis 
ATCC34136 >80 >80 >80 >80 >80 >80 6.5 

C. parapsilosis 
64E 40 >80 >80 40 >80 20 3.2 

C. parapsilosis 
81E 20 >80 >80 20 >80 20 13.0 

C. glabrata 70E 80 >80 >80 40 >80 40 209.0 
C. tropicalis 86E 20 1.25 40 1.25 >80 10 52.2 

a Guazatine, b fluconazole. 
From the result of this test, compounds GNG and GGG showed good activity overall, with MIC50 values 

lower than the guazatine mixture and fluconazole. In particular, the potent activity on Candida 

fluconazole-resistant strains such as C. glabrata, C. krusei and C. tropicalis was worthy of mention.
36

 

Based on such results, our group decided to use one of the most active components, GNG, as a model 

compound for the synthesis of new derivatives with potent antifungal activity. The next step was to 

study the effect of modification on the terminal guanidine, using the synthetic pathway presented in 

Scheme 1-1, intending to synthesize asymmetrical guanidine.
38

 

 

Scheme 1-1: First linear derivatives. (i.) ROH, DIAD, PPh3, THF; (ii.) N,N’-di-Boc-S-
methylisoyhiourea,THF/MeOH 5:3, 50˚C; (iii.) N,N’-di-Boc--alkyl-S-methylisoyhiourea, THF, 70˚C; 

(iv.) 10% TFA in dry DCM, r.t. 
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However, during the synthesis of these news asymmetrical derivatives, an unexpected compound was 

obtained. This unknown side-product was formed when the aminoguanidine was refluxed with the 

1,3-bis(tert-butoxycarbonyl)-2-methylisothiurea in THF at 80 ℃, whereas if the same reaction was 

conducted at a temperature below 50 ℃ in THF the desired product was obtained. After careful 

investigation using NMR and mass spectroscopy studies, a macrocyclic structure was proposed (Figure 
1-10) which was later confirmed by X-ray analysis.

39
 

The proposed mechanism for this macrocyclization (Scheme 1-2) was the initial deprotonation of 

unsubstituted di-Boc guanidine by the E1cB mechanism. In this case, the base is the terminal amine 

of the aminoguanidine, leading to the isocyanate. The lost tert-butoxide contributes to the 

deprotonation of the previous amine, which becomes a free nucleophilic and can attack the isocyanate 

forming the macrocyclic amidinourea with an intramolecular reaction.
40

 

 

Figure 1-10: X-ray structure of the unexpected side compound. 

 

Scheme 1-2: Macrocyclization mechanism. 

Once the structure of this unknown compound was identified, a first family of macrocyclic compounds 

were intentionally synthesized and tested against Candida spp. The results of the antifungal assays 

were surprising, since they showed a good inhibitory profile against the tested strains, in many cases 

better than their linear analogues.
38

 One distinguished itself from the others: BM1 (Figure 1-11), 

becoming the representative compound of the amidinoureidic macrocycles. The reference compound 

is characterized by a macrocyclic core, an alkyl chain linker and a terminal guanidine moiety. In the 

years that followed, three series of macrocyclic compounds were synthesized and tested. The results 

of this data gave us more knowledge about the structure-activity relationship of this class of 
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compounds, which also involved the filing of two patents.
41,42

 Moreover, the lead compound BM1 

(Figure 1-11) was studied extensively and, in terms of its in vitro activity and in vivo safety, showed 

low toxicity and proved its high potential as an antifungal agent.
43

 

 

.	 	

Figure 1-11: Structure of BM1 the lead compound of the amidinoureidic macrocycles. 

1.2.2 The first series of compounds: modifications of the linker moiety. 

The first series of compounds were characterized by the presence of different substituents on terminal 

guanidine to study the effect of this portion on antifungal activity. The different guanylating agents 

were prepared to start from N, N’-di-Boc-S-methylisothiourea via Mitsunobu reaction with the 

opportune alcohol.
38

 Once the specific guanylating agents were obtained, macrocyclic derivatives 

were synthesized following Scheme 1-1 and they were tested against eight clinical isolates of five 

different Candida spp. The results are reported in the table below (Table 1-2). 

 Table 1-2: Antifungal activity MIC (μM) a of the first series 
 

aMIC values are determined at 24h both visually and spectrophotometrically. 

Derivatives bearing benzyl or butenyl moieties showed interesting activity toward all the strains 

tested, with their best activity among cyclic derivatives, followed by the propargyl analogues. 

Moreover, from the biological data, it seems that linear terminal chains are better for activity 

compared to a branched moiety. It is worth mentioning that the benzyl and but-2-enyl derivatives 
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Proparg-
yl 

Flucona-
zole 

C. albicans 

ATCC 60193 

2.5 40 2.5 20 2.5 
0.8 

C. albicans 4T 2.5 20 1.25 40 80 209 

C. albicans 53T 2,5 20 2.5 40 5 418 

C. albicans 15T 5 20 1.25 20 2.5 209 

C. krusei ATCC 

14243 
20 10 5 40 80 

209 

C. krusei 193T 10 20 5 80 40 418 

C. parapsilosis 
ATCC 34136 

80 >80 5 >80 40 
6.5 

C. parapsilosis 64E 20 >80 5 >80 40 32 

C. parapsilosis 81E 20 40 5 >80 40 13 

C. glabrata 70E 40 80 20 80 80 209 

C. tropicalis 86E 2.5 20 1.25 40 5 52 
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showed a better biological activity profile than fluconazole against C. albicans, C. krusei, C. glabrata, 

C. tropicalis. Among this first series of derivatives, BM1 resulted in the most active and was selected 

and used as a reference compound for further development.
38

 

 

1.2.3 The second series of compounds: macrocyclic exploration. 

The second series of compounds was designed to explore the chemical space of the amidinoureidic 

scaffold. The first modifications were performed on the alkyl linker, which was reduced from 8 to 6 

terms, resulting in decreased activity. Afterwards, the macrocyclic core was the object of exploration, 

with the insertion of two functional groups: an ester moiety and an aromatic ring (Figure 1-12). In 

particular, the corresponding macrolactam BM17 was characterized by a general decrease in activity, 

whereas the insertion of benzene fused with the macrocyclic core, BM19 turned out to be well 

tolerated, with values of activity comparable to BM1. Moreover, this phenyl could be functionalized 

easier, improving the exploration of chemical space. The size of the macrocyclic was also studied and 

the two derivatives BM20 and BM21, with 14 and 15 members respectively, were synthesized to 

evaluate the effects of the macrocycle on the biological activity. These modifications forced us to set 

up a new synthetic pathway, a convergent approach in which the macrocyclic core was achieved by 

ring-closing metathesis (RCM). BM20 and BM21 emerged as the best compounds of the series 

showing good activity against wild-type and resistant Candida species (Table 1-3).
44

 

 

 

Figure 1-12: The second series of derivatives. 
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Table 1-3:Antifungal activity MIC90 (μg/mL) a of the second series.	

aMIC90 values are determined at 24h both visually and spectrophotometrically. 

1.2.4 The third series of compounds: phenyl functionalization. 

The third series of compounds were characterized by the presence of a second aromatic ring in the 

macrocyclic scaffold (Figure 1-13). Firstly, two derivatives were prepared, namely, BM24, 

characterized by a 15-membered macrocycle in which the additional benzyl group is fused with the 

macrocycle in ortho-position, and BM25, in which it is in meta-position, generating a 16-membered 

ring. These compounds were tested against several Candida spp. Interestingly, BM24 was found to be 

more efficient than the correspondent mono-phenyl derivative BM21 against C. albicans, C. kefyr, C. 
parapsilosis, and C. guilliermondii, whereas BM25, even though its chemical structure is quite similar 

to BM24, showed a dramatic loss of activity. This again suggests that the size of macrocyclic and its 

functionalization are important features for the activity of these molecules. Afterwards, 

functionalization of the phenyl rings with some representative electron-withdrawing and donating 

groups to gain an understanding of how they could affect antifungal activity was done, starting from 

derivatives with halogen atoms on this second aromatic ring. Therefore, BM29 and BM30, respectively 

bearing chlorine and a fluorine atom in position C4 were prepared. As we can see from the report in 

Table 1-4, the halogenated derivatives exerted a strong antifungal activity against C. glabrata with C. 
krusei and C. kefyr which are strains not susceptible to fluconazole. 

  

Candida strains 
(n. of strains) 

Antifungal activity MIC90 (μg/mL) 

BM17 BM19 BM20 BM21 
C. albicans 

(22) 32 16 4 4 

C. 
guilliermondii 

(10) 
32 16 2 2 

C. krusei 
(13) 64 32 8 4 

C. parapsilosis 
(24) 32 8 2 2 

C. tropicalis 
(11) 32 8 2 1 

C. kefyr 
(10) 32 4 4 2 

C. glabrata 
(26) 64 64 8 16 
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Figure 1-13: Structure of the third series of compounds. 

Table 1-4: Third series MIC90
 analysis in μg/mL a. 

Candida strains 
(n. of strains) 

Antifungal activity MIC90 (μg/mL) 

BM24 BM25 BM29 BM30 

C. albicans 
(22) 1 64 3.12 3.12 

C. 
guilliermondii 

(10) 
4 128 1.56 3.12 

C. krusei 
(13) 8 64 1.56 3.12 

C. parapsilosis 
(24) 1 64 3.12 3.12 

C. tropicalis 
(11) 8 64 1.56 1.56 

C. kefyr 
(10) 2 32 1.56 3.12 

C. glabrata 
(26) 16 512 6.25 12.5 

C. lipolytica 
(10) 256 n.a. 12.5 6.25 

aMIC90 values are determined at 24h both visually and spectrophotometrically. 
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1.3 AIM OF THE WORK. 

For the antifungal project, my work concerned two different aspects (Figure 1-14). 

The former was the synthesis of BM37 bearing a methyl group on one of the phenyl groups. This was 

in line with what had been done previously, focusing attention on designing and synthesizing novel 

derivatives in which the macrocycle core is modified using an additional aromatic ring bearing some 

representative electron-withdrawing and donating groups, with the purpose of enlarging our 

knowledge and understanding of the structure-activity relationship with this new family of macrocyclic 

amidinoureas. In this case, the introduction of an apolar substituent with an electron-donating effect, 

quite different from the halogen substituents which were used before to functionalize this aromatic 

ring, allowed us to evaluate how the activity might react to the presence of this group as well as collect 

more information about the role of this fragment of the scaffold on the antifungal activity.  

The latter was the development of a new synthetic strategy for scaling up the synthesis of BM1 to 

produce grams of this compound and perform many biological assays. These data could help us to 

gain deep knowledge about our reference compound BM1. 

 

 

Figure 1-14: Purposes of the antifungal project. 
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1.4 PART A: SYNTHESIS OF BM37. 

1.4.1 Synthetic route for the macrocyclic scaffold. 

Since compound BM37 bears two aromatic rings in the macrocycle, the synthetic route used in our 

previous works had to be adapted. Therefore, we set up a new synthetic pathway. The synthesis of 

BM37 started from hydrolysis of the commercially available methyl 2-iodo-5-methyl benzoate using 

lithium hydroxide monohydrate (Scheme 1-3). The corresponding benzoic acid 1 was reduced with a 

borane dimethyl sulfide complex furnishing the benzylic alcohol in quantitative yield, without further 

purification.
45

 Afterwards, the hydroxyl group was converted into a better living group, the chloride 3, 

using Tosyl chloride, DMAP, and TEA in dry DCM in an unusual manner. 

 

Scheme 1-3: Synthesis of BM37. Reagent and condition. (i.) LiOH*H2O, THF/MeOH/H2O 3:1:1, r.t., 
5h; (ii.) BH3-Me2S, dry THF, 0 °C-r.t., 12 h, N2; (iii.) Tosyl chloride, DMAP, dry TEA, dry CH2Cl2, 0 °C-

r.t., 16 h, N2. 
This functional group interconversion led to the corresponding chloride instead of the expected 

tosylate. (Scheme 1-4).
46

 This elegant way to form the chloride could be explained by the presence of 

an electron-withdrawing group (EWG) attached to the aromatic ring, the iodine atom in this case, 

which made the benzyl tosylate initially formed more reactive and capable of being substituted by the 

nucleophilic Chlorine, leading to the chloride derivative. 

 

 

Scheme 1-4: Proposed mechanism for the formation of the chloride.	 
Chloride 3 was then used for the following O-alkylation (Scheme 1-5). The salicylic aldehyde was 

deprotonated using potassium carbonate as a base, leading to in situ formation of the aryloxide, the 

active species, capable of substituting the benzyl chloride 3. The reaction was promoted by a catalytic 

amount of sodium iodide. The introduction of the vinyl group on benzylic ether 4 was made using the 

Stille reaction.
47

 In this palladium catalysed coupling reaction the 14-electron Pd(0) complex, the 

active species, was generated by reduction of the palladium acetate using triphenylphosphine, while 

Tri-n-butyl(vinyl)tin is the source of the vinyl group. Once I got the aldehydic compound 5, it was 

transformed into the amine 7 in two steps. Firstly, it was converted to aldoxime by condensation of 

the aldehydic function present on compound 5 with hydroxylamine hydrochloride in ethanol at reflux. 

Afterwards, the resulting aldoxime was directly reduced to the corresponding primary amine 7 thanks 

to the Clemmensen reduction, using Zn° in acid conditions. 
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Scheme 1-5: Synthesis of BM37. Reagents and conditions. (iv.) Salicylaldehyde, K2CO3, NaI, CH3CN, 
reflux, 16 h; (v.) tributyl(vinyl)tin, Pd (OAc)2, PPh3, dry THF, reflux, 16 h, N2; (vi.) NH2OH*HCl, 

pyridine, EtOH, reflux, 3 h; (vii.) Zn dust, 2N HCl, THF, reflux, 4 h; (viii.) N,N’-Di-Boc-1H-pyrazole-1-
carboxamidine, DIPEA, THF, r. t., 16 h. 

The guanidine introduction was achieved by reacting the intermediates 7 with N,N’-Di-Boc-1H-

pyrazole-1-carboxamidine and DIPEA in THF (Scheme 1-6).
48,49

 At this point, the guanidine-protected 

derivative 8 was coupled with the amine linker 9 through an amdinourea-forming reaction which took 

place in THF at reflux in presence of a base such as DIPEA or TEA. This reaction was the intermolecular 

version of the intramolecular macrocyclization already described above in Scheme 1-1.
38,40

 Compound 

10, due to the presence of the double bond, was ready to undergo the ring-closing metathesis 

(RCM).
50,51

 This reaction is air-sensitive and required strict conditions, such as a freshly degassed 

solvent, a 2
nd

 generation Grubb’s catalyst, and a very diluted condition. The efficacy of the method of 

degassed solvent is one of the most important factors accounting for a good outcome of RCM. We 

used the Freeze-Pump-Thaw technique to achieve a better result in the reaction. Briefly, this process 

consists of three steps: the solvent in a sealed round-bottomed flask is completely frozen using liquid 

N2, afterwards, the flask, still immersed in the N2, is opened up to a vacuum for 2-3 minutes to 

evacuate the headspace of the flask. Finally, the vacuum is closed, and the flask is removed from the 

liquid nitrogen and thawed at room temperature, which allows gas bubbles present in the solvent to 

escape from it. This procedure is repeated two times before the catalyst is added, and then a final 

cycle is performed to remove oxygen introduced during the addition of the catalyst. The concentration 

of the reaction mixture also influences the good outcome of this reaction because it avoids 

intermolecular reactions. For this reason, I used 2 mM concentration in the reaction mixture. The RCM 

reaction provided compound 11 as a mixture of E and Z. Analysis of the integrations and peaks 

presented around the double bond region (δ 6-7 ppm) of the NMR spectra, showed that the Z isomer 

was predominant. The next step was hydrogenation, which reduced the double-bond leading to 

compound 12. During this step, the Cbz protecting group was removed as well, using an H2 atmosphere 

on Pd/C 10% and a few drops of HCl concentrated, which promoted the elimination of the carbamate 

provided the free ammine 12 as chloride salt.  

 

Scheme 1-6: Synthesis of BM37. Reagents and conditions. (ix.) dry TEA, dry THF, reflux, 16 h, N2; (x.) 
2nd gen. Grubb’s catalyst, degassed dry CH2Cl2, reflux, 16 h, N2; (xi.) H2, 1 atm, Pd/C 10%, cat. HCl 

36%, i-PrOH, r. t., 4 h. 

The final two steps (Scheme 1-7) were a second guanylating with the N,N’-Di-Boc-N-crotyl-1H-

pyrazole-1-carboxamidine, a pre-synthesized guanylating agent bearing the crotyl moiety, with excess 

DIPEA to desalt the free amine formed before. Once we obtained compound 13, this was deprotected 

from Boc groups with trifluoroacetic acid, furnishing the final compound as trifluoroacetic salts BM37. 
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Scheme 1-7: Synthesis of BM37. Reagents and conditions. (xii.) N,N’-Di-Boc-N-crotyl-1H-pyrazole-1-
carboxamidine, dry DIPEA, dry THF, reflux, 12 h; (xiii.) TFA, CH2Cl2, r. t., 12 h. 

1.4.2 Synthesis of the linker and the guanylating agent. 

The linker moiety (Scheme 1-8) was prepared starting from the available amino octanoic acid. Firstly, 

the amino group of the linker was protected with benzyl chloroformate. Then, the Cbz protected 

compound 14 was coupled with allylamine using EDC and HOBt in dry DMF to afford the amide 15, in 

which the amide functional group needed to be reduced to amine 9, the linker of the derivative BM37. 
This reaction was carried out to exploit the mild capacity of DIBAL-H to act as a reducing agent of the 

amide group, while at the same time not acting so strongly as to affect the double bond of the 

allylamine or the elimination of the Cbz group. However, the yield of this reaction was generally low 

(35-55 %) since problems occurred during the work-up, including a massive aluminium emulsion which 

was hard to work with, and the purification process, since the amine 9 tended to smear out leaving a 

long tail behind it which required the use of an additive in the eluent, the NH3(aq) in my case, to elute 

this product. The recovery of SM which has not reacted by column could be considered a positive side 

of this reaction since it can undergo the reduction again.  

 

Scheme 1-8: Synthesis of the linker 9. Reagents and conditions. (i.) Benzyl Chloroformiate, K2CO3, 
THF/H2O DCM, 0°C to r.t., 12 h; (ii.) Allylamine, EDC, HOBt, DIPEA, dry DMF, r.t., 16 h; (iii.) 

DIBAL-H, dry DCM, 0°C to r.t., 16h. 

Regarding the synthesis of the guanylating agent 16 (Scheme 1-9), this took place through a smooth 

and high yield Mitsunobu reaction starting from di-boc- pyrazole-carboxamidine and crotyl 

alcohol.
38,52

 

 

Scheme 1-9: Synthesis of the guanylating agent 16.	

1.4.3 Biological evaluation of BM37. 

Once synthesized, the compound BM37 was tested for its antifungal activity and compared to other 

derivatives of these series. For the antifungal activity, BM37 was evaluated by determining the MIC90 

against more than 100 strains belonging to 8 different Candida species (C. albicans, C. guilliermondii, 
C. crusei, C. parapsilosis, C. tropicalis, C. kefyr, C. glabrata, and C. lipolytica) plus 15 strains of C. 
neoformans, with each strain isolated from a patient in oral, vaginal, anorectal, urine, stool, blood, 

central venous catheter, and respiratory tract infections. MICs were determined following liquid 

growth inhibition trials conducted according to Clinical and Laboratory Standards Institute (CLSI) 
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guidelines, using serial dilutions of the compounds dissolved in an appropriate buffer with two 

different final concentrations in a 96-well flat-bottom Microtiter plate.
53–56

 The first one ranged from 

256 to 0.125 μg/mL for BM24, BM37 and Fluconazole, whereas compounds BM29 and BM30 were 

tested using a final concentration ranging from 200 to 1.56 μg/mL. The antifungal assays were 

performed at the Institute of Microbiology of “University Cattolica del Sacro Cuore” by the group of 

Professor Maurizio Sanguinetti and Dr Francesca Bugli. 
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Table 1-5: Valuation of the antifungal activity of BM37. 

Fungal strains 
Antifungal activity MIC90 [µg/mL] a 

BM24 BM29 BM30 BM37 Fb 

C. albicans 
(22) 1 3.12 3.12 4 2 

C. guilliermondii 
(10) 4 3.12 1.56 2 4 

C. krusei 
(13) 8 3.12 1.56 2 256 

C. parapsilosis 
(24) 1 3.12 3.12 16 0.5 

C. tropicalis 
(11) 8 1.56 1.56 4 2 

C. kefyr 
(10) 2 3.12 1.56 4 1 

C. glabrata 
(26) 16 12.5 6.25 16 16 

C. lipolytica 
(10) 256 6.25 12.5 4 n.t.c 

C. neoformans 
(15) n.t. c 3.12 3.12 4 2 

a MIC90 values were determined at 24h both visually and spectrophotometrically. b Fluconazole. c not 
tested. 

From the results of the antifungal trials (Table 1-5), we can assert that the introduction of a methyl 

group on the phenyl ring was beneficial and well-tolerated. BM37, indeed, showed an enhancement 

of activity, with MIC values, 2- to 4-fold lower than BM24, against C. guilliermondii, C. tropicalis, and 

C. krusei, a species resistant to common azole drugs. The activity of BM37 was comparable in many 

cases to the halogen derivatives BM29 and BM30, the most active compounds of this third series. It is 

also important to underline the strong antifungal activity exerted by BM37, comparable with halogen 

derivatives and fluconazole, against C. neoformans, the pathogenic fungi responsible for fatal 

meningitis. 

In summary, the introduction of an apolar group on the aromatic ring resulted in a general increase of 

activities, with the slightly loose toward C. albicans and C. parapsilosis. This information could be 

useful to know because, in the future, apolar substituents could be introduced to increase the 

lipophilicity of these compounds, ameliorating their permeability and pharmacokinetics profile but 

retaining their antifungal activity. Moreover, biological data showed that small point modifications in 

the structure lead to strong active (BM37, BM29, BM30) or inactive compounds (BM25), providing us 

with a clear idea that these compounds could interact with a precise cellular target, yet to be defined. 
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1.5 PART B: BM1 Gram-scale synthesis.  

BM1 is the lead compound of this series of macrocyclic amidinourea derivatives. It shows good 

antifungal activity against Candida wild types as well as resistant strains. Moreover, its structure is 

new and not shared with other antifungal compounds which made it reasonable to hypothesize a 

mechanism of action different from other antifungal compounds. Having these desirable 

characteristics that a novel antifungal should have, we decided to thoroughly investigate its ADMET 

profile with in vitro and in vivo pharmacokinetic and acute toxicology studies.
43

 For these reasons, we 

faced the challenge of preparing greater amounts of compound BM1 than what we usually managed. 

This triggered us to set up a convenient strategy to prepare, easily and affordably, grams of BM1. 

1.5.1  Previous synthesis of BM1. 

The first described synthesis of BM1 used the commercially available bis(8-aminooctyl) amine.
38

 Two 

subsequent guanylations of the primary amino groups, by using N, N’- di-Boc-S-methylisothiourea and 

N, N’-di-Boc-N-[(E)-but-2-en]-S-methylisothiourea respectively, followed by cyclization in refluxing 

THF in presence of TEA and a final Boc deprotection, led to the desired compound. This synthetic route 

was pretty good with only 4 steps with a total yield of 14%. However, since the withdrawal from the 

market of the commercial starting material, new synthetic pathways had to be explored and tried. 

Two routes were explored. The first one was the homemade synthesis of bis(8-aminooctyl) amine 

itself in four steps starting from 1,8- dibromooctane, as described in Scheme 1-10.
57

 Nevertheless, 

using this synthetic route on large scale meant using a large quantity of hazardous sodium azide and 

involved an overload of work and time, since the purification of these derivatives required long and 

tricky column chromatography even on a small scale, making this procedure unsuitable for scaling up. 

 

Scheme 1-10: Synthesis of bis(8-aminooctyl) amine. 

In a second approach (Scheme 1-11), the macrocyclic scaffold was obtained by using DIBAL-H to reduce 

the amide obtained by coupling the mono-guanylated-1,8-diaminooctane and the Cbz-protected 8-

aminooctanoic acid.
44

 One of the drawbacks of this method is the use of DIBAL-H as a reducing agent 

for the amide. This choice was dictated due to the presence of other carbonyl groups in the molecule, 

but it led to moderate to low yields, difficult purification and handling (during the work-up a massive 

aluminium emulsion is formed) and so was not consistently reproducible in a large-scale procedure. 
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Scheme 1-11: Synthesis of BM1 using the second approach. 

1.5.2 A new synthetic approach for BM1. 

The previous synthetic routes resulted unsuitable for providing BM1 on a gram scale. Therefore, a new 

synthetic approach was developed. The first step was to jump into the chemical literature regarding 

the methodology for the preparation of different types of amines and polyamine.
58,59

 Since these 

chemical species play an interesting and key role in the biological activity of compounds. The chemistry 

focused on this topic is massive and it was not easy to find an effective synthetic method without 

getting lost. Therefore, we decided to focus our attention on the work of Fukuyama and his co-

workers.
60–62

 They developed strategies for the selection of protective groups for nitrogenous atoms 

to use during amine synthesis. In our case, after a careful evaluation of the possible options, we 

decided that the cornerstone of the synthesis would be the intermediate 20, the bis(8-aminooctyl) 

amine in the tri-protected form, with trityl, Cbz and nosyl as the protecting groups of choice. This 

intermediate offers many advantages, such as lowering both the time and costs of production 

(because protecting groups make it less polar and easier to handle and purify) and versatility, since 

the three different groups are orthogonal to each other, meaning they can be selectively removed in 

different conditions, allowing us to deprotect only the chosen amine.
63
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Scheme 1-12: Synthesis of intermediate 20. (i.) Trityl chloride, DCM, 0 °C to r. t., 2 h; (ii.) Nosyl 
chloride, DIPEA, DCM, r. t., 1 h, (iii.) CbzCl, NaHCO3, H2O/THF, -10 °C to r. t., 16 h; (iv.) Me2SBH3, 

dry THF, r. t., 16 h; (v.) DIAD, PPh3, dry THF, r.t, 3 h. 

The synthesis started (Scheme 1-12) with the commercially available diamino octane which was 

coupled with trityl chloride in DCM at 0 ˚C. Column purification afforded compound 17, in which the 

other free amine was protected with the nosyl group using DIPEA as a base. These reactions occurred 

with good yields and without difficulties. The synthesis of fragment 19 of the molecule was the same 

as described before. Briefly, the amino group of 8-aminooctanoic acid was first protected using Cbz 

and then the acidic function of the molecule was reduced using BH3-dimethyl sulfoxide. Once we 

obtained the two fragments 18 and 19, they were coupled together using the Mitsunobu reaction in 

presence of DIAD (diisopropyl azodicarboxylate), Ph3P and THF dry. The reaction took place with the 

initial combination of triphenylphosphine with DIAD leading to a neutral species containing two 

separate charges intermediate, namely betaine. Thereafter, the amine protected with nosyl group was 

the only one able to protonate (since acidic for its behaviour as sulphanilamide) this betaine provides 

the phosphonium intermediate. This intermediate bound the alcohol oxygen and activated it as a 

leaving group. The final substitution of deprotonated sulphanilamide on this activated alcohol led to 

compound 20 and triphenylphosphine as the by-product.
64

 Once we got compound 20, the three 

subsequent reactions had the advantage of being one-pot-two-steps. First, there was the trityl 

deprotection which was carried out in TFA and using triethylsilane.
65

 Trityl cleavage was a reduction 

process of the initially formed trityl cation, with its characteristic yellow colour, to the corresponding 

triphenylmethane by triethylsilane. The deprotection could be simply monitored by observation of the 

disappearance of the yellow colour and it was very quick. Once the reaction was finished, the excess 

of TFA and triethylsilane were easily removed in vacuo leaving the corresponding amine as 

trifluoracetic salt and the inert triphenylmethane. The following guanylation with N, N’-Di-Boc-1H-

pyrazole-1-carboxamidine and DIPEA gave compound 21. Afterwards, the nosyl group was removed 

from compound 21 using thiophenol and K2CO3 in dry DMF.
66

 The cleavage of the nosyl group occurred 

with an aromatic nucleophilic substitution with the nucleophilic thiol. This reaction involved (Scheme 
1-13) the initial addition of a thiolate to the aromatic ring of the nosyl amides forming the 

Meisenheimer complex, followed by the elimination of sulfur dioxide and the free amine. The excess 

of thiophenol and K2CO3 was eliminated during the work-up by washing with water and 5% NaHCO3, 
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whereas the byproduct 1-nitro-4-(phenyl sulfonyl)benzene was left in place since it did not interfere 

with the next step. 

 

Scheme 1-13: Deprotection mechanism for the nosyl amide.	
At this point, the solvent was removed (Scheme 1-14), and the crude product was heated at reflux with 

TEA in THF giving compound 22.40
 The following reactions were a Cbz deprotection by hydrogenation 

leaving the primary amine, which was guanylated with compound 16 giving compound 23. The final 

step was the deprotection from the Boc groups using HCl 4M in dioxane, furnishing BM1 as a chloride 

salt.
63 

 

Scheme 1-14: Last steps of the synthesis of BM1. (vi.) TFA, Et3SiH, DCM, 0 °C to r. t., 1 h; (vii.) N, N’-
Di-Boc-1H- pyrazole-1-carboxamidine, DIPEA, THF, r. t., 16 h; (viii.) Thiophenol, K2CO3, dry DMF, r. 

t., 7 h; (ix.) TEA, THF, reflux, 16 h; (x.) H2, 10% Pd/C, cat. 37% HCl, i-PrOH, r. t., 3 h; (xi.) 16, TEA, 
THF, r. t., 16 h; (xii.) HCl 4M in Dioxane, 23 h.	

1.5.3 In vitro and in vivo ADME analysis of BM1 

Once synthesized, the pharmacokinetic profile of BM1 was evaluated.
67

 In vitro, ADME experiments 

on BM1 displayed (Table 1-6) a high-water solubility of 1mg/mL and a high affinity for the plasmatic 

protein AGP, a predictable result given that this plasmatic protein can bind cationic molecules like 

BM1. Moreover, its hydrophilic behaviour was in line with the low value of passive permeability found 

in the PAMPA experiment. The metabolic stability of this compound was determined in presence of 

human liver microsomal protein. The result showed that BM1 was not susceptible to metabolism since 

95% of the unmodified compound was detected. Because of its high metabolic stability, no reactive 

intermediates are formed. The possibility to inhibit CYP3A4 was also evaluated, Figure 1-15, and BM1 
resulted in being a non-inhibitor of this enzyme. Since fungal infections are common among patients 
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in therapy with immunosuppressor or anti-HIV drugs, the knowledge derived from these data 

valorised BM1 as an antifungal agent, allowing its potential coadministration with other drugs. 

