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CHAPTER I: 
 
 

Divergent Synthesis and MoA investigation of antibacterial 
Alkylguanidino Ureas



1. Introduction 
 
1.1 The Antimicrobial Resistance: a silent pandemic 
 
Drug-resistant infections are responsible for an ever-increasing pervasive public health threat to human, 

animal, plant and environmental health and such infections have the potential to become one of the 

leading causes of death in the foreseeable future.1 Antimicrobial Resistance (AMR) generally occurs when 

bacteria, viruses, fungi or parasites tend to no longer respond to medical treatments, consequently 

increasing the spread of several diseases that can cause severe illness and death.2 To prevent this scenario 

it is absolutely crucial the development of a multisectoral action plan focusing global efforts to address 

this issue. Costs of AMR to the economy is significant, since prolonged illness can cause the need for 

more expensive and intensive care and longer hospital stays.2 For these reasons, antimicrobial 

stewardships, innovations and investment plans across all sectors (agriculture, veterinary and human 

medicine) are required to mitigate the occurrence of resistant pathogens infections and limit their spread.3 

A wide variety of academic and industrial Research and Development (R&D) projects focusing on 

bacterial diseases were in the 2020 pipeline4,5 but several statics highlighted that the pharmaceutical 

industry needs to reach more people and more countries with both old and new medical treatments, since 

many of the world’s most vulnerable patients are still awaiting to receive their life-saving antibacterial 

treatments needed.4 Currently, the Antimicrobial Resistance Multi Partner Trust Fund (AMR MPTF),6 

the Global Antibiotic Research & Development Partnership (GARDP)7 and other funds and initiatives 

have been lunched to fill the funding gap in antimicrobial R&D. In fact, research on AMR is extremely 

underfunded compared to other research areas like cancer or cardiac diseases.8 Several companies have 

continued to exit the field due to the low-profit margin of antibacterial research9, contributing to further 

weaken this already unstable industrial setting. Hence, there is an urgent need of novel antimicrobial 

drugs, vaccines and diagnostic tools to tackle the critical spread of multi- and pan-resistant bacteria 

(“superbugs”) or alarming Gram-negative ones, such as carbapenem-resistant Enterobacteriaceae and 

Acinetobacter baumannii, for which only few therapeutic options are still available.2,10 In fact, any novel 

antibiotic has been approved by Food and Drugs Administration (FDA) since the launch of Cefiderocol 

in 201911 and Lefamulin represented the last chemical innovation to enter the market.12,13  

The recent COVID-19 pandemic outbreak proved us that we are still incredibly vulnerable to infections 

for which we do not have therapies and, despite significant efforts have been made to educate the public 

opinion about the AMR crisis, its priority remains low on the list when it comes to take action over it.8 

The United Nations Organizations (ONU),14 the World Health Organization (WHO)2 and the World 

Bank (WB)15 agreed and recognized  AMR as a public health and economic concern. Moreover, a 2016 

report written by the economist Jim O’Neill and his team, stated that, if left unsolved, the AMR threat 

will result in one of the leading cause of death by 2050, outperforming cancer and cardiac diseases (Fig. 



1).16 The COVID-19 pandemic and AMR could be considered as parallel and interacting health 

emergencies since we can consider their measures (handwashing, physical distancing, quarantining and 

travel restrictions) and consequences comparable.3 Moreover, COVID-19 outbreak highlighted the 

potential long-term impact of AMR since its progression is less acute but gradual and constant over time.3 

In addition to well-known factors that can influence AMR (susceptibility and resistance to antimicrobials, 

drug concentrations, host factors like the serum effect and the impact on gut-microbiota),17 the overuse 

and misuse of already existing antimicrobial drugs strengthened AMR during the COVID-19 pandemic.18 

Indeed, hydroxychloroquine and azithromycin19 along with a wide variety of broad-spectrum 

antimicrobials were used as experimental therapies in the early stage of the outbreak, with 72% of 

COVID-19 registered cases receiving an antibacterial therapy.20 Moreover, secondary bacterial20–22 or 

fungal23–26 infections among patients hospitalized with COVID-19 have been well reported. Indeed, these 

patients showed primarily Gram-negative bacteria associated infections, like Pseudomonas aureginosa, but 

also late-stage Gram-positive ones, like Staphilococcus aureus.22 

 

 
Figure 1. A global thread intensified by the fight against coronavirus.8 

These evidences arose one again the urgent need of discovering new chemical classes exhibiting 

innovative mechanisms of action, since few novel chemical scaffolds were proposed in the recent years27 

and the discovery of novel classes has dramatically slowed down.28 

Known classes of antibiotics and their chemical scaffold have been synthetically modified over the past 

years into their new-generation version, generally expanding their spectrum of action and reducing side 

effect.28 However, the number of derivatives that can be developed from a known molecule could be 



limited and the call for greater efforts to identify and synthesize innovative classes of antibiotics is still 

ongoing.28 

 

1.2 The search for novel antibiotics, strategies to overcome AMR and current available therapies 

1.2.1 The search for novel antibiotics: a big pharma issue to address 

Therapeutic options to treat antibacterial infections are limited due to antibacterial resistance.29 Among 

all the bacterial pathogens associated with multi-drug resistance, ESKAPE bacteria are responsible for 

the maJority of nosocomial infections and are thus capable to avoid the inhibitory activity of a wide 

variety of antibacterial drugs.30 The term “ESKAPE” is an acronym for six bacterial pathogens: 

Enterococcus faecium (E. faecium), Staphylococcus aureus (S. aureus), Klebsiella 

pneumoniae (K. pneumoniae),  Acinetobacter baumannii (A. baumannii), Pseudomonas aeruginosa (P. aeruginosa), 

and Enterobacter spp.31 These bacteria are resistant to more than one antibiotic and along with Extensively 

Drug-Resistant (XDR) bacteria, which are insusceptible to almost all approved antimicrobials32, represent 

the key reason to design novel promising drugs.33  

As previously outlined, several pharmaceutical companies, such as Novartis, AstraZeneca, Sanofi, Bristol-

Meyers Squibb, and Allergan are dropping new antimicrobial research proJects33, mainly for economic 

reasons34. Indeed, the costs for R&D and clinical trials represent a big financial risk when it comes to 

antibacterial drugs, since they only offer moderate investments returns compared to other class of 

drugs.35,36 Moreover, novel antimicrobials are typically used for a limited period of time in critically ill 

patients, due to the rapid rising of resistance against these new drugs.33 As a result, the last discovery of 

an entirely original class of antibacterial drugs dates back to 1980s and from 1980 to 2014, in the United 

States, the number of antibiotic approvals dramatically decreased compared to anticancer drugs approvals 

(Fig. 2).37 

 
Figure 2. Novel antibacterials approval ratings in the United States.37 



In fact, as pathogens have acquired more and more mechanisms to evade the antibiotic arsenal, the design 

of New Chemical Entities (NCE) endowed with antibacterial activity is not trivial and the resulting costs 

are challenging.37 Moreover, conventionally, the research for novel antibiotic classes starts from nature37 

and thus the synthetic strategies required for their analogues are generally time and cost-consuming.38 

The price of innovation in the pharmaceutical industry is estimated to be 240-480 million per approved 

candidate, posing a remarkable barrier to the development of drugs in general.39 Further, novel antibiotics 

that finally reach the market have to deal with already approved antimicrobials and health-practitioners 

could be generally reluctant to employ, on a large scale, antibiotics to which resistance mechanism are yet 

to be discovered.28 These factors led big pharmaceutical companies to an exodus from the antibacterial 

field. Overall, thankfully small pharmaceutical companies and academia continue to focus their efforts 

addressing AMR, even though only some representatives are currently working on new classes of 

antibacterial agents.40  

 

1.2.2 Synergism and antibiotics adjuvants. 
 

In the past years, health-care leaders tried to improve the management and the therapeutic plans of 

already existing antibiotics. Several approaches involved drug rotation strategies, in which when resistance 

to a certain antibiotic reaches critical levels an alternative drug should be rapidly used.41 In addition, other 

promising approaches relied on targeting non-essential bacterial pathways by using combination of 

antibiotics with adJuvants.42 In fact, synergy and drug combinations actually are the most promising 

strategies in fighting AMR and the use of adjuvants could be helpful to prevent the activity of already 

existing antibiotics, avoiding the rising of resistance.43 For instance, the most successful example of this 

approach is the combination of the potent β-lactam Amoxicillin, generally inactivated by β-lactamases, 

and the clavulanic acid.44 The latter is a β-lactamases inhibitor, also endowed with a slight antibacterial 

activity, which is able to enhance the inhibitory activity of Amoxicillin, operating on specific secondary 

pathways that generally lead to resistance mechanism.43 Adjuvants could be also helpful to lower the dose 

of viable antibiotics, mitigating their potential side effect, as in the case of the last-resort antibiotic 

colistin.45 In Tab. 1 are reported antibiotic adjuvant classes and their representatives. 