Table 1-6: In vitro pharmacokinetic properties of BM1. 

LogS a 
(log mol/L) 

Membrane 
permeation b 
Papp c × 10 −6 

(cm/s) 

Metabolic 
stability d 

(%) 

Major 
metabolites e 

(%) 

Binding human serum 
proteins 
Kd (μM)f 

AGP HSA 

- 2.61 < 0.1 95 M + OH (5) 12.2 212.1 
aAqueous solubility was determined using LC-MS method 1 reported in supporting data (log mol/L). 

b Membrane permeation was determined with a PAMPA technique. c Apparent Permeability. d The 
human liver microsome stability is expressed as a percentage of unmodified parent drugs. e M = mass 
of the parent drug; the percentage of metabolite experimentally determined via LC-MS is reported in 
parentheses. f Dissociation constant (Kd) values are measured using the indirect fluorescence method. 

 

Figure 1-15: Inhibition of CYP3A4 isoform activity on BM1, measured as the concentration of β6-
hydroxytestosterone ( β6-OH-TST), compared to the control (Ctrl) mix in absence of compounds. 

In vivo pharmacokinetic studies were conducted on rats using two different administration routes: IV 

injection and PO administration (Table 1-7). However, in the latter, the level of BM1 was less than the 

limit of quantification so no data could be obtained. From the pharmacokinetic data, we can assert 

that BM1 tends to be distributed in extracellular liquid (Vd >15), as expected from its hydrophilicity 

which routes it to renal excretion. This hypothesis was confirmed by the presence of the unmodified 

compound in high concertation in kidneys and urine samples. No accumulation in the brain or liver 

was detected. Moreover, BM1 is compatible with daily administration, as supported by Cmax, AUC t1/2 

data. In vivo toxicology experiments were performed, and the data displayed neither clinical signs of 

toxicology effect nor alteration in cellular morphology, supporting the safety of BM1 in clinical use. 
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Table 1-7: Pharmacokinetic profile of BM1.	

Data calculated with PKSolver.68 Cmax: maximum concentration observed. C0: concentration at time 0 
(estimated). Tmax: time of maximum concentration observed. MRT: mean residence time. AUC: area 
under the curve. AUMC: area under the first moment curve. Vz: volume of distribution. Cl: clearance. 

t1/2: half-life. n.d.: not detected. IV: intravenous. 
  

PK Parameter Unit 10 mg/kg IV value 2 mg/kg IV value 
t1/2 h 13.01 15.68 

Tmax h 0.08 0.08 

Cmax μg/mL 2.78 0.87 

C0 μg/mL 3.15 1.14 

AUC0→24h μg/mL*h 6.11 1.11 

AUC0→∞ μg/mL*h 7.83 1.44 

AUMC0→∞ μg/mL*h^2 108.27 20.82 

MRT0→∞ H 13.82 14.45 

Vz (mg/kg)/(μg/mL) 23.95 31.40 

Cl (mg/kg)/(μg/mL)/h 1.28 1.39 
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1.6 CONCLUSION 

The currently available antifungal drugs cannot satisfy the burden of fungal infection. Now more than 

ever, the ambitious challenge of developing new antifungal drugs is mandatory if we want to reduce 

the dramatic number of deaths related to fungi. The peculiarities sought out in a new potential 

antifungal are low toxicity, no CYP450-interactions, a novel model of action and the availability of an 

oral administration. 

For these reasons, we investigated the family of compounds characterized by the macrocyclic 

amidinoureas scaffolds that seem to have all the right characteristics to become a potential new 

therapeutical class of antifungal agents. The impressive work made to develop a gram-scale synthesis 

of BM1, from an economic and workload point of view, permitted an extensive and accurate study of 

its pharmacokinetic profile. Its ADME profile results were excellent, with high solubility and 

microsome stability. Moreover, it did not inhibit the CYP450 cytochrome and in vivo toxicology studies 

supported the safety of BM1 in clinical trials. All of this information supports its potential as an 

antifungal agent with a new mechanism of action, low toxicity and no potential harmful drug-drug 

interaction through the CYP450 enzyme system. On the downside, there is the limited oral 

bioavailability found, linked with the low value of permeability found, that does not allow, to date, 

oral administration. Future perspectives on increasing its permeability could result from the promising 

activity of BM37. The biological data displayed that an apolar substituent (in this case, the methyl 

group) was well-tolerated and gave more room for improvements with the introduction of lipophilic 

substituents to ameliorate the permeability and allowed oral alternatives, a desirable feature in 

antifungal drugs. Another step forward could disclose the mechanism of action of these classes of 

compounds. From the amount of data in our possession on BM1, we know that it showed good 

antifungal activity, especially for Candida strains resistant to azole and amphotericin. Its structure is 

new and not shared with other drugs, so it is plausible to think that its molecular target is different to 

other antifungal agents. Besides, from the structure-activity relationship data derived from three 

series of macrocycles, we can suppose that the molecular target is a cellular structure, an enzyme, or 

a protein, since small modifications in their chemical structure can enhance (BM37, BM29, BM30) or 

annihilate its biological activity (BM25). The research of the mode of action of amidinoureas not only 

has given us further knowledge about these classes of compounds but also a completely different 

research project was pursued. The considerations and the work described in the next chapter of this 

thesis regarding a new therapeutic application of the macrocyclic amidinoureas scaffold. 
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2.1 INTRODUCTION 

2.1.1 Chitin and chitinase. 

Chitin is a polymer formed by units of N-acetyl-D-glucosamine (GlcNAc) linked with β 1-4 glycosidic 

bonds. It is the second most abundant polymer and the major structural component of the 

exoskeletons of crustaceans and insects, house dust mites (HDM), and fungal cell walls.
69

 The different 

biological functions provided by the chitin are related to the different crystalline forms in which it can 

exist, namely, α- chitin, β-chitin and γ-chitin. The main difference between these three forms is 

represented by how the chitin chains are disposed of. In the α- chitin, chains are arranged in an 

antiparallel manner which ensures strong hydrogen bonds resulting in mechanical strength and 

stability. For this reason, α- chitin is the major structural component of the exoskeleton of a fungal 

cell. In β-chitin, the chains are disposed in a parallel manner, resulting in a less compact form due to 

weak intramolecular forces. It is commonly found in cocoons and squid pens. Finally, γ-chitin is a 

mixture of the α- chitin β-chitin chains and is found mostly in mushrooms.
70,71

 

Chitin synthase is the enzyme responsible for producing chitin in chitin-containing organisms. This 

enzyme belongs to the GT2 family of polymerizing glycosyltransferases. The chitin chains are formed 

by the addition of GluNAc units from the non-reducing end of the chitin chains and, once they are 

produced as linear polymers, they are assembled into microfibrils of various lengths and diameters 

extruding from the cell wall.
72

 

Conversely, Chitinases are the enzymes that hydrolyse the β 1-4 glycosidic bond presented in the 

GlcNAc of chitin chains. Chitinases are widely distributed enzymes present in plants, insects, fungi, 

and bacteria. In these organisms, chitinases play different biological functions such as the acquisition 

of food, defence against pathogens and regulation of innate immune defence against pathogens. 

Chitinases belong to the Glycosyl Hydrolase (GH) family and are classified based on their sequence 

identity and structural homology to GH18, GH19 and GH20. The family of GH19 are constituted mainly 

by plants and nematodes chitinase, whereas the GH18 family includes a large group of chitinolytic 

enzymes from bacteria, fungi viruses and animals. GH18 can be further divided into true chitinase, 

which can hydrolyse chitin into shorter (GluNAc)2 or (GluNAc)3 oligosaccharides and enzymatically 

inactive chitinase namely, chitinase-like proteins, which can bind but not hydrolyse the chitin. The 

catalytic domain of GH18 is a structural feature that is highly conserved and consists of a catalytic 

domain connected with a hinge. As regards the scope of this thesis will be focused only on human 

chitinase and, in particular, on the role of these chitinases in human diseases.
73

 

2.1.2 Human Chitinase. 

Although humans do not use nor produce chitinase, their genomes are encoded for several chitinases, 

all belonging to the GH18 family: Two endochitinases namely, acidic mammalian chitinase (AMCase) 

and chitotriosidase 1 (CHIT1), which possess chitin hydrolysing activity and some enzymatically 

inactive chitinase-like-lectins, also known as Chitinase-Like Proteins (CLPs)
74

, which are catalytically 

inactive due to the modifications of the critical aminoacidic presented in the active site. 

CHIT1 is the first chitinase discovered in humans and it is mainly present in tissue such as the lungs, 

spleen, liver, thymus and specific cells of the immune system (activated macrophages and neutrophils) 

in response to different pro-inflammatory signals.
75

 

AMCase is the other enzymatically active chitinase found in humans and is mainly present in 

gastrointestinal tracts and in the lungs, where it is released into the airway lumen by epithelial cells. 
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The location of this protein in specific parts of the body underlines its role in the digestion of chitinous 

food and defence against chitin-containing pathogens.
76

 

CLPs, such as CHID1 YKL-40, and YKL-39, are a set of proteins that are structurally related to the GH18 

chitinase but lack catalytic activity. They are expressed mainly by neutrophils, macrophages, epithelial 

cells, and dendritic cells.
77

 

2.1.3 Implications of Human Chitinase in Diseases. 

Recently, several studies have shown that human chitinases are a crucial player in type II inflammation 

diseases.
78

 Therefore, AMCase and CHIT1 have attracted considerable attention as potential targets 

in chronic respiratory diseases, including asthma, and chronic obstructive pulmonary disease (COPD) 

and fibrosis. 

Asthma is a type 2 inflammatory disease caused by a dysregulation of the T-helper 2(Th2) response in 

the induction and maintenance of the inflammatory state. In a study conducted by Zhu et al., AMCase 

was found highly expressed in lung tissue of asthmatic patients and animal models of asthma and 

correlated with the Th2 inflammatory response through an IL-13-dependent mechanism, suggesting 

its involvement in the disease. Moreover, AMCase inhibition using AMCase antisera or allosamidin (a 

potent chitinase inhibitor) resulted in a reduction of the inflammatory cells in mice challenged with 

ovalbumin as well as amelioration of the asthma symptoms.
79,80

 

Other studies have shown the role of CHIT1 in other chronic inflammatory respiratory diseases such 

as idiopathic pulmonary fibrosis (IPF), sarcoidosis, chronic obstructive pulmonary disease (COPD). In 

these studies, high levels and activity of CHIT1 were correlated to the high level of pro-inflammatory 

factors suggesting its key role in the inflammatory response development.
81,82

 

Conversely, it was worth mentioning that there are also studies demonstrating that AMCase and CHIT1 

play only a protective role in type II inflammation and no may not be a good target in chronic 

respiratory diseases.
83–85

 

As described above, various studies tried to elucidate the role of chitinase in type II inflammatory 

diseases. However, to date, there is evidence that suggests the hypothesis that chitinase plays an 

adverse role in these diseases, whereas other proofs contradict it. To shed more light on the role of 

AMCase and CHIT1 in these diseases, we need inhibitors with high selectivity and potency for both 

enzymes and with satisfactory profiles allowing the administration study in the animal model. The 

search for inhibitors having these desirable features has prompted the research in this field and in 

recent years, a growing number of compounds have been described. In the next section, I will discuss 

the most relevant compounds inhibitors of chitinase reported in the literature. 

2.1.4 Chitinase inhibitors.  

To date, several classes of natural or rational design chitinase inhibitors have been reported, 

demonstrating that human chitinases are one of the hot topics in pharmaceutical chemistry. 

 

The first class of chitinases inhibitor is allosamidin (Figure 2-1), a metabolite found in the mycelium of 

Streptomyces species. This compound displays a potent inhibitory activity against all family GH18 

chitinases. The efficacy in vivo of allosamidin was used by Zhu et al. as a chemical probe to 

demonstrate the association between AMCase and asthma. Even if allosamidin is the widely used and 

studied inhibitor, another seven natural derivatives have been identified so far, including 

methylallosamidin and demethylallosamidin.
86,87
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Other natural product chitinase inhibitors are represented by the cyclic pentapeptides argifin and 

argadin (Figure 2-1). These compounds are characterized by a potent low micromolar inhibition 

activity against AMCase and CHIT1 and a distinctive mechanism of action since these peptide-like 

compounds can mimic the protein-carbohydrate interactions among chitin and chitinase.
88–90

 

The next family of compounds are Xanthine derivatives representing the first drug-like inhibitors 

specifically tailored for human chitinase (Figure 2-1). These compounds were identified by a screening 

of a commercial library of molecules. From this first attempt, the 1,3-dimethylxanthine emerged as a 

promising scaffold but was characterised by low inhibitory activity and lack of selectivity. Further 

modification led to bisdionin C, a potent inhibitor with low micromolar activity on both enzymes and 

bisdionin F, the first rational design inhibitor characterized by great potency and selectivity for 

AMCase. The latter displayed the same activity values as in vivo experiments and its administration 

showed an ameliorative effect on the principal hallmark of allergic inflammation.
91–93

 

 

Figure 2-1: Examples of natural chitinase inhibitors. 

Another study conducted by Wyeth and his research group using a combination of high-throughput 

screening, fragment-based drug design and in silico screening could identify two compounds with a 

drug-like profile and high potency, namely Wyeth 1 and Wyeth 2 (Figure 2-2). These compounds were 

orally active and reduced the chitinase activity in bronchoalveolar lavage (BAL) fluid of mice challenged 

with house dust mite (HDM) allergen but had a low selectivity between AMCase and CHIT1.
94

 

OncoArendi Therapeutics used the positive drug-like features of Wyeth 1 as a starting point and to 

improve its potency and selectivity. Thanks to the impressive and complete work made by Mazur et 

al., they achieved a new series of derivatives characterized (Figure 2-2) by an IC50 in the low 

nanomolar range and with a great selectivity against AMCase or CHIT1 enzyme. The most promising 

compounds of their series are OAT-177 mice AMCase inhibitor (IC50 =19 nM), OAT-1441 great potency 

and selectivity against human AMCAse (IC50= 7 nM), OAT-2068 a mice CHIT1 selective inhibitor 

(mCHIT1 IC50= 29 nM), and finally OAT-870 a dual inhibitor of chitinases. These compounds can be 
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used as tools in future studies involving the role of human chitinases, AMCase and CHIT1, in vivo 

animal models of their excellent PK profile. However, further developments of some of these 

molecules (OAT-177, OAT-870) are hampered by the significant toxicity due to their high affinity for 

the hERG ion channel and dopamine transported (DAT). Investigation on the enhancement of the 

toxicity effects led to compound OATD-01, a clinical candidate with anti-fibrotic efficacy which 

currently is completing phase 1b of its clinical trials.
95–98

 

 

Figure 2-2: Drug-like chitinase inhibitors. 

Finally, Jiang et al. using a structure-based virtual screening have identified a series of chitinase 

inhibitors characterized by dipyrido-pyrimidine scaffold where their best inhibitor compound 40 

showed a selectivity 80-fold for hCHIT1 and a Ki value of 49nM.
99

 

2.2 STATE OF THE ART 

2.2.1 In search of the target. 

As mentioned before macrocyclic amidinoureas represent an interesting family of compounds with 

strong antifungal activity against various Candida species, including drug-resistant species. However, 

many details concerning their mechanism of action (MOA) are still unknown. Since the identification 

of the biological target of these compounds could significantly improve the rational design of future 

derivatives as well as give us a better understanding of their structure-activity relationship, it was 

decided to thoroughly investigate it. An early clue about their mechanism of action emerged from the 

data of the transcription analysis of C. albicans exposed to BM1, which showed an up-regulation of 

several genes including the two which encoded for efflux pump, namely CDR1 and CDR2. From the 

literature, we know that the species of fungi which express these efflux pumps are less susceptible to 

antifungal drugs since these pumps drastically reduce the drug's concentration in the cell. Moreover, 

in many cases, it is the antifungal agent that serves as an inducer for these genes and, at the same 

time, as a substrate for the transporter. To test the hypothesis that BM1 could be a substrate for these 

transporters, it was incubated with C. albicans wild-type control (CAF2-1) and mutants, lacking both 
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these genes, and to great surprise, the latter resulted in more resistance than the wild-type. This 

indicates a unique feature of this compound, requiring the presence of an ABC transporter to be taken 

up. Besides, its mechanism of action involved an intracellular target since when the compound BM1 

was not able to enter, as in the case of mutant species, no activity was measured. To test if an 

intracellular accumulation of BM1 effectively happened in its mechanism of action a fluorescent 

derivative of BM1 was prepared. The fluorescent microscopy experiments in Figure 2-3 confirmed the 

intracellular loading of the compound because fluorescence was mostly associated with the 

cytoplasm.
43

 Unfortunately, no precise cell structures could be accurately identified from this analysis, 

so other solutions were considered. 

 

Figure 2-3: Confocal microscope images of C. albicans ATCC 60193 and C. neoformans cells treated 
with a fluorescent compound at 40 μM concentration. Panels A, B, and C show the visible, 

fluorescent, and merged images, respectively. Scale bar = 10 μm. 

2.2.2 Target fishing protocol. 

In silico target fishing is a computational approach analogous to the experimental target finding that 

makes it possible to identify the biological target of an active compound using its structural 

information and data from the biological database. The advantages of this procedure are several, 

starting from the low cost compared to experimental ones and a relatively rapid prediction of the 

primary target along with the off-target effects of specific compounds. Since this computational 

procedure represents a reliable method of identification of the mechanism of action, it was decided 

to pursue this method. The protocol was set up using the protein available on the Protein Data Bank. 

A first attempt was made focusing on the crystal structure of a protein from the genus Candida co-

crystallized with at least one compound but, since it resulted in a selection of only 95 crystal structures, 

it was decided to enlarge this set of references by including the whole phylum of Ascomycota, leading 

to an initial database of 3,636 structures. Afterwards, as reported in the article of Maccari et al.
100

, a 

specific protocol for the target fishing was set up, which resulted in the final ranking list of Table 2-1. 
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Table 2-1: Final ranking list of the proteins resulting from the target fishing procedure. Chitinase and 
xylanase are the most represented. 

Entry PDB ID Protein 
name EC Rocs Score Bind 

Score 
Consensus 

Rank 

1 3CHE CHITINASE 3.2.1.14 0.74 -81.47 1 

2 1DGP 
ARISTOLOC

HENE 
SYNTHASE 

4.1.99.7 0.59 -77.59 2 

3 2Z8G ISOPULLUL
ANASE 3.2.1.57 0.65 -66.73 3 

4 1B3Z XYLANASE 3.2.1.8 0.60 -68.85 4.5 

5 3CHF CHITINASE 3.2.1.14 0.66 -65.98 4.5 

6 1LLF LIPASE 3 3.1.1.3 0.67 -63.85 6 

7 1B3X XYLANASE 3.2.1.8 0.60 -67.49 7.5 

8 3G7N LIPASE 3.1.1.3 0.61 -66.40 7.5 

9 4IIH 
BETA-

GLUCOSID
ASE 1 

3.2.1.21 0.69 -62.12 9 

10 1B3Y XYLANASE 3.2.1.8 0.60 -67.41 10 

11 1W9V CHITINASE 3.2.1.14 0.65 -62.66 11 

Among the top eleven ranked structures, it can be noted that chitinase and xylanase are the two most 

representative proteins of this final list. Both enzymes owing to the family of glycosidase. Xylanases 

are enzymes that degrade the b-1,4-xylan. Chitinases, instead, hydrolyse chitin, the main component 

of the fungal cell wall, and thus are involved in its remodelling. Moreover, the three crystal structures 

of chitinase B from Aspergillus fumigatus (highlighted in blue in Table 2-1) were resolved in complex 

with the natural compound argifin and two oligopeptides synthesized during a molecular 

simplification study which resembles our compounds (Figure 2-4). Indeed, they present a macrocyclic 

portion and a terminal moiety (capable of being positively charged due to its basicity) linked by a 

carbon-atom linker. For these reasons, chitinases were supposed to be a putative target and 

investigated deeper. 
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Figure 2-4: Comparison between BM1 and argifin. Both compounds presented a macrocyclic portion 
(shown in blue), a spacer linker (in orange) and a terminal moiety (in green), capable of being 

positively charged. 

2.2.3  Validation of the Chitinase hypothesis. 

To support the result of the target fishing protocol, an inhibition activity test was performed. No 

commercially available kits of Candida chitinase were present on the market at that time, and efforts 

to produce Candida chitinase in our laboratory were unsuccessful. For this reason, our choice fell on 

the homologue protein extracted from Trichoderma viride, since it was the best commercial solution 

with a high degree of similarity to the Candida one. The most representative compounds from our 

three series of antifungal compounds were tested to obtain reliable information on the inhibition 

activity of these compounds. The results in terms of Ki and IC50 are reported in Table 2-2. 

Table 2-2: First assays against T. viride chitinase.	

   
Compound Scaffold R IC50[μΜ] Ki [μΜ] 

BM1 A  157.0 50.8 
BM3 A  130.0 42.0 
BM7 A  111.0 35.8 
BM8 A  140.0 45.3 
BM9 A  97.0 31.3 

BM13 A  108.0 34.8 
BM20 B (m=2)  55.0 17.8 
BM21 B (m=3)  35.5 14.1 
BM24 C  54.9 17.7 

From the data, all the tested derivatives showed good inhibition of the enzyme with Ki values below 

50 μM, which confirmed the chitinase hypothesis. The lead compound BM1 is a good chitinase 

inhibitor, yet the best activity profiles were found for compounds BM21 and BM24 with a Ki= 14-18 

μM. 

The knowledge from these computational studies stimulated us to design novel compounds with high 

affinity and potency for the chitinase enzyme. This ambitious target was achieved by comparing the 

binding modes of BM1 and argifin and noticing that they were much the same. Indeed, in both 

compounds, the macrocyclic portion and the linear chain assumed the same orientation, and this 

allowed them to interact with the Glu 177 residues. However, if closely observed (Figure 2-5), the 
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amidinoureas moiety of argifin was cable of doing two additional key interactions with Asp175 and 

Tyr 245 of the target enzymes.
100

 

 

Figure 2-5: Binding mode of BM1 in the active site of chitinase (PDBID: 1W9V). The protein is 
represented in lines and cartoons. Argifin is represented as green sticks, while the shape comparison 
pose and the docked pose are represented as cyan and magenta sticks, respectively. Hydrogen bonds 

are represented as green dashes. 

Based on these observations, it was assumed that merging (Figure 2-6) our best chitinase inhibitor 

(BM21), with the amidinoureas moiety of argifin could provide a new compound, BM22, in which the 

inhibitory activity might be improved thanks to these two additional interactions with active chitinase 

sites. 
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Figure 2-6: Merging of the chemical structure of BM21 and Argifin to obtain BM22. 

2.2.4 BM22: a new potent inhibitor of T. viride chitinases.  

The new derivative was synthesized straightforwardly, as described in the article of Maccari et al. The 

optimized derivatives were tested against T. viride chitinase (Table 2-3) and found to be a potent 

inhibitor with Ki values of 0.22 μM, over 50-fold lower than its parent compound (BM21), confirming 

the initial hypothesis. Conversely to this data, when BM22 was tested against Candida strains, a 

reduction of its antifungal activity was shown with respect to BM21. This behaviour was explained by 

the structural change of BM22 from the positive-charged terminal guanidine of BM21 (pKa≈12) to the 

neutral amidinoureas moiety of argifin (pKa≈6) and the use of a cationic polyamine transporter to cross 

the fungal membrane. Therefore, the likely lesser affinity of BM22 for this cation transporter could be 

related to its reduced antifungal activity.
100
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Table 2-3: Inhibitor activity of the new derivative BM22 and comparison between other deviates of 
the first and second series. 

 

2.2.5 Activity on Human Chitinases  

The two human chitinases, hAMCase and hCHIT1, have recently attracted considerable attention for 

their critical roles in the modulation of the immune response in asthma and other chronic 

inflammatory lung diseases. Since our best inhibitor of T. viride chitinase, BM22, has been rationally 

designed and has shown quite remarkable inhibitory activity, it was tested against the two human 

chitinases in order to understand, if these proteins could be targeted by our amidinoureas compound. 

Therefore, compound BM22 and its precursor BM21 were biologically evaluated, using a fluorometric 

assay, against hAMCase and hCHIT1. 

Table 2-4: Biologically evaluation of BM21 and BM22 against AMCase and CHIT1. 

Inhibitors 
hAMCase hCHIT1 

% Inhibitiona Ki (μM) % Inhibitiona Ki (μM) 

Bisdionin F 52.7± 3.7b 0.14 ± 0.11 98.5± 0.1a 0.17± 0.1 
BM22 58.8± 1.2 13.2±0.2 26.0 ± 1.5 n.d.c 
BM21 <5% n.d.c n.d.c n.d.c 

a[Inh] = 50 μM; b[Inh] = 1 μM; c not determined. 

As we can see from the data in Table 2-4, BM22 showed good inhibitory activity on AMCase (Ki of 

13.1 μM), whereas the data on the other enzymatically active chitinase (CHIT1) were very low, 

suggesting a possible selectivity for this compound respect to AMCase. 

Moreover, the data derived from compound BM21, bearing the guanidine moiety instead of the 

amidinourea, showed a complete loss of activity, again suggesting that the amidinoureas moiety was 

fundamental for the inhibitor activity. It is worth mentioning that switching from chitinase of T.viride 

to human (AMCase or CHIT1) led to a strong decrease in activity suggesting that even if they belong 

to the same family GH18 there are the structural difference among fungi and human chitinase in 

accordance with the work of Huang et al.
101
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2.2.6 The first series of AMCase inhibitors. 

The promising inhibitory activity data of BM22 against AMCase encouraged us to move forward with 

the design and synthesis of the first series of derivatives. In this series ( Scheme 2-1) the attention was 

focused on the modification of three main strategic structural features of BM22: the terminal 

amidinoureas moiety, the macrocyclic core, and the length of the linker, in order to evaluate the role 

of structural features of the lead compound BM22 in the inhibition of human chitinases. 

 

Scheme 2-1: First series of macrocyclic amidinoureas as inhibitors of AMCase. 
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The first series of derivatives were tested on both enzymes, and the data were reported in Table 2-5 

Table 2-5:Evaluation of the first series of derivatives inhibitor of AMCase. 

Compounds 
hAMCase hCHIT1 

% Inhibitiona Ki(μM) % Inhibitiona Ki(μM) 

BM22 58.8 ± 1.2 13.2 ± 0.1 26.0 ± 1.5 n.d. b 

BM52 51.9 ± 1.7 12.9 ± 0.5 19.5 ± 3.1 n.d. b 

BM50 41.1 ± 2.4 n.d. b 21.9 ± 3.3 n.d. b 

BM36 7.7 ± 2.1 n.d. b NT n.d. b 

BM35 12.7 ± 5.6 n.d. b 18.4 ± 7.4 n.d. b 

BM34B 13.6 ± 6.3 n.d. b <5 n.d. b 

BM49 50.3 ± 3.2 n.d. b n.t. n.d. b 

BM41 83.7± 2.1 3.5 ± 0.2 32.3 ± 1.7 n.d. b 

a[Inh] = 50 μM; b not determined. 

The results of the enzymatical tests showed that the terminal amidinoureas moiety is crucial for 

activity. Indeed, all modifications (BM34B, BM35, BM36) led to a dramatic loss of activity highlighting 

the key role of the interaction of terminal moiety with the aminoacidic present in the catalytic pocket. 

The linker moiety also seemed to be important to the activity of compounds, since shortening the 

length from 8 terms to 4 caused a decrease in activity, whereas a 6 terms length was well tolerated 

and resulted in good inhibitory activity. However, the most interesting consideration derived from the 

modification of the macrocyclic core, since removing the aromatic ring led to compound BM49 with a 

slight decrease in activity, whereas the introduction of a second phenyl (BM41) allowed a significant 

enhancement of activity with an increase of 1.5-fold of percentage inhibition and lowering the Ki at 

3.5 μM. It is worth mentioning that these derivatives showed promising selectivity against hAMCase 

with respect to hCHIT1. 

2.2.7 Structural based virtual screening on human AMCase. 

The recent interest in the inhibition of AMCase for the development of therapeutics against allergic 

airway inflammatory diseases has prompted the pursuit of, alongside the ongoing development of 

derivatives with macrocyclic amidinoureas scaffold, a new and different project with the goal of 

identifying inhibitors of AMCase proteins with new chemical structures. To achieve this goal, a 

structure-based virtual screening was set up. This computational procedure can identify new scaffolds 

of molecules active towards an interesting target, in our case the hAMCase. The first step was the 

selection of crystallographic data in the compound Wyeth 1
94

 co-crystallized with the human AMCase 

(PDB:3RM4). This crystal structure allowed the generation of an early pharmacophoric model that was 

optimized through compounds reported in a recent patent from OncoArendi.
102

 The database of 

commercially available compounds used for the virtual screening was the ZINC Purchasable Now. After 
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an initial filtration step based on structural factors (only compounds presenting a positive nitrogen 

atom bonded with three aliphatic carbon atoms were selected because this group was present in all 

the most active compounds reported in the OncoArendi patent
102

) and pharmacophoric model 

filtration, the initial huge number of compounds (12.8 million) present in the ZINC database was 

reduced to 15,828 molecules. Afterwards, a docking analysis was performed, and the first 150 

compounds were selected. A final visual inspection and a FAF-Drug3 PAINS analysis led to 10 

compounds that were purchased and underwent biological evaluation in a fluorescent enzymatic 

assay as AMCase inhibitors. 

Table 2-6: Biological evaluation of the purchased compounds on hAMCase after the SBVS procedure. 

Compounds % Inhibitiona 
DF01 <5 
DF02 10.9±7.7 
DF03 8.4±6.8 

DF04 29.4±3.4 
DF05 <5 
DF06 <5 
DF07 <5 
DF08 <5 
DF09 8.9 ± 1.4 
DF10 8.9 ± 1.3 

a[Inh] = 50 μM 

Among this first series of derivatives (Table 2-6), some of them resulted to be inactive or with a low 

percentage of inhibition (8-11%). The most interesting compound of this first series was represented 

by DF04, which showed a percentage of inhibition of 29.4±3.4 and a Ki value of 25.6 ± 3.3 μM.  

     

Figure 2-7: Structure of DF04. 

Investigating the binding mode of the best compound, DF04, highlighted a predictable pose 

comparable with the crystallographic derivative (Figure 2-8). The pyrazine-2-carboxamide group was 

able to form H Bond interactions with the catalytic residues Asp138 and Glu140 and with OH groups 

of Tyr212 and Tyr27 inside the active site; it also formed interaction with Trp360 and Met210. Its tail, 

instead, occupied the hydrophobic pocket constituted by Tyr267, Ala295, Ile300, and Leu364 side 

chains. 

N
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Figure 2-8: DF04 (Yellow) binding mode inside the binding pocket. Green residues represent the 
hydrophobic pocket; Cyan residues represent the active site. 

2.3 AIM OF THE PROJECT. 

My project regarding the development of human chitinase inhibitors embraced the design and 

synthesis of molecules belonging to two different scaffolds. 

The first was the macrocyclic amidinoureas scaffold. Following what has been done previously and 

with the aim of enriching our knowledge about this family of compounds as inhibitors of human 

chitinase, three compounds were synthesized: BM56, BM57, and BM58. The data from the first series 

told us that the introduction of a second phenyl ring in the macrocyclic scaffold caused a dramatic 

increase in the activity. The introduction of a phenyl ring as a functional group in the macrocycle had 

the additional advantage of being easily functionalized with several chemical groups. The compounds 

that I synthesized were characterized by the presence of two different halogen atoms, fluorine, and 

chlorine, on one of the phenyl rings. The aim of this project was the exploration of the chemical space 

related to the macrocycle core and the evaluation of its effect on the inhibitory activity in human 

chitinases. These results would merge with the data of other previously synthesized derivatives, and 

help us gain a better understanding of the structure-activity relationship of these series of compounds. 

The second scaffold is the 6-piperazine-1-ylpyrazine-2-carboxamide scaffold which characterized 

compound DF04 and emerged from a structure-based virtual screening. This scaffold is innovative and 

quite different from the other chitinase inhibitors described to date. Although the inhibitory values of 

these derivatives were still not competitive with other known inhbitors they represented a weak-but-

novel chemotypes drug-like compounds, with low molecular weight and easy availability from a 

synthetic point of view. For these reasons, we considered the 6-piperazine-1-ylpyrazine-2-

carboxamide an interesting scaffold and we decided to synthesize a focused library of compounds. 

Specifically, I focused my attention on the exploration of the aromatic ring portion, which interacts 

with the hydrophobic pocket of the active site of the enzyme. Therefore, a series of compounds 

bearing different lipophilic substituents on the phenyl ring, such as halogen atoms and various 

carboxamide groups, were synthesized and biologically evaluated to see if any additional interactions 

could be formed between this portion of the molecule and the aminoacidic residues presented in this 

pocket, which could lead to an optimization of the activity data of this class of compounds. 
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2.4 PART A: The second series of AMCase inhibitors. 

2.4.1 Synthesis of compound BM56, BM57, BM58. 

The synthetic route used for these compounds is the same described for compound BM37 and 

reported as an overview in the scheme below (Scheme 2-2). However, some modifications were 

introduced in the previous synthesis to obtain the terminal amidinoureas moiety and avoid the poor 

resistance of the benzyl phenyl ether group in the hydrogenation step that in some cases led to a 

byproduct characterized by the opening of the macrocycle. In the next part, I will describe these issues 

and the efforts made to overcome them. 
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Scheme 2-2: Synthesis of intermediates 32a-c.	Reagents and conditions. (i.) BH3-Me2S, dry THF, 0 °C-
r.t., 12 h, N2; (ii.) tosyl chloride, DMAP, dry TEA, dry CH2Cl2, 0 °C-r.t., 16 h, N2. (iii.) 2-Hydroxy-4-R1-

5-R2-benzaldehyde, K2CO3, NaI, CH3CN, reflux, 16 h; (iv.) tributyl(vinyl)tin, Pd (OAc)2, PPh3, dry 
THF, reflux, 16 h, N2; (v.) NH2OH*HCl, pyridine, EtOH, reflux, 3 h; (vi.) Zn dust, 2N HCl, THF, 

reflux, 4 h; (vii.) N,N’-Di-Boc-1H-pyrazole-1-carboxamidine, DIPEA, THF, r. t., 16 h. (viii) 9 or 40, dry 
TEA, dry THF, reflux, 16 h, N2; (ix.) 2nd gen. Grubb’s catalyst, degassed dry CH2Cl2, reflux, 16 h, N2.  

In our first synthetic route Scheme 1-6, the cleavage of the Cbz group and the hydrogenation of the 

double bond of the macrocyclic core were achieved in one step using Pd/C 10% and a few drops of 

HCl 36% in isopropanol at r.t. under H2 atmosphere. In this step, the catalytic amount of HCl served to 

avoid the poisoning of the Pd/C by the amines trapping them as hydrochloride salt and promoting the 

deprotection.
103,104

 Although this procedure usually worked well in the macrocyclic amidinoureas 

synthetic routes, sometimes depending on reaction conditions and structural effects, the 

hydrogenolysis of the benzyl phenyl ether group was observed, and a by-product characterised by the 

opening of the macrocycle was detached. This hypothesis was supported by a mass spectrometry 

analysis, with a new signal corresponding to a molecular weight greater than two units greater to the 

desired product as well as NMR spectra, in which the benzylic methylene signal disappeared, replaced 

by a new signal related to the methyl group (Figure 2-9). 

 

Figure 2-9: The benzyl phenyl ether (BPE) group was highlighted in orange, instead of the structure of 
the opening macrocycle, characterised by a phenol and a tolyl group, in green. 

To avoid the formation of this by-product, we made several attempts (Scheme 2-3). Firstly, as 

suggested by the literature,
104

 we changed the strength of the acid from the strong HCl to the weaker 

Acetic acid, as illustrated in the synthetic route (x.) presented in Scheme 2-3. This attempt worked 

well for compounds 33a and 33c, although the reaction time was increased (eight hours instead of the 

four usually required). 

On the other hand, for compound 34b, the situation did not change at all, and the main product 

obtained using this procedure was the macrocycle opening. 
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Therefore, other attempts were made. Secondly, we removed the acid or replaced it with ammonium 

acetate or ammonium chloride, as reported in the work of Sajiki on selective hydrogenolysis.
105

 

However, in these cases, only the hydrogenation of the double bond occurred, whereas we found that 

the hydrogenolysis of the Cbz group was inhibited. Finally, since these attempts were unsuccessful, 

we decided to change the protecting group on the linker moiety in order to bypass the formation of 

this tedious by-product (Scheme 2-3). The choice fell on another well-known carbamate protecting 

group, namely Boc. The main difference between these protecting groups is in how they are cleaved: 

Cbz using hydrogenolysis on Pd/C, while Boc in an acid environment. A new linker moiety 40, bearing 

the Boc group was synthesised and used to afford the derivative 32b. Subsequently, the double bound 

was removed mildly by hydrogenation in the absence of acid. The hydrogenation occurred smoothly 

for 4 hours, the reaction was monitored by mass spectrometry until the signal of the starting material 

had disappeared completely, and then the reaction mixture was filtrated over Celite to remove the 

palladium catalyst and directly used in the next step without any further purification. The cleavage of 

the Boc group was carried out with TFA at 10% v/v solution in DCM, furnishing compound 35b in 

quantitative yield. This new synthetic strategy had the advantage of affording the free amine 35b as 

trifluoracetic acid without any traces of the opened macrocycle byproduct. As a drawback, the 

cleavage of Boc guanidine moiety at this stage resulted in a more polar compound with a more 

demanding purification, as free guanidines can form a long streak behind them during column 

chromatography. However, in both cases, we obtained the amines, in the form of acetate (33a,c) or 

trifluoroacetic salt (35b), which were coupled with N, Nʹ-Di-Boc-1H-pyrazole-1-carboxamidine at room 

temperature using DIPEA in excess as a base to afford the guanidine derivatives 36a-c. 

 

Scheme 2-3: The problematic step of hydrogenation. (x.) H2, 1 atm, Pd/C 10%, cat. AcOH, i-PrOH, r. 
t., 8 h.; (xi.) H2, 1 atm, Pd/C 5%, cat, i -PrOH, r. t., 4 h;(xii.) 10% CF3COOH in DCM, r. t., 3 h; (xiii.) 

N,N′-Di-Boc-1H-pyrazole-1-carboxamidine, DIPEA, THF, r. t., 16 h. 

These guanylated compounds, presenting an unsubstituted di-Boc guanidine, were able to react with 

methylamine in a sealed tube under reflux overnight giving the amidinoureas terminal moiety of 

compounds 37a-c. Final deprotection of the Boc groups using TFA gave compounds BM56, BM57, and 

BM58 as trifluoroacetic acid salts ( Scheme 2-4). 
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Scheme 2-4: Final step of synthesis of BM56, BM57 and BM58: (xiv)Methylamine sol. In H2O, DIPEA, 
THF, 80 °C, sealed tube, 16h; (xv.) TFA 10% in DCM, rt, 8h. 

2.4.2 Synthesis of the Boc protected linker moiety. 

	
Scheme 2-5: Synthesis of the linker 40. Reagents and conditions. (i.) (Boc)2O, NaOH, Dioxane/H2O, 
0°C to r.t., 12 h; (ii.) Allylamine, EDC, HOBt, DIPEA, dry DMF, r.t., 16 h, (iii.) DIBAL-H, dry DCM, 

0°C to r.t.,16h.	
The new linker bearing a terminal Boc protecting group was synthesized (Scheme 2-5) using the same 

conditions described previously in Scheme 1-8 but, during the first step, Boc anhydride was replaced 

by chlorobenzyl formate. 

2.4.3 Biological evaluation of compounds BM56, BM57, BM58. 

The prepared compounds were then tested against the human chitinases (AMCase e CHIT1) by means 

of a direct fluorimetric assay using the following procedure. Mixtures of the enzyme (AMCase e CHIT1) 

and 50 μM of the inhibitors were incubated for 20 minutes on the reading plate. At the end of the 

incubation, the substrate (4-methylumbelliferyl β-D-N, Nʹ, Nʺ-triacetylchitotrioside) was added, and 

the reading was conducted by monitoring the time dependence of substrate hydrolysis followed by 

fluorescence (excitation wavelength, 400 nm: emission wavelength, 440-460 nm). The rationale 

behind this test is that the measured fluorescence is directly related to the activity of the enzymes. 

Therefore, the more the inhibitory activity of our compounds, the lesser the activity of the enzyme 

and the lesser the fluorescent moiety that was freed and detached. The results of the screening 

compounds are reported in Table 2-7. The Ki was determined only for compounds showing an 

inhibition ≥50%, using a competitive model of inhibition in triplicate. As a control, bisdionin F, a known 

Chitinase inhibitor was used.
106

 Inhibition tests were performed at the Department of Medical 

Biotechnologies of “Policlinico Santa Maria alle Scotte” by Professor Jean-Denis Docquier and Dr 

Filomena Sannio, whom I thank profusely for their precious help. 
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Table 2-7: Evaluation of the inhibitory activities of BM56, BM57, BM58 against hAMCase and 
hCHIT1. 

Compound 
AMCase CHIT1 

% Inh a Ki(μM) % Inh a Ki(μM) 

Bisdionin F 52.7± 3.7b 0.14 ± 0.1 98.45± 0.1a 0.17± 0.05 
BM22 58.8 ±1.2 13.2 ±0.1 26.0 ± 1.5 n.d.b 
BM41 83.7 ±2.1 3.5 ± 0.2 32.3 ± 1.7 n.d.b 
BM56 60.9 ± 0.6 21.0 ±2.2 <5 n.d.b 
BM57 81.9 ± 0.8 2.9 ± 0.2 10 ± 0.7 n.d.b 
BM58 66.0 ± 2.1 17.9 ± 2.0 <5 n.d.b 

a[Inh] = 50 μM; b[Inh] = 1 μM; c not determined. 

All the new synthesized compounds showed a good percentage of inhibitory activity (Table 2-7) in 

some cases (BM56 and BM58) comparable to the lead compound BM22 or better as in the case of 

BM57. In contrast, a decrease in the activity value was measured for compounds BM56 and BM58 

with respect to BM41, the most active compound of the entire series. 

 

These data confirmed that the introduction of phenyl rings in the macrocyclic structure had a strong 

influence on the inhibitory activity of these compounds because their functionalization led to a 

valuable change in the activity value of this family of compounds. Presumably, the occurrence of 

aromatic rings in the macrocyclic core made new favourable interactions (stacking interactions) 

between these compounds and the target enzyme that improved the binding and stabilized the 

formed complex. Consequently, modifying the electron density and the chemical properties of the 

phenyl ring through the introduction of halogen substituents resulted in a modulation of the stacking 

interactions with the target protein along with the inhibitory activity. 

As we can see in the case of BM56 and BM58, the introduction of the chlorine and fluorine atoms in 

the C5 and C4 positions respectively, led to a drastic increase in the Ki value (7 and 5 folders higher 

than BM41), whereas for BM57, the introduction of a fluorine atom in position C5 seemed to be 

beneficial for the activity and Ki value compared to BM41 was measured. 

It is interesting to notice that the introduction of halogen substituents on the first phenyl ring plays a 

significant role also in the selectivity properties of these compounds. Indeed, all the halogenated 

derivatives showed a remarkable decrease in their activity value on the CHIT1 enzyme compared to 

BM41 or BM22. This observation is worth mentioning since gave us more knowledge on how to obtain 

selective derivatives, desirable properties, and search for new chitinase inhibitors. 

Further studies evaluating the effect of substitution on the second aromatic ring and the introduction 

of different electron-withdrawing or donating groups on the activity values of these derivatives are 

currently underway in our laboratories. From the results of these data, we will gain more knowledge 

about the structure-activity relationship, helping us understand which direction to go for the next 

generation of more potent AMCase inhibitors. 

2.5 PART B: FIRST SERIES OF DF04 DERIVATIVES. 

The new derivatives of DF04 were characterized by the presence of two different lipophilic functional 

groups on the aromatic ring; compounds 45a-e, bearing halogen atoms at different positions on the 

phenyl ring, whereas derivatives 45f-j possess a carboxamide group as a substituent. 
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For the synthesis of this first series of DF04 deviates, a convergent synthesis was set up (Scheme 2-6) 

that involved compound 43 as a common intermediate. The general procedure for all derivatives is 

depicted in Scheme 2-6. The synthesis was started by a Wittig reaction between the opportune 

aldehydic derivatives and the phosphonium ylide, the commercial triphenylphosphoranylidene 

acetaldehyde in this case.
107,108

 Given the presence of the aldehydic functions as an electron-

withdrawing group, the resulting ylide is stabilized by this group and tends to give only the E-

alkenes.
109

 This result was confirmed by the NMR signal presented in the alkenyl field of the spectra 

which showed a coupling constant of 14-16 Hz typical of trans protons for all the derivatives. One 

problem related to this synthetic strategy is the fact that the product can compete with the starting 

material for the commercial Wittig reagent to form a byproduct derived from a second Wittig reaction. 

The high similarity in terms of polarity that the product and the side-product presented make their 

isolation and purification difficult. To avoid the formation of this by-product, an excess of aldehydic 

starting material was used. The a,b-unsaturated aldehydes 42a-j were transformed into the 

corresponding amines through a direct reductive amination.
110

 This reaction proceeded in one pot, 

using STAB as a reducing agent. STAB is a mild reducing agent, selective for the imine, which allowed 

the presence of the ester moiety on the compounds. Finally, the esters 44a-j were directly 

transformed in the primary amides 45a-j using an excess of ammonia (NH3 7N in methanol) under 

microwave irradiation.
111

 

 

Scheme 2-6: General procedure for the synthesis of the derivatives 45 a-j. i.) Dry toluene, reflux 
overnight; ii.)  STAB, DCE, r.t, overnight; iii.) NH3 in MeOH 7N, MW, 45 ˚C, 5minutes. 

The intermediate 43 was prepared starting from the commercially available pyrazinoic acid. This 

compound was transformed into the methyl ester 46 through the Fisher esterification.
112

 Then, the N-

oxide intermediate 47 was prepared, obtained thanks to m-chloroperbenzoic acid, which directed the 

subsequent chlorination in thionyl chloride in position 6 (48).
113

 During this step, both the 2,6 and the 

2,4-disubstituted pyrazinoic acids were obtained, with the former in higher yield. The compounds 

were discerned via 
1
H-NMR spectroscopy.

114
 Finally, the replacement of the chlorine atom with the 

piperazine using microwave irradiation gave the desired intermediated 43 (Scheme 2-7). 
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Scheme 2-7: Synthesis of the common intermediate 43. i.) H2SO4 conc., MeOH, r.t overnight; ii.) 
mCPBA 77%, DCE, 60˚C, 16 h; iii.) SOCl2, reflux, 7h; iv.) Piperazine, DIPEA, DMF, MW, 60˚C, 15 

minutes, sealed tube. 

Conversely to the halogen derivatives which were synthesized starting from the commercially 

available aldehydic precursor, compounds bearing an amidic portion as a substituent (Scheme 2-8). 

As commercially available starting compounds, we selected the opportune formyl benzoic acids. These 

starting compounds were converted to their respective acyl chlorides using thionyl chloride and 

DMF/DCM as the solvent of the reaction. Then, this reaction mixture was directly added to a solution 

of the specific amine in order to obtain the appropriate amide 41f-i. Once obtained, the compounds 

followed the general synthetic route (Scheme 2-6).
115

 

  

Scheme 2-8: General procedure for the amidic derivatives 41f-i. i.) SOCl2, DMF dry, DCM dry, reflux, 
2h; ii.) NR’R’ ’in H2O at O°C, r.t for 2 h. 

For compound 41j which contained the acetanilide as the substituent, the synthesis was slightly 

different (Scheme 2-9). We prepared it by coupling the commercial 3-Aminobenzyl alcohol and the 

Acetic anhydride. The compound 49j was then oxidated using MnO2, an inorganic oxidating agent 

specific for benzyl alcohol, to provide the compound 41j.116 

 

Scheme 2-9: Synthesis of the acetanilide derivatives 41j. i.) Acetic anhydride, O°C, THF dry, r.t, 15 
minutes; NaOH 2,5 M, NaHCO3(ss), MeOH, r.t, 5 minutes; ii.) MnO2, MEK, r.t, 2 days.	

2.5.1 Biological evaluation of new DF04 derivatives. 

The activity of this series of derivatives was evaluated against the hAMCase (Table 2-8) using the same 

fluorometric assay used for the macrocyclic compounds and described in paragraph 2.4.3. 
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Table 2-8: Evaluation of the inhibitory activities of new derivatives of DF04 against hAMCAse. 

Compound % Inh a on AMCase 
Bisdionin F 52.7±5.2b 

DF04 29.4±3.4 
45a 25.6±5.4 
45b 37.9±5.9 
45c 15.6±6.6 
45d 20.8±4.8 
45e 15.9±7.3 
45f 19.4±1.5 
45g 16.6±4.4 
45h 27.4±1.3 
45i 22.8±1.2 
45h n.t. 

a[Inh] = 50 μM; b[Inh] = 1 μM; c not determined. 

All the tested compounds showed low percentages of inhibitory activities. However, some preliminary 

considerations can be made on this small library of compounds. 

Compounds bearing a mildly electron-withdrawing group (EWD), such as amide, in the meta position 

of the aromatic ring (45f and 45i) resulted in less activity than the preliminary lead compound DF04. 

The introduction of CF3(45c) or OCF3(45d), two strong EWDs in the ortho position, led to a decrease in 

the activity of these derivatives. 

Compounds containing a chlorine atom (a weak electron-withdrawing group) increased the activity 

value in compound 45b or a percentage of inhibition like the DF04, as in 45a. 

It is noteworthy that compound 45g, bearing an amide in the para position, with an ethyl substituent 

instead of a methyl group, has a percentage of inhibition of halved if compared to DF04 and 45h. This 

decrease might be due to the steric hindrance of the substitution on the amide, not well tolerated in 

the hydrophobic pocket. 

Finally, in contrast to what we expected, the introduction of lipophilic substituents on the phenyl rings 

seemed to have a limited influence on the inhibitor activity of these derivatives. 

 Nevertheless, it is worth noticing that the 6-piperazine-1-ylpyrazine-2-carboxamide scaffold of these 

derivatives is new and quite different from other chitinase inhibitors. Moreover, they have a drug-like 

profile and are easily produced. 

From here on, there is still much that needs to be done to develop an inhibitor with low micromolar 

activity. A step forward, from a medicinal chemistry perspective, could be to synthesize new 

derivatives, in which other parts of the preliminary lead compound DF04, such as the central 

piperazine ring or the terminal pyrazine moiety, will be replaced or substituted with other structural 

analogues. The aim would be to obtain more active compounds and further knowledge regarding their 

structural activity relationship. 
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2.6 CONCLUSION 

Human chitinases have garnered considerable attention since several studies have shown their 

involvement in the modulation of the immune response and their implication in chronic inflammatory 

lung diseases. 

On the other hand, other studies have recently cast a shadow on their actual roles and, in contrast, 

proposed a protective effect of these enzymes. For this reason, the role of chitinase in chronic 

inflammatory lung diseases remains controversial, and more experiments are required to disclose 

their function. Medicinal chemistry can promote the design of new inhibitors with high potency, 

improved selectivity and a suitable drug-like which could help to shed more light on the role of human 

chitinases in Th2-mediated lung diseases. 

 

We recently reported the discovery of a new potent and rational design compound specified tailored 

for T. viride chitinase, namely BM22. Its good activity prompted us to test this molecule against both 

human chitinases (hAMCase and hCHIT1), displaying a promising activity and AMCase/CHIT1 

selectivity, features that triggered us to move forward by developing two series of derivatives with 

structural modifications. 

From the biological activity data of these series, the best modification resulted in compound BM41 

occurring in two aromatic rings in the structure. Besides, the aromatic ring is a functional group easily 

functionalized with different groups, and this allowed us to explore its chemical space with the 

synthesis of a focused library of compounds bearing two different halogen atoms on one of the phenyl 

rings. All the compounds showed good activity profiles, but one derivative, BM57, distinguished itself 

from others by displaying a high potency (Ki = 2.9 μM) and a better AMCase/CHIT1 selectivity than 

BM41. Although we have only a limited amount of data, it seems that the functionalization of the 

phenyl ring, in this case with halogen atoms, could be related to a sort of selectivity for the hAMCase, 

since all the three halogenated derivatives showed a pronounced selectivity for this enzyme. This 

result is interesting because the high structural homology of AMCase and CHIT1 enzymes makes the 

search for selective inhibitors a challenge and one of the most desired features in human chitinase 

inhibitors. However, further derivatives need to synthesize to support this preliminary hypothesis. 

Moreover, It would be interesting to evaluate the ADME profiles of the most active compound of this 

series through in vitro studies. Indeed an excellent pharmacokinetic profile could make these 

compounds appealing as potential pharmacological tools in an animal model with chronic 

inflammatory diseases for studying the controversial role of human chitinase in these diseases. 

For the DF04 scaffold, a series of derivatives were synthesized to evaluate the effect of lipophilic 

substituents on the phenyl ring of this compound since it interacted with a hydrophobic pocket. 

Unfortunately, all the compounds showed retention or decrease of activity and the most interesting 

resulted in compound 45b with a percentage of inhibition of 38%. Looking ahead, the 6-piperazine-1-

ylpyrazine-2-carboxamide represents a novel and drug-like scaffold, yet its values of the activity are 

still not competitive with other known inhibitors. From here on, extensive work from a synthetic and 

computational point of view is required to obtain a micromolar inhibitor bearing this scaffold. 
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3.1 OVERVIEW  

During my period as a guest PhD student at the Uppsala University Biomedical Centre, Department of 

Medicinal Chemistry, I was involved in two projects: the IRAP project and the N-indole alkylation 

project. 

 

The first project regards the insulin-regulated aminopeptidase (IRAP), a class of zinc-metallopeptidase 

enzymes belonging to the M1 family of aminopeptidase. They are present in high density in brain areas 

associated with cognitive, sensory, and motor functions. Their function is exploited by cleaving the N-

terminal amino acid residue of several bioactive peptide regulators of cognition in vitro, such as 

vasopressin and oxytocin. Several studies demonstrated that inhibition of IRAP leads to an extension 

of the half-life of these neuropeptide substrates. In addition, this enzyme plays a crucial role in the 

process of physiological cognition. For these reasons, the IRAP receptor is a considerable and 

attractive potential macromolecular target to treat Alzheimer's disease or other cognitive disorders. 

During my period at the Uppsala University Biomedical Centre, Department of Medicinal Chemistry, I 

was involved in the development and synthesis of small molecules as inhibitors of the IRAP protein. 

My work was focused mainly on aryl sulfonamides derivatives identified through a high-throughput 

screen as IRAP inhibitors. The synthesized analogues will be evaluated in the IRAP enzymatic inhibition 

assays. The result of these data will give us more knowledge about the structure-activity relationship 

and help us understand in which direction to go for the next generation of IRAP inhibitors. However, 

this project is strictly confidential and protected by several patents, therefore, I cannot describe or 

show the synthesis, the structure of the molecules or the biological activity for the derivatives that I 

synthesized.
117–120

 

 

On the other hand, I can describe the other project in which I was involved, the N-indole alkylation 

project. 

3.2 INTRODUCTION 

The indole ring system represents a structural element recurring in several compounds present in 

nature. For example, plants produce the growth hormone heteroauxin, a derivative of the indole, 

along with several alkaloid natural compounds containing the indole ring in their structure.
121

 Fungi 

produce many substances containing the indole ring: one example is psilocybin which has psychedelic 

effects on humans.
122

 Mammalians use the indole scaffold to produce two hormones: serotonin and 

melatonin. The former is a neurotransmitter that plays a fundamental role in the central nervous 

system, and cardiovascular and gastrointestinal systems.
123

 The latter is a hormone involved in timing 

the circadian rhythms and regulation of the immune system.
124

 Besides, the indole structure is part of 

the tryptophan which is one of the nine essential amino acids. Accordingly, in addition to its 

widespread function in nature, an impressive number of drugs approved in the market contain this 

“privileged structure”, to the extent that the indole scaffold is the ninth-most frequently occurring 

heterocycle in FDA- approved drugs.
125–127

 Indomethacin (a non-steroidal anti-inflammatory drug used 

for pain, fever, stiffness) and vincristine (one of the earliest anti-tumour agents appearing on the 

market) are two well-known examples of drugs approved containing these indole rings.
128

 The broad 

spectrum of biological activities of indole derivatives has attracted considerable attention in organic 

and medicinal chemistry. Consequently, the chemistry literature is full of synthetic methodologies 
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with the aim of the construction of this ring or the introduction of different types of substituents into 

it.
129–131

  

However, some indole derivatives still remain difficult to synthesize since only a few methods to obtain 

them are described in the literature.
132

 Thus, this is the case of the N-indole alkylation, a reaction 

providing indole derivatives with a wide range of substitutions on their nitrogen atom. Substitutions 

on this atom can be simple such as benzyl or alkyl chains or more challenging such as alkyl branched 

chains, sterically hindered groups, and chiral alkyl substituents. Examples of compounds with these 

specific fragments in their structures are shown in Figure 3-1, pointing out that N- alkylated indoles 

are an attractive scaffold in medicinal chemistry. 

 

	
Figure 3-1: Examples of drugs currently used, presenting the N-alkylated fragment in their structures. 

1, 4) Derivatives 1 and 4 containing the 1,1-dimethyl-2-propenyl fragment have antifungal and 
anticancer activity respectively; 2) Fluvastatin (Compound 2) is a hypocholesterolaemia agent; 3) 

Compound 3 (Enzastaurin) possess antitumor activity; 5) Compound 5 is an antagonist of 
progesterone receptors used for the treatment of leiomyoma. 

The methods used for the N-alkylation currently reported in the literature can be divided into four 

types.  

The first method involves the enhancement of the inertness of the nitrogen atom to act as a 

nucleophile using a strong base able to deprotonate it. Therefore, the indolyl anion formed is able to 

attack the electrophilic reagents providing the N-alkylation. Although this approach has been used 

successfully in the N-alkylation of heterocyclic systems containing an N-alkyl substituent, problems 

arise when substrates are base-sensitive. Moreover, hazardous and toxic matters derived from a 

strong base and alkylated agents make this procedure unappealing for an industrial application.
133,134

 

Another approach consists of a Mitsunobu-reaction exploiting the acidic behaviour of the nitrogen 

atom occurring in the indole ring and the opportune alcohol. However, this reaction works well as long 

as the indole derivatives possess electron-withdrawing groups on their rings, increasing the acidity of 

the indole nitrogen, otherwise, the low NH acidity hampers the alkylation. Besides, challenging 

purifications and the poor atom economy are two other problems related to the Mitsunobu reaction 

that limit the use of this strategy.
135
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The third approach is related to organic metallic chemistry. Traditional methods in this field such as 

palladium catalysed N-alkylation, exploiting the π allyl chemistry, or copper catalysed reaction of 

indoles, as well as the recently reported methods using chiral transition metal catalysts, have garnered 

attention as a reliable method to perform this reaction with a grade of selectivity and control 

otherwise unachievable using the previous methods.
132,136

 However, pharmaceutical applications 

based on transition metal catalysts remain limited because of their high cost and the necessity of 

catalyst being removed at the end of the process. 

Finally, a new strategy to achieve the N-indole alkylation using the cheap Et3SiH and TFA has been 

described by Clanton et al. This procedure represents a simple and metal-free method to develop N-

alkylation and works well with many substrates. On the downside, the lack of reactivity among ketone 

is a limiting factor since no branched chain on the carbon adjacent to the nitrogen can be 

obtained.
132,136

 

3.3 STATE OF THE ART  

Propyl phosphonic acid cyclic anhydride (T3P®) is an efficient and widely used water scavenger and 

coupling reagent for amide synthesis. The most interesting properties of this acid include its low 

toxicity, broad functional group tolerance and easy work-up procedure.
137,138

 Consequently, it has 

recently garnered the attention of organic and medicinal chemists, and a variety of new applications 

have been described, including the direct conversion of carboxylic acid and amides into nitriles,
139

 the 

synthesis of alkenes from alcohols,
140

 the formation of Weinreb amides,
141

 the conversion of carboxylic 

acids into acid azides, and in the synthesis of several substituted heterocyclic rings.
142,143

 

In 2011, Odell et al. described a rapid, mild and efficient one-pot synthesis of indole using T3P® and 

microwave irradiation. This method represents a valid alternative to the procedures found in the 

literature employing strong acids or toxic reagents. During the investigation of the indole synthesis 

outlined in this paper, a side reaction involving the N-alkylation was observed.
144

 In continuation of 

this observation, further studies investigating the employment of T3P® in the N-alkylation of indole 

compounds were conducted. The model reaction selected was between the 3-methyl indole (1 equiv) 

and cyclohexanone (3 equiv) in the presence of T3P® (50% solution in AcOEt). The reaction conditions 

were optimized by fine-tuning experiments, in which different times and temperatures were tested 

for the reaction. The best condition resulted at 120 ℃ under microwave irradiation (MW) for 20 min, 

furnishing the full conversion of the 3-methyl indole into 1-(cyclohex-1-en-1-yl)-3-methyl-1H-indole ) 

with an excellent yield (94%) and easy purification (only a filtration through a plug of silica). 