In general, synergy is a well-known and defined concept in the microbiological field, and it is defined as 

the microbial growth inhibition operated by at least two bioactive agents exerting a mutual positive 

interaction.46 Several fruitful antibiotic combinations are reported and resulted to be successful either in 

in vitro or in in vivo models and in clinical trials. Indeed, combination of FDA-approved antibacterial agents 

proved to be therapeutically effective to treat severe and persistent resistant bacteria infections. As a 

proof, treatment of A.baumannii with a synergistic combination of colistin, meropenem and tygecicline 

resulted in the resolution of the disease.47 Moreover, persistent staphylococcal bacteremia can be treated 



with a positive outcome using daptomycin plus ceftaroline.48 Further examples may involve the 

glycopeptide vancomycin in combination with antistaphylococcal β-lactams to treat severe Methicillin-

Resistant Sthapylococcus aureus (MRSA), which proved to be a salvage protocol both in vitro and in clinical 

trials.49 Finally, the synergism of daptomycin with dalbavancin and linezolid is reported to fight MDR 

pathogens and MRSA.50 In Tab. 2 are summarized several antibiotics combination and the relative studies 

that supports the synergism. 

 

 
Table 1. Overview of some antibiotic adjuvant classes with their representatives.43 

Antibiotic Adjuvant Class Compound Name Bacterium 

Efflux Pumps Inhibitors 

Phenotiazines, 
Phenylalanine-arginine-β-

naphtylamide (PaβN), 
Arylpiperazine, 

Quinolines, 
Thioridazine (TZ) derivatives 

Gram-positive 
Gram-negative 

β-Lactamase inhibitors 

Clavulanic acid, 
Sulbactam, 

Tazobactam, 
Diazabicyclooctane (DBO) 

Boronic acids 

Gram-positive 
Gram-negative 

Membrane permeabilizers 

Caragenins, 
Glycine basic peptide (GBP) 

Menadione, 
Antimicrobial peptides (AMPs) 

Gram-positive 
Gram-negative 

 
 
 
Table 2. Antibiotic combinations.51  

 
Antibiotic Antibiotic in 

combination 
Bacterium Studies to support 

synergism 

Colistin 

Azythromicin 
 

Chloramphenicol 
Doripenem 
Rifampim 

Tazobactam 
Tigecycline 

Vancomycin 

A.Baumannii, K.Pneumoniae, 
P.Areuginosa 

                K.Pneumoniae 
P.areuginosa 
A.baumannii 
A.baumannii 

A.baumannii, K.Pneumoniae, 
CREa 

A. baumannii 

Time-kill curves 
 

           Time-kill curves 
In vitro studies 

Time-kill curves 
Time-kill curves 

Time-kill curves, clinical 
data 

Time-kill curves 

Daptomycin 

Ceftaroline 
β-lactams 

Dalbavancin 
Gentamicin 
Linezolid 

Sulbactam, Tazobactam 
Tigecycline 

MRSA 
MRSA, enterococci 
MRSA, enterococci 
MRSA, enterococci 

MRSA 
MRSA, VISAb, hVISAc 

MRSA 

Bacteremic patients 
Tme-kill curves 

Checkboard 
Time-kill curves 

Checkboard 
Time-kill curves 

Time-kill curves, surgical 
site infection model 



Levofloxacin Linezolid B.anthracis 
Synergy in checkboard 

against Sterne strain 

Vancomycin 

β-lactams 
Ceftaroline 

Flucloxacillin 
Gentamicin 

Trimethoprim-
sulfamethoxole 

MRSA 
MRSA 
MRSA 
MRSA 
MRSA 

In vitro and in vivo models 
Clinical case studies 
Bacteremic patients 

Time-kill curves 
Clinical studies 

 
a CRE: carbapenem-resistant Enterobacteriaceae. 
b VISA: vamcomycin-intermediate S.aureus. 
c hVISA: heteroresistant vancomycin-intermediate S.aureus. 

1.2.3 Colistin: the last-resort antibiotic to treat MDR Gram-negative infections. 

Colistin (Figure 3) is indeed an old antibiotic belonging to the polymyxin class. Discovered in the late 

1940s, its nephron- and neuro-toxicity related issues deterred its prescription for years.52 The threatening 

emergency of resistant Gram-negative pathogens in late 1990s caused a renewed interest in the 

therapeutic use of the this drug.53 Nowadays, colistin still represents an important treatment option and 

in some cases the only one still effective to fight MDR A.baumannii, P.aeruginosa and K.pneumoniae.54 

Polymyxins like colistin target the bacterial cell membrane. Particularly, colistin associates to the bacterial 

membrane through electrostatic interactions between its cationic moieties and the anionic 

Lipopolysaccharides (LPS) structures in the Gram-negative outer membrane, displacing its stabilizing 

ions like Mg2+ and Ca2+. This lead to permeability changes in the outer cell envelope with consequent 

leakage of intracellular content and cell death.55 However, in the last years alarming cases of bacterial 

resistance to colistin have been reported, either through mutational or adaptive mechanisms.55 In fact, 

alteration of the Lipid A and LPS composition, additional expression of efflux pumps or overexpression 

of membrane proteins represent prevalent resistance mechanisms discovered, resulting in some cases in 

a change of the bacterial superficial charge with consequent decreasing of the colistin binding affinity for 

the Gram-negative outer membrane.56–59 

 

Figure 3. Colistin antibiotic molecular structure. 



 

As previously outlined, the use of antibiotic adjuvants revealed to be helpful to increase the therapeutic 

efficacy of colistin, by lowering its dose and its related side effects, along with an attenuation of its 

resistance mechanisms. 2-Aminoimidazoles60, (E)-2-hexenal61, indole61, N-acetylcisteine62, resveratrol63, 

niclosamide64 and pentamidine65 are in fact known to act as colistin adjuvants, being able to defeat several 

Gram-negative pathogens. Recently, novel classes have been also discovered. For instance, a class of 

marine-derivatives analogues is capable to reverse Lipid A modifications, breaking colistin resistance in 

MDR A.baumannii, K.pneumoniae and P.aeruginosa.60 Moreover, the synergist combination of the drug with 

several Small Molecules (SM) proved to be a therapeutically effective strategy to reduce colistin Minimal 

Bactericidal Concentrations (MBC) by at least 10-fold, attenuating also the evolution of resistance by 

downregulating the expression of the pmrAB system, particularly operons pmrCAB and pmrH, responsible 

for some resistance mechanisms. 

  

1.2.4 Innovative therapies that differ from conventional antimicrobials 

The biotech scene is rising innovative and radical ideas to tackle the AMR threat. Among the latest 

strategies, the University of Birminghan in collaboration with the British biotech company Matoke 

Holdings Ltd are currently proposing a lead pharmaceutical candidate that was based on a natural 

biological defence mechanism, the reactive oxygen.66 Initial pre-clinical studies on a gel formulation, 

revealed that this system showed potent antimicrobial efficacy once reactive oxygen was delivered directly 

on the site of infection, inhibiting a wide range of highly resistant bacterial pathogens along with the 

disruption of bacterial biofilms.67 Aerosol forms are also under investigations.67 

Another frontier of alternatives antimicrobials could be represented by the phage therapy. Bacteriophages 

are highly efficient bacteria killers, completely harmful to humans. After seeking out their bacterial targets, 

bacteriophages enter the cell and using their internal machinery force the bacteria to replicate more and 

more bacteriophages, bursting out from within and leading to bacteria death.68 The phage therapy could 

be also personalized by selecting bacteriophages highly specific for each patient’s strain of bacterial 

infection.67 

Monoclonal antibodies (mAbs) have also been fruitfully exploited to treat bacterial infections. Recently, 

the Antibody-Drug-Conjugates (ADC) concept has been applied to antibacterial therapy. In fact, an 

Antibody-Antibiotic-Conjugate (AAC) combines the selective targeting promoted by the mAb to the 

bacterial inhibitory activity of the antibacterial.69 An AAC is generally composed by three component: 

the antimicrobial drug, connected by a properly designed linker to  mAb, which is responsible for the 

selective delivery of the payload into infected cells.69 AAC targeting intracellular MRSA in invasive 

infections have been reported.70,71 In fact, intracellular MRSA are generally insusceptible to antibiotics, 

since their location into host-cell macrophages core prevent the drug to reach the bacterium.70 For this 



purpose, specifically targeting the intracellular MRSA with an AAC could prevent cell-to-cell transfer of 

bacterial infection. After the internalization of the conjugates, the mAb selectively releases the antibiotic 

that can now exert its inhibitory activity.70 Moreover, using and AAC it might be possible to overcome 

poor pharmacokinetics properties and undesired host toxicity, delivering also potent and promising 

antibacterial compounds or candidates with different or unsuitable profiles as unconjugated drugs.70 

A key role in non-antibiotic therapies is played by vaccines, being a valuable and effective weapon to fight 

AMR.72 In fact, their prophylactic use is helpful to prevent the spread of a bacterial diseases by building 

an immune host-defense, either before encountering the pathogen or at initial stages of the infection.72 

Furthermore, a crucial advantage of vaccines is represented by the possibility to hit multiple targets, 

inducing specifically antibody and/or T-cell responses.72 Vaccines can be also effective against AMR since 

their implication allows the lowering of inappropriate use of antimicrobials, prescribed for example in 

case of viral infections.73 Moreover, vaccines are able to reduce the incidence of resistant serotypes. For 

instance, before the launch on the market of the 7-valent pneumococcal conjugate vaccine (PCV7), 

several cases of invasive pneumococcal disease were reported each year in the US. In the early 2000s a 