 

 

Scheme 3-1: Prototype reaction for the N-alkylation using T3P®. 

Once these parameters were optimized, the substrate scope of this reaction was examined with two 

aims: investigation of the heterocyclic portion and the ketone/aldehyde portion. In the former, the 

influence of a variety of heterocyclic ring compounds was investigated using the cyclohexanone as the 

reference ketone, whereas in the latter a variety of ketones linear and branched, cyclic and acyclic 

were studied using the 3-methyl indole as the reference compound. 
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3.4 AIM OF THE PROJECT  

My work concerning this project consisted of a further extension of the ketone/aldehyde scope of this 

reaction using different 6-membered ring ketones. The results of this work are reported in Table 3-1. 
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Table 3-1: N-alkylation in the presence of T3P®: ketones scope. 

ENTRY KETONE PROD-
UCT 

EQUIV. 
KETONE TEMP. TIME 

(min) YIELD 

1 

 
 

3 120 20 94% 

2 

 
 

3 r.t.a 180 44% 

3 

 
 

3 160˚C 60 no reaction 

4 
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The first ketone used was the oxan-4-one (Table 3-1, entry 2). The reaction was carried out using the 

optimized condition of 120 ℃ for 20 minutes, and a black solution was obtained (the initial reaction 

mixture before heating had been a pale-yellow solution). TLC and HPLC-UV/MS analysis showed that 

the starting material, 3-methyl indole, had been consumed, however no trace of the product was 

observed. Presumably, under this reaction condition, the reaction might have been so violent that the 

desired product decomposed after formation Therefore, we decided to set up again the reaction at 

room temperature instead. This attempt worked well, and TLC analysis (30 minutes later) showed that 

part of the starting material transformed to another spot, which HPLC-UV/MS confirmed as the 

desired product. The reaction was monitored using TLC and HPLC-UV/MS every 30 minutes, and 3 

hours after, the reaction was stopped with a good yield and rate of conversion (44%). It is interesting 

to notice a tiny difference in the structure of the six-member ring ketone, the presence of methylene 

(entry-1) or oxygen (entry-2) in position 4, led to a remarkable difference in the yield of the reaction, 

indicating that the nature of the substituent had a considerable effect on the rate of conversion.  

Next, we made an attempt using pinacolone (3,3-dimethyl-2-butanone). Although it is an acyclic 

ketone, it represents a fascinating substrate for the reaction study since it is branched and sterically 

encumbered and could help study the steric effects of this reaction. The attempts with pinacolone 

were carried out using three different conditions: 120 ℃ for 20 minutes, and 160 ℃ for 20 minutes, 

160 ℃ for 1 hour with five equivalents of pinacolone. Although we increased the temperature, the 

reaction time and the equivalents for these reactions, these attempts did not provide the desired 

product. The TLC and HPLC-UV/MS analysis no trace of the product and the starting materials were 

recovered unchanged after silica gel. This result suggested that sterically hindered groups nearby the 

reactive position hampered the conversion of the starting material into the desired product. 

We subsequently examined the piperidone scaffold (Table 3-1, Entries-4 and 5). The difference 

between these two reactants was the protecting group used for the amine. In the former, the amino 

group was protected using the Boc group, whereas in the latter a benzylamine was used. 

For the N-Boc-4-piperidone, the first attempt was conducted at 120 ℃ for 20 minutes and led to a 

fully recovered starting material, the 3-methyl indole, and a partially recovered N-Boc-4-piperidone. 

The presence of a very viscous and sticky solution after heating could point to a polymer derived from 

the polymerization of the deprotected 4-piperidone. Presumably, the acidic media formed by the use 

of T3P® in addition to the high temperature led to the deprotection of the Boc group and the 

subsequent release of the 4-piperidones, which started to polymerize, corroborating the viscous 

solution found.
145

 Consequently, an attempt with N-Boc-4-piperidone was carried out under mild 

conditions: room temperature and without the use of microwaves heating. After four hours, a good 

conversion to the product was achieved (55% isolated yield). Notably, the product obtained from this 

entry could be a good building block for pharmaceutical relevant derivatives since the Boc group is 

easily cleaved, and the resulting amine could further be functionalized. 

On the other hand, the attempts with N-benzyl protected 4-piperidone did not work, although strong 

conditions were employed: 160 ℃	for 20 minutes, and 160 ℃ for 1 hour with five equivalents of N-

benzyl-piperidone. In this case, we hypothesized that the reaction issues might be related to a 

solubility problem (1 benzylpiperidin-4-one is a dense brown liquid that once added to the reaction 

mixture, did not entirely solubilize). 

Finally, a substituted cyclohexanone, the ethyl 4-oxocyclohexane-1-carboxylate (Entry-6), was used. 

The reaction with this substrate worked well, and after 20 minutes at 120 ℃, the SM was partially 

transformed into the product (40% the percentage of conversion). On the downside, a challenging 

purification, a long isocratic hexane flash chromatography due to the high similarity in terms of the 
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polarity of the product and the starting material present, was required to afford the product. It would 

be interesting to run the reaction again at elevated temperature, for instance, 160 ℃ for 20 minutes, 

to see if a better conversion could be achieved which also would ease product purification.  

3.5 CONCLUSION 

The indole structural fragment is a recurring heterocyclic system with a broad spectrum of biological 

activities. Consequently, the chemical literature focused on this “privileged heterocyclic ring” is 

massive. Although there is a large number of procedures presented in the literature, the same cannot 

be said for the N-alkylation of indole. This reaction remains a poorly accessible procedure, which works 

well and with a wide range of substrates only in the presence of metal transition catalysts. 

Herein, we reported a procedure to obtain N-alkylated indoles with the employment of the green 

reagent T3P and microwave irradiations. This procedure presented many features which made it a 

worthy alternative for providing this structural fragment. The reaction is one-pot synthesis, using mild 

conditions, mostly ketones work at room temperature without the needing of microwave heating, and 

has an easy purification using a rapid filtration over a plug of silica. Moreover, it works well with a 

variety of substituted cyclic ketones (40-60% yield). For these reasons, this represents a valid metal-

free alternative that can give facile access to several building blocks and novel biologically active 

compounds. 
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4.1 GENERAL INFORMATION 

All commercially available chemicals were used as purchased (Aldrich, Alfa-Aesar). Thin-layer 

chromatography (TLC) was carried out using Merck TLC plates silica gel 60 F254. TLCs were visualized 

under UV light and stained with ninhydrin, bromocresol green, or basic permanganate stains. 

Chromatographic separations were performed on columns packed with silica gel (230-400 mesh, for 

flash technique).  

 

1H-NMR and 
13C-NMR were recorded on a Bruker Avance 400 spectrometer at 400 MHz and 100 MHz, 

respectively. Spectra are reported in parts per million (δ scale) and internally referenced to the CDCl3 

at δ 7.26 ppm, CD3OD at δ 3.31 ppm, DMSO-d6 at δ 2.50 ppm, Acetone at δ 2.05 ppm, and CD2Cl2 at δ 

5.32 ppm. Chemical shifts for carbon are reported in parts per million (δ scale) and referenced to the 

carbon resonances of the solvent (CDCl3 at δ 77.0, CD3OD at δ 49.0 ppm, DMSO-d6 at δ 39.5 ppm, 

Acetone at δ 29.8 ppm, and CD2Cl2 at δ 53.8 ppm). Data are shown as following: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qi = quintet, m = multiplet and/or multiplet 

resonances, bs = broad singlet), coupling constants (J) in Hertz (Hz), and integration. Mass spectra 

(LCMS (ESI)) were acquired using an Agilent 1100 LC-MSD VL system (G1946C) by direct injection with 

a 0.4 mL/min flow rate using a binary solvent system of 95/5 MeOH/H2O. UV detection was monitored 

at 221 or 254 nm. Mass spectra were acquired in positive or negative mode scanning over the mass 

range 100-1500 m/z, using a variable fragmentor voltage of 0-70 V. 

 

The purity of compounds was assessed by reverse-phase liquid chromatography and a mass 

spectrometer with a UV detector at λ= 254 nm and an electrospray ionization source (ESI). All the 

solvents were HPLC grade. Mass spectral (MS) data were obtained using a LC/MSD VL system with a 

0.4 mL/min flow rate using a binary solvent system of 95:5 (v/v) methyl alcohol/water. UV detection 

was monitored at 254 nm. Mass spectra were acquired in positive mode scanning over the mass range 

of 50-1500. The following ion source parameters were used: drying gas flow, 9 mL/min; nebulize 

pressure, 40 psig; drying gas temperature, 350°C. Chromatographic separation of final products were 

conducted using a Polaris C18 column (150 - 4.6 mm, 5 μm particle size) at a flow rate of 0.8 mL min-

1 with a mobile phase composed of 50% CH3CN/50% H2O-formic acid 0.1%. 

 

Anhydrous reactions were performed into flame-dried glassware after three cycles of vacuum/ dry 

nitrogen and were run under a positive pressure of dry nitrogen. 

Anhydrous solvents were prepared by distillation over the appropriate agent: dichloromethane and 

acetonitrile were dried over calcium hydride; tetrahydrofurane was dried over 

sodium/benzophenone. Anhydrous dimethylformamide and toluene were used as purchased. 

Degassed dichloromethane and toluene were prepared by using the freeze-pump-thaw method. Dry 

DIPEA was purchased from Merck. Dry TEA was dried over KOH and distilled under nitrogen 

atmosphere 

 

Microwave reactions were conducted using a CEM Discover Synthesis Unit (CEM Corp., Matthews, 

NC). The machine consists of a continuous focused microwave power delivery system with operator-

selectable power output from 0 to 300 W. The temperature of the contents of the vessel was 

monitored using a calibrated infrared temperature control mounted under the reaction vessel. All 

experiments were performed using a stirring option whereby the contents of the vessel are stirred by 
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means of a rotating magnetic plate located below the microwave cavity and a Teflon-coated magnetic 

stir bar in the vessel. 

4.2 BIOLOGY 

4.2.1 MIC Evaluation 

The synthesized compounds were assayed against more than 100 strains belonging to 8 Candida spp. 

(C. albicans, C. guilliermondii, C. krusei, C. parapsilosis, C. tropicalis, C. kefyr, C. glabrata, and C. 

lipolytica) and 15 strains of Cryptococcus neoformans isolated from oral, vaginal, anorectal, urine, 

stool, blood, central venous catheter, and respiratory tract specimen with each strain representing a 

single isolate from a patient. Yeast cells were grown in Yeast-Peptone-Dextrose (YPD) medium at 37 

°C for 16 h and 150 rpm orbital shaker. Cells were then sub-inoculated in fresh YPD medium and grown 

to an optical density of 0.3. The turbidity of the inoculum was adjusted to 0.5 McFarland and diluted 

1:500 in RPMI 1640 broth, corresponding to around 2.5 × 10
5 
CFU/mL. MICs were determined by liquid 

growth inhibition assays by Clinical and Laboratory Standards Institute (CLSI) guidelines, using two 

serial dilutions of the compounds dissolved in an appropriate buffer. The first one from 256 to 0.125 

μg/mL for BM24, BM37 and Fluconazole, whereas compound BM29 and BM30 were tested using a 

final concentration ranging from 200 to 1.56 μg/mL. Plates were incubated at 35 °C, and MICs were 

visualized after 24 hours as the lowest concentration of the tested compound that completely 

inhibited cell  

The minimal inhibitory concentrations (MICs) were determined at 24 h both visually and 

spectrophotometrically. By visual endpoint determination, MICs were determined according to a S-I-

R scale, with S (susceptible) indicating an optical clear culture, I (intermediate susceptibility) indicating 

a slightly hazy culture, and R (resistant) indicating no reduction in turbidity. The MIC90 was defined as 

the lowest concentration of a drug which corresponds to an S culture. Microtitration plates were 

stirred using a microtitration plate shaker before reading to ensure uniform turbidity. MICs were 

obtained by measuring the S10 absorbance at 450 nm with a microtitration plate reader. The value of 

the blank was subtracted from the reading of the rest of the wells. Two endpoints were defined for 

each antifungal agent tested, with MIC80 indicating the lowest drug concentration resulting in a 

reduction of growth of 80% or more (determined spectrophotometrically) compared with the growth 

of the control, and MIC90 indicating the lowest drug concentration resulting in a reduction in growth 

of 90% (determined spectrophotometrically) compared with the growth of the control. The MIC90 

was also defined as the spectrophotometric endpoint. 

4.2.2 Chitinase Enzymatic Assays 

Inhibition assays were performed using commercially available human Acidic Mammalian chitinase or 

human Chitotriosidase (both bought from CycLex Co. Ltd., Japan) at 25 °C in 40 mM Na3PO4, 20 mM 

citric acid, 20 µg/ml BSA buffer (pH 4.2). Mixtures containing the AMCase enzyme at 0.4 ng/mL or 

hCHIT1 at 0.05 μg/mL and 50 µM of inhibitors were incubated for 20 min on a multi-well plate (Perkin 

Elmer Spectra plate). The substrate (4-methylumbelliferyl β-D-N,Nʹ,Nʺ-triacetylchitotrioside, Sigma-

Aldrich, St Louis, USA) was then added at a final concentration of 20 µM. The chitinase activity was 

determined by monitoring the time dependence of substrate hydrolysis followed by fluorescence 

(excitation wavelength, 400 nm; emission wavelength, 440-460 nm). The rate of substrate hydrolysis 

in the absence and presence of inhibitor were determined in triplicate and allowed to calculate the 

percentage of enzyme inhibition according to the following equation: 
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%	%&ℎ = 100 − ,
-!
-"
	× 	100/ 

where vi and v0 are the rate of hydrolysis in presence and absence of inhibitor. Assays containing no 

inhibitor, no enzyme or Bisdionin F, a known chitinase inhibitor, were run in parallel as controls. 

Inhibition constants (Ki values) were determined using the above-described assay and the rate of 

substrate hydrolysis of 20 µM 4-methylumbelliferyl β-D-N,Nʹ,Nʺ-triacetylchitotrioside was measured 

in the presence of variable concentrations of inhibitors (0 to 100 µM). The analysis of the plot of the 

ratio vo/vi as a function of [I], allowed to compute the Ki value, as previously described, considering a 

competitive model of inhibition:
106

 

0! =
0#

(0# + [4]) × 789:;
 

where Km is the Michaelis-Menten constant (determined as 12 µM for AMCase and 1.48 µM for CHIT1 

), [S] is the concentration of the substrate. 

4.3 CHEMISTRY 

4.3.1 Synthesis of BM37 

Synthesis	of	2-iodo-5-methylbenzoic	acid.	

 

To a stirred solution of methyl 2-iodo-5-methylbenzoate (975 μL, 5.92 mmol) in THF/MeOH/H2O 3:1:1 

(130 mL), lithium hydroxide monohydrate (734.0 mg, 17.75 mmol) was added and the mixture stirred 

at r. t. for 4 h. Then more lithium hydroxide monohydrate (245.0 mg, 5.92 mmol) was added and 
the reaction stirred at r. t. for another 1 h. HCl 1N was added dropwise until pH 2. The aqueous 

phase was extracted with EtOAc three times, and the collected organic layers were dried over 

anhydrous Na2SO4, filtered, and evaporated ur in vacuum. The crude was purified by flash 

chromatography on silica gel (Hex/EtOAc 1:0; Hex/EtOAc 0:1). to give 2-iodo-5-methylbenzoic acid 1. 

Yield: 93%. 
1H-NMR 

(400 MHz, CDCl3) δ ppm 12.39 (s, 1H), 7.86 (d, J = 7.6 Hz, 1H), 7.81 (s, 1H), 6.98 (d, 

J = 7.2 Hz, 1H), 2.32 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ ppm 168.9, 139.6, 136.6, 134.5, 134.2, 131.5, 

98.7, 21.2. MS (ESI) m/z = 260.9 [M - H]
-
. 

Synthesis	of	(2-iodo-5-methylphenyl)	methanol. 

 

To a stirred suspension of 2-iodo-5-methylbenzoic acid 1 (1443.0 mg, 5.51 mmol) in dry THF (26.0 mL), 

borane dimethyl sulfide complex (1.6 mL, 16.52 mmol) was added dropwise under N2 atmosphere at 

0 °C. Then, the reaction mixture was allowed to gently warm at r.t. and stirred for 12 h. Water and 

K2CO3 were carefully added, and the mixture was stirred for additional 30 min. Then, the mixture was 

extracted with EtOAc and washed twice with 1N NaOH and then, with brine. The organic layer was 

dried over anhydrous Na2SO4, filtered, and evaporated to dryness under vacuum to give 2 as a white 

solid. Yield: 99%. 
1H-NMR (400 MHz, CDCl3) δ ppm 7.65 (d, J = 8.0 Hz, 1H), 7.24 (s, 1H), 6.80 (d, J = 8.0 

Hz, 1H), 4.60 (s, 2H), 2.29 (s, 3H), 2.10 (bs, 1H). 
13C-NMR (100 MHz, CDCl3) δ ppm 145.9, 140.1, 134.6, 

129.4, 126.3, 91.8, 59.8, 21.2. 

COOH

I
1

I

OH

2
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Synthesis	of	2-(chloromethyl)-1-iodo-4-methylbenzene.	

 

To a stirred solution of 2 (1419.0 mg, 5.72 mmol) in dry CH2Cl2 (52.0 mL), freshly distilled dry TEA (796 

μL, 5.72 mmol), and DMAP (838.0 mg, 14.26 mmol) were added under N2 atmosphere at 0 °C. Then, 

p-toluenesulfonyl chloride (4070.0 mg, 21.38 mmol) was added portionwise and the reaction mixture 

was stirred for additional 30 min at 0 °C, then at r.t. for 16 h. The solvent was removed by evaporation 

in vacuum and the crude was purified by flash chromatography on silica gel, eluting with Hex/EtOAc 

1:0; Hex/EtOAc 9:1 to give compound 3. Yield: 59%. 
1H-NMR (400 MHz, CDCl3) δ ppm 7.70 (d, J = 7.6 

Hz, 1H), 7.28 (s, 1H), 6.81 (d, J = 8.0 Hz, 1H), 4.62 (s, 2H), 2.29 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ ppm 

141.2, 140.3, 134.9, 130.8, 130.2, 106.5, 45.4, 21.2. 

Synthesis	of	2-((2-iodo-5-methylbenzyl)oxy)benzaldehyde.	

 

To a stirred solution of salicylaldehyde (394 µL, 3.70 mmol)) in CH3CN (21.0 mL), K2CO3 (511.0 mg, 3.70 

mmol), NaI (126.0 mg, 0.84 mmol), and 3 (896.0 mg, 3.37 mmol) were added and the reaction mixture 

was stirred at reflux for 16 h. After evaporation in vacuum, the residue was dissolved in EtOAc, 1N 

NaOH was added, and the mixture was stirred at r.t. for additional 10 min. Then, the mixture was 

extracted with EtOAc three times, and the combined organic layers were washed with brine, dried 

over anhydrous Na2SO4, filtered, and evaporated to dryness under vacuum to give 4. Yield: 97%. 
1H-

NMR (400 MHz, CDCl3) δ ppm 10.57 (s, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.54 (t, J = 

8.4 Hz, 1H), 7.30 (s, 1H), 7.05 (m, 2H), 6.86 (d, J = 7.6 Hz, 1H), 5.11 (s, 2H), 2.30 (s, 3H). 
13C-NMR (100 

MHz, CDCl3) δ ppm 187.5, 161.4, 141.4, 140.2, 135.2, 134.1, 131.6, 129.9, 128.1, 125.6, 121.1, 115.7, 

85.8, 70.1, 21.2. MS (ESI) m/z = 374.9 [M + Na]
+
. 

Synthesis	of	2-((5-methyl-2-vinylbenzyl)oxy)benzaldehyde.	

 

To a stirred solution of 4 (1153.0 mg, 3.28 mmol) in dry THF (46 mL), palladium acetate (73.0 mg, 0.33 

mmol) and triphenylphosphine (172.0 mg, 0.66 mmol) were added under N2 atmosphere. Then, 

tributyl(vinyl)tin (1134 µL, 3.93 mmol) was added dropwise and the reaction mixture was stirred at 

reflux for 16 h. After cooling, the mixture was filtered through a plug of celite, and the filtrate was 

evaporated to dryness under vacuum. The residue was diluted with EtOAc, washed with NaHCO3ss 

and brine. Then, it was dried over anhydrous Na2SO4, filtered, and evaporated to dryness under 

vacuum. The crude was purified by flash chromatography on silica gel (Hex/EtOAc 1:0; Hex/EtOAc 9:1) 

Cl

I

3

4

O

O
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to compound 5. Yield: 90%. 
1H-NMR (400 MHz, CDCl3) δ ppm 10.47 (s, 1H), 7.84 (d, J = 7.6 Hz, 1H), 

7.56 (t, J = 1.6 Hz, 1H), 7.52 (d, J = 1.6 Hz, 1H), 7.22 (s, 1H), 7.16 (d, J =7.6 Hz, 1H), 7.05 (m, 2H), 6.93 

(m, 1H), 5.64 (d, J = 17.2 Hz, 1H), 5.28 (d, J = 10.8 Hz, 1H), 5.17 (s, 2H), 2.35 (s, 3H). 
13C-NMR (100 MHz, 

CDCl3) δ ppm 187.5, 161.4, 138.3, 137.4, 137.3, 136.2, 135.2, 131.6, 128.2, 127.5, 127.4, 125.6, 121.1, 

115.7, 113.0, 70.1, 21.2. 

Synthesis	of	2-((5-methyl-2-vinylbenzyl)oxy)benzaldehyde	oxime	.	

 

To a stirred solution of benzaldehyde 5 (746.0 mg, 2.96 mmol) in EtOH (45.0 mL), pyridine (287 μL, 

3.55 mmol) and hydroxylamine hydrochloride (511.0 mg, 7.40 mmol) were added. The mixture was 

stirred at reflux for 3 h. After cooling, the mixture was evaporated to dryness under vacuum and the 

residue was dissolved in EtOAc, washed with brine twice, dried over anhydrous Na2SO4, filtered, and 

evaporated to dryness under vacuum to afford compound 6. Yield: 86%. 
1H-NMR (400 MHz, CDCl3) δ 

ppm 8.50 (s, 1H), 7.74 (d, J = 7.2 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.19 (s, 1H), 

7.15 (d, J = 8.0 Hz, 1H), 6.94 (m, 3H), 5.64 (d, J =17.2 Hz, 1H), 5.28 (d, J = 11.2 Hz, 1H). 5.09 (s, 2H), 2.34 

(s, 3H). 
13C-NMR (100 MHz, CDCl3) δ ppm 163.9, 159.5, 138.3, 137.4, 137.3, 136.2, 130.8, 129.8, 128.2, 

127.5, 127.4, 122.4, 120.8, 115.4, 113.0, 70.1, 21.2. 

Synthesis	of	(2-((5-methyl-2-vinylbenzyl)oxy)phenyl)methanamine. 

 

To a stirred solution of aldoxime 6 (678.0 mg, 2.54 mmol) in THF (36.0 mL), zinc dust (1651.0 
mg, 25.39 mmol) and 2N HCl (13.0 mL, 25.39 mmol) were added, and the reaction mixture 
was stirred at reflux for 4 h. After cooling, the solvent was evaporated in vacuo, the residue 
was basified with NaOH 2N and extracted with EtOAc. The collected organic layers were 
dried over anhydrous Na2SO4, filtered and the solvent was evaporated to dryness under 
vacuum to afford product 7. Yield: 93%. 1H-NMR (400 MHz, CDCl3) δ ppm 7.46 (d, J = 7.6 Hz, 
1H), 7.17 (m, 4H), 6.94 (m, 3H), 5.65 (d, J = 17.6 Hz, 1H), 5.26 (d, J = 10.8 Hz, 1H), 5.07 (s, 
2H), 3.80 (s, 2H), 2.35 (s, 3H), 1.61 (bs, 2H). 13C-NMR (100 MHz, CDCl3) δ ppm 158.6, 138.3, 
137.4, 137.3, 136.2, 128.3, 128.2, 127.9, 127.7, 127.6, 127.5, 122.1, 113.2, 113.0, 70.1, 42.8, 
21.2. 

Synthesis	of	the	protected	guanidine	8.	

N

O

6

OH

NH2

O

7
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To a stirred solution of primary amine 7 (596.0 mg, 2.36 mmol) in THF (26 mL), N,Nʹ-Di-Boc-1H-

pyrazole-1- carboxamidine (950.0 mg, 3.06 mmol) and DIPEA (411 µL, 2.36 mmol) were added. The 

reaction mixture was stirred at r.t. for 16 h. After cooling, EtOAc was added, and the mixture was 

washed with water and brine. After drying over anhydrous Na2SO4, the mixture was filtered and 

evaporated to dryness under vacuum. The crude residue was purified by flash chromatography on 

silica gel (Hex/EtOAc 1:0; Hex/EtOAc 8:2). to give the pure compound 8. Yield: 67%. 
1H-NMR (400 MHz, 

CDCl3) δ ppm 11.22 (bs, 1H), 8.66 (bs, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 7.25 (m, 2H), 

7.11 (d, J = 8.0 Hz, 1H), 6.92 (m, 3H), 5.61 (d, J = 17.6 Hz, 1H), 5.26 (d, J = 11.6 Hz, 1H), 5.10 (s, 2H), 

4.64 (d, J = 5.2 Hz, 2H), 2.32 (s, 3H), 1.48 (s, 9H), 1.42 (s, 9H). 
13C-NMR (100 MHz, CDCl3) δ ppm 163.6, 

156.8, 156.0, 152.9, 138.0, 137.5, 134.0, 133.6, 133.3, 129.8, 129.3, 129.0, 128.9, 125.9, 120.8, 115.7, 

111.6, 111.4, 82.6, 79.0, 68.2, 40.6, 28.9, 28.3, 28.0, 21.1 . 

Synthesis	of	the	amidinourea	10.	

 

To a stirred solution of 8 (780.0 mg, 1.58 mmol) in dry THF (48.0 mL), a solution of linker 9 (N-(8-

(allylamino) octyl)-2-phenylacetamide (651.0 mg, 2.05 mmol) in dry THF (48.0 mL) and freshly distilled 

dry TEA (219 µL, 1.58 mmol) were added dropwise under N2 atmosphere. The reaction mixture was 

stirred at reflux for 16 h. After cooling, EtOAc was added, and the mixture was washed with water and 

brine. After drying over anhydrous Na2SO4, the mixture was filtered and evaporated to dryness under 

vacuum. The crude residue was purified by flash chromatography on silica gel (Hex/EtOAc 1:0; 
Hex/EtOAc 8:2) to give pure compound 10. Yield: 78%. 

1H-NMR (400 MHz, CDCl3) δ ppm 12.31 (d, J = 

10.0 Hz, 1H), 8.40 (bs, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.33 (m, 5H), 7.25 (m, 3H), 7.11 (d, J = 7.6 Hz, 1H), 

6.93 (m, 3H), 5.76 (m, 1H), 5.61 (d, J = 17.6 Hz, 1H), 5.25 (d, J = 10.8, 1H), 5.10 (m, 5H), 4.98 (d, J = 10.4 

Hz, 1H), 4.55 (dd, J = 5.6 Hz, 15.2 Hz, 2H), 4.05 (d, J = 4.8 Hz, 1H), 3.90 (d, J = 4.8 Hz, 1H), 3.36 (t, J = 7.2 

Hz, 1H),3.21 (t, J = 7.6 Hz, 1H), 3.14-3.10 (m, 2H), 2.32 (s, 3H), 1.41 (s, 9H), 1.26-1.18 (m, 12H). 
13C-

NMR (100 MHz, CDCl3) δ ppm 163.8, 163.7, 156.5, 156.3, 154.0, 153.9, 153.2, 137.5, 136.7, 135.3, 

134.7, 134.1, 133.6, 133.4, 129.4, 129.3, 129.0, 128.9, 128.4, 126.8, 125.9, 120.7, 115.6, 115.4, 111.5, 

81.8, 68.2, 66.4, 50.4, 48.4, 47.5, 45.6, 41.0, 40.0, 29.8, 29.3, 29.2, 28.5, 28.1, 26.9, 26.8, 26.6, 20.9. 

MS (ESI) m/z = 370.7 [M + 2H]
2+

. 

Synthesis	of	the	macrocycle	11.	
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To a stirred solution of amidinourea derivative 10 (208.0 mg, 0.28 mmol) in freshly degassed dry CH2Cl2 

(138.0 mL, 2.00 mM solution), a solution of 2
nd

 generation Grubb’s catalyst (48.0 mg, 0.06 mmol) in 

freshly degassed dry CH2Cl2 (1.0 mL) was added dropwise under N2 atmosphere. The reaction mixture 

was stirred at reflux for 16 h. After cooling, the mixture was evaporated to dryness under vacuum. 

The crude residue was purified by flash chromatography on silica gel (Hex/EtOAc 1:0; Hex/EtOAc 8:2) 

to give macrocycle 11. Yield: 69%. 
1H-NMR (400 MHz, CDCl3) δ ppm 12.29 (s, 1H), 8.38 (t, J = 6.3 Hz, 

1H), 7.30 (m, 5H), 7.95 (m, 7H), 6.52 (d, J = 15.6 Hz, 1H), 6.10 (dt, J = 15.6 Hz, 5.8 Hz, 1H), 5.07 (d, J = 

7.0 Hz, 4H), 4.70 (bs, 1H), 4.59 (d, J = 6.3 Hz, 2H), 3.88 (d, J = 5.8 Hz, 2H), 3.34 (m, 2H), 3.14 (q, J = 6.8 

Hz, 2H), 2.32 (s, 3H), 1.55 (m, 4H) 1.46 (s, 9H), 1.27 (m, 8 H). 
13C-NMR (100 MHz, CDCl3) δ ppm 171.0, 

164.1, 156.4, 155.7, 154.0, 153.5, 136.7, 136.6, 134.1, 133.6, 131.0, 130.6, 129.5, 128.9, 128.4, 127.9, 

127.8, 127.5, 127.1, 126.5, 125.5, 125.2, 124.9, 121.2, 82.1, 70.6, 66.6, 66.4, 52.0, 49.5, 48.0, 41.0, 

39.3, 29.8, 29.6, 29.3, 29.2, 28.8, 28.7, 28.2, 27.9, 27.7, 26.9, 26.6, 26.3, 25.5, 21.0, 20.9. MS (ESI) m/z 
= 711.9 [M + H]

+
. 

 

Synthesis	of	the	amine	12.	

 

To a stirred solution of 11 (122.0 mg, 0.17 mmol) in isopropanol (19.0 mL), Pd/C 10% (36.0 mg, 0.03 

mmol) and a few drops of HCl 36% were added. The reaction mixture was subject to three cycles of 

vacuum followed by a flush of H2 before being stirred under H2 (1 atm) for 4 h. Then, the mixture was 

filtered through a plug of Celite, and the filtrate was evaporated to dryness under vacuum. The crude 

product was used directly in the next step without any further purification. LCMS (ESI) m/z =580.4 [M 

+ H]
+
. 

Synthesis	of	the	protected	guanidine	13.	
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To a stirred solution of the crude in dry THF (5.0 mL), a solution of the crotyl guanylating agent (N,N’-
Di-Boc- (E)-N-crotyl-1H-pyrazole-1-carboximidamide, 60.0 mg, 0.17 mmol) in dry THF (2.8 mL) and dry 

DIPEA (89 µL, 0.51 mmol) were subsequently added under N2 atmosphere. The reaction mixture was 

stirred at reflux for 12 h. After cooling, the mixture was evaporated to dryness under vacuum and the 

residue was dissolved in EtOAc, washed with water twice and brine. After drying over anhydrous 

Na2SO4, the mixture was filtered, and evaporated to dryness under vacuum. The crude residue was 

purified by flash chromatography on silica gel, eluting with Hexane/EtOAc 8:2 to give pure compound 

13. Yield: 59% over two steps. 1H-NMR (400 MHz, CDCl3) δ ppm 12.19 (s, 1H), 12.08 (s, 1H), 8.52 (s, 

1H), 8.50 (s, 1H), 7.24 (m, 1H), 7.17 (m, 2H), 7.13 (m, 2H), 6.94 (m, 1H), 5.62 (m, 1H), 5.49 (m, 1H), 5.00 

(s, 2H), 4.55 ( d, J = 6.4 Hz, 2H), 4.14 (m, 2H), 3.19 (m, 4H), 3.11 (t, J = 8.0 Hz, 2H), 2.47 (t, J = 8.0 Hz, 

2H), 2.33 (s, 3H), 1.94 (m, 2H), 1.63 (d, J = 6.8 Hz, 7H), 1.47 (s, 9H), 1.46 (s, 9H), 1.44 (s, 9H), 1.27 (s, 

8H). 
13C-NMR (100 MHz, CDCl3) δ ppm 163.5, 155.6, 153.6, 139.5, 135.3, 133.8, 131.4, 129.8, 129.6, 

127.4, 126.5, 126.1, 124.9, 120.5, 116.5, 113.7, 82.1, 76.6, 69.5, 49.9, 49.5, 49.4, 47.8, 47.3, 47.3, 43.8, 

38.1, 37.0, 32.7, 31.8, 26.9, 26.8, 22.6, 20.8, 19.6, 17.6, 14.0. LCMS (ESI) m/z = 876.5 [M + H]
+
. 

Synthesis	of	compound	BM37.	

 

To a stirred solution of 13 (10.0 mg, 0.014 mmol) in dry CH2Cl2 (1.7 mL), freshly distilled TFA (300 µL, 

final concentration 10% v/v) was added dropwise. The reaction mixture was stirred at r.t. for 12 h. The 

mixture was evaporated to dryness under vacuum. Then, it was treated with toluene and methanol 

and evaporated to dryness under vacuum to remove TFA residue. The crude was treated with Et2O 

and Hexane, then decanted and the solvents were pipetted off. This procedure was repeated several 

times to yield compound BM37. Yield: 99%. 
1H-NMR (300 MHz, CD3OD) δ ppm 7.23 (m, 5H), 6.96 (m, 

2H), 5.72 (m, 1H), 5.50 (m, 1H), 5.04 (m, 2H), 4.42 (m, 2H), 3.73 (d, J = 5.1 Hz, 2H), 3.53 (m, 2H), 3.30 

(s, 2H), 3.16 (t, J = 6.9 Hz, 2H), 2.72 (m, 2H), 2.34 (m, 3H), 2.04 (m, 2H), 1.73 (m, 3H), 1.56 (m, 4H), 1.34 

(m, 9H). 
13C-NMR (75 MHz, CD3OD): δ ppm 159.7, 156.73, 155.2, 137.6, 137.0, 134.4, 128.9, 128.8, 
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128.0, 127.1, 126.8, 125.3, 121.6, 114.1, 69.3, 45.5, 45.0, 42.5, 41.7, 31.5, 28.8, 28.6, 28.6, 28.2, 27.2, 

26.9, 26.8, 26.6, 21.0, 16.5. LCMS (ESI) m/z = 576.4 [M + H]
+
. 

 

 

4.3.2 Synthesis of the linker and guanylating agent 

Synthesis	of	N-(Cbz)-Aminooctanoic	acid	14.	

 

8-Aminooctanoic acid (500.0 mg, 3.14 mmol) and K2CO3 (867.0 mg, 6.28 mmol) were suspended in dry 

THF/H2O 1:1(15 ml). Then, CbzCl (0,7 mL, 4,71 mmol) was added and the resulting mixture was stirred 

at r.t. 16h. The reaction was quenched with EtOAc and H2O. Aqueous phase was separated, and the 

pH of aqueous phase was adjusted to 2 by addition of HCl 4N and extracted twice with EtOAc. 

Combined organic phases were then dried over Na2SO4, filtered, and evaporated under reduced 

pressure. The crude product was used in the next step without any further purification 87%. 
1H-NMR 

(400 MHz CDCl3) d ppm 10.70 (s, 1H), 7.35-7.29 (m, 5H), 5.07 (s, 2H), 4.71 (bs, 1H), 3.16 (m, 2H,), 2.32 

(t, 2H, J = 7.6 Hz), 1.61 (t, 2H, J = 6.8 Hz), 1.48 (m, 2H), 1.30 (m, 6H). 13C-NMR (100 MHz CDCl3) δ ppm 

178.7, 156.4,136.5, 128.4, 128.0, 128.0, 66.5, 41.4, 33.8, 29.7, 28.6, 26.4, 24.7. LRMS (ESI) m/z 609.0 

[2M+Na] 
+
, 316.0 [M+Na] 

+
, 294.1 [M+H] 

+
. 

	

Synthesis	of	N-Allylamide	15. 

 

N-(Cbz)aminooctanoic acid 1 (1500.0 mg, 5.12 mmol), HOBt (691.0 mg, 5.12 mmol), EDC (660 mg, 5,12 

mmol), DIPEA (1.1 ml, 6.14 mmol) and allylamine (0.4 ml, 5.12 mmol) were mixed in dry DMF (8.0 ml) 

at 0 ˚C. The resulting mixture was stirred 15’ at 0 ˚C and then overnight at room temperature. The 

reaction was quenched with NaHCO3, and then the aqueous phase was separated and extracted with 

EtOAc. The organic layers were collected, and the solvent was evaporated under reduce pressure. The 

crude residue was purified with flash chromatography on silica gel, eluting with 50% EtOAc/Hex to 

give compound 15. Yield: 70%. 
1H-NMR (400 MHz CDCl3) δ ppm 7.34-7.24 (m, 5H), 5.81 (m, 1H), 5.53 

(s, 1H), 5.18 (s, 2H), 5.13(t, J = 4.8Hz, 1H), 5.09(d , J = 9.2 Hz, 1H), 4.74(bs, 1H), 3.86 (t, 2H, J = 5.6 Hz), 

3.16 (q, J = 12.8 Hz, 2H), 2.16 (t, J=7.6Hz, 2H), 1.61(m, 2H), 1.47 (m, 2H), 1,30(m, 2H). 13C-NMR (CDCl3) 

δ ppm 172.8, 156.3,136.5, 134.2, 128.4, 127.9, 127.6, 116.9, 66.4, 41.7, 40.8, 36.4, 29.7, 28.9, 28.7, 

26.3,25.4. LRMS (ESI) m/z = 687.0 [2M+Na] 
+
, 355.0 [M+Na] 

+
, 333.1 [M+H]

+
. 

Synthesis	of	the	secondary	amine	9. 
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A stirred solution of 15 (400.0 mg, 1.20 mmol) in dry CH2Cl2 (8.0 mL) under N2 atmosphere was cooled 

to 0 ˚C and a solution of DIBAL-H 1N in DCM (3.0 mL, 3.00 mmol) was added dropwise. The mixture 

was stirred at 0 ˚C for 2 h and then further DIBAL-H (3.0 mL, 3.00 mmol) was added. The mixture was 

stirred at 0 ˚C for 30 min and then at room temperature for 2 h. The reaction was quenched with 

EtOAc and by addition of a saturated solution of the Rochelle salt. Organic layers were separated and 

washed with NaOH 1N and brine. The combined organic phases were dried over Na2SO4, filtered and 

concentrated under reduce pressure. The crude residue was purified with flashchromatography on 

silica gel, eluting with a 5/4/0,5/0,5 mixture of Hex/EtOAc/MeOH/NH3 to give compound 9. Yield: 
57%.

1H-NMR (400MHz CDCl3) δ ppm 7.34-7.24 (m, 5H), 5.89 (m, 1H), 5.17 (d, 1H) 5.13 (s, 2H), 3.22 (d, 

J = 6Hz, 2H), 3.16 (q, J = 13.2Hz, 2H), 2.58 (t, J = 6.8Hz, 2H),1.46 (m, 2H). 
13C-NMR (100 MHz CDCl3) δ 

ppm 156.3, 141.2, 134.2, 129.0, 128.1, 127.9,116.0, 65.0, 52.1, 49.8, 41.9, 31.0, 29.9, 29.4, 27.0, 26.8. 

LRMS (ESI) m/z = 659.0 [2M+Na]
+
, 341.0 [M+Na]

+
, 319.0 [M+H]

+
. 

Synthesis	of	compound	16.	

 

To a stirred solution of N,N’-diBoc-pyrazologuanidine (1000.0 mg, 3.22 mmol) in dry THF (20.0 mL) 

under N2 atmosphere, triphenylphosphine (1270.0 mg, 4.19 mmol) and crotyl alcohol (0.4 mL, 4.19 

mmol) were added. The mixture was cooled to 0 °C and DIAD (0.9 mL, 4.84 mmol) was added dropwise. 

The mixture was stirred at 0°C for 15 min then at room temperature for 2 h. The mixture was diluted 

with EtOAc and washed with water. The aqueous phase was backextracted with EtOAc. The combined 

organic phases were washed with brine, dried over Na2SO4, filtered, and evaporated under reduce 

pressure. The crude residue was purified with flash chromatography on silica gel, eluting with 10% 

EtOAc/Hex to give pure compound 16. Yield: 95%.
1H-NMR (400 MHz CDCl3) δ ppm 7.89 (s, 1H), 7.66 

(s, 1H), 6.37 (s, 1H), 5.60 (m, 2H), 4.18 (m, 2H), 1.62 (s, 3H), 1.44 (s, 9H), 1.22 (s, 9H). LCMS (ESI) m/z = 

387.1 [M+Na]
+
, 365.1 [M+H]

+
. 

 

 

4.3.3 New synthesis of BM1. 

Synthesis	of	(8-aminooctyl)	(triphenylmethyl)amine	17.	

 

To an ice-cold solution of 1,8-Diaminoctane (14.5 g, 100.4 mmol) in DCM (85 mL), trityl chloride (8 g, 

28.0 mmol) was added portion wise. The resulting solution was stirred at room temperature for 2 h. 

Then, the reaction mixture was partitioned between DCM/5% NaHCO3 aq; the organic phase was 

washed with brine, dried over Na2SO4, filtered, and evaporated in vacuo. The crude mixture was 

purified by chromatography on silica gel (DCM/MeOH 8:2) yielding compound 17 as a yellow oil. Rf = 

0.30 (DCM/MeOH 9:1). Yield: 96% (10.6 g, using trityl chloride as reference). 
1H-NMR (400 MHz CDCl3): 
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δ ppm 7.47 (d, J = 6.8 Hz, 6H), 7.26 (t, J = 7.9 Hz, 6H), 7.17 (t, J = 7.0 Hz, 3H), 2.74 (t, J = 6.6 Hz, 2H), 

2.11 (t, J = 8.0 Hz, 2H), 1.47 (m, 3H), 1.27 (m, 7H), 0.88 (m, 2H). 
13C-NMR (100 MHz CDCl3): δ ppm 

146.4, 128.7, 127.6, 126.2, 70.9, 43.6, 41.7, 30.4, 30.1, 29.3, 27.8, 27.5, 27.3. LCMS(ESI) m/z: 386.9 

[M+H]
+
.  

Synthesis	of	4-nitro-N-(8-(tritylamino)	octyl)	benzenesulfonamide	18.	

 

To a solution of (8-aminooctyl) (triphenylmethyl)amine (9.85 g, 25.49 mmol) and DIPEA (11.1 mL, 

63.73 mmol) in DCM nosyl chloride (5.65 g, 25.49 mmol) was added portionwise. The reaction mixture 

was stirred at room temperature for 1 h. The mixture was diluted with DCM and extracted with water. 

The organic layer was washed with brine, dried over Na2SO4, filtered, and evaporated. The crude 

mixture was purified by chromatography on silica gel (PE/EtOAc 7:3) yielding compound 18 as a pale-

yellow solid. Rf = 0.42 (PE/EtOAc 8:2). Yield: 95% (13.8 g). 
1H-NMR (400 MHz CDCl3): δ ppm 8.35 (d, J 

= 8.2 Hz, 2H), 8.05 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz, 6H), 7.27 (t, J = 7.4 Hz, 6H), 7.19 (m, 3H), 4.63 

(bs, 1H), 3.00 (q, J = 7.2Hz, 2H), 2.13 (m, 2H), 1.58 (m, 2H), 1.45 (m, 3H), 1.21 (m, 7H). 
13C-NMR (100 

MHz CDCl3): δ ppm 150.0, 146.2, 128.7, 128.3, 128.2, 127.8, 126.3, 124.4, 48.3, 43.7, 43.4, 29.6, 29.3, 

28.9, 27.2, 26.7, 26.4. LCMS(ESI) m/z: 571.9 [M+H]
+
. 

Synthesis	of	benzyl	(8-hydroxyoctyl)	carbamate	19.	

 

To a solution of 14 (13 g, 44.30 mmol) in dry THF (150.0 mL), Me2SBH3 (12.6 mL, 132.90 mmol) was 

added dropwise. The reaction mixture was stirred overnight under N2 atmosphere. Once starting 

material disappeared (monitored by TLC), H2O was added dropwise. Then, K2CO3 was added, and the 

mixture was stirred for 30’. Subsequently, EtOAc was added, and the organic layer was washed with 

1N NaOH and brine, dried over Na2SO4, filtered, and evaporated. The crude mixture was purified by 

flash chromatography on silica gel (PE/EtOAc 6:4) yielding compound 19 as a white solid. Rf = 0.18 

(PE/EtOAc 6:4). Yield: 93% (12.4 g) 
1H-NMR (400 MHz CDCl3): δ ppm 7.33 (m, 5H), 5.09 (s, 2H), 4.72 

(bs, 1H), 3.63 (t, J = 6.4 Hz, 2H), 3.18 (q, J 6.4 Hz, 2H), 1.57-1.49 (m, 6H), 1.31 (m, 6H). 
13C-NMR (100 

MHz CDCl3): δ ppm 156.8, 136.9, 128.7, 128.2, 128.0, 66.7, 62.9, 41.3, 32.9, 30.1, 29.5, 29.4, 26.9, 25.9. 

LCMS (ES) m/z: 279.9 [M+H]
+
. 

Synthesis	of the	tri-protected	amine	20.	

 

18 (5 g, 8.74 mmol) was dissolved in dry THF (50.0 mL) and treated sequentially with PPh3 (2.12 g, 

10.49 mmol), 19 (2.93 g, 10.49 mmol). Afterwards, DIAD (2.7 mL, 10.49 mmol) was added dropwise 

slowly, and the reaction mixture was stirred for 3 h, under N2, at room temperature. Then, the solvent 

was removed, and the residue was partitioned between H2O/DCM, washed with brine, dried over 

Na2SO4, filtered, and evaporated in vacuo. The crude was purified by column chromatography on silica 

gel (PE/EtOAc 9:1 to 8:2) giving compound 20 as a colourless oil. Rf = 0.26 (PE/EtOAc 8:2). Yield: 76% 

(5.54 g). 
1H-NMR (400 MHz CDCl3): δ ppm 8.33 (d, J = 8.6 Hz, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 

7.4 Hz, 7H), 7.26 (m, 10H), 7.18 (t, J = 7.6 Hz, 3H), 5.09 (s, 2H), 4.72 (bs, 1H), 3.15 (m, 6H), 2.11 (t, J = 

7.0 Hz, 2H), 1.57 (m, 4H), 1.49 (m, 6H), 1.26 (m, 14H).
13C-NMR (100 MHz CDCl3): δ ppm 156.2, 150.0, 
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146.3, 136.2, 129.1, 128.9, 128.7, 128.3, 127.6, 127.5,127.1, 126.9, 67.4, 50.2, 45.3, 40.1, 29.6, 29.4, 

29.1, 28.5, 28.3, 27.9, 27.6, 27.4, 26.9, 26.8, 26.6, 26.3. LCMS (ES) m/z: 833.8 [M+H]
+
. 

Synthesis	of	the	protected	guanidine	21.		

 

To a solution of 20 (3.5 g, 4.20 mmol) in DCM (38 mL), cooled at 0 °C, Et3SiH (2.02 mL, 12.60 mmol) 

and TFA (1.9 mL, 5%) were added. The reaction mixture was allowed to reach room temperature and 

stirred under N2 for 1 h. After that time, the mixture was concentrated in vacuo and co-evaporated 

several times with DCM until a white solid formed. The crude mixture was dissolved in dry THF (70 

mL) and to this solution, dry DIPEA (1.1 mL, 6.30 mmol) was added dropwise at room temperature. 

Then, N,N’-Di-Boc-1H-pyrazole-1-carboxamidine (1.70 g, 5.46 mmol) was added in one pot. The 

reaction mixture was stirred at room temperature for 16 h, under nitrogen atmosphere. The mixture 

was partitioned between H2O/EtOAc, the organic layer was washed with brine, dried over Na2SO4 and 

evaporated to dryness. Purification by silica gel chromatography (PE/EtOAc 8:2) afforded compound 

21 as a viscous oil. Rf = 0.11 (PE/EtOAc 9:1). Yield: 96% over two steps (3.36 g). 
1H-NMR (400 MHz 

CDCl3): δ ppm 11.50 (s, 1H), 8.35 (d, J = 8.2 Hz, 2H), 7.98 (d, J = 8.8 Hz, 2H), 7.35 (m, 5H), 5.10 (s, 2H), 

4.76 (bs, 1H), 3.41 (q, J = 5.8 Hz, 2H), 3.15 (m, 6H), 1.50 (m, 28H), 1.27 (m, 14H). 13C-NMR (100 MHz 

CDCl3): δ ppm 166.1, 157.1, 154.1, 150.1, 146.2, 136.4, 129.1, 128.7, 128.3, 127.2, 124.5, 82.1, 48.2, 

43.7, 29.7, 29.2, 28.5, 28.4, 27.8, 27.4, 26.9, 26.7, 26.5, 26.3. LCMS (ESI) m/z: 834.0 [M+H]
+
.  

Synthesis	of	macrocyclic	dervivate	22.	

 

To a stirred solution of 21 (3.30 g, 3.96 mmol) in dry DMF (17 mL), K2CO3 (2.19 g, 15.84 mmol) and 

Thiophenol (0.8 mL, 7.92 mmol) were added, and the reaction mixture was stirred at room 

temperature for 7 h. The reaction mixture was partitioned between H2O/EtOAc, the water layer was 

extracted with EtOAc twice and the organic layers were washed with brine, dried over Na2SO4, filtered, 

and evaporated in vacuo. The crude mixture was solubilized in dry THF (600 mL) and to this, dry TEA 

(0.55 mL, 3.96 mmol) was added. The resulting solution was heated at reflux for 16 h, under N2. The 

solvent was evaporated, and the crude purified by flash chromatography (PE/EtOAc 85:15), affording 

compound 22 as a colourless oil. Rf = 0.56 (PE/EtOAc 8:2). Yield: 57% yield over two steps (1.3 g). 
1H-

NMR (400 MHz CDCl3): δ ppm 12.10 (s, 1H), 8.10 (bs, 2H), 7.35 (m, 5H), 5.09 (s, 2H), 4.71 (bs, 1H), 3.45 

(m, 2H), 3.38 (q, J =7.5 Hz, 2H), 3.26-3.15 (m, 4H), 1.65 (m, 6H), 1.54 (m, 6H), 1.46 (m, 12H), 1.27 (m, 

12H). 
13C-NMR (100 MHz CDCl3): δ ppm 163.6, 156.0, 153.8, 153.2, 136.4, 127.7, 127.6, 81.6, 66.1, 

46.7, 46.0, 40.7, 39.3, 29.5, 29.1, 28.9, 28.1, 27.5, 26.7, 26.3, 25.9, 25.5, 24.9, 23.4 ppm. LCMS (ESI) 
m/z: 574.0 [M+H]

+
, 595.9 
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	Synthesis	of	the	protected	guanidine	23.		

 

To a solution of 22 (1.30 g, 2.26 mmol) in i-PrOH (125 mL), Pd/C 10 wt.% (96 mg, 0.90 mmol) and 14 

drops of 37% HCl were added. The reaction mixture was stirred for 48 h under H2 atmosphere. Once 

starting material disappeared (monitored by TLC), the reaction mixture was filtered through a pad of 

Celite using 85:15 DCM:MeOH as solvent. The filtrate was evaporated in vacuo to dryness and 

resolubilized in dry THF (38 mL). To this solution, dry TEA (0.47 mL, 3.40 mmol) was added dropwise 

and then, 16 (1.07 g, 2.94 mmol) was added in one pot. The reaction mixture was stirred at room 

temperature overnight, under N2. The reaction mixture was partitioned between H2O/EtOAc, washed 

with brine, dried over Na2SO4, and evaporated in vacuo. The crude mixture was purified by flash 

chromatography on silica gel (PE/EtOAc 85:15) affording compound 23 as a sticky colourless oil. Rf = 

0.63 (PE/EtOAc 8:2). Yield: 89% yield over two steps (1.5 g). 
1H-NMR (400 MHz CDCl3): δ ppm 12.10 

(s, 1H), 8.08 (bs, 1H), 5.65 (dq, J = 15.0, 6.2 Hz, 1H), 5.50 (m, 1H), 4.17 (s, 2H), 3.45 (t, J = 8.0 Hz, 2H), 

3.36 (q, J = 7.0 Hz, 2H), 3.24 (m, 4H), 1.66 (m, 7H), 1.56 (m, 6H), 1.49 (s, 11H), 1.46 (s, 19H), 1.31 (m, 

13H). 
13C-NMR (100 MHz CDCl3): δ ppm 164.0, 154.1, 153.6, 82.0, 47.1, 46.3, 39.6, 29.4, 29.2, 28.5, 

28.2, 28.1, 27.9, 27.1, 26.8, 26.2, 25.9, 25.3, 25.3, 23.7, 23.6, 17.7. LCMS (ESI) m/z: 736.1 [M+H]
+
. 

 

Synthesis	of	BM1. 

 

To 23 (1.5 g, 2.04 mmol), 4N HCl in Dioxane (30 mL) was added and the resulting solution was stirred 

for 23 h at room temperature. Then, the solvent was evaporated in vacuo and co-evaporated several 

times with DCM until a white solid was obtained. Yield: 99% (1.01 g). MP: 96-99°C. 
1HNMR (400 MHz 

CD3OD): δ ppm 5.75 (dq, J = 15.0, 8.0 Hz, 1H), 5.49 (m, 1H), 3.75 (m, 2H), 3.52 (m, 2H), 3.41-3.34 (m, 

4H), 3.18 (t, J = 8.0 Hz, 2H), 1.71 (m, 7H), 1.60 (m, 4H), 1.38 (m, 18H). 
13C-NMR (100 MHz CD3OD): δ 

ppm 156.0, 155.4, 153.4, 128.7, 125.1, 46.9, 46.3, 42.7, 41.3, 41.0, 28.9, 28.8, 28.6, 27.2, 26.3, 26.2, 

26.1, 25.7, 23.0, 22.7, 16.6. LCMS (ESI) m/z: 436.3 [M+H]
+
. 
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4.3.4 Synthesis of BM56, BM57 and BM58. 

Synthesis	of	(2-iodophenyl)	methanol	24.	

 

To a stirred solution of 2-iodobenzoic acid (3 g, 12.09 mmol) in dry THF (40 mL) under N2 atmosphere 

cooled to 0 °C, borane dimethyl sulfide complex (3.44 mL, 36.29 mmol) was added dropwise. The 

mixture was allowed to gently warm at room temperature and stirred for 12h. Water and K2CO3 were 

carefully added, then the mixture was stirred for 30 min. The mixture was extracted with EtOAc (50 

mL) and washed twice with NaOH 1N (30 mL) and with brine (30 mL). The organic phase was dried 

over Na2SO4, filtered, and concentrated under reduced pressure, to give pure 2-iodobenzyl alcohol 24 

as a white solid. Yield: 98%. 
1H-NMR (400 MHz, CDCl3): δ ppm 7.80 (d, J = 8.0 Hz, 1H), 7.44 (d, J = 7.2 

Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 6.98 (t, J = 8.0 Hz, 1H), 4.66 (s, 2H). 
13C-NMR (100 MHz, CDCl3): δ ppm 

139.0, 136.7, 128.9, 128.3, 126.5, 95.4, 64.5. 

Synthesis	of	1-(chloromethyl)-2-iodobenzene	25.	

 

To a stirred solution of 2-iodobenzyl alcohol 1a (2.78 g, 11.88 mmol) in DCM (80 mL) at 0°C, 

triethylamine (1.66 mL, 11.88 mmol) and 4-dimethylaminopyridine (1.74 g, 14.26 mmol) were added. 

Then p-toluenesulfonyl chloride (4,07 g, 21,38 mmol) was added portionwise, and the solution was 

stirred for 30 min at 0°C. Then it was left at room temperature and stirred overnight. The solvent was 

evaporated, and the crude residue was purified with flash chromatography on silica gel, eluting with 

hexane to give compound 25. Yield: 56%. 
1H-NMR (400 MHz, CDCl3): δ ppm 7.85 (d, J = 7.6 Hz, 1H), 

7.47 (d, J = 8 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 6.99 (d, J = 8 Hz, 1H), 4.66 (s, 2H). 
13C-NMR (100 MHz, 

CDCl3): δ ppm 139.8, 135.6, 129.7, 129.3, 126.7, 96.8, 44.2. 

Synthesis	of	4-chloro-2-((2-iodobenzyl)	oxy)benzaldehyde	26a.	

 

To a stirred solution of 4-chloro-2-hydrooxybenzaldehyde (475.0 mg, 1.98 mmol) in CH3CN (11 mL), 

K2CO3 (287.6 mg, 2.07 mmol), NaI (70.5 mg, 0.47 mmol) and 25 (1.30 g, 5,16 mmol) were added. The 

mixture was stirred at reflux for 12 h. Solvent was then evaporated under reduced pressure and the 

residue dissolved in EtOAc (5 mL). NaOH 1N (10 mL) was added and the mixture stirred for 10 min at 

room temperature. Organic phase was then separated, and the aqueous layer was extracted three 

times with EtOAc . The combined organic phases were washed with brine, dried over Na2SO4, filtered, 

and concentrated under reduce pressure to give pure compound 26a. Yield 84%. 
1H-NMR (400 MHz, 

CDCl3): δ ppm 10.46 (s, 1H), 7.88 (d, 1H, J = 7.6 Hz), 7.79 (d, 1H, J = 8.8 Hz), 7.47 (d, 1H, J = 6.4 Hz), 7.39 

(t, 1H, J = 7.6 Hz), 7.05 (m, 3H), 5.12 (s, 2H). 
13C-NMR (100 MHz, CDCl3): δ ppm 188.3, 160.9, 142.0, 

I

OH

24
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Cl
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141.8, 139.6, 139.5, 137.5, 130.1, 129.8, 129.6, 129.0, 123.7, 121.2, 74.6 . MS (ES) m/z = 426.8 

[M+MeOH+Na]
+
, 394.9 [M+Na]

+
. 

Characterization	of	4-fluoro-2-((2-iodobenzyl)	oxy)benzaldehyde	26b.	

 

Yield 91%. 
1H-NMR (400 MHz, CDCl3): δ ppm 10.45 (s, 1H), 7.89 (d, J = 4.0 Hz, 1H), 7.87 (d, J = 8.0 Hz, 

1H), 7.47 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 7.8 Hz, 1H), 7.06 (t, J = 14.0 Hz, 1H), 6.75 (m, 2H), 5.12 (s, 2H), 

1.23 (s, 1H). 
13C-NMR (100 MHz, CDCl3): δ ppm 188.0, 168.8, 166.2, 162.3, 139.5, 137.5, 130.8, 128.6, 

122.0, 108.7, 101.0, 97.3, 76.9, 74.6. MS (ES) m/z = 713.0 [2M+H]
+
, 411.0 [M+MeOH+Na]

+
, 379.0 

[M+Na]
+
. 

Characterization	of	5-fluoro-2-((2-iodobenzyl)	oxy)benzaldehyde	26c.	

 

Yield 86%. 
1H-NMR (400 MHz, CDCl3): δ ppm 10.504 (d, J = 3.2 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.53 

(dd, J = 4.0 Hz, 1.1 Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H), 7.37 (t, J = 7.4 Hz, 1H), 7.23 (m, 1H), 7.04 (m, 1H), 

5.14 (s, 2H). 
13C-NMR (100 MHz, CDCl3): δ ppm 188.6, 166.8, 166.2, 163.3, 140.6, 137.5, 131.9, 129.1, 

121.0, 108.4, 103.0, 96.5, 78.4, 75.4. MS (ES) m/z = 411.0 [M+MeOH+Na]
+
, 379.0 [M+Na]

+
. 

Synthesis	of	4-chloro-2-((2-vinylbenzyl)	oxy)	benzaldehyde	27a.	