57% reduction in the incidence of penicillin-non-susceptible invasive pneumococcal disease (IPD) was 

observed along with an 84% of reduction in the rate of MDR strains, outlining that the vaccination was 

effective regardless of the bacterial resistance phenotype reported.72 

 

1.3 Membrane active agents: new weapons to tackle AMR 
 

The bacterial cell membrane represents one of the crucial structures for cell survival, proving to be a 

promising target for the development of novel antimicrobials in the past two decades.74 In fact, since the 

membrane is essential at any stage of the bacterial life cycle, disturbing its functions and altering its 

structure could be an effective broad-spectrum strategy.75 Moreover, disrupting the cell membrane will 

result in alteration of the homeostatic equilibrium, reducing the occurrence of resistance to membrane-

active drugs.76 

The structure and molecular composition of cell membranes differ from Gram-positive and Gram-

negative bacteria. Gram-positive bacterial membrane is composed by a cytoplasmic plasma membrane 

and lipoteichoic acids (LTA), attached to a thick layer of peptidoglycan (Fig. 4).77 Whereas, Gram-negative 

bacterial membrane consists of a cytoplasmic inner membrane, a thin layer of peptidoglycan, and an outer 

membrane containing lipopolysaccharides (Fig. 4).78 Although structurally different, LTA and LPS are 

both amphiphilic and anionic, creating the selectivity conditions for membrane-active drugs. Moreover, 

phosphatidylglycerol (PG) and cardiolipin (CL) are also crucial for the negatively-charged property of the 

bacterial membrane.75,79 On the contrary, in mammalian cell membranes, anionic lipids are exposed only 

to the intracellular environment, and the external surface is prevalently composed by zwitterionic 



sphingomyelin and phosphatidylcholine (PC).80 Generally, agents altering the integrity of the cell 

membrane are typically both lipophilic and positively-charged, resembling the phospholipid structure 

with a polar head and a non-polar tail.81 The cationic moieties interact with the negatively-charged surface 

of bacterial membranes, and the lipophilic part could be inserted into the bilayer, leading to the alteration 

of fluidity, packaging and stability of phospholipids, and causing disruption of membrane and eventually 

cell death.82 These mechanisms creates the adequate conditions for selectivity since bacterial membranes 

are endowed with more anionic phospholipids than mammalian bilayers.75 

Antibiotics membrane-active have already been studied and reported, and some of them entered the 

market becoming one of the therapeutic options to fight antibacterial infections.  

Daptomycin, originally described as an inhibitor of peptidoglycan synthesis, is the only lipopeptide 

currently approved as an antibacterial agent.51 Daptomycin was revealed later to be a depolarizing 

membrane agent due to a calcium-dependent mechanism that results in disruption of the membrane and 

cell death.83 Invasive and intensive cocci-related infections, like S.aureus-induced bacteremia, can be 

treated with daptomycin.84 However, even though it is not widespread, clinical resistance was still 

observed among enterococcal and staphylococcal clinical isolates.51 

Moreover, Polymixin B and Colistin entered the market as cyclopeptide antimicrobials, commercially 

available as last-resort antibiotics for MDR-induced infections.85 Mechanistic insights about their mode 

of action were already described in the previous paragraphs. 

 

 
Figure 4. Structural differences between Gram-positive and Gram-negative bacterial membrane. 86 

Several new classes of small molecules interacting with membranes were reported. For instance, the 

hydantoin pharmacophore has been widely used to develop different antibacterial agents for years, like 

the antibiotic nitrofurantoin;87 moreover,  the mode of action of these derivatives was still not completely 



understood.88 Recently, a series of membrane-active compounds have been designed and synthesized by 

combining hydantoin scaffold with hydrophobic tails and positively-charged moieties, targeting the 

phospholipid bilayer of different MDR strains (MRSA, P.aeruginosa, K.pneumoniae, vancomycin-resistant-

E.Faecalis VREF).88 

Moreover, para-aminobenzensulfonyl oxadiazoles were found to be promising membrane active agents 

towards MRSA, benefiting also from an additional Mechanism of Action (MoA), by intercalating into 

deoxyribonucleic acid (DNA).89 

Antibacterial small molecules endowed with non-peptidic amide bonds, quaternary ammonium groups, 

and lipophilic alkyl chains were also discovered and reported. In fact, these derivatives proceeded rapidly 

disrupting the membrane integrity thus preventing resistance.90 

Bis-guanidine compounds,  were widely reported in past decades as antiseptics and disinfectants and can 

be considered as an attractive molecular scaffold to be developed.91 In fact, Chlorhexidine (Fig. 5) still 

represents an important broad-spectrum antimicrobial acting like a disinfectant and its therapeutic effects 

are related to its ability to disrupt bacterial bilayer.92 After its adsorption on the cell membrane surface, 

positively-charged guanidines interact with anionic residues of the bilayer, perfusing into the cytoplasmic 

environment, producing the leakage or precipitation at a higher dose of cell membrane components.93 

Figure 5. Molecular structure of the biguanide Chlorhexidine. 
 

Similarly to Chlorhexidine, small dimeric cyclic guanidines can display an interesting broad-spectrum 

antibacterial profile against both Gram-positive and Gram-negative MDR, compromising the bacterial 

integrity by strongly interacting with the anionic phospholipids in the bilayer. No resistance occurrence 

has been currently detected and E.coli biofilms can be remarkably inhibited. Finally, in vivo studies also 

confirmed a promising activity towards MRSA-animal models.94 

 

1.3.1 Antimicrobial peptides and their MoA 
 

Peptides are a class of pharmaceutical active agents that can be considered a compromise between small 

molecules and proteins, differing from them in both therapeutical and biophysical terms.95 They can act 



like signaling molecules, potentially playing a key role in therapeutical treatments of altered natural 

pathways. Antimicrobial Peptides (AMPs) are important natural immunity components widely distributed 

in insects, mammals, amphibians, fish, plants and bacteria that can be endowed with antiviral, 

antibacterial, antifungal, or antiparasitic properties While conventional antibiotics are conceived and 

designed to target specific proteins and receptors, AMPs can act in many different ways but prevalently 

disrupting the bacterial bilayer leading to cell death. Given this complex and multi-modal MoA, drug 

resistance to AMPs is rare, due to the wide range of genetic mutations that the pathogen has to get 

through to change the entire asset of the cell membrane.74,98,99 More than 3000 AMPs have been identified 

and discovered with only a few of them being approved by the FDA or currently under clinical trials.100 

The antimicrobial activity and the specificity of AMPs are generally affected by a wide range of factors: 

amino-acid constituents, net charge of the molecule and number of positively-charged residues, the 

length of the peptide, helicity and tridimensional structures.101,102 

Depending on the amino acid content, AMPs can be categorized as proline-,103 arginine-,104 cysteine-,105 

and glycine-rich.106 The net charge of AMPs strongly affects their activity. In fact, the high affinity of 

AMPs for the pathogen membranes relies on the strong electrostatic interaction between the positively-

charged residues and the anionic phospholipids of the envelope. A secondary driving force in the AMPs 

antimicrobial activity is represented by the hydrophobic interactions established between the lipophilic 

domains of the peptide and the acyl chains of the lipids.100 Due to these particular features, peptides 

accumulate on the surface of the bacterial membrane outer leaflets, perturbing the asset of the lipids and 

forming pores or other alterations.107 

AMPs tend to be almost parallel with respect to the bilayer plane in a carpet-like mode (Fig. 6) where their 

consequent insertion into the membrane results into a modification of lipid ordering and on the 

penetration of water molecules, with a complex distortion of the curvature and cell death.108 Higher 

concentrations of AMPs in the carpet-like model could promote the detergent-like MoA (Fig. 6), 

characterized by the formation of self-assembled AMPs nanostructures interacting with the negatively-

charged bacterial membrane, and the generation of surface nanopores followed by cell lysis.109 Moreover, 

AMPs can aggregate vertically into the bilayer, packing in a barrel-stave mode and creating a rigid pore acting 

as a sort of ion channel.110 The pores size depends on the peptide to lipids molar ratio.110 Finally, in the 

toroidal mode (Fig. 6) AMPs tend to aggregate, inducing the expansion of the head-region of the 

phospholipids but also the continuous bending of the lipid leaflets. This results in the internal and 

external leaflets approaching each other, and consequent formation of the toroidal pore.111 

In addition to the interaction with the cytoplasmic membrane, AMPs can interact with high affinity with 

the LPS structure, located on the surface of the outer membranes in Gram-negative bacteria. LPS plays 

also a crucial role in the inflammatory response caused by Gram-negative infections. In fact, LPS can be 

released after cell lysis or during bacterial cell division, inducing cytokines production, like tumor necrosis 



factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-8 (IL-8), by monocytes and phagocytic cells. These 

cytokines overexpression can cause several organ damages and sepsis. Hence, AMPs can reduce this 

inflammatory response by directly interacting with LPS.112 Nevertheless, some AMPs like temporins are 

also able to form helical oligomeric structures with N- and C-termini residues of LPS, rendering the 

translocation of AMPs into the bacterial inner membrane with consequent inactivation of the peptide.100 

Therefore, certain synthetic modifications of AMPs molecular structure are currently under research and 

development to reduce the LPS induced aggregation.100,113 

 

Figure 6. Schematic representation of mechanisms and mode of actions of AMPs. 100 