 

In a flask with magnetic stirrer, the iodide 26a (600.0 mg, 1.61 mmol) was dissolved in dry THF (25 mL) 

under N2 atmosphere. Palladium acetate (36.0 mg, 0.16 mmol) and triphenylphosphine (84.4 mg, 0.32 

mmol) were added. Then tributyl(vinyl)tin (557 µL, 1.93 mmol) was added dropwise and the mixture 

was stirred at reflux for 16 h. After cooling, the mixture was filtered through a plug of Celite and the 

solvent was evaporated in vacuo. The residue was diluted with EtOAc and washed with NaHCO3ss and 

brine. The organic layers were dried over anhydrous Na2SO4, filtered and the solvent was evaporated 

in vacuo. The residue was purified by flash chromatography (Hex/EtOAc 1:0; Hex/EtOAc 98:2) to give 

compound 27a. Yield 86%. 
1H-NMR (400 MHz, CDCl3): δ ppm 10.36 (1H, s), 7.78 ( d, J = 8.3 Hz, 1H), 

7.56 ( d, J = 7.6 Hz, 1H), 7.39 (m, 2H), 7.32 (d, J = 7.4 Hz, 1H), 7.09 (s, 1H,), 7.03 (d, J = 8.3 Hz, 1H,), 6.94 

(dd, J = 17.3 Hz 11.0 Hz, 1H,), 5.70 (1H, d, J = 17.3 Hz), 5.36 (1H, d, J = 11.0 Hz), 5.19 (2H, s). 
13C-NMR 

(100 MHz, CDCl3): δ ppm 188.4, 161.2, 141.7, 137.3, 133.4, 132.0, 129.5, 129.1, 129.0, 127.9, 126.4, 

123.7, 121.6, 117.3, 113.6, 69.2, MS (ES) m/z = 327.1 [M+MeOH+Na]
+
, 295.0 [M+Na]

+
. 
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Characterization	of	4-fluoro-2-((2-vinylbenzyl)	oxy)benzaldehyde	27b.	

 

Yield 98%. 
1H-NMR (400 MHz, CDCl3): δ ppm 10.35 (s, 1H), 7.86 (t, J = 4.0 Hz, 1H), 7.56 (d, J = 7.6, 1H), 

7.40 (d, J = 7.2 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 7.31 (d, J = 7.2 Hz, 1H), 7.05 (dd, J = 17.2 Hz, 1.7 Hz, 1H) 

6.75 (m, 2H), 5.69 (d, J = 17.6 Hz, 1H), 5.36 (d, J = 10.8 Hz, 1H), 5.19 (s, 2H). 
13C-NMR (100 MHz, CDCl3): 

δ ppm 189.4, 157.3, 156.6, 154.2, 134.6, 128.1, 127.3, 125.9, 122.4, 122.2, 118.7, 115.6, 114.2, 113.9, 

77.9, 70.5. MS (ES) m/z = 311.1 [M+MeOH+Na]
+
, 279.1 [M+Na]

+
. 

Characterization	of	5-fluoro-2-((2-vinylbenzyl)	oxy)benzaldehyde	27c.	

 

Yield 91%. 
1H-NMR (400 MHz, CDCl3): δ ppm 10.39 (s, 1H), 7.55 (d, J = 8 Hz, 1H), 7.50 (dd, J = 8.4, 1.3 

Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 7.2 Hz, 1H), 7.25 (m, 1H), 7.04 (dd, J = 8.8, 1.4 Hz, 1H), 6.95. 

(dd, J = 17.2, 1.9 Hz, 1H), 5.69 (d, J = 17.2 Hz, 1H), 5.35 (d, J = 11.2 Hz, 1H), 5.19 (s, 1H). 
13C-NMR (100 

MHz, CDCl3): δ ppm 188.6, 158.3, 157.2, 155.9, 133.4, 129.0, 127.9, 126.3, 122.5, 122.2, 117.1, 114.8, 

114.8, 114.1, 113.9, 69.6. MS (ES) m/z = 311.1 [M+MeOH+Na]
+
, 279.1 [M+Na]

+
. 

Synthesis	of	4-chloro-2-((2-vinylbenzyl)	oxy)benzaldehyde	oxime	28a.	

 

To a stirred solution of aldehyde 27a (324 mg, 1,18 mmol) in EtOH (18 mL), pyridine (115 μL, 1.43 

mmol) and hydroxylamine hydrochloride (204.9 mg, 2.97 mmol) were added. The mixture was heated 

at reflux for 3.5 h. After cooling solvent was evaporated. The residue was dissolved in EtOAc, washed 

with brine, dried over Na2SO4, filtered and concentrated under reduce to afford compound 28a. Yield 

71%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.43 (s, 1H), 8.01 (br, 1H), 7.66 (d, 1H, J = 8.0 Hz), 7.55 (d, 1H, 

J = 7.6 Hz), 7.36 (m, 2H), 7.30 (d, 1H, J = 8.0 Hz), 6.99 (d, 1H, J = 1.6 Hz), 6.91 (m, 2H), 5.69 (d, J = 17.6 

Hz, 1H), 5.36 (d, J = 10.8 Hz, 1H), 5.10 (s, 2H). 
13C-NMR (100 MHz, CDCl3): δ ppm 157.0, 145.6, 137.3, 

136.8, 133.5, 132.4, 129.0, 128.9, 127.9, 127.4, 126.3, 121.5, 119.5, 117.2, 113.1, 69.0 . MS (ES) m/z = 

310.0 [M+Na]
+
, 288.0 [M+H]

+
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Characterization	of	4-fluoro-2-((2-vinylbenzyl)	oxy)	benzaldehyde	oxime	28b.	

 

Yield 91%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.42 (s, 1H), 7.70 (t, J = 8 Hz, 1H), 7.55 (d, J = 7.6 Hz, 1H), 

7.36 (m, 2H), 7.29 (d, J = 7.2 Hz, 1H), 6.92 (q, J = 10.8 Hz, 1H), 6.69 (m, 2H), 5.68 (d, J = 17.6 Hz, 1H), 

5.36 (d, J = 10.8 Hz, 1H), 5.09 (s, 2H). 
13C-NMR (100 MHz, CDCl3): δ ppm 203.1, 192.7, 165.9, 163.4, 

157.9, 145.6, 137.2, 133.5, 132.4, 128.8, 127.9, 126.3, 117.2, 108.2, 100.5, 68.9. MS (ES) m/z = 310.1 

[M+K]
+
, 294.1 [M+Na]

+
, 272.1 [M+H]

+
. 

Characterization	of	5-fluoro-2-((2-vinylbenzyl)	oxy)	benzaldehyde	oxime	28c.	

 

Yield 98%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.22 (1H, s), 7.61 (1H, t, J = 8.0 Hz), 7.55 (1H, d, J = 7.6 

Hz), 7.36 (2H, m), 7.33 (1H, d, J = 7.2 Hz), 6.84 (q, J = 10.8 Hz, 1H), 6.69 (2H, m), 5.51 (1H, d, J = 17.6 

Hz), 5.43 (1H, d, J = 10.8 Hz), 5.23 (2H, s). 
13C-NMR (100 MHz, CDCl3): δ ppm 203.1, 192.7, 165.9, 163.4, 

157.8, 145.6, 137.2, 133.5, 132.4, 129.0, 127.9, 126.3, 117.2, 108.2, 101.5, 68.5. MS (ES) m/z = 294.1 

[M+Na]
+
, 272.1 [M+H]

+
. 

Synthesis	of	(4-chloro-2-((2-vinylbenzyl)	oxy)	phenyl)methanamine	29a.	

 

To a stirred solution of oxime 28a (400.0 mg, 1.40 mmol) in THF (20 ml), Zn (910.0 mg, 14 mmol) was 

added. HCl 2N (7.0 ml) was added and the mixture was stirred at reflux for 2 h. The reaction mixture 

was cooled to room temperature, filtered on a Celite pad to remove the excess of metallic zinc and 

the filtrate was concentrate under reduced pressure. The residue was dissolved in EtOAc  and 

extracted with HCl 3N for three times. The aqueous phase was basified with solid potassium carbonate 

and extracted with DCM (3x20mL). The combined organic phases were dried over Na2SO4 and filtered. 

Solvent was evaporated under reduce pressure to give the primary amine 29a which was used in the 

next step without any further purification. Yield 81%. 
1H-NMR (400 MHz, CD3OD): δ ppm 7.58 (d, J = 

7.7 Hz, 1H), 7.40 (d, J = 7.4 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 7.6 Hz, 1H), 7.18 (d, J = 8.0 Hz, 

1H), 7.09 (d, J = 1.7 Hz, 1H), 7.00 (dd, J = 17.4 Hz, 11.0 Hz, 1H), 6.91 (dd, J = 8.0 Hz, 1.8 Hz, 1H), 5.72 (d, 

J = 17.4 Hz, 1H), 5.31 (d, J = 12.0 Hz, 1H), 5.12 (2H, s), 3.66 (2H, s).
 13C-NMR (100 MHz, CDCl3): δ ppm 

158.8, 139.1, 136.6, 133.7, 129.4, 129.2, 128.5, 127.5, 125.6, 120.3, 115.4, 112.0, 68.3, 40.5. MS (ES) 
m/z = 296.0 [M+Na]

+
, 274.1 [M+H]

+
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Characterization	of	(4-fluoro-2-((2-vinylbenzyl)	oxy)phenyl)methanamine	29b.	

 

Yield 98%. 
1H-NMR (400 MHz, CD3OD): δ ppm 7.58 (dd, J = 7.7 Hz, 1.3 Hz, 1H), 7.40 (dd, J = 7.4 Hz, 1.5 

Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.26 (m, 1H), 7.18 (d, J = 8.0 Hz, 1H), 7.09 (d, J = 1.9 Hz, 1H), 7.00 (dd, 

J = 17.4, 11.0 Hz, 1H), 6.91 (dd, J = 8.0, 2.0 Hz, 1H), 5.71 (dd, J = 17.4, 1.3 Hz, 1H), 5.31 (dd, J = 11.0, 1.3 

Hz, 1H), 5.12 (s, 2H), 4.80 (s, 1H), 3.67 (s, 2H). 
13C-NMR (100 MHz, CD3OD): δ ppm 157.4, 138.6, 137.2, 

133.7, 129.4, 129.1, 128.5, 127.5, 125.5, 120.3, 115.3, 112.0, 68.2, 40.4. MS (ES) m/z = 258.1 [M+H]
+
. 

Characterization	of	(5-fluoro-2-((2-vinylbenzyl)	oxy)phenyl)methanamine	29c.	

 

Yield 89%. 
1H-NMR (400 MHz, CD3OD): δ ppm 7.61 (d, J = 7.7 Hz, 1H), 7.41 (dd, J = 7.6 Hz, 1.5 Hz, 1H), 

7.35 (d, J = 7.4 Hz, 1H), 7.26 (m, 1H), 7.15 (d, J = 8.2 Hz, 1H), 7.04 (d, J = 1.9 Hz, 1H), 7.01 (dd, J = 17.4, 

11.5 Hz, 1H), 6.89 (dd, J = 8.5, 2.4 Hz, 1H), 5.71 (dd, J = 17.4, 11.3 Hz, 1H), 5.28 (dd, J = 10.8, 1.3 Hz, 

1H), 5.12 (s, 2H), 4.84 (s, 1H), 3.67 (s, 2H). 
13C-NMR (100 MH CD3OD): δ ppm 157.4, 138.6, 137.4, 133.9, 

129.8, 129.3, 128.6, 127.9, 125.7, 120.6, 115.8, 112.3, 68.6, 40.7. MS (ES) m/z = 258.1 [M+H]
+
. 

Synthesis	of	the	protected	guanidine	30a.	

 

To a stirred solution of primary amine 29a (200.0 mg, 0.73 mmol) in THF 8.5 mL), N,Nʹ-Di-Boc-1H-

pyrazole-1-carboxamidine (294.0 mg, 0.95 mmol) and DIPEA (0,09 mL, 0.52 mmol) were added. The 

mixture was stirred at room temperature for 12 h. After cooling EtOAc was added and the organic 

phase was washed with water and brine. After drying over Na2SO4 the mixture was filtered and 

concentrated under reduce pressure. The crude residue was purified with flash chromatography on 

silica gel, eluting with 10% EtOAc/Hex to give pure compound 30a. Yield: 75%. 
1H-NMR (400 MHz, 

CDCl3): δ ppm 11.45 (s, 1H), 8.64 (s, 1H), 7.52 (d, J = 7.5 Hz, 1H), 7.41 (d, J = 7.2 Hz, 1H), 7.32 (t, J = 7.1 

Hz, 1H), 7.26 (m, 2H), 6.96 (d, J = 11.1 Hz, 1H), 6.96 (m, 1H), 6.91 (d, J = 1.8 Hz, 1H), 5.66 (d, J = 17.3 

Hz, 1H), 5.34 (d, J = 11.0 Hz, 1H), 5.10 (s, 2H), 4.59 (d, J = 5.4 Hz, 2H), 1.48 (s, 9H), 1.44 (s, 9H). 
13C-NMR 

(100 MHz, CDCl3): δ ppm 157.1, 155.9, 152.9, 137.0, 134.2, 133.6, 132.7, 130.5, 128.9, 128.6, 127.8, 

126.1, 124.6, 120.8, 117.0, 112.3, 82.9, 79.2, 68.4, 40.0, 28.2, 28.0. MS (ES) m/z = 538.2 [M + Na]
+
, 

516.2 [M + H]
+
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Characterization	of	the	protected	guanidine	30b.	

 

Yield: 70%. 
1H-NMR (400 MHz, CDCl3): δ ppm 11.45 (s, 1H), 8.64 (s, 1H), 7.41 (d, J = 7.7 Hz, 1H), 7.38 

(d, J = 7.5 Hz, 1H), 7.32 (t, J = 8.0 Hz, 1H), 7.26 (m, J = 2H), 6.64 (m, 1H), 5.66 (dd, J = 17.4 Hz, 1.3 Hz, 

1H), 5.34 (dd, J = 11.0 Hz, 1.3 Hz, 1H), 5.10 (s, 2H), 4.59 (d, J = 5.5 Hz, 2H), 1.48 (s, 9H). 
13C-NMR (100 

MHz, CDCl3): δ ppm 157.1, 155.9, 152.9, 137.0, 134.2, 133.6, 132.7, 130.5, 128.9, 128.5, 127.8, 126.1, 

124.5, 120.8, 117.0, 112.3, 82.9, 68.4, 39.9, 28.2, 27.9. MS (ES) m/z = 522.3 [M+Na]
+
, 500.3 [M+H]

+
. 

Characterization	of	the	protected	guanidine	30c.	

 

Yield: 62%. 
1H-NMR (400 MHz, CDCl3): δ ppm 11.45 (s, 1H), 8.60 (s, 1H), 7.41 (d, J = 7.5 Hz, 1H), 7.32 

(d, J = 7.5 Hz, 1H), 7.29 (t, J = 8.0 Hz, 1H), 7.25 (m, 2H), 6.94 (dd, J = 7.4, 1.2 Hz 1H), 6.64 (m, 2H), 5.66 

(d, J = 17.4 Hz, 1H), 5.34 (d, J = 11.0 Hz, 1H), 5.10 (s, 2H), 4.57 (d, J = 5.5 Hz, 2H), 1.44 (s, 9H). 
13C-NMR 

(100 MHz, CDCl3): δ ppm 203.1, 165.9, 162.9, 147.0, 134.2, 133.6, 132.7, 130.5, 129.9, 128.5, 127.8, 

126.1, 122.5, 121.8, 117.0, 113.3, 85.9, 69.4, 39.9, 30.2, 28.9. MS (ES) m/z = 522.3 [M+Na]
+
, 500.3 

[M+H]
+
. 

Synthesis	of	the	amidinourea	31a.	

 

To a stirred solution of protected guanidine 7a (256.0 mg, 0.50 mmol) in dry THF (10.0 mL), a solution 

of linker (206.7 mg, 0.65 mmol) in dry THF (6.0 mL) and triethylamine (0.07 mL, 0.51 mmol) were 

added dropwise under N2 atmosphere. The mixture was heated at reflux and stirred for 12 h. After 

cooling EtOAc was added and the organic phase was washed with water and brine. After drying over 

Na2SO4 the mixture was filtered and concentrated under reduce pressure. The crude residue was 

purified with flash chromatography on silica gel, eluting with 20% EtOAc/Hex to give pure compound. 

Yield 52%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.29 (d, J = 13.0 Hz, 1H), 8.40 (s, 1H), 7.53 (d, J = 7.6 Hz, 

1H), 7.42 (d, J = 7.4 Hz, 1H), 7.33 (m, 5H), 7.29 (m, 2H), 7.17 (dd, J = 7.5, 4.0 Hz, 1H), 6.96 (d, J = 11.0 

Hz, 1H), 6.91 (m, 2H), 5.78 (m, 1H), 5.67 (d, J = 17.3 Hz, 1H), 5.34 (d, J = 11.0 Hz, 1H), 5.09 (s, 2H), 5.07 
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(s, 2H), 5.00 (m, 1H), 4.73 (br, 1H), 4.50 (d, J = 5.5 Hz, 1H), 4.47 (d, J = 5.5 Hz, 1H), 4.02 (d, J = 4.7 Hz, 

1H), 3.89 (d, J = 4.3 Hz, 1H), 3.32 (t, J = 7.2 Hz, 1H), 3.20 (t, J = 7.2 Hz, 1H), 3.14 (m, 2H), 1.49 (m, 4H), 

1.42 (s, 9H), 1.22 (m, 8H). 
13C-NMR (100 MHz, CDCl3): δ ppm 163.6, 156.8, 153.9, 153.3, 137.0, 134.6, 

133.6, 132.9, 130.0, 129.4, 128.8, 128.6, 128.4, 128.1, 128.0, 127.8, 126.1, 125.5, 120.7, 116.9, 115.5, 

115.4, 112.2, 82.1, 68.4, 66.5, 60.3, 48.4, 41.0, 39.4, 29.3, 29.2, 29.4, 28.0, 26.9, 26.6, 23.8. MS (ES) 
m/z = 782.3 [M + Na]

+
, 760.3 [M + H]

+
. 

Characterization	of	the	amidinourea	31b.	

 

Yield 59%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.30 (d, J = 7.4 Hz, 1H), 8.40 (s, 1H), 7.52 (d, J = 8.0 Hz, 

1H), 7.41 (d, J = 5.4 Hz, 1H), 7.34 (d, J = 7.1 Hz, 1H), 7.27 (t, J = 10.5 Hz, 1H), 6.93 (m, 4H), 5.66 (d, J = 

12.2 Hz, 1H), 5.33 (d, J = 8.0 Hz, 1H), 5.90 (s, 2H), 5.01 (m, 2H), 4.51 (dd, J = 17.4 Hz, 3.2 Hz, 2H), 4.00 

(dd, J = 13.4 Hz, 1.8 Hz, 2H), 3.2 (dd, J = 17.4 Hz, 2.2 Hz, 2H), 3.06 (s, 2 H), 1.50 (s, 9H), 1.48 (s, 9H), 1.36 

(m, 8H). 
13C-NMR (100 MHz, CDCl3): δ ppm 164.0, 161.6, 153.8, 153.3, 137.0, 135.2, 134.6, 133.6, 

132.9, 130.1, 128.7, 128.5, 127.8, 126.1, 122.5, 120.3, 116.9, 115.4, 106.8, 100.1, 99.8, 82.0, 68.4, 

50.4, 48.4, 47.5, 45.7, 40.8, 40.5, 39.4, 30.0, 29.1, 28.4, 28.0, 27.0, 26.7, 23.8 MS (ES) m/z = 722.4 [M 

+ Na]
+
, 710.4 [M + H]

+
. 

Characterization	of	the	amidinourea	31c.	

 

Yield 75%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.28 (s, 1Hz), 8.41 (s, 1H), 7.52 (d, J = 7.5 Hz, 1H), 7.44 

(d, J = 7.4 Hz, 1H), 7.35 (m, 5H), 7.32 (d, J = 6.9 Hz, 1H), 7.29 (d, J = 7.3 Hz, 2H), 7.24 (m, 1H), 7.24 (m, 

1H), 6.94 (d, J = 9.7 Hz, 2H), 5.76 (m, 1H), 5.66 (d, J = 16.4 Hz, 1H), 5.32 (d, J = 10.8 Hz, 2H), 5.15 (s, 2H), 

5.09 (m, 3H), 5.01 (d, J = 9.9 Hz, 1H), 4.55 (dd, J = 14.8, 6.0 Hz, 2H), 4.05 (d, J = 5.3 Hz, 1H), 3.89 (d, J = 

5.3 Hz, 1H), 3.36 (t, J = 7.6 Hz, 1H), 3.21 (t, J = 8.0 Hz, 1H), 3.16-3.11 (m, 2H), 1.51 (m, 4H), 1.42 (s, 9H), 

1.21 (m, 8H). 
13C-NMR (100 MHz, CDCl3): δ ppm 163.7, 156.5, 154.1, 153.9, 153.3, 135.3, 134.7, 133.7, 

129.3, 129.0, 128.7, 128.6, 128.4, 128.3, 128.0, 127.8, 126.8, 126.0, 120.7, 116.6, 115.5, 111.5, 81.9, 

68.1, 66.5, 50.5, 48.4, 47.5, 45.7, 41.0, 40.0, 29.9, 29.4, 29.2, 28.5, 28.0, 27.0, 26.9, 26.6. MS (ES) m/z 

= 744.4 [M + H]
+
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Synthesis	of	the	macrocycle	32a.	

 

To a stirred solution of amidinourea derivative 31a (200.0 mg, 0,27 mmol) in degassed Toluene (145 

mL, 2 mM solution), a solution of 2
nd

 generation Grubb’s catalyst (45.0 mg, 0.05 mmol) in degassed 

Toluene (2.0 mL) was added dropwise under N2 atmosphere. The mixture was heated at reflux and 

stirred overnight. After cooling solvent was evaporated under reduced pressure. The crude residue 

was purified with flash chromatography on silica gel, eluting with 15% EtOAc/Hex to give the 

macrocycle compound as mixture of E/Z isomers. Yield 78%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.27 

(s, 1H), 8.39 (s, 1H), 7.56 (d, J = 7.7 Hz, 1H), 7.34 (m, 5H), 7.23 (d, J = 7.5 Hz, 2H), 7.15 (d, J = 7.4 Hz, 

1H), 7.10 (d, J = 8.1 Hz, 1H), 6.96 (s, 1H), 6.91 (d, J = 8.1 Hz, 1H), 6.49 (d, J = 15.6 Hz, 1H), 6.15 (dt, J = 

15.6, 5.6 Hz, 1H), 5.13 (s, 2H), 5.08 (s, 2H), 4.76 (br, 1H), 4.52 (d, J = 6.2 Hz, 2H), 3.92 (m, 2H), 3.35 (t, 

J = 8.0 Hz, 2H), 3.16 (q, J = 6.3 Hz, 2H), 1.54 (m, 2H), 1.46 (s, 9H), 1.25 (m, 10H). 
13C-NMR (100 MHz, 

CDCl3): δ ppm 156.1, 154.1, 137.0, 133.0, 130.4, 129.1, 129.0, 128.4, 128.2, 128.1, 128.0, 127.0, 126.7, 

125.6, 125.2, 120.8, 113.0, 70.7, 66.5, 60.3, 51.9, 48.1, 41.0, 29.9, 29.6, 29.3, 29.2, 28.6, 28.0, 26.9, 

26.6, 23.8. MS (ES) m/z = 754.4 [M + Na]+, 732.3 [M + H]
+
. 

Characterization	of	the	macrocycle	32b.	

 

Yield 28%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.25 (s, 1H), 8.33 (s, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.32 

(m, 2H), 7.28 (t, J = 8 Hz, 1H), 7.19 (t, J = 10.3 Hz, 1H), 6.69 (d, J = 8.3 Hz, 1H), 6.59 (m, 2H), 6.12 (dd, J 
= 17.2, 3.1 Hz, 1H), 5.10 (s, 2H), 4.51 (d, J = 10.4 Hz, 2H), 3.93 (d, J = 7.3 Hz, 2H), 3.33 (t, J = 7.6 Hz, 2H), 

3.05 (s, 2H), 1.43 (s, 9H), 1.40 (s, 9H), 1.22 (s, 8H). 
13C-NMR (100 MHz, CDCl3): δ ppm 225.3, 183.9, 

171.2, 164.1, 163.2, 154.1, 153.6, 137.2, 130.5, 129.1, 128.9, 127.1, 127.0, 126,9, 126.8, 125.7, 123.4, 

107.1, 101.1, 100.9, 82.4, 70.6, 60.4, 51.8, 48.1, 39.1, 30.0, 29.4, 29.2, 29.2, 28.7, 28.1, 27.3, 26.7, 23.9, 

21.0, 20.8 . MS (ES) m/z = 704.4 [M + Na]+, 682.4 [M + H]
+
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Characterization	of	the	macrocycle	32c.	

 

Yield 26%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.27 (s, 1H), 8.40 (s, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.34 

(m, 5H), 7.30 (d, J = 7.1 Hz, 2H), 7.23 (m, 3H), 6.98 (d, J = 7.6 Hz, 1H), 6.93 (t, J = 7.6 Hz, 1H), 6.58 (d, J 
= 15.6 Hz, 1H), 6.16 (dt, J = 15.6 Hz, 5.2 Hz, 1H), 5.15 (s, 2H), 5.08 (s, 2H), 4.69 (s, 1H), 4.61 (d, J = 6.4 

Hz, 1H), 3.92 (d, J = 5.2 Hz, 2H), 3.35 (t, J = 7.6 Hz, 2H), 3.16 (q, J = 6.4 Hz, 2H), 1.57 (s, 4H), 1.46 (m, 

9H), 1.23 (s, 6H). 
13C-NMR (100 MHz, CDCl3): δ ppm 163.7, 155.3, 154.2, 153.6, 138.1, 137.8, 136.9, 

129.6, 129.4, 129.1, 128.8, 128.7, 128.3, 126.5, 122.9, 118.6, 99.9, 82.2, 72.2, 66.5, 45.1, 44.1, 43.4, 

40.9, 31.1, 29.3, 29.2, 28.5, 27.3. MS (ES) m/z = 738.4 [M + Na]+, 716.4 [M + H]
+
. 

Synthesis	of	compound	34b.	

 

In a flask with magnetic stirrer, macrocycle compound 32b (53.0 mg, 0.07 mmol) was dissolved in 

isopropanol (8.5 mL) and 10% Palladium on Carbon (4.1 mg, 0.003 mmol). The flask was subjected to 

three cycles of vacuum followed by flush of H2 before being stirred under H2 atmosphere for 4h. The 

mixture was filtered through a plug of Celite, and then solvent was evaporated in vacuo. The crude 

product obtained was used directly in the next step without any further purification. Yield: 
quantitative. 

1H-NMR (400 MHz, CDCl3): δ ppm 12.20 (1H, s), 8.49 (1H, s), 7.30 (1H, d, J = 7.2 Hz), 7.25 

(1H, d, J = 6.8 Hz), 7.20 (1H, d, J = 6.8 Hz), 7.11 (1H, d, J = 7.6 Hz), 6.80 (1H, s), 6.74 (1H, d, J = 7.6 Hz), 

5.02 ( 2H, s), 4.51 (2H, d, J = 6 Hz), 3.21 (2H, t, J = 6.8 Hz), 3.14 (2H, t, J = 8.0 Hz), 3.07 (2H, m), 2.53 

(2H, t, J = 7.6 Hz), 1.99 (2H, m), 1.57 (4H, m), 1.46 (9H, s), 1.42 (9H, s), 1.26 (8H, m). 
13C-NMR (100 

MHz, CDCl3): δ ppm 201.4, 167.3, 165,3, 161.0, 153.6, 134.1, 130.7, 129.9, 128.9, 126.4, 125.8, 121.2, 

111.7, 82.1, 78.9, 69.4, 68.5, 53.3, 49.8, 47.3, 40.63, 39.87, 37.9, 30.8, 30.3, 30.0, 29.6, 29.4, 29.2, 28.7, 

28.4, 28.1, 27.0, 26.7, 25.3, 21.4. 
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Synthesis	of	the	protected	guanidine	36a.	

 

In a flask with magnetic stirrer, protected macrocycle 32a (43 mg, 0.06 mmol) was dissolved in 

isopropanol (7.0 mL). Then 10% Palladium on Carbon (12.5 mg, 0.01 mmol) and two drops of Acetic 

acid were added. The flask was subjected to three cycles of vacuum followed by flush of H2 before 

being stirred under H2 atmosphere for 8h. The mixture was filtered through a plug of Celite, and then 

solvent was evaporated in vacuo. The crude containing compound 33a was directly used in the next 

step. 

In a flask with magnetic stirrer, the crude amine 33a (43.0mg, 0.07 mmol) was dissolved in THF (6.0 

mL). Then, N,Nʹ-Di-Boc-1H-pyrazole-1-carboxamidine (30 mg, 0.09 mmol) and DIPEA (37 µL, 0.22 

mmol) were added and the mixture was stirred at room temperature for 16 h. The reaction was diluted 

with EtOAc and washed with H2O. The organic phase was dried over anhydrous Na2SO4, filtered and 

the solvent was evaporated in vacuo. The residue was purified by flash chromatography (Hex/EtOAc 

1:0; Hex/EtOAc 8:2). Yield (over two steps): 31%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.13 (s, 1H), 

11.45 (s, 1H), 8.50 (s, 1H), 8.39 (s, 1H), 7.33 (m, 2H), 7.25 (m, 1H), 7.21 (d, J = 7.1 Hz, 1H), 7.13 (d, J = 

8.0 Hz, 1H), 6.96 (s, 1H), 6.89 (d, J = 7.6 Hz, 1H), 5.01 (s, 2H), 4.46 (d, J = 6.0 Hz, 2H), 3.40 (m, 2H), 3.19 

(t, J = 7.6 Hz, 2H), 3.10 (t, J = 8.0 Hz, 2H), 2.46 (m, 2H), 1.94 (m, 2H), 1.51 (m, 4H), 1.46 (m, 27H), 1.17 

(s, 8H). 
13C-NMR (100 MHz, CDCl3): δ ppm 163.3, 153.6, 142.7, 133.2, 132.6, 130.7, 130.0, 129.2, 125.9, 

120.5, 111.3, 69.7, 49.8, 47.4, 40.8, 37.9, 33.8, 30.8, 30.2, 29.3, 29.2, 28.9, 28.4, 28.2, 28.0, 27.9, 27.0, 

26.7. MS (ES) m/z = 864.4 [M+Na]
+
. 

Characterization	of	the	protected	guanidine	36c.	

 

Yield (over two steps): 21%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.18 (s, 1H), 8.50 (s, 1H), 8.27 (s, 1H), 

7.30 (d, J = 7.4 Hz, 1H), 7.25 (d, J = 7.5 Hz, 1H), 7.21 (d, J = 7.1 Hz, 1H), 7.11 (m, 1H), 6.96 (d, J = 7.05 

Hz, 1H), 6.86 (m, 2H), 5.02 (s, 2H), 4.50 (d, J = 8.2 Hz, 2H), 3.37 ( d, J = 8.6 Hz, 2H), 3.21 (t, J = 10.4 Hz, 

2H), 3.11 (t, J = 10.9 Hz, 2H), 2.49 (t, J = 9.8 Hz, 2H), 1.95(m, 2H), 1.49 (m, 4H), 1.29 (s, 9H), 1.23 (s, 9H), 

1.21 (s, 9H), 1.19 (s, 8H).
 13C-NMR (100 MHz, CDCl3): δ ppm 167.1, 161.3, 158.8, 154.1, 154.0, 147.5, 

144.4, 141.2, 136.8, 129.3, 128.4, 128.3, 128.2, 127.1, 126.2, 116.6, 116.4, 115.5, 114.9, 114.8, 80.4, 
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68.7, 44.9, 44.4, 41.1, 40.4, 31.7, 29.0, 28.9, 28.4, 28.3, 28.2, 27.5, 27.4, 26.8, 26.6. MS (ES) m/z = 

848.5 [M+Na]
+
. 

	

Synthesis	of	the	protected	guanidine	36b.	

 

In a flask with magnetic stirrer, protected macrocycle 34b (50 mg, 0.07 mmol) was dissolved in dry 

CH2Cl2 (1.8 mL) under N2 atmosphere. Then freshly distilled TFA (10% v/v, 200 µL) was added dropwise, 

and the mixture was stirred at room temperature for 7h. The reaction mixture was concentrated in 
vacuo. The residue was decanted several times with Et2O and Hexane. The crude containing compound 

35b was directly used in the next step, which followed the same procedure that gave compound 

36a.Yield (over two steps): 47%. 
1H-NMR (400 MHz, CDCl3): δ ppm 11.46 (s, 1H), 8.27 (s, 1H), 7.32 (m, 

2H), 7.25 (d, J = 7.5 Hz, 1H), 7.18 (t, J = 10.6 Hz, 1H), 7.10 (t, J = 13.4 Hz, 1H), 6.68 (d, J = 7.8 Hz, 1H), 

6.53 (t, J = 10.4 Hz, 1H), 5.03 (s, 2H), 4.37 (s, 2H), 3.35 (m, 2H), 3.21 (t, J = 14.5 Hz, 2H), 3.15 (s, 2H), 

2.51 (t, J = 17.6 Hz, 2H), 1.86 (s, 2H), 1.55 (m, 4H), 1.48 (s, 9H), 1.47 (s, 9H), 1.23 (m, 8H). 
13C-NMR (100 

MHz, CDCl3): δ ppm 164.2, 163.1, 162.2, 158.8, 154.0, 147.5, 141.2, 136.8, 130.9, 130.8, 129.3, 128.4, 

127.1, 126.2, 124.9, 108.1, 102.2, 79.8, 68.7, 44.9, 44.4, 41.5, 41.1, 31.9, 29.0, 29.0, 28.2, 28.1, 27.5, 

27.4, 26.6. MS (ES) m/z = 748.4 [M+Na]
+
. 

Synthesis	of	protected	amidinoureas	37a.	

 

To a solution of di-Boc-protected guanidine 37a (46.0 mg, 0.06 mmol) in THF (2.8 mL) in a glass tube, 

DIPEA (0.010 mL, 0.06 mmol) and a 40% solution of methylamine in H2O (0.41 mL, 0.83 mmol) were 

added. The tube was sealed and warmed to 80 °C overnight. Then the solvent was evaporated, and 

the crude was purified with flash chromatography on silica gel, eluting with 20% EtOAc in Hexane to 

give pure compound. Yield 68%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.18 (s, 1H), 8.50 (t, 1H, J = 6.4 

Hz), 7.35 (d, J = 7.4 Hz, 1H), 7.32 (m, 1H), 7.25 (d, J = 9.2 Hz, 1H), 7.21 (m, 1H), 7.15 (d, J = 8.1 Hz, 1H), 

6.97 (d, J = 1.9 Hz, 1H), 6.90 (d, J = 8.2 Hz, 1H), 5.02 (s, 2H), 4.47 (d, 2H, J = 6.0 Hz), 3.21 (m, 4H), 3.11 

(t, 2H, J = 8.4 Hz), 2.78 (m, 3H), 2.49 (t, 2H, J = 8.4 Hz), 1.95 (m, 2H), 1.53 (m, 4H), 1.47 (m, 18H), 1.26 

(m, 8H).
 13C-NMR (100 MHz, CDCl3): δ ppm 163.3, 152.8, 149.6, 143.0, 133.8, 130.8, 129.9, 129.2, 
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127.4, 125.9, 120.5, 111.3, 111.1, 82.0, 69.7, 49.9, 47.4, 40.9, 37.9, 30.9, 30.2, 28.7, 28.1, 28.0, 26.9, 

26.5, 23.8, 20.7, 17.2. MS (ES) m/z = 821.3 [M+Na]
+
. 
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Characterization	of	protected	amidinoureas	37b.	

 

Yield 36%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.09 (s, 1H), 7.95 (s, 1H), 7.25 (q, J = 17.5 Hz, 1H), 7.20 

(d, J = 7.3 Hz, 1H), 7.18 (t, J = 10.3 Hz, 1H), 7.11 (t, J = 17.8 Hz, 1H), 6.69 (d, J = 7.5 Hz, 1H), 6.54 (t, J = 

10.7 Hz, 1H), 5.18 (s, 1H), 5.06 (s, 2H), 4.38 (s, 2H), 3.22 (s, 4H), 3.15 (s, 2H), 2.75 (d, J = 7.1 Hz, 3H), 

2.51 (t, J = 15.6 Hz, 2H), 1.94, (s, 2H), 1.48 (s, 4H), 1.44 (s, 9H), 1.23 (m, 8H).
 13C-NMR (100 MHz, CDCl3): 

δ ppm 164.2, 163.1, 162.2, 158.7, 155.9, 154.0, 141.2, 140.6, 136.8, 130.8, 129.3, 128.4, 127.1, 126.2, 

124.9, 124.9, 124.9, 107.9, 102.2, 80.3, 68.7, 44.9, 44.4, 41.5, 41.1, 31.9, 29.0, 29.0, 28.2, 27.5, 27.4, 

26.8, 26.6, 26.2. ppm. MS (ES) m/z = 705.3 [M+Na]
+
, 683.3 [M+H]

+
. 

Characterization	of	protected	amidinoureas	37c.	

 

Yield 35%. 
1H-NMR (400 MHz, CDCl3): δ ppm 12.15 (s, 1H), 8.50 (s, 1H), 7.95 (s, 1H), 7.31 (d, J = 7.6 Hz, 

1H), 7.25 (d, J = 7.8 Hz, 1H), 7.21 (d, J = 7.2 Hz, 1H), 7.18 (m, 1H), 6.96 (dd, J = 14.1, 2.05 Hz, 1H), 6.87 

(m, 2H), 5.11 (s, 1H), 5.02 (s, 2H), 4.50 (d, J = 8.1 Hz, 2H), 3.23 (m, 4H), 3.17 (t, J = 15.4 Hz, 2H), 2.75 (t, 

J = 7.9 Hz, 3H), 2.49 (t, J = 10.8 Hz, 2H), 1.96 (m, 2H), 1.54 (m, 4H), 1.49 (s, 9H), 1.47 (s, 9H), 1.28 (s, 

8H).
 13C-NMR (100 MHz, CDCl3): δ ppm 167.1, 160.3, 155.9, 154.8, 154.1, 154.0, 144.4, 141.2, 140.6, 

136.8, 129.3, 128.4, 128.2, 127.1, 126.2, 116.6, 115.5, 114.8, 80.3, 68.7, 44.9, 44.4, 41.1, 40.5, 40.4, 

31.9, 29.0, 28.4, 28.2, 27.3, 27.1, 26.8, 26.7, 26.4. ppm. MS (ES) m/z = 805.4 [M+Na]
+
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Synthesis	of	BM56.	

 

Yield: quantitative. 
1H-NMR (400 MHz, CD3OD): δ ppm 7.41 (m, 1H), 7.27 (m, 2H), 7.22 (m, 3H), 6.98 

(d, J = 8.0 Hz, 1H), 5.07 (s, 2H), 4.37 (m, 2H), 3.52 (m, 2H), 3.29 (m, 4H), 2.78 (m, 2H), 2.74 (s, 3H), 2.07 

(m, 2H), 1.59 (m, 2H), 1.53 (m, 2H), 1.31 (m, 8H).
 13C-NMR (100 MHz, CD3OD): δ ppm 163.1, 162.2, 

162.1, 158.5, 152.8, 141.2, 136.8, 132.6, 130.1, 129.3, 128.4, 128.1, 127.1, 126.2, 124.7, 115.1, 65.3, 

44.8, 42.3, 41.4, 41.1, 32.8, 29.0, 28.9, 27.4, 26.5, 25.6, 25.2, 24.4, 22.2. MS (ES) m/z = 621.4 [M+Na]
+
, 

599.4 [M+H]
+
. 

Characterization	of	BM57.	

 

Yield: quantitative. 
1H-NMR (400 MHz, CDCl3): δ ppm 7.44 (d, J = 7.2 Hz, 1H), 7.35 (m, 2H), 7.29 (t, J = 

10.4 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.69 (t, J = 15.4 Hz, 1H), 5.06 (s, 2H), 4.37 (s, 2H), 3.49 (s, 2H), 3.29 

(s, 2H), 3.23 (t, J = 17.4 Hz, 2H), 2.78 (s, 2H), 2.74 (s, 3H), 2.12 (m, 2H), 1.59 (m, 2H), 1.54 (t, J = 10.5 

Hz, 2H), 1.28 (m, 8H).
 13C-NMR (100 MHz, CD3OD): δ ppm 164.2, 163.1, 162.2, 162.1, 158.7, 152.8, 

141.2, 136.8, 130.8, 129.3, 128.4, 127.1, 126.2, 124.9, 107.9, 102.1, 68.8, 45.8, 42.6, 41.5, 41.0, 31.9, 

29.1, 29.0, 27.5, 27.4, 26.8, 25.5, 24.2, 23.2. MS (ES) m/z = 583.4 [M+H]
+
. 

Characterization	of	BM58	

 

Yield: quantitative. 
1H-NMR (400 MHz, CD3OD): δ ppm 7.41 (m, 1H), 7.32 (m, 2H), 7.23 (s, 1H), 7.07 

(m, 3H), 5.06 (s, 2H), 4.50 (s, 2H), 3.27 (m, 6H), 2.74 (s, 3H), 2.70 (m, 2H), 1.99 (m, 2H), 1.59 (t, J = 10.6 

Hz, 2H), 1.53 (t, J = 10.3 Hz, 2H), 1.48 (m, 8H).
 13C-NMR (100 MHz, CD3OD): δ ppm 163.1, 162.2, 162.1, 

159.8, 154.8, 152.8, 141.2, 136.8, 129.3, 128.4, 128.2, 127.1, 126.2, 116.6, 115.3, 114.8, 65.6, 45.1, 

43.4, 41.6, 39.9, 32.9, 29.2, 29.1, 27.5, 27.4, 26.8, 26.2, 25.8, 23.9. MS (ES) m/z = 583.3 [M+H]
+
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4.3.5 Synthesis of the Boc linker 40. 

Synthesis	of	8-((tert-butoxycarbonyl)	amino)	octanoic	acid	38.	

 

In a flask with magnetic stirrer, 8-aminooctanoic acid (1000 mg, 6.29 mmol) was dissolved in 

dioxane/H2O 2:1 (24 mL) and NaOH (252 mg, 6.29 mmol) was added. Then di-tert-butyl-dicarbonate 

(1510 mg, 6.92 mmol) was added to the mixture on ice/NaCl bath. The mixture was stirred for 16 h at 

room temperature. The reaction was concentrated in vacuo. The residue was acidified with HCl 1N 

and extracted with EtOAc. Organic layers were dried over anhydrous Na2SO4, filtered and evaporated 

in vacuo. The residue was purified by flash chromatography (Hex/EtOAc 5:5). Yield: 92%. 
1H-NMR (400 

MHz, CDCl3): δ ppm 4.57(bs, 1H), 3.10-2.98 (m, 2H), 2.29 (t, J = 7.2 Hz, 2H), 1.62-1.55 (m, 4H), 1.40 (s, 

9H), 1.45-1.32 (m, 6H). 
13C-NMR (100 MHz, CDCl3): δ ppm 179.0, 156.6, 79.0, 40.5, 33.9, 29.8, 28.8, 

28.3, 27.73, 26.4, 24.5. 

Synthesis	of	tert-butyl	(8-(allylamino)-8-oxooctyl)	carbamate	39.	

 

Yield: 89%.
 1H-NMR (400 MHz, CDCl3): δ ppm 6.03 (bs, 1H), 5.80-5.71 (m, 1H), 5.12-5.03 (m, 2H), 4.60 

(bs, 1H), 3.82-3.75 (m, 2H), 3.07-2.99 (m, 2H), 2.13 (t, J = 7.2 Hz, 2H), 1.61-1.50 (m, 4H), 1.37 (s, 9H), 

1.30-1.19 (m, 6H) ppm. 
13C-NMR (100 MHz, CDCl3): δ ppm 173.0, 156.0, 134.3, 116.0, 78.9, 41.7, 40.4, 

36.4, 29.9, 28.3, 26.4, 25.5. 

Synthesis	of	tert-butyl	(8-(allylamino)octyl)carbamate	40.	

 

Yield: 35%. 
1H-NMR (400 MHz, CDCl3): δ ppm 5.89-5.80 (m, 1H), 5.12-5.00 (m, 2H), 4.60 (bs, 1H), 3.18 

(d, J = 5.6 Hz, 2H), 3.05-3.00 (m, 2H), 2.53 (t, J = 6.8 Hz, 2H), 1.52-1.47 (m, 4H), 1.37 (s, 9H), 1.30-1.19 

(m, 8H). 
13C-NMR (100 MHz, CDCl3): δ ppm 155.9, 136.8, 115.6, 78.8, 52.4, 49.3, 40.5, 29.9, 29.3, 29.1, 

28.7, 28.3, 27.1, 26.6. 

4.3.6 Synthesis of DF04 derivatives. 

General procedure for preparation of a,b-unsaturated aldehydes 42a-e. 
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Synthesis	of	(E)-3-(2-chlorophenyl)	acrylaldehyde	42a.	

 

To a solution of (Triphenylphosphoranylidene)acetaldehyde (1190.0 mg, 3.91 mmol) in dry Toluene 

(10mL), (E)-3-(2-chlorophenyl)acrylaldehyde (500.0 mg, 3.56 mmol) was added under a fllush of 

nitrogen. The reaction mixture was sttired at 85 °C under a flush of nitrogen for 17 h, then cooled 

down and concentrated under reduced pressure. The residue was dissolved in EtOAc and washed 

several times with a ss of NaHCO3 and  then with brine. The ogrnaic layer was sperated and dried over 

Na2SO4. Flash chromatography on silica gel, (EP/ EtOAc = 9/1) afford compound 42a. Yield: 54%.
1H-

NMR (400 MHz, CDCl3): δ ppm 9.74 (d, J = 7.6 Hz, 1H), 7.91(d, J = 16.0 Hz, 1H), 7.64(d, J = 7.6 Hz, 1H), 

7.44(d, J = 8.0 Hz, 1H), 7.33 (m, 2H), 6.68 (dd, J = 16.0 Hz, J = 7.6, 1H); 
13C-NMR (100  MHz, CDCl3): δ 

ppm 193.5, 147.9, 135.1, 132.0, 131.9, 130.5, 130.3, 127.8, 127.2. 

Characterization	of	(E)-3-(4-chlorophenyl)	acrylaldehyde	42b.	

 

Yield: 20%. 1H-NMR (400 MHz, CDCl3): δ ppm 9.67(d, J = 7.6 Hz, 1H), 7.48 (d, J = 8.0 Hz, 2H), 7.45 (d, J 
= 16.0 Hz, 1H), 7.38 (d, J = 8.0 Hz, 2H), 6.66 (dd, J = 16.0 Hz, 7.6 Hz, 1H); 

13C-NMR (100 MHz, CDCl3): δ 

ppm 193.3, 150.9, 137.2, 132.4, 129.5, 129.3, 128.8. 

Characterization	of	(E)-3-(2-(trifluoromethyl)	phenyl)	acrylaldehyde	42c.	

 

Yield: 30%.
1H-NMR (400 MHz, CDCl3): δ ppm 9.74 (d, J = 7.6 Hz, 1H), 7.86 (d, J = 16.0 Hz, 1H), 7.74 (d, 

J = 8.0 Hz, 2H), 7,60 (m, 1H), 7.52 (m, 1H), 6.68 (dd, J = 16.0 Hz, 7.6 Hz, 1H); 
13C-NMR (100 MHz, CDCl3): 

δ ppm 193.2, 147.4, 132.6, 132.2, 131.9, 130.4, 127.9, 126.3, 125.18, 122.5. 
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Characterization	of	(E)-3-(2-(trifluoromethoxy)	phenyl)	acrylaldehyde	42d	

 

Yield: 67%. 
1H-NMR (400 MHz, CDCl3): δ ppm 9.73 (d, J = 7.6 Hz, 1H), 7.73 (d, J = 16.0 Hz, 1H), 7.69 (m, 

1H), 7.47(m, 1H), 7.34(m, 2H), 6.73(dd, J = 16.0 Hz, 7.6 Hz, 1H); 
13C-NMR (100 MHz, CDCl3): δ ppm 

193.4, 147.4, 144.6, 137.7, 132.3, 130.8, 127.9, 127.2, 121.7, 121.3. 

Characterization	of	(E)-3-(3-chlorophenyl)	acrylaldehyde	42e.	

 

Yield: 64%. 1H-NMR (400  MHz, CDCl3): δ ppm 9.65 (d, J = 7.6 Hz, 1H), 7.37 (m, 1H), 7.53 (m, 2H), 7.37 

(d, J = 8.0 Hz, 1H), 7.04 (d, J = 16.0 Hz, 1H), 6.81 (dd, J = 16.0 Hz, 7.6 Hz, 1H). 
13C-NMR (100 MHz, CDCl3): 

δ ppm 193.7, 149.8, 134.8, 134.3, 130.7, 129.6, 128.6, 127.6, 125.6. 

 

 

General procedure for preparation of a,b-unsaturated aldehydes 42f-j: 
	

Synthesis	of	3-formyl-N,	N-dimethylbenzamide	41f.	

 

To a suspension of 3-formylbenzoic acid (1500.0 mg, 10.00 mmol) in dry CH2Cl2 (3.0 mL), thionyl 

chloride (870 μL, 12.00 mmol) and DMF (250 µL) were added at room temperature under a flush of  

nitrogen. The reaction mixture was stirred at refluxed  under nitrogen for 2 h. The resulting viscous 

solution was then cooled down and poured slowly (dropwise over 15 min) into a solution of dimethyl 

amine 40 wt% in H2O (4.5 mL, 36.00 mmol) previosuly cooled with an ice-water bath and this mixture 

stirred for 1 h at 0˚C. The reaction mixture was treated with satured acquoes NaHCO3 and extracted 
three times with DCM. The combine organic layer was dreid over NaSO4 and then concentrated to 

afford compound 41f. Yield: 86%. 1H-NMR (400 MHz, CDCl3): δ ppm 9.99 (s, 1H), 7.89 (m, 2H), 7.66 

(m, 1H), 7.56 (m, 1H), 3.09 (s, 3H), 2.96 (s, 3H). 
13C-NMR (100 MHz, CDCl3): δ ppm 194.3, 173.2, 136.2, 

135.3, 133.4, 131.3, 129.6, 128.9, 37.5. 
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Characterization	of	N-ethyl-4-formylbenzamide	41g.	

 

Yield: 91% 1H-NMR (400 MHz, CDCl3): δ ppm 9.93 (s, 1H), 8.01 (m, 2H), 7.89 (m, 2H), 6.16 (bs, 1H), 

3.49 (m, 2H), 1.25 (t, J = 7.2 Hz, 3H). 
13C-NMR (100 MHz, CDCl3): δ ppm 191.6, 166.7,139.8, 138.5 128.3, 

127.3, 35.1, 13.5  

Characterization	of	4-formyl-N-methylbenzamide	41h.	

 

Yield: 96%. 1H-NMR (400 MHz, CDCl3): δ ppm 10.03 (s, 1H), 7.89 (m, 4H), 6.43 (bs, 1H), 3.04 (d, J = 4.8 

Hz, 3H). 
13C-NMR (100 MHz, CDCl3): δ ppm 191.6, 168.5, 139.7, 133.2, 129.9, 128.2, 26.8 

Characterization	of	N-ethyl-3-formylbenzamide	41i.	

 

Yield: 31%. 1H-NMR (400 MHz, CDCl3): δ ppm 9.94 (s, 1H), 8.21 (s, 1H), 8.03 (d, J = 7.6 Hz, 1H), 7.89 (d, 

J = 7.6 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 3.43 (q, J = 7.2 Hz, 2H), 1.19 (t, J = 7.2 Hz, 3H).
 13C-NMR (100 

MHz, CDCl3): δ ppm 196.2, 166.5, 136.3, 133.2, 133.0, 130.6, 129.6, 129.2, 35.1, 14.7. 

Synthesis	of	N-(3-formylphenyl)	acetamide	41j.	

 

MnO2 (4884.0 mg, 56.56 mmol) was added To a solution of 49j (320.0 mg, 1.94 mmol) in butanone 

(24.0 mL), and the resulting mixture was stirred at room temperature for four days. The resulting balck 

solution as filtrated through a pad of Celite with MeOH and concentrated under reduced pressure to 

obtain a black oil. This reisdue oil was dissolved in EtOAc and washed with water and then brine. The 

combined organic pahese were dried over Na2SO4 and concentrated under reduced pressure. Flash 

chromatography  using EP/EtOAc 5:5 as eluent afford compound 41j. Yield: 67%. 1H-NMR (400 MHz, 

CD3OD): δ ppm 9.93 (s, 1H), 8.16 (s, 1H), 7.82(d, J = 7.8 Hz, 1H), 7.62 (m, 1H), 7.48 (t, J = 7.8 Hz, 1H), 

2.16 (s, 3H).
 13C-NMR (100 MHz, CD3OD): δ ppm 192.8, 170.1, 138.69, 136.87, 126.8, 126.3, 120.5, 23.9 
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Synthesis	of	(E)-N,	N-dimethyl-3-(3-oxoprop-1-en-1-yl)benzamide	42f.		

 

To a solution of (triphenylphosphoranylidene)acetaldehyde (611.0 mg, 2.03 mmol) in dry toluene (23 

mL) was added (E)-N,N-dimethyl-3-(3-oxoprop-1-en-1-yl)benzamide (41f) (700.0 mg, 4.07 mmol) 

under a flush of nitrogen. The mixture was stirred at 85 °C under nitrogen for 17 h, cooled down and 

concentrated under reduced pressure. The residue was dissolved in EtOAc and was washed with a 

saturated solution of NaHCO3 and then with brine. The organic phaeses were dried with Na2SO4, 

filtered, and evaporated under reduced pressure. The mixture was purified with flash chromatography 

on silica gel, (EP/ EtOAc 8:2 to EP/ EtOAc 6:4) to afford the corresponding products 42f. Yield: 19%. 
1H-NMR (400 MHz, CDCl3): δ ppm 9.66 (d, J = 7.6 Hz, 1H), 7.57 (m, 2H), 7.47 (m, 2H) 6.96 (m, 1H), 6.67 

(dd, J = 16.0 Hz, 7.6 Hz, 1 H), 3.07 (s, 3H), 2.95(s, 3H).
 13C-NMR (100 MHz, CDCl3) δ ppm 193.7, 175.3, 

154.8, 137.3, 135.8, 134.2, 131.0, 128.6, 126.8, 126.8, 37.5. 

Characterization	of	(E)-N-ethyl-4-(3-oxoprop-1-en-1-yl)	benzamide	42g.	

 

Yield: 54%. 1H-NMR (400 MHz, CDCl3): δ ppm 9.71 (dd, J = 7.6, 1H), 7.94 (m, 2H), 7.68 (m, 2H), 7.32 

(dt, J = 16.0, 7.6 Hz, 1H), 6.53 (m, 1H), 6.16 (bs, 1H), 3.49 (m, 2H), 1.25 (t, J = 7.2 Hz, 3H).
13C-NMR (100 

MHz, CDCl3) δ ppm 193.44, 166.31, 153.36, 137.46, 134.41, 129.68, 127.47, 126.03, 35.07, 14.67. 

Characterization	of	(E)-N-methyl-4-(3-oxoprop-1-en-1-yl)	benzamide	42h. 

 

Yield: 48%. 1H-NMR (400 MHz, CDCl3): δ ppm 9.70 (d, J = 7.6 Hz, 1H), 7.83 (d, J = 8.0 Hz, 2H), 7.56 (d, J 
= 8.0 Hz, 2H), 7.49 (d, J = 16.0 Hz, 1H), 7.24 (bs, 1H), 6.70 (dd, J = 16.0 Hz, 7.6 Hz, 1H), 2.98 (s, 3H) 

13C-
NMR (100 MHz, CDCl3) δ ppm 193.4, 169.6, 153.4, 137.5, 134.3, 129.7, 127.6, 126.0, 26.8. 

Characterization	of	(E)-N-ethyl-3-(3-oxoprop-1-en-1-yl)	benzamide	42i. 

 

Yield: 19%. 
1H-NMR (400 MHz, CD3OD): δ ppm 9.65 (d, J = 7.6 Hz, 1H), 8.07 (s, 1H), 7,86 (d, J = 7.6 Hz, 

1H), 7.77 (d, J = 7.6 Hz, 1H), 7.66 (d, J = 16.0 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 6.80 (dd, J = 16.0 Hz, 7.6 

Hz, 1H), 3.40 (q, J = 7.2 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H). 
13C-NMR (100 MHz, CD3OD): δ ppm 193.7, 

163.6, 156.7, 135.2, 134.6, 133.1, 129.3, 128.8, 126.7, 125.2, 35.1, 14.7. 
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Characterization	of	(E)-N-(3-(3-oxoprop-1-en-1-yl)phenyl)acetamide	42j.	

 

Yield: 33%. 
1H-NMR (400 MHz, CDCl3): δ ppm 9.66 (dd, J = 7.6, 1.0 Hz, 1H), 7.91 (s, 1H), 7.83 (t, J = 2.0 

Hz, 1H), 7.65 (d, J =7.8 Hz, 1H), 7.63 (d, J = 16.0 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 

6.67 (dd, J = 16.0, 7.6 Hz, 1H), 2.20 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ 193.7 168.7, 153.2, 139.5, 

134.8, 129.7, 129.2, 124.5, 1228, 120.2, 24.7. 

 

 

General procedure for the reductive amination 44a-j. 
 

Synthesis	of	methyl	(E)-6-(4-(3-(2-chlorophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-carboxylate	

44a.	

 

Methyl 6-(piperazine-1-yl) pyrazine-2-carboxylate 43 (61.0 mg, 0.27 mmol) was treated with (E)-3-(2-

chlorophenyl) acrylaldehyde 42a (50.0 mg, 0.30 mmol) in DCE (4 mL). Subsequentially, STAB (81.0 mg, 

0,38 mmol) was added and the reaction mixture stirred at room temperature for 2h. Afterwards, the 

reaction mixture was treated with DCM and  washed with a statured solution of NaHCO3 for three 

times, and then with brine filtered, and evaporated under reduced pressure. The crude residue was 

purified with flash chromatography on silica gel (EP/EtOAc = 2/8 to EtOAc 100%) to afford compound 

44a. Yield: 96%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.51 (s, 1H), 8.26 (s, 1H), 7.52 (d, J = 7.6 Hz, 1H), 

7.32 (d, J = 8.0 Hz, 1H), 7.20 (m, 2 H), 6.94 (d, J = 16.0 Hz, 1H), 6.28 (dt, J = 16.0 Hz, 6.8 Hz, 1H), 3.93 (s, 

3 H), 3.74 (t, J = 4.4 Hz, 4H), 3.28 (d, J= 6.8 Hz, 2H), 2.67 (t, J = 4.4 Hz, 4H); 
13C-NMR (100 MHz, CDCl3): 

δ ppm 166.2, 153.8, 140.1, 134.6, 133.9, 133.8, 132.9, 130.2, 129.7, 128.7, 126.9, 126.8, 126.7, 60.7, 

52.6, 52.4, 44.0. 

Characterization	of	Methyl	(E)-6-(4-(3-(4-chlorophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-

carboxylate	44b.	

 

Yield: 48%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.52 (s, 1H), 8.26 (s, 1H), 7.26(m, 4H), 6.52 (d,  J = 16.0 

Hz, 1H) 6.28 (dt, J = 16.0 Hz, J = 6.8 Hz, 1H), 3.93 (s, 3H), 3.77 (m, 4H), 3.27 (d, J = 6.8 Hz, 2H) 2.70 (m, 

4H);
13C-NMR (100 MHz, CDCl3): δ ppm 165.2, 153.7,140.1, 134.8, 134.0, 133.8, 133.5, 130.6, 128.7, 

127.6, 125.4, 60.6, 52.6, 52.3, 43.8. 
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Characterization	of	Methyl	(E)-6-(4-(3-(2-(trifluoromethyl)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxylate	44c.	

 

 

Yield: 65%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.51 (s, 1H), 8.27 (s, 1H), 7.61 (d, = 7.6 Hz, 2H), 7.48 (m, 

1H), 7.33 (m, 1H), 6.94 (d , J = 16.0 Hz, 1H), 6.27 (dt, J = 16.0 Hz, J = 6.8 Hz, 1H), 3.93 (s, 3H), 3.77 (m, 

4H), 3.30 (d, J= 6.8 Hz, 2H), 2.70 (m , 4H); 
13C-NMR (100 MHz, CDCl3): δ ppm 165.2, 153.7, 140.1, 135.6, 

133.9, 133.8, 131.8, 130.6, 127.5, 127.4, 125.7, 125.6, 122.8, 60.6, 52.6, 52.3, 43.9. 

Characterization	of	Methyl	(E)-6-(4-(3-(2-(trifluoromethoxy)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxylate	44d.	