Several other ancillary mechanisms of action were reported, like interactions with genomic DNA, 

ribosomes, or other intracellular targets like heat shock proteins or glycoproteins involved in different 

cytoplasmic pathways. However, literature is still sparse in this field and more effort should be devoted 

to elucidating these mechanisms.100 

 
1.3.2 Investigation and identification of MoA in membrane-active agents. 
 

Investigating AMPs MoA is not trivial as peptides and small molecules, could act with different and 

synergistic mechanisms.100 Moreover, because of the high structural and physiological complexity of 

bacterial membranes, the identification of an accurate MoA could be challenging.114,115 Nevertheless, the 

huge biodiversity of bacterial strains also impacts on the composition of lipid bilayers, on the surface 

charge density, and on the thickness and packaging of the membrane.114 Additionally, methods to study 

membrane-active compounds have been scarcely reported in literature in the past and, only recently, the 

advances in microscopy and in cell biological labeling techniques, provided deeper mechanistic insight of 

AMPs in unprecedented details.116 



Recently, several biophysical,117,118 analytical,119 and microbiological120 assays have been reported to 

evaluate the behavior of compounds targeting the bacterial envelopes. Among them, biomimetic 

membranes are attracting increasing interest since they allow specific investigation of a given biological 

phenomenon under very defined and controlled conditions.121 Moreover, in comparison to 

microbiological assays, biophysical and analytical studies benefit from a time- and cost-effective 

protocols, even though they cannot give conclusive data due to the use of oversimplified systems.122,123  

Thus, artificial bacterial membrane models are widely employed for these studies, along with fluorescence 

spectroscopy, zeta potential measurements and molecular dynamics (MD).124 For instance, to investigate 

membrane-active agents MoA, lipid vesicles or liposomes, Langmuir monolayers, and solid supported 

lipid monolayers/bilayers are generally used and were widely reported in literature.122 

Membrane leakage fluorescence assay, using large unilamellar vesicles (LUVs) loaded with self-quenching 

dyes, could be useful to quantify the antibacterial activity of antimicrobial peptides. In fact, AMPs can 

permeabilize membranes by disrupting its lipidic asset, providing the leakage of the entrapped dyes 

content.125 Several dyes and quenchers, that change fluorescence intensity after membrane leakage, can 

be used. Among them, different protocols are reported using the pair 8-aminonapthalene-1,3,6 trisulfonic 

acid (ANTS)/p-xylene-bis-pyridinium bromide (DPX) along with calcein and carboxyfluorescein.122,126 

The development of a wide number of theoretical and computational simulation approaches arises in 

interest as an useful tools to describe membrane-agents/lipid interactions. One of these in silico 

approaches is MD, in which it is possible to predict the behavior and investigate the dynamics of a given 

molecule into the lipid bilayer.125 For instance, MD was recently reported as a crucial tool to characterize 

Polymyxin B1 interactions with a heterogeneous model of E. coli outer membrane, revealing that the 

lipopeptide aggregates in the headgroup region of LPS instead of showing an affinity for the Lipid A as 

believed.127 

However, to get a comprehensive understanding of drug-membrane interactions, several additional 

analytical tools could also be required. Techniques like ultraviolet (UV)128 or fluorescence116 spectroscopy, 

circular dichroism,129 dynamic light scattering,130 transmission electron microscopy (TEM) or scanning 

electron microscopy (SEM)131 have been reported to investigate the mechanism of action of AMPs. 

Particularly, spectroscopic techniques proved to be very versatile and several case studies reported also 

the use of electron paramagnetic resonance (EPR),132 nuclear magnetic resonance (NMR)133 or infrared 

spectroscopy (IR)134 to assess lipid ordering, membrane-drug interactions and/or disruption. 

Different labeling approaches have been also developed to detect and localize compounds in either 

cytosolic, membrane or cell wall fractions, gaining a first hint towards the understanding of the drug 

target.116 However, chemical labeling could affect physiochemical properties and thus MoA or 

antimicrobial activity.135,136 Label-free technologies could be a valuable alternative, even though they 

cannot allow visualization of compounds.116 



Finally, detailed assessment of MoA could be performed with living cells using in vitro microbiological 

protocols and fluorescent dyes, useful to asses alteration of the permeabilization,137 fluidity,138 or to 

evaluate pore-sizing,139 or depolarization, that can be generally induced by the membrane-active agents 

even without generating pores.140  

Elucidating the MoA of membrane active agents could be thus very challenging. Over the last years, 

several and different methods and protocols have been developed, adapted, and refined to give proper 

and deeper understandings of antibiotic mechanisms in model and living bacterial cells. This proved to 

be essential since sometimes the in vivo mechanisms could be found different from in vitro models or the 

drug candidate may hit more targets, which is a realistically common feature for membrane active 

agents.141–143 

 



2. State of the Art 
 
2.1 Guanidine moiety in medicinal chemistry: the case of antibacterial drugs. 
 
The guanidine group is a common chemical features of several natural and synthetic compounds that 

display a broad biological activity.144 Recently, chemists focused their efforts on guanylated polyamines 

as they resulted very promising in terms of bioactive properties.145 When the amine functional group is 

replaced with a guanidine moiety physicochemical properties of the molecules are generally amplified 

compared to the corresponding amine. In fact, guandine is a stronger base (pKa of guanidinium cation 

≈ 13.5, pKa of ammonium cation is 9.25), suggesting that at physiological or basic pH this moiety is 

protonated, originating the guanidinium cation.146 These changes in chemical and physical properties 

could reflect also in improving the biological activity. In fact, notably, when the amino moiety in 

neomycin B and kanamycin A is replaced with a guanidine one, the antimicrobial spectrum of activity is 

extended toward gentamicin resistant P.aeruginosa and MRSA.147 Moreover it is common knowledge that 

proteins and ezymes, endowed with guanidinium terminals on lateral chains of amino acid like arginine, 

are able to recognize and bind with high affinity other anionic residues, like carboxylates, phosphates or 

metals. Hence, due to ion pairing and Hydrogen Bonding (HB), these interactions can results in 

improving potency and selectivity.148 

From 2008 onwards, numerous guanidine-containing compounds emerged for their promising biological 

profiles, making guanidine scaffold one of the most widely investigated in medicinal chemistry for the 

design of peptides, peptidomimetics and small molecules.149 The therapeutic applications for guanidine 

bearing drug candidates are numerous.150 In fact, clonidine and amiloride entered the market as treatments 

for central nervous systems and cardiovascular disorders respectively.151,152 Biguanides like metformin 

instead have been approved to treat diabetes, whereas cimetidine and famotidine to treat ulcer and 

stomach acidity.153–155 Several guanidine endowed drug candidate have also been approved to treat 

ischemic, inflammatory and autoimmune diseases and they can also act like anticancer and antimicrobial 

agents (streptomycin, bleomycin, capreomycin and proguanil).149,156 In Fig. 7 are represented some 

guanidine-related drugs examples. 

Guanidine are also preferred functional groups in antibacterial agents design and development, benefiting 

from electrostatic interactions that may occur between the guanidinium cations and bacterial targets like 

negatively-charged envelopes, leading to disruption of bilayers as for AMPs.157 Indeed, antibacterial 

hydrazones bearing an aminoguanidine have been reported as putative inhibitors of NorA efflux pump 

in S.aureus, also modulating norfloxacin resistance.158 

 



Figure 7. Representative guanidine-related drugs 
 

Guanidinomethyl biaryl compounds were also identified as potent broad-spectrum antibacterial agents, 

targeting the cell division protein FtsZ thanks to fruitful interactions between the guanidinium moiety 

and the anionic side chain of E185 residue and the Van der Waals forces between the alkyl chain of I228 

and the biaryl compounds phenyl ring.159 

Natural guanidine alkaloids isolated from Pterogyne nitensis and their synthetic analogues derivatives proved 

to be promising antibiotic candidates to target MRSA strains.160 Additionally, an improved activity 

towards MRSA strains was also achieved by replacing the amino and hydroxy groups of amynoglicosides 

amikacin and kanamycin with guanidine moieties, as recently reported.161 

Finally, small dimeric cyclic guanidines exhibited interesting antibacterial profiles towards multi-resistant 

Staphylococcus epidermidis (MRSE), MRSA, K.Penumoniae and resistant Enterococcus faecalis (VRE).94 

These were only few representative examples of how deeper the medicinal chemistry research is 

investigating the guanidine function for its antimicrobial properties in the design of small molecules. 

However, guanidine also affected positively the design of AMPs. In fact, guanylated glyoxamine-based 

peptidomimetics showed improved antibacterial and antibiofilm profiles, compared to the parent AMP 

endowed with quaternary ammonium functional group.162,163 Moreover, synthetic AMPs incorporating 

guanidine moieties exhibited pronounced membrane disruption in DPPG monolayers as Gram-positive 

cytoplasmic model membranes.164 Finally, arginine-rich AMPs also displayed interesting antibacterial 

profile due to the presence of the guanidinium cation.165 

 



2.2 Insight on properties and interactions of guanidinium cation. 
 

Guanidine was first isolated in 1861 but, although known for more than 150 years, the first solid-state 

structure was solved only in late 2007.166,167 

At physiological pH guanidine exists as protonated form, originating the guanidinium cation, a highly 

symmetric planar trigonal functionality168, characterized by a strongly stabilized Y-shape that can form 

two strong parallel HBs with biological components. This geometry can exert favorable HBs alignments 

compared to the parent ammonium cations as guanidine maintains its protonated form over a wide range 

of pH.169 

Hydrogen bonding is a ubiquitous phenomenon in nature of remarkably importance in living organism 

functionalities. Due to the mobility of the proton involved in HB, this interaction proved to be very 

useful for electron transfer processes in significant biological pathways.170 

The chemical systems able to exert HBs are typically positively or negatively charged at physiological pH. 

Thus, generally HBs established between two or more systems could be enhanced or assisted by 

electrostatic forces.171 These Charged-Assisted HBs (CAHBs) have been widely reported in literature,172,173 

and play a key role in guanidinium moiety interactions. The ionic pairs and the hydrogen bonding 

interactions do not work independently but they reinforce each other. When the ionic interactions are 

strong, like in systems with a cation and anion interacting, the relative HBs are stronger though.171 

Additionally, unlike ammonium cations where the charge is localized on nitrogen atom, guanidinium 

cations can benefit from an excellent delocalization of the positive charge thanks to their Y-shape, namely 

Y-aromaticity,174 which can favor ion pairing with phosphate, carboxylate or sulfate anions.169 

Comparing the binding energies reported in literature respectively for ammonium and guanidinium 

cations, high binding affinities were found for both the functional groups, with a greater selectivity for 

phosphates and arsenates over other anions. However, binding affinity constants are greater for 

guanidinium group rather that ammonium one, outlining that the former could bind strongly and more 

efficiently these anions.175 The phosphate binding ability could be ascribed to the rigid and planar 

guanidinium structure that results to be complementary to that of phosphate oxoanion, allowing the 

formation of a two-point HB chelate motif.176,177 

These evidences point out the great relevance that embedding a guanidine moiety in a drug candidate 

could have. In fact, its introduction into multifunctional chemical scaffolds has proven to be a very useful 

and efficient strategy to reinforce interactions with biological counterparts. Due to these promising 

physicochemical features, membrane targeted guanidine-based drug candidates show a wide range of 

biological activities and, among them, interesting antibacterial,178,179 antifungal,180 and antiviral181 profiles. 



Given these strong multifaced noncovalent interactions that guanidinium cation can exert, including 

bidentate HBs but also cation-π interactions with aromatic moieties, this functional group could modulate 

adhesion of several biomolecules.182 

As previously described, embedding the guanidine moiety to replace the amine functional group could 

result in an improved activity profile. Particularly referring to the antibacterial activity, due to the set of 

interactions established by guanidine-based membrane-active agents, it is likely that the association with 

anions is more efficient with guanidinium than with ammonium cations. In fact, the association constants 

(K ) of butylammonium chloride and guanidinium chloride, as model compounds for ammonium 

(NH  ) and Gu+ ions, respectively, were found to be 0.31 and 0.37 M1 for NH3+ and Gu+ respectively 

(Fig. 8) , when salt-bridges are formed with carboxylate anions.183 Whereas, K  were reported 0.93 and 

1.37 M1 , respectively (Fig. 8), for phosphate anions salt-bridges, indicating that guanidinium ions exhibit 

greater binding affinity for oxyanions than ammonium. 

 

 
Figure 8. Association constants (K of salt-bridge interactions of ammonium and guanidinium ions with (a) carboxylate 
and (b) phosphate anions. 182 
 

Transferring this concerns in drug-membrane interactions field, association of guanidine moieties with 

phosphate groups in bacterial bilayers represent one of the mechanisms that could explain disruption 

effects operated by membrane-active agents towards bacterial membranes. 

 



2.3 Alkylguanidino ureas: a promising class of antibacterials 
 
As previously mentioned, polyguanidines have attracted considerable attention for their antibacterial 

activity.184  

For several years, the research group of Prof. Botta investigated a series of alkylguanidino ureas (AGUs) 

endowed with promising antibacterial profiles against both Gram-positive and Gram-negative 

bacteria.185–187 Compound 1 (Tab.3) was identified as the most promising derivative of the series, with 

Minimum Inhibitory Concentration (MIC) values ranging from 0.5 to 8 g/mL on Gram-positive and 

Gram-negative representative strains. Moreover, the antibacterial properties of hit compound 1 were also 

further investigated on recent antibiotic-resistance clinical isolates (Tab. 3).185 

 
Table 3. Antibacterial profile of alkylguanidino ureas series hit compound. In blue, antibacterial activity towards clinical 
resistant isolates with pandrug-resistant phenotype.185 

 

Bacterial strains MIC [µg/mL] 
B. subtilis ATCC 6633 0.5 

E. faecalis ATCC 19433 2 

S. aureus ATCC 25923 SEP 2 

S. pyogenes ATCC 12344 1 

A. baumannii ATCC 17978 8 

E. coli CCUGT 2 

K. pneumoniae ATCC 13833 2 

P. aeruginosa ATCC 27853 8 

A. baumannii AC-54/97 2 

B. cepacia SI-R2 16 

E. cloacae VA-417/02 1 

K. pneumoniae SI-081 2 

S. maltophilia 634/08 16 

 

The interesting antibacterial profile of compound 1 encouraged the research group to better investigate 

the AGUs chemical class. Hence, structural analogue of derivative 1 were designed and synthesized to 

obtain a small chemical library to do some preliminary considerations about structure-activity 

relationships (SARs). With this purpose, the synthetic efforts of the group were initially directed towards 

the modification of the alkyl chains length and of the guanidine moieties substitutions.185 



Concerning the alkyl chains, the length of the spacer between the central urea moiety and the guanidines 

was investigated. In fact, the optimal number of carbon atoms in the methylene chains were found to be 

8 since the increase of two carbon atoms (10) produced a slight reduction in activity, whereas decreasing 

the length to six methylene resulted in a complete loss of potency, particularly against Gram-negative 

strains.185 

Then, the cyclopropylmethyl substitution was replaced with other small alkyl or hindered aromatic 

moieties, in order to evaluate the impact of guanidine substitutions on antibiotic activity. As reported in 

Tab.4 and Tab.5, these new derivatives (2-16) basically retained the antibacterial profile of hit compound 

1. Hence, the nature of substituents on guanidine moiety seemed to not affect significantly the biological 

activity. 

 
Table 4. MICs [µg/mL] of AGUs derivatives (obtained as trifluoroacetate salts) and control antibiotics (colistin, vancomycin 
and daptomycin) on representative Gram-positive and Gram-negative bacteria. MICs [µg/mL] are expressed as median values 
calculated from experiments performed at least in triplicate.185 
 

Particularly, after MICs comparation with hit compound 1, the activity profiles of analogues 2-16 resulted 

to be in some cases worsened, although not significantly in terms of order of dilutions differences. 

Exceptions in the trend were represented by the inhibition profiles of derivatives 5 and 8 on Gram-

positive strains, where the antibacterial activity resulted improved compared to compound 1, particularly 

on E. faecalis, S. aureus, and S. pyogenes bacteria. 

Cpd n1 n2 R1 R2 R3 R4

B.subtilis 
A

TC
C

 6633

E
.faecalis 

A
TCC

 19433

S.aureus 
A

TCC
 25923 

SE
P

S.pyogenes 
A

TCC
 12344

A
.baumannii 

A
TCC

 17978

E
.coli 

CC
U

G
T

K.pneumoniae 
A

TCC
 13833

P.aeruginosa 
A

TCC
 27853

1 6 6 H C C H 0.5 2 2 1 8 2 2 8
2 8 8 H C H C 2 4 8 4 64 16 8 64
3 4 4 H C H C 4 32 4 2 128 16 32 256
4 6 6 H E H E 1 1 1 0.5 16 2 2 16
5 6 6 H M H M 0.5 1 0.5 0.5 8 1 4 8
6 6 6 H B H B 2 2 2 2 8 4 2 16
7 6 6 C C C C 8 4 16 2 8 16 4 64
8 6 6 E E E E 0.5 1 0.5 0.25 16 2 4 32
9 6 6 B B B B 4 4 8 1 16 4 4 8
10 6 6 H H H H 32 2 2 1 16 4 32 32
11 6 6 C C H H 2 8 8 4 16 4 4 16
12 4 4 C C H C 4 16 4 2 64 8 16 128
13 4 4 E E H E 16 64 32 4 256 64 128 >256
14 6 4 C C C C 4 8 2 1 64 4 4 128
15 6 6 C C U U 2 4 2 2 8 4 4 16
16 6 6 U C U C 8 16 8 16 16 8 8 32

0.5 1 1 0.5
1 0.5 0.5 0.5

1 1 0.5 0.12

Vancomycin
Colistin

Daptomycin



Table 5. MICs of selected compounds on Gram-negative antibiotic-resistant clinical isolates with pandrug-resistant 
phenotype. MICs [µg/mL] are expressed as median values calculated from experiments performed at least in triplicate.185 

 
 

The influence of the number of substituted and unsubstituted guanidines was also evaluated. Despite the 

interesting Gram-positive inhibition profile of compound 8, bearing four ethyl-substituted guanidines, 

the optimal combination was still represented by two unsubstituted guanidines and two substituted ones, 

bearing small alkyl functional groups. Structural simmetry was considered when designing derivative 11 

and, unexpectedly, this structural inversion compromised the biological activity, although superficial 

charge remained unvaried. Finally, analogues 15 and 16 were designed as it was assumed that their lower 

predicted pKa, due to the presence of an N-methyl amidinourea functionality, would have increased the 

selectivity towards bacterial cells.185 However, although active towards almost all tested strains, derivative 

15 and 16 showed a worsened antibacterial profile towards Gram-negative bacteria, particularly A. 

baumannii and P. aeruginosa. 

The Minimal Bactericidal Concentration (MBC) evaluation of most active compounds, although 

measured only for E. coli and A. baumannii, showed identical values to that of the MIC, indicating a strong 

bactericidal activity of these compounds (data here not reported). This was further confirmed by a time-

kill curve analysis, in which the bactericidal activity of hit compound 1 (4 g /mL, 2 fold MIC) was found 

to be ≥4 log10 in one hour and thus superior to that of colistin (Fig. 9). Furthermore, the bacterial load, 

measured after 24 hours of exposure to 2 fold MIC of these antibiotics, was comparable.185 

 
Figure 9. Time-kill curve experiments performed with E. coli CCUGT . These experiments were performed in the absence 
(growth control, empty circles) or presence of 2 fold MIC of compound 1 (solid circles) or colistin (empty squares), used as a 
comparator for the experiment.185 

Cpd

A
. baumannii 

A
C-54/97

B. cepacia 
SI-R

2

E
. cloacae 

V
A
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K. pneumoniae 
SI-081

S. maltophilia 
634/08

1 2 16 1 2 16
4 n.d. 32 4 4 16
5 4 32 4 8 16
6 n.d. 16 4 8 8
7 8 32 4 4 8
8 8 32 2 8 32



2.3.1 ADME properties of AGUs and preliminary MoA investigations. 
 

In order to estimate the possible effect of Plasma Protein Binding (PPB) on antibacterial activity of AGUs 

derivatives, compound 1 was tested on E. coli  strain in Mueller Hinton Broth (MHB) supplemented with 

10% complement-free Human Serum (HS). Data collected (not showed here)185 revealed that HS can 

reduce, but not inhibit, the biological activity of hit compound 1. Since the most abundant component 

of HS is human serum albumin (HSA) and, given the 76% homology sequence of Bovine Serum Albumin 

(BSA) with HSA,188 the susceptibility of E. coli MG1655 to compound 1 was again tested in MHB 

supplemented with increasing concentrations of BSA. Remarkably, no alteration of the antibacterial 

profile of compound 1 was reported (data not shown),185 suggesting that maybe other serum proteins 

could affect the activity of 1 in HS. These results highlighted that AGUs are effectively suitable for future 

development as drug candidates. 

Concerning first investigations of AGUs MoA, due to their polycationic nature, the impairment of 

bacterial bilayers was assessed. An enzyme-based assay was set up to evaluate disruption of membranes. 

A colorless chromogenic substrate poorly permeable, like o-nitrophenyl-βD-galactoside (ONPG), was 

selected as it is able to release the yellowish o-nitrophenol (ONP) upon enzymatic hydrolysis. However, 

due to its scares permeability profile ONPG reaches the cytoplasm, where the enzyme is located, only 

when the bilayers show permeability defects, such as those promoted by membrane-active agents.189,190 

Hit compound 1 and derivative 2, 7 and 10 were tested in three bacterial strains (E. coli MG1655, A. 

baumannii ATCC19606T harboring plasmid pMP220::PrrnB, P. aeruginosa ATCC15692 harboring plasmid 

pMP220::PrrnB), characterized by physiological or induced high-level of β-galactosidase. Sodium 

Dodecyl Sulfate (SDS), acting like a disrupting agent, was used as positive control and remarkably, none 

of the tested compounds produced the conversion of the ONPG in ONP, suggesting that no 

macroscopic alteration of the membranes occurred. However, microstructural damages could not be 

excluded since different disrupting mechanisms could promote the bacterial cell death.185 

Additionally, a specific fluorescence assay was set up to evaluate the possible disruption of the Gram-

negative outer membrane. Three Gram-negative bacteria were exposed to increasing concentrations of 

test compounds, colistin or dimethylsulfoxide (DMSO), as positive and negative controls, respectively, 

followed by the addition of 1-N-phenylnaphthylamine (NPN). LPS in the outer membrane structure acts 

like a permeability barrier for this lipophilic dye, that is able to emit fluorescence in hydrophobic 

environments. Hence, due to the presence of LPS, in case of permeability defects, this dye enables the 

detection of a potential outer membrane damage.126 Test compounds revealed a dose-dependent increase 

in NPN fluorescence emission for all Gram-negative tested species, P. aeruginosa ATCC15692, E. coli 

MG1655 and A. baumannii ATCC19606T (data not shown). These results outlined that AGUs tested were 

able to perturb Gram-negative outer membrane.185 



Finally, the depolarization of cytoplasmic membrane was assessed as another potential MoA of AGUs. 

Thus, compound 1 was tested for its ability to depolarize E.coli membrane using the fluorescent dye 3,3’-

dipropylthiacarbocyanine (DiSC3-5),191,192 although compound 1 was found unable to restore any 

fluorescence after incubation of bacterial cells at the concentration of 2 fold MIC(1), highlighting that 

membrane depolarization is not the prevalent MoA of AGUs. 

In depth analysis were also carried out to evaluate the impact of AGUs on biofilm formation. Crystal 

violet assay revealed that they were unable neither to inhibit the formation of biofilm, nor to alter its 

three-dimensional structure.185 

The propensity of compound 1 to select resistant mutants was assessed, investigating also its potential 

mechanism of resistance in E. coli CCUGT. The phenotypic analysis of these isolates did not reveal any 

acquisition of novel resistant phenotype, indicating that the compound was unable to select stable 

mutants  with acquired mutations.185 

Finally hemolytic activity of 1, 2, 7 and 10 was tested on red blood cells. Data collected are reported in 

Tab.6. With the exception of compound 2, derivatives 1, 7 and 10 displayed no hemolytic effects. 

Compound 1 was further investigated for its cytotoxicity effect on HeLa cells, showing only a minimal 

cytotoxicity after 24 hours when tested at 16 g/mL (Fig.10) that became more evident at 256 g/mL 

even though it did not exceed the 60% after 24 hours (Fig.10). 

 
Table 6. Hemolytic activity of selected compounds with positive and negative controls.185 

 

Figure 10. Cytotoxicity of compound 1, after 5 and 24 hours, at 16 g/mL (black) and 256 g/mL (grey). In white the 
cytotoxicity control.185 
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3 4 5 5
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a  Positive control.
b  Negative control.

Haemolysis (%)
64 g/mL in DMSO

Cpd

1
2
7
10

0.2% TRITON-X 100 a

1.6% DMSO b



Preliminary ADME characterization of hit compound 1, reassumed in Tab.7, revealed that the AGU 

derivative is metabolically stable, as measured by means of human liver microsomial proteins, and also 

very soluble in water, probably due to its polycationic nature. Furthermore, the distribution constant 

logD at pH 7.4 displayed a good value in agreement with those of daptomycin and vancomycin and 

consistent with the experimental solubility found. Low percentage of bond (B ) values to α-1-acid 

glycoprotein (AGP) were found for compound 1, thus indicating only a moderate affinity for this serum 

protein, as expected for positively-charged compounds.185 The parallel artificial membrane permeability 

assay (PAMPA), validated with rifamixin and chloramphenicol (CAF), revealed low apparent permeability 

(P ) for compound 1 at physiological pH as expected for polycationic compounds (Tab. 8). Caco-2 

permeability assay was also performed since it is known from literature that endogenous substances, 

bearing guanidines and amines, could cross the membrane benefiting from apical transport mechanisms, 

like H+ antiports and P-glycoprotein G (P-gp), and the less investigated basolateral ones. The Papp apical-

to-basolateral (P and basolateral-to-apical (P  were found very low (Tab. 8), indicating 

that the AGUs hit compound was not absorbed through passive diffusion, paracellular permeation or 

active transport. These evidences outlined a low oral bioavailability that can be overcame by intravenous 

administration.185 
Table 7. Preliminary ADME data collected for hit compound 1.185 

 
a The human liver microsome stability is expressed as a percentage of the unmodified parent drug. b The human liver 
microsome stability is expressed as a percentage of the unmodified parent drug. Aqueous solubility was determined by means 
of the LC-MS method. c Distribution coefficient 1-octanol/ TRIS buffer pH 7.4 . d Kd and Bmax values are measured by 
means of the indirect fluorescence method. 
 
 
Table 8. Permeability studies of compound 1 (PAMPA and Caco-2 cell line experiments and efflux ratio). Rifamixin and CAF 
(low permeability) as reference compounds for PAMPA. Atenolol (low permeability) and propranolol (highly permeable 
compound), as reference compounds for Caco-2 cells. 

 
 

e A, apical; B, basolateral; Papp(A>B)  is the Papp in the apical-to-basolateral direction. f  B>A/A>B is the ratio of the basolateral-
to-apical and the apical-to-basolateral permeation rate. Results are obtained from the average values of Papp (A>B) and Papp (B>A). 
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2.4 Searching for SARs by molecular simplification 

As previously described, the development of the first AGUs series revealed interesting preliminary 

information about the SARs features. Particularly, the optimal spacer length was established to be eight 

methylene groups and the nature of the guanidino substitutions did not affect significantly the 

antibacterial profile. Structurally isomerism proved to have a potential relevance on the inhibitory activity, 

and thus the position of the guanidino substitutions could play a key role in potency. However, these 

evidences were only preliminary findings and the data collected about the putative MoA and SARs 

analysis, were not exhaustive or conclusive enough to guide a rational design of novel analogues.193 

Moreover, the synthetic pathway built up to achieve the first AGUs derivatives was limited by the high 

degree of complexity and by the number of reaction steps. Particularly, the guanylation procedures and 

the coupling with the secondary amines to furnish the central urea, took up to 48 hours and the 

purification of intermediates resulted not trivial.185,194 Thus the research group resorted to a chemical 

strategy, generally involved in the design of compounds acting on unknown targets or binding modes 

and common to several natural products derivatives, the structural simplification.193 In fact, the concept 

of molecular simplification, as a drug design strategy, could be useful to shorten the synthetic route, while 

trying to understand the chemical features required for biological activity.195 This approach consist in 

reducing the high molecular weight of a compound, dissecting step-by-step its original chemical 

structure.193 Therefore, the molecular simplification strategy benefits from more accessible syntheses and 

improved drug-like properties, enhancing positively the balance between pharmacological activity and 

toxicity issues.196 

Thus, leaving the central urea moiety unvaried, due to its well-known capability to form stable HBs with 

biological targtes,197 four classes of novel AGUs were synthesized. In Tab. 9 are schematically resumed 

all new analogues for each chemical class, with their general formulas and some representative derivatives 

chemical structures. The design of each class has been inspired by a parent compound, listed in the table. 

First, six derivatives were designed, characterized by the removal of the N-substitutions on the urea 

function (arm-removed series). Compound 7 was selected as model compound for this structural 

simplification, being a totally symmetric compound. One, two or three alkylguanidino arms were replaced 

with hydrogens or methyl groups, furnishing tris-, bis-, or mono-substituted ureas (17-22).193 

Then, the guanidino moiety was shut down and completely truncated from the selected parent compound 

7 (guanidino turned-off series), leaving the octyl linker unsubstituted and deprived of its guanidino function 

(23-27). Furthermore, the encouraging biological results collected for derivative 23, bearing only one 

guanidine turned-off octyl linker, drove us also to investigate the length of the alkyl chain of the truncated 

spacer (compounds 28-31).  

 



Table 9. Schematically representation of novel AGUs derivatives. Parent compounds that inspired the design of these 
derivatives, along with their structural characteristics and general formulas are listed in the table. All compounds were obtained 
as trifluoroacetate salts. 
 

 
A (blue) and B (green) represent urea substituents characterized by an 8-methylenes spacer and a terminal cyclopropylmethyl 
(A) or unsubstituted (B) guanidino moiety. 
C (cyan) and D (dark green) represent urea substituents characterized by a 6-methylenes spacer and a terminal 
cyclopropylmethyl (C) or unsubstituted (D) guanidino moiety. 
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Then, the amidino part of the guanidine moiety was cut off (amidino-cut off series) from the selected parent 

compound 10, being a symmetrically unsubstituted tetraguanidino derivates. This simplification furnished 

derivatives with one, two, three or four primary amines (32-36) and also in this case, the length of the 

alkylamine spacer was investigated (37). In the end, the number of cyclopropylmethyl-substituted 

guanidines on hit compound 1 was investigated by designing derivatives 38 and 39 (traditional series). 

 

2.4.1 Arm-removed series 

The design of arm-removed series led to less substituted ureas compared to the firs AGUs series. 

Switching to tris-, bis-, mono-substituted ureas could change the topological polar surface (tPSA) of 

compounds, increasing the number of hydrogen bond donors (HBD) and acceptors (HBA), allowing 

more interactions with pharmacological targets. However, this strategy involves also the reduction of 

both the lipophilic part of the molecule, namely the polymethylene linker, and also the polycationic 

terminals endowed with guanidino moieties that play a key role in bilayer interactions. This could led to 

a decrease of molecular hydrophobicity (calculated partition coefficient, clogP), HBD + HBA and tPSA.  

As reported in Tab.10, the biological activities of derivatives 17-22 reflects all these evidences. In fact, 

only the tri-N-substituted derivative 17 retains a certain activity on all the tested strains, particularly on B. 

subtilis, S. pyogenes, and S. epidermidis. The antibacterial profiles of other tris- and bis-substituted ureas 

analogues resulted worsened compared to that of their parent compound. Remarkably, compound 20 

(Fig. 11), being a monosubstituted urea analogue, showed an interesting and enhanced antibacterial 

profile, on both Gram-positive and Gram-negative strains, compared to its parent compound.193 

 
Table 10. MICs [ g/mL] of arm-removed derivatives and their parent compounds, on Gram-positive and Gram-negative 
representative strains. MICs are expressed as the average values calculated from experiments performed at least in triplicate. 
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19 8 16 2 - 16 32 32 128 128

20 1 1 1 - 0.5 2 1 16 16

21 32 64 8 8 - 128 128 > 128 > 128

22 64 64 128 - 32 128 128 > 128 > 128

Colistin - - - - - 0.5 0.5 1 0.5

Vancomycin 0.5 1 1 - 0.5 - - - -

Daptomycin 1 1 0.5 - 0.12 - - - -



 
Figure 11. Molecular Structure of compound 20, the most promising derivative from arm-removed AGUs series. 

 

Furthermore, derivatives 21 and 22, endowed respectively with one or two methyl groups as urea 

substituents, exherted a worsened activity profile when compared to that of the corresponding 

demethylated derivatives (19 and 20), outlining the key role of the urea HBD capability. 
 

2.4.2 Guanidino-turned off series 
 

The interest in investigating the guanidine role in AGUs derivatives relies in the enormous chemical and 

biological portfolio of functionalities in both natural and synthetic fields.149 

Given all the advantageous properties of guanidino functional groups,198 their progressive removal from 

the AGUs structure could allow us to understand how many of these groups are essential for biological 

activity. Moreover, truncating the guanidines from the alkyl spacer, the HBD capability dramatically 

decreased along with an increase in clogP.193 The collected data from biological evaluation are listed in 

Tab.11. 

 
MICs [ g/mL] of guanidino-turned off derivatives and their parent compounds, on Gram-positive and Gram-negative 

representative strains. MICs are expressed as the average values calculated from experiments performed at least in triplicate. 
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31 1 2 1 4 - 4 8 32 64

Colistin - - - - - 0.5 0.5 1 0.5

Vancomycin 0.5 1 1 - 0.5 - - - -

Daptomycin 1 1 0.5 - 0.12 - - - -



Turning off the guanidino moieties in AGUs compounds proved to be generally detrimental for MIC 

values towards all tested bacterial strains. An exception is represented by the tris-guanidino endowed 

derivative 23, that showed a slightly improved profile compared to the parent compound 7, maintaining 

a similar antibacterial spectrum to that of the hit compound 1. On the other hand, truncating two (24 and 

25), three (26), or all (27) guanidino moieties resulted in a significant worsening or loss of antibacterial 

activity. However, encouraged by the biological results collected for derivative 23, different chain lengths 

were designed, furnishing derivatives 28-31. This tris-guanidino derivatives endowed with different chain 

lengths exhibit good antibacterial profiles, retaining the MICs of the parent compound 23 either on 

Gram-positive or on Gram-negative strains.193 

Overall, the arm-removed and the guanidino-turned off series provided interesting SARs consideration about 

the number of positive electrostatic charges required for the activity. Three-charges endowed compounds 

(17, 23 and 28-31), displayed high potency, while divalent one (18, 19, 21, 24 and 25) showed a moderate-

low activity. In the end, monocharged and/or neutral derivatives (22, 26 and 27) were found almost or 

totally inactive.  

2.4.3 Amidino-cut off series 

The role of primary amines was also investigated by cutting the aminidino portion of the guanidino 

moiety. Like guanidines, primary amines are protonated at physiological pH but the number of hydrogen 

bondings decreases dramatically. For this series, derivative 10, characterized by four unsubstituted 

guanidines, was chosen as parent compound due to the great difference with the corresponding free-

amino derivatives in terms of the number of hydrogen bonds.  In fact, for each unsubstituted guanidine-

amine switch, there is a lack of two hydrogen bond donors and two acceptors.  

Beyond the HB capability, another effect of the replacement of guanidines with amines was considered. 

In fact, larger Kass for phosphate-bearing molecules were estimated for guanidinium than for primary 

ammonium,182 hence a lower antibacterial activity of polyamines would be expected when compared to 

AGUs.193 

Amidino-cut off and their biological profiles are listed in Tab.12. Evaluating the collected data, mono- 

and diamino-eight membered ureas derivatives (32-34) displayed an interesting antibacterial profile 

compared to the parent compound 10, particularly on B. subtilis, S. pyogenes, S. aureus and E. coli. On the 

contrary, polyamines 35 and 36 resulted overall less active than 10. Whereas, six-membered diamino ureas 

37 was found almost inactive.193 

Overall, switching one or two guanidines with primary amines seemed to improve the activity on selected 

bacterial strains, highlighting that the activity could be related also to specifical bacterial features that 

characterize each strain.  

 



Table 12. MICs [ g/mL] of amidino-cut off derivatives and their parent compounds, on Gram-positive and Gram-negative 
representative strains. MICs are expressed as the average values calculated from experiments performed at least in triplicate. 

2.4.4 Traditional series 

Hit compound 1 was chosen as parent compound for the design and synthesis of traditional series 

derivatives 38 and 39. In fact, the impact of substitutions on guanidines was evaluated. Hence, derivative 

38 bearing three N-cyclopropylmethyl guanidines, and derivative 39, endowed with only one N-

cyclopropylmethyl guanidine, were synthesized. Compound 38 showed a slightly worsened profile 

compared to hit compound 1, whereas compound 39 displayed an interesting antibacterial profile with 

an enhanced inhibitory activity towards almost all the tested strains compared to hit compound 1, while 

maintaining unvaried MICs on B. subtilis and P. aeruginosa strains. Biological data collected are reported 

in Tab. 13.193 
MICs [ g/mL] of traditional derivatives and their parent compounds, on Gram-positive and Gram-negative 

representative strains. MICs are expressed as the average values calculated from experiments performed at least in triplicate. 
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2.5 The impact of trifluoroacetate counterion: synthesis of the hydrochloride derivative. 

he whole AGUs were obtained and tested as trifluoroacetate salts. Therefore, in order to investigate the 

impact of the counterion on the biological activity, compound 40 (Fig. 12) was synthesized. 

Briefly, all the reported synthetic routes for AGUs derivatives relies on the tert-butoxycarbonyl (Boc) 

protecting group, particularly to enhance the accessibility and handling of AGUs synthetic intermediates. 

Hence, final Boc-cleavage were performed in trifluoroacetic acid (TFA) solutions and compounds were 

thus generally endowed with guanidines bearing trifluoroacetate (TF-Acetate) counterions.  

To evaluate the impact of TF-Acetate counterion, a different salt analogue of hit compound 1 was 

achieved, compound 40, bearing an hydrochloride counterion.199  

 

Figure 12. Molecular structure of compound 40, the hydrochloride derivative of hit compound 1. 

The presence of residual TFA or TF-Acetate anions are known to interfere with cellular assays by 

inhibiting cell proliferation or favoring cell viability unspecifically.200–202 Moreover, in view of in vivo 

experiments and potential application in clinical tests, a protocol to prepare more pharmaceutically 

suitable salts was developed by the research group.199  

Briefly, first attempts involved the final Boc-cleavage with concentrated hydrochloride acid in dry 

dioxane203 or preparation of the acid in situ with an acetyl chloride/dry methanol solution.204 However, 

the obtained final products did not respect the acceptable purity for biological evaluation (>95%). 

Therefore, the TF-Acetate salt was converted into the chloride corresponding form by stirring a methanol 

solution with an anion-exchange resin, the Amberlite IRA 400 resin chloride form,205–207 furnishing the 

desired compound 40. The conversion was checked by fluorine 19F-NMR spectrometry, that actually 

revealed the disappearing of the characteristic signal of TF-Acetate anions.199 

Generally, no significant evidences could emerge by testing a compound as different organic or inorganic 

salt forms. However, moderate discrepancies could be highlighted for antibacterial agents when tested as 

salt form of different counterions,208,209 even though the changes in MIC values were fond not higher that 

2-fold and can be conventionally accepted as not significant differences.210–212 This motivation relies on 

the difference in terms of molecular weights of hydrochloride and TF-Acetate forms, being MICs 



reported as g/mL, thus could not be considered as a direct influence of the counterion type on 

antimicrobial activity.210 

Therefore, antibacterial activity of compound 40 will be evaluated and the discrepancies in terms of 

biological profile are expected not significant compared to the TF-Acetate parent compound 1.199 

 



3. Aim of this work 

The majority of current antibacterial drugs hit old well-acquainted targets and bacteria have already 

developed resistance strategy for them. Therefore, there is a rising interest in discovering new classes of 

bioactive compounds exhibiting novel mechanisms of action. 

Encouraged by the interesting SARs considerations collected with first series of AGUs185,194 and with the 

molecular simplification strategy,193 during my PhD work we decided to better investigated some other 

chemical features that could result crucial for the activity of this polycationic antibacterials. 

The synthetic strategy, that was recently developed and reported by the group,193 was based on 

Fukuyama’s approach for polyamines preparation.213–215 Briefly, the achievement of orthogonally 

protected polyamine ureas in large amount, bearing azido and trityl (Tr) groups, proved to be helpful for 

the preparation of several derivatives, benefiting from subsequent and selective removal of the N-

protecting groups, followed by appropriate N-guanylation reactions at the end of the synthetic route.193 

Thanks to this fruitful divergent approach, new AGUs derivatives could be thereby prepared in a more 

accessible and versatile way, with high yielding steps, since the synthetically challenging guanylation 

reactions could be performed at the end of the pathway. 

 

3.1 Synthesis of derivatives of compound 1: varying the chain lengths, symmetry and N-
substitutions 
 

SARs collected for the first series of AGUs outlined that the optimal biological activity was achieved 

when the alkyl spacer was composed by eight methylene. Increasing the number of carbon atoms from 

8 to 10 or decreasing it to 6, resulted in a consistent fall of activity.185  

Hence, we decided to investigate additional chain lengths to fill the gap in the AGUs library. Thus, the 

synthesis and the biological activities of new analogues, endowed with either seven or nine carbon atoms 

alkyl spacers (compounds 41 and 42, Fig. 13) will be discussed. 

 

Figure 13. Molecular structures of new analogues of compound 1, derivatives 41 and 42, endowed respectively with seven or 
nine methylene alkyl spacers. 

 

Furthermore, biological data displayed by first AGUs derivatives suggested that the symmetry and the 

position of the N-substituted guanidine on the alkyl spacer could play a key role in the antibacterial 



activity.185  Thus, derivatives 43-46 (Fig. 14) were synthesized to gain a deeper understanding about the 

effect of asymmetric methylene linkers on the molecule and the hydrocarbon distance, between the urea 

and the guanidino functionalities, required for activity. 

 

 

Figure 14. Molecular structure of derivatives 43-46 endowed with asymmetric chain lengths. 

 

The kind of N-substitution on guanidine moieties seemed to not affect significantly the antibacterial 

activity.185 Hence, we directed our chemical efforts towards the synthesis of novel AGUs derivatives to 

define more accurate SARs. With this purpose, compounds 47a-m and 48a-b were designed (Fig.15), to 

evaluate the role of guanidine moiety and the impact of N-substitutions involving saturated or 

unsaturated alkyl moieties, non-polar and polar functional groups, that were selected either considering 

their steric effects or their electronic contributions.  

 
 

Figure 15 Molecular structure of derivatives 47a-m and 48a-b endowed with different N-substitutions or azido moieties to 
replace guanidines. 
 
 
 



3.2 Synthesis of derivatives of compound 20: the impact of N-substitutions and the length of the 
alkyl spacer on the biological activity 

As previously outlined, compound 20 proved to be the most active of the arm-removed series in the AGUs 

library. Encouraged by this interesting evidence and by its promising antibacterial profile,193 we focused 

on the synthesis of a small library of derivatives. 

Briefly, being the synthetic route of compound 20 easy and accessible, with few high yielding steps we 

synthesized derivatives 49-54 (Fig.16). 

Since the effect of substitutions on the urea moiety was already investigated by designing compound 22, 

bearing a methyl group with a worsened antibacterial profile,193 we directed our chemical efforts towards 

the synthesis of different N-alkyl guanidino analogues (50-54, Fig. 16). 

Moreover, the hydrocarbon distance between the guanidino group and the urea functionality was also 

evaluated, designing derivative 49 endowed with a different chain length (Fig. 16). 

 

Figure 16. Molecular structures of derivatives 49-54 as analogues of compound 20. 

 

3.3 The role of urea moiety: unsuccessful attempts to achieve the thiourea derivative 

The whole AGUs library, along with new derivatives synthesized and presented in this work, were 

achieved leaving unvaried the urea functionality. This relies on the enormous number of urea containing 

bioactive compounds, including a variety of clinically approved therapies. Indeed, urea functionality has 

been widely employed in medicinal chemistry and drug discovery, to establish crucial drug-target 

interactions and fine-tune important drug-like properties.197 Moreover, urea-endowed compounds have 

also been reported in literature as antimicrobials and more specifically antibacterial agents.216 

Concerning the putative AGUs mode of action, we supposed that the urea functionality could be also 

crucial to establish additional HB interactions with bacterial membrane as another contact point with the 

bilayers, thus an useful strategy to assess its role in biological activity could be its replacement with a 

thiourea functionality. In fact, switching from oxygen to sulfur, HB between thiourea and other bioactive 

components could involve only two hydrogen bond acceptors provided by the coplanar nitrogen atoms, 

whereas urea functionality could benefit also from another additional HBA represented by the oxygen. 



Therefore, several synthetic attempts were made to achieve this potentially interesting derivative. 

Unfortunately, challenging synthetic routes, along with several undefined byproducts and impurities, 

limited significantly the handling of the synthetic intermediates and thus preventing the achievement of 

the desired compound. 

The synthetic attempts will be discussed in results and discussion part of this thesis. 

 

3.4 AGUs MoA investigation 
 

Compounds 1, 20 and 39 were selected for further and deeper investigations about the MoA of AGUs, 

as their antibacterial