 

Yield: 63%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.50 (s, 1H), 8.25 (s, 1H), 7.57 (m, 1H), 7.22 (m, 3H), 6.69 

( d, J = 16.0 Hz, 1H), 6.33 (dt, J = 16.0 Hz, 6.8 Hz, 1H), 3.92 (s, 3H), 3.73 ( t, J = 4.4Hz, , 4H), 3.27 (d, J = 

6.8 Hz, 2H), 2.66 (t, J = 4.4 Hz, 4H); 13C-NMR (100 MHz, CDCl3): δ ppm 165.2, 153.8, 146.2, 140.1, 133.9, 

133.8, 129.9, 128.7, 126.9, 126.9, 126.7,121.8, 121.3, 119.3, 60.8, 52.5, 52.4, 43.9. 

Characterization	oof	methyl	(E)-6-(4-(3-(3-chlorophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-

carboxylate	44e.	

 

Yield: 60%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.46 (s, 1H), 8.12 (s, 1H), 7.56 (d, J = 7.6 Hz, 1H), 7.37 (d, 

J = 8.0 Hz, 1H), 7.29 (m, 2 H), 6.60 (d, J = 16.0 Hz, 1H), 6.32 (dt, J = 16.0 Hz, 6.8 Hz, 1H), 3.93 (s, 3 H), 

3.84 (t, J = 4.4 Hz, 4H), 3.37 (d, J= 6.8 Hz, 2H), 2.87 (t, J = 4.4 Hz, 4H);
13C-NMR (100 MHz, CDCl3): δ ppm 

164.8, 153.6, 142.7, 136.8, 136.4, 134.2, 132.8, 131.7, 129.9, 128.7, 127.2, 126.6, 125.7, 60.2, 52.8, 

52.3, 45.3. 

Characterization	of	Methyl	(E)-6-(4-(3-(3-(dimethylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxylate	44f	.	
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Yield: 47%. 1H-NMR (400 MHz, CDCl3): δ ppm 8.49 (s, 1H), 8.25 (s, 1H), 7.38 (m, 2H), 7.30 (m, 1H), 7.23 

(d, J= 7.4 Hz, 1H) ,6.53 (d, J = 15.6 Hz, 1H), 6.29 (dt, J = 15.6 Hz, 6.4 Hz ,1H), 3.91 (s, 3H), 3.73 (m, 4H), 

3.23 (d, J = 6.4 Hz, 2H), 3.07 (s, 3H), 2.94 (s, 3H), 2.63 (m, 4H); 
13C-NMR (100 MHz, CDCl3): δ ppm 171.2, 

165.2, 153.8, 140.1, 136.8, 136.7, 133.8, 128.6, 128.5, 127.4, 127.3, 126.1, 125.0, 124.8, 60.6, 52.5, 

52.3, 43.9, 39.4, 35.2. 

Characterization	of	Methyl	(E)-6-(4-(3-(4-(ethylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxylate	44g.	

 

Yield: 15%. 1H-NMR (400 MHz, CDCl3): δ ppm 8.50 (s, 1H), 8.25 (s, 1H), 7.70 (d, J = 7.6 Hz, 2H), 7.39 (d, 

J = 7.6 Hz, 2H), 6.56 (d, J = 15.6 Hz, 1H), 6.35 (m, 1H), 6.21 (bs,1H), 3.92 (s, 3H), 3.72 (m, 4H), 3.46 (t, J 
= 6.4 Hz, 2H), 3.23 (m, 2H), 2.63 (s, 4H), 1.22 (m, 3H); 

13C-NMR (100 MHz, CDCl3): δ ppm 168.9, 165.2, 

153.8, 140.1, 139.5, 133.8, 133.7, 132.8, 127.2, 127.1, 126.4, 126.3, 60.7, 52.6, 52.5, 44.1, 34.8, 14. 

Characterization	of	Methyl	(E)-6-(4-(3-(4-(methylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxylate	44h. 

 

Yield: 29%. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.49 (s, 1H), 8.24 (s, 1H), 7.70 (d, J= 8.2 Hz, 2 H), 7.38 (d, 

J = 8.2 Hz, 2H), 6.55 (d, J = 15.6 Hz, 1H), 6.35 (m, 1H), 3.92 (s, 3H), 3.70 (t, J = 4.4 Hz , 4H ), 3.21 (d, J = 

6.4 Hz, 2H), 2.96 (d, J = 4.8 Hz, 3H), 2.61 (t, J = 4.4 Hz, 4H ); 13C-NMR (100 MHz, CDCl3): δ ppm 168.1, 

165.2, 153. 8, 140.1, 139.5, 133.8, 133.5, 132.7, 129.9, 127.7, 127.18, 126.35, 60.7, 52.6, 52.5, 44.1, 

26.7. 

Characterization	of	Methyl	(E)-6-(4-(3-(3-(ethylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxylate	44i.	

 

Yield: 21 %. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.48 (s, 1H), 8.23 (s, 1H), 7.77 (s, 1H), 7.58 (d, J = 7.6 

Hz,1H), 7.44 (d, J = 8.0 Hz, 1H), 7.32 (m , J = 7.6 Hz, 8.0 Hz ,1H), 6.54 (d, J = 15.6 Hz, 1H), 6.31 (m, 2H), 

3.91 (s, 3H), 3.69 (t, J = 4.4 Hz, 4H), 3.45 (q, J = 7.2 Hz, 2H), 3.19 (d, J = 6.4 Hz, 2H) 2.60 (t, J = 4.4 Hz, 

4H), 1.20 (t, J = 7.2 Hz, 3H); 
13C-NMR (100 MHz, CDCl3): δ ppm 167.2, 165.2, 153.8, 140.0, 137.0, 135.2, 

133.8, 132.8, 128.9, 128.6, 126.8, 125.8, 124.9, 60.6, 52.6, 52.3, 44.1, 34.9, 14,8. 
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	Characterization	of	methyl	(E)-6-(4-(3-(3-acetamidophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-

carboxylate	44j.	

 

Yield: 53 %. 
1H-NMR (400 MHz, CDCl3): δ ppm 8.59 (s, 1H), 8.26 (s, 1H) 7.56 (m, 2H), 7.30 (m, 1H), 7.21 

(m, 1H) ,6.53 (d, J = 15.6 Hz, 1H), 6.28 (dt, J = 15.6 Hz, 6.4 Hz ,1H), 4.01 (s, 3H), 3.82 (m, 4H), 3.64 (d, J 
= 6.4 Hz, 2H), 2.96 (m, 4H), 2.23 (s, 3H); 

13C-NMR (100 MHz, CDCl3): δ ppm 170.2, 165.2, 153.8, 143.5, 

138.3, 137.4, 136.8, 131.6, 129.7, 128.2, 127.5, 124.6, 125.2, 124.8, 60.8, 52.5, 52.3, 43.9, 39.4 

 

 

General procedure for the amide conversion 45 a-i.	
Synthesis	of	(E)-6-(4-(3-(2-chlorophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-carboxamide	45a	.	

	

Compound 44a (80.0 mg, 0.13 mmol) were dissolevd in a 7M solution of NH3 in MeOH( 1.7 mL, 7N) in 

a deidicated MW vials equipped with a stir bar, thencapped andinserted into the cavity of a Microwave 

system apparatus. The reaction mixture was heated at 170 W for 10 min (internal temperature 45°C). 

This procedure was repeated for three times. After cooling, the reaction mixture was diluted with 

DCM and the organic layer was washed three times with H2O and then with brine. The organic phases 

were separated and dried with NaSO4, filtered and evaporated under reduce pressure. The crude 

residue was purified with flash chromatography on silica gel (EtOAc 100% to EtOAc / MeOH 96:4) to 

afford compound 45a. Yield: 42%. 
1H-NMR (400 MHz, DMSO-d6): δ ppm 8.44 (s, 1H), 8.32 (s, 1H), 8.02 

(bs, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.59 (bs, 1H), 7.41 ( d, J = 7.6 Hz, 1H), 7.28 (m ,2H), 6.83 (d, J = 16.0 

Hz, 1H), 6.37 ( dt, J = 16.0 Hz, 6.4 Hz, 1H), 3.67 ( s, 4H), 3.19 (d, J = 6.4 Hz, 2H), 2.51 (t, J = 4.4 Hz , 4H) 

13C-NMR (100 MHz, DMSO-d6): δ ppm 163.4, 155.4, 146.4, 135.7, 135.2, 133.91, 133.3, 131.7, 129.9, 

129.7, 128.7, 126.3, 125.6, 58.5, 52.2, 45.4. MS (ES) m/z 358 [M+H]
+
, 380 [M+Na]

+
. 

Characterization	of	(E)-6-(4-(3-(4-chlorophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-carboxamide	

45b.	

 

Yield: 14%. 
1H-NMR (500 MHz, CDCl3+ 2ggt CD3OD): δ ppm 8.56 (s, 1H), 8.35 (s, 1H), 7.41 (m, 2H), 7.35 

(m, 2H), 6.58 (d, J = 15.9 Hz, 1H), 6.32 (m, 1H), 3.71 (s, 4H), 3.25 (s, 2H), 2.68 (m, 4H);
 13C-NMR (125 

MHz, CDCl3+ 2ggt CD3OD): δ ppm 163.6, 154.8, 146.5, 135.7, 135.2, 134.6, 133.9, 132.6, 128.6, 127.4, 

124.8, 58.4, 52.2, 44.8. MS (ES) m/z 358 [M+H]
+
, 380 [M+Na]

+
. 

  

N

N
O

O
N

N
H
N

O

44j

N
N

N

N
O

NH2

45a

Cl

N
N

N

N
O

NH2

45b

Cl



Chapter 4  4.3 CHEMISTRY 

 - 103 - 

 

Characterization	of	(E)-6-(4-(3-(2-(trifluoromethyl)	phenyl)	allyl)	piperazin-1-yl)	pyrazine-2-

carboxamide	45c. 

 

Yield: 25%. 1H-NMR (400 MHz, CD2Cl2): δ ppm 8.56 (s, 1H), 8.33 (s, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.64 

(d, J = 8.0 Hz, 1H), 7.55 (m, 1H), 7.40 (m, 1H), 7.42 ( d, J = 16.0 Hz, 1H), 6.35 ( dt, J = 16.0 Hz, 6.4 Hz, 

1H), 3.82 (s, 4H), 3.48 (s, 2H), 2.89 (s, 4H); 
13C-NMR (100 MHz, CD2Cl2): δ ppm 164.2, 155.0, 151.3, 

136.0, 134.1, 133.5, 132.0, 129.8, 129.7, 127.7, 127.6, 127.5, 124.9, 61.9, 53.7, 45.2. MS (ES) m/z 

 

Characterization	of	(E)-6-(4-(3-(2-(trifluoromethoxy)	phenyl)	allyl)	piperazin-1-yl)	pyrazine-

2-carboxamide	45d.	

	

 

Yield: 70%. 1H-NMR (400 MHz, CD2Cl2): δ ppm 8.55 (s, 1H), 8.32 (s, 1 H), 7.63 (m, 2H), 7.45 (bs, 1H), 

7.29 (s, 1H), 7.25 (s ,1H), 6.82 (d, J = 16.0 Hz, 1H), 6.35 (dt, J = 16 Hz, 6.4 Hz, 1H), 6.08 (bs, 1H), 3.66 (t, 

J = 4.4 Hz, 4H), 3.24 (d, J = 6.4 Hz, 2H), 2.63 (t, J = 4.4 Hz, 4H); 
13C-NMR (100 MHz, CD2Cl2): δ ppm 166.2, 

153.1, 146.06, 140.8, 134.2, 131.4, 130.4, 129.9, 128.5, 127.1, 126.9, 125.5, 121.3, 60.6, 52.4, 44.4. 

MS (ES) m/z 

Characterization	of	(E)-6-(4-(3-(3-chlorophenyl)	allyl)	piperazin-1-yl)	pyrazine-2-carboxamide	

45e.	

 

 

Yield: 37%. 
1H-NMR (300 MHz, DMSO): δ ppm 8.45 (s, 1H), 8.32 (s, 1H), 8.04 (bs, 1H), 7.63 (bs, 1H), 

7.53 (t, J = 1.8 Hz, 1H), 7.33 (m, 3H), 6.56 (d, J = 15.9 Hz, 1H) 6.43 (m, 1H), 3.67 (t, J = 4.5 Hz, 4H), 3.15 

(d, J = 6.0 Hz, 2H), 2.51 (t, J = 4.5 Hz, 4H). 
13C-NMR (75 MHz, DMSO): 166.1, 153.4, 146.3, 139.8, 136.3, 

133.9, 133.4, 132.6, 131.4, 129.6, 127.4, 126.5, 124.3, 59.6, 52.4, 44.7. MS (ES) m/z 358 [M+H]
+
, 380 

[M+Na]
+
. 
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Characterization	of	(E)-6-(4-(3-(3-(dimethylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	

pyrazine-2-carboxamide	45f.	

 

Yield: 12% 
1H-NMR (400 MHz, CD3OD): δ ppm 8.41 (s, 1H), 8.37(s, 1H), 7.52 (d, J = 7.6 Hz, 1H), 7.46 (s, 

1H), 7.40 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 7.6 Hz, 1H), 6.65 (d, J = 16.0 Hz, 1H), 6.39 (dt , J = 16.0 Hz, 6.8 

Hz, 1H), 3.75 (t, J = 4.4 Hz, 4H), 3.25 (d, J = 6. 8 Hz, 2H), 3.09 (s ,3H), 2.98 (s, 3H), 2.66 (t, J = 4.4 Hz, 4H); 

13C-NMR (100 MHz, CD3OD): δ ppm 172.1, 167.3, 153.4, 137.2, 136.4, 133.6, 132.9, 130.2, 128.5, 

127.3, 126.3, 125.6, 124.4, 60.2, 52.2, 38.5, 34.1, 31.6. 

Characterization	of	(E)-6-(4-(3-(4-(ethylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	pyrazine-2-

carboxamide	45g.	

 

Yield: 69% 
1H-NMR (400 MHz, CD3OD): δ ppm 8.43 (s, 1H), 8.39 (s, 1H), 7.76 ( d, J = 8.4 Hz, 2 H), 7.50 

( d, J = 8.4 Hz, 2H), 6.70 (d, J = 16.0 Hz, 1H), 6.44 ( dt, J = 16.0 Hz, 6.8 Hz, 1H), 3.79 (t, J = 4.4 Hz, 4H), 

3.39 ( q, J = 7.2 Hz, 2H), 3.35 ( d , J = 6.8 Hz, 2H), 2.76 ( t, J = 4.4 Hz, 4H), 1.20 ( t, J = 7.2 Hz, 3H); 
13C-

NMR (100 MHz, CD3OD): δ ppm 168.1, 167.3, 153.3, 141.6, 139.6, 133.7, 133.6, 133.5, 130.4, 127.2, 

126.0, 59.9, 52.0, 43.4, 34.3, 13.4 

Characterization	of	(E)-6-(4-(3-(4-(methylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	pyrazine-

2-carboxamide	45h.	

 

Yield: 46% 
1H-NMR (400 MHz, CD3OD): δ ppm 8.41 (s, 1H), 8.36, (s, 1H), 7.75 (d, J = 8.4 Hz, 2H), 7.48 

(d, J = 8.4 Hz, 2H), 6.65 (d, J = 16.0 Hz, 1H), 6.42 (dt, J = 16.0 Hz, 6.8 Hz, 1H), 3.73 ( t, J = 4.4 Hz, 4H), 

3.25 (d, J = 6.8 Hz, 2H), 2.89 (s, 3H), 2.65 (t, J = 4.4 Hz, 4H); 
13C-NMR (100 MHz, CD3OD): δ ppm 168.8, 

167.3, 153.4, 141.6, 139.9, 133.6, 133.0, 132.8, 130.2, 127.2, 127.1, 125.9, 60.2, 52.2, 43.7, 32.4. 
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Characterization	of (E)-6-(4-(3-(3-(ethylcarbamoyl)	phenyl)	allyl)	piperazin-1-yl)	pyrazine-2-

carboxamide	45i. 

 

Yield: 52% 
1H-NMR (400 MHz, CD2Cl2): δ ppm 8.52 (s, 1H), 8.29 (s, 1H), 7.83 (s, 1H), 7,62( d, J = 7.6Hz, 

1H), 7.50 (d, J = 7.6 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 6.77 (bs, 1H), 6.59 (d, J = 16 Hz, 1H), 6.33 (dt, J = 16 

Hz, 6.4 Hz, 1H), 3.65 (t, J = 4.4 Hz, 4H), 3.45 (q, J =  7.2 Hz, 2H), 3.21 (d, J = 6.4 Hz, 2H), 2.61 (t, J = 4.4 

Hz, 4H), 2.45 (bs, 2H), 1.22 ( t, J = 7.2 Hz, 3H); 
13C-NMR (100 MHz, CD2Cl2): δ 167.2, 166.5, 153.1, 140.8, 

137.2, 135.2, 134.0, 132.3, 131.3, 129.0, 128.7, 127.3, 125.8,124.7, 60.6, 52.4, 44.3, 34.8, 14.4. 

Characterization	of	(E)-6-(4-(3-(3-acetamidophenyl)allyl)piperazin-1-yl)pyrazine-2-

carboxamide	45j. 

 

Yield: 95% 
1H-NMR (500 MHz, CDCl3): δ 8.63 (s, 1H), 8.30 (s, 1H), 7.66 (s, 1H), 7.61 (s, 1H), 7.46 (bs, 

1H), 7.25 (m, 1H), 7.23 (d, J = 7.9 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H), 6.51 (d, J = 15.9 Hz, 1H), 6.28 (m, 1H), 

5.93 (bs, 1H), 3.64 (m, 4H), 3.20 (d, J = 6.7 Hz, 2H), 2.62 (m, 4H), 2.16 (s, 3H). 
13C-NMR (125 MHz, 

CDCl3): δ167.1, 165.4, 153.4, 142.3, 138.8, 137.5, 134.5, 133.9, 130.3, 127.9, 127.7, 123.2, 119.9, 

117.1, 58.9, 52.6, 45.8, 23.7. 

Synthesis of the common intermediate 44.  
Synthesis	of	methyl	pyrazine-2-carboxylate	46.	

 

To a solution of pyrazinoic acid (2000.0 mg, 16.13 mmol) in MeOH (11.0 mL) under magnetic stirring, 

sulfuric acid (3.5 mL, 66.46 mmol) was added dropwise. The mixture was stirred at room temperature 

for 24 h. Then, the excess of acid was quenched with a saturated aqueous solution of NaHCO3 until 

basic pH was reached, and the resulting mixture was concentrated in vacuo. The aqueous residue was 

extracted three times with DCM. The combined organic layers were washed with saturated NaCl 

solution, dried over Na2SO4, filtered and finally evaporated. The residue was purified by flash 

chromatography (PE/EtOAc 6:4) to afford the product 46 as a white solid. Yield: 54%. 
1H-NMR (400 

MHz, CDCl3) δ ppm 9.22 (s, 1H), 8.69 (s, 1H), 8.63 (s, 1H), 3.95 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ 

ppm 164.2, 147.6, 146.1, 144.2, 143.1, 53.0. MS (ES) m/z = 161.1 [M+Na]
+
, 139.1 [M+H]

+
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Synthesis	of	3-(methoxycarbonyl)pyrazine	1-oxide	46	

 

To a solution of compound 46 (500.0 mg, 3.62 mmol) in 1,2-dichloroethane (5.0 mL) under magnetic 

stirring, m-chloroperbenzoic acid (1620.0 mg, 7.24 mmol) was added. The suspension was gently 

warmed to 60 °C until a light-yellow solution was obtained and stirred for 16 h. Then, the solution was 

cooled to room temperature and diluted with DCM (15.0 mL). The precipitate was removed by 

filtration and washed with DCM. The joined organic layers were dried over K2CO3, filtered and 

evaporated. The solid residue was dissolved in DCM and the minimal amount of MeOH required and 

titrated with hexane several times. The desired compound 47 was then collected by filtration as a 

light-yellow solid. Yield: 85%. 
1H-NMR (400 MHz, CDCl3) δ ppm 8.68 (s, 1H), 8.50 (s, 1H), 8.17 (s, 1H), 

3.97 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ ppm 162.6, 147.5, 147.3, 135.9, 135.8, 53.5. MS (ES) m/z = 

155.0 [M+H]
+
. 

 

Synthesis	of	methyl	6-chloropyrazine-2-carboxylate	48.	

 

Compound 47(120.0 mg, 0.78 mmol) was dissolved in SOCl2 (850 μL) and the mixture was stirred at 

reflux for 7 h. Then, the mixture was cooled to room temperature and put in an ice bath. The excess 

of SOCl2 was carefully quenched with pure water and neutralized with a 1M solution of K2CO3. The 

resulting aqueous layer was extracted three times with DCM. The organic layers were washed with 

saturated NaCl solution, dried over Na2SO4, filtered and finally evaporated. The residue was purified 

by flash chromatography (DCM/EtOAc 95:5) to afford compound 48. Yield: 45%. 
1H-NMR (400 MHz, 

DMSO-d6) δ ppm 9.15 (s, 1H), 9.03 (s, 1H), 3.90 (s, 3H). 
13C-NMR (100 MHz, CDCl3) δ ppm 163.1, 149.1, 

148.0, 143.5, 142.4, 53.3. MS (ES) m/z = 195.0 [M+Na]
+
, 173.0 [M+H]

+ 

Synthesis	of	methyl	6-(piperazin-1-yl)	pyrazine-2-carboxylate	43	

 

Methyl 6-chloropyrazine-2-carboxylate 48 (60.6 mg, 0.35 mmol,) was dissolved in 6 mL of DMF in a 

MW tube equipped with a stir bar. Then piperazine (30.2 mg, 0.35 mmol) and DIPEA (73μL, 0.42 mmol) 

were added and the tube inserted into the cavity of a Microwave system apparatus and heated at 170 
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W for 15 min (internal temperature 60°C,). After cooling, the reaction mixture was diluted with EtOAc 

and then washed several times with a basic solution of K2CO3 in H2O. Then the organic layer was 

washed with brine, dried over Na2SO4, filtered and evaporated under reduce pressure. The crude 

residue was purified with flash chromatography on silica gel (DCM/ MeOH = 95:5) to give the 

corresponding products 43. Yield: 54% 
1H-NMR (400 MHz, CD3OD): δ ppm 8.35 (s, 1 H), 8.34(s, 1 H), 

3.91(s, 3 H), 3.65(t, J= 5.2 Hz, 4 H), 2.92(t, J= 5.2 Hz, 4 H);
 13C-NMR (100 MHz, CD3OD): δ ppm 165.3, 

154.2, 140.1, 133.9, 132.3, 51.7, 44.6, 44.3. 

Synthesis	of	N-(3-(hydroxymethyl)phenyl)	acetamide.	

 

To a solution of 3-Aminobenzyl alcohol (508.0 mg, 4.13 mmol) in dry THF (6.0 mL) cooled at 0˚ with an 

ice bath, acetic anhydride (500 μL, 5.10 mmol) was added dropwise and stirred at room temprature 

for 15 minutes. The reaction was quenched by the addition of NaOH 2.5M (2.0 mL), NaHCO3(ss) (2.0 

mL) and MeOH (5.0 mL). This solution was stirred at room temperature 15 minutes, then dissolved in 

EtOAc and washed with water for three times and then brine. The combined organic phases were 

seprated and driedover Na2SO4. Flash chromatography using EP/EtOAc 3:7 as eluent afford compound 

49j. Yield 
57%.

1H-NMR (400 MHz, CD3OD): δ ppm 7.53 (m, 1H), 7.44 (m,1H),7.27 (m, 1H), 7.08 (m,1H), 

4.56 (s, 2H), 2.78 (t, J = 6.4 Hz, 1H), 2.15 (s, 3H); 
13C-NMR (100 MHz, CD3OD): δ ppm 170.2, 143.2, 

138.8, 129.8, 121.3, 120.4, 120.10, 65.1, 23.8. 

4.3.7  Indole N-alkylation 

General Procedure for the N- alkylation. 
In a MW vial 3-methyl-1H-indole was solubilized in EtOAc (0.50 mL). Then 1-propanephosphonic acid 

cyclic anhydride 50% in EtOAc (0.625 mL, 1.05 mmol) and the appropriate aldehyde/ketone were 

subsequentially added to the initial solution. The dedicated microwave vial was then capped and 

heated in a Biotage® Initiator 
+
, following one of these procedures: 

PROCEDURE A: 3-methyl-1H-indole (1eqiuv.), ketone/aldehyde (3 eqiuv.), 20 minutes, 120  °C. 

PROCEDURE B: 3-methyl-1H-indole (1 equiv.), ketone/aldehyde (3 equiv.), 20 minutes, 140 °C. 

PROCEDURE C: 3-methyl-1H-indole (1 eqiuv.), ketone/aldehyde (5 equiv.), 1 hour, 160 °C. 
The reaction was arrested by addition of TEA (0.500 mL, 3.57 mmol)  

Synthesis	of	1-(3,6-dihydro-2H-pyran-4-yl)-3-methylindole	50.	

 

3-methyl-1H-indole (91.8 mg, 0.700 mmol) and tetrahydropyran-4-one (210 mg, 0.210mmol) were 

treated using the General Procedure A, but instead heating the reaction, this one was stirred at room 

temperature for 3 hours.  Column chromatography (0-15% DCM in isohexane) was performed to yield 

the title product as a yellow solid (66 mg, 44% yield). 
1H-NMR (400 MHz, Acetone-d6) δ 7.56 (ddt, J = 

OH
H2N

49j

N

O
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14.4 Hz, 7.7 Hz, 1.0 Hz, 2H), 7.22 – 7.15 (m, 2H), 7.09 (ddd, J = 8.0 Hz, 7.0 Hz, 1.0 Hz, 1H), 5.92 (tt, J = 

2.9 Hz, 1.5 Hz, 1H), 4.34 (q, J = 2.8 Hz, 2H), 3.95 (t, J = 5.4 Hz, 2H), 2.60 (ttd, J = 5.4 Hz, 2.7 Hz, 1.5 Hz, 

2H), 2.30 (d, J = 1.2 Hz, 3H). 
13C-NMR (100 MHz, Acetone-d6) δ 135.67, 133.27, 129.73, 123.63, 121.92, 

119.40, 118.84, 116.50, 111.46, 111.13, 64.33, 63.96, 8.71. 

Tert-butyl	4-(3-methylindol-1-yl)-3,6-dihydro-2H-pyridine-1-carboxylate	51. 

 

3-methyl-1H-indole (91.8 mg, 0.700 mmol) and tert-butyl 4-oxopiperidine-1-carboxylate (418 mg, 

0.210 mmol) were treated using General Procedure A, but instead heating the reaction, this one was 

stirred at room temperature for 4 hours.  Column chromatography (0-40% DCM in isohexane) was 

performed to yield the title product as a yellow oil (120 mg, 50% yield). 
1H-NMR (400 MHz, Acetone-

d6) δ ppm 7.55 (ddt, J = 8.0 Hz, 1.7 Hz, 0.8 Hz, 2H), 7.14 (dddd, J = 33.8 Hz, 8.0 Hz, 7.0 Hz, 1.0 Hz, 3H), 

5.91 (s, 1H), 4.17 (d, J = 3.0 Hz, 2H), 3.75 (t, J = 5.7 Hz, 2H), 2.63 (dddt, J = 7.0 Hz, 4.1 Hz, 2.6 Hz, 1.3 Hz, 

2H), 2.31 (d, J = 1.1 Hz, 3H), 1.51 (s, 9H). 
13C-NMR (100 MHz, Acetone-d6) δ ppm 152.94, 136.64, 130.53, 

124.82, 122.78, 120.24, 119.70, 112.34, 111.93, 79.87, 41.82, 34.70, 28.59, 24.44, 17.82, 17.80, 14.96, 

8.17. LCMS (ESI+) m/z .313.1 [M+H]
+
; (280 nm): tR = 3.4 min, >95%. 

Ethyl	4-(3-methyl-1H-indol-1-yl)	cyclohex-3-ene-1-carboxylate	52.	

 

3-methyl-1H-indole (91.8 mg, 0.700 mmol) and tert-butyl ethyl 4-oxocyclohexanecarboxylate (357 mg, 

0.210 mmol) were treated using General Procedure A. Column chromatography (0-40% DCM in 

isohexane) was performed to yield the title product as a yellow oil (79 mg, 40% yield). 
1H-NMR (400 

MHz, Acetone-d6) δ ppm 7.55 – 7.41 (m, 2H), 7.16 – 7.09 (m, 2H), 7.05 (ddd, J = 8.0 Hz, 7.0 Hz, 1.1 Hz, 

1H), 5.87 (dqd, J = 3.3 Hz, 1.9 Hz, 1.4 Hz, 1H), 4.26 – 4.04 (m, 2H), 2.78 – 2.71 (m, 1H), 2.58 – 2.50 (m, 

3H), 2.28 (d, J = 1.1 Hz, 3H), 2.23 – 2.16 (m, 1H), 1.97 (dddd, J = 13.2 Hz, 10.7 Hz, 9.1 Hz, 6.0 Hz, 1H), 

1.26 (t, J = 7.1 Hz, 3H).
13C-NMR (100 MHz, Acetone-d6) δ ppm 174.32, 135.96, 135.51, 129.36, 124.18, 

121.64, 119.06, 118.68, 117.83, 110.93, 59.93, 38.48, 27.48, 26.64, 25.33, 13.68, 8.68.LCMS (ESI+) m/z 

.284.3 [M+H]
+
; (280 nm): tR = 3.4 min, >95% 
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Andrea Cavalli (November 2019). 
• “Biosensor for the future.”-Simona Scarano, (November 2019). 
• “Merck Young Chemists’ Symposium 2019.”-SCI giovani. (November 2019). 
• “Realization and application of an innovative technological platform powered by 

QM/MM simulation for the development of photoactive molecules.” (December 2019) 
• “Exploiting suitable two-carbon nitrogen-containing electrophiles as alkylating agent 

and their application to the synthesis of valuable compounds.”-Giovanni Piersanti 
(January 2020). 

• “Computational Design of Light Driven Molecular Rotary Motors.”-Michael Filatov, 
(January 2020). 

• “MRSF-TDDFT: A New Method for Ground and Excited State Properties.” -Cheol Ho 
Choni (January 2020). 

• “8th MS J-Day “(DSM-SCI) (July 2020). 
• ” Italian Young Medicinal Chemistry Virtual Meeting.” (DCF-SCI). (July, 2020) 
• “Corso Microimprendo” - II EDIZIONE (2020DU0032) (January 2021). 
• “8th European Workshop in Drug Synthesis.” (EWDS) (May 2021) 
• “European Chemical Biology Symposium.”(ECBS) (May 2021) 
• “Antibiotics & Bacterial Resistance: Infinite war.” (July 2021) 
• “European School of Medicinal Chemistry.” (ESMEC) (July 2021) 
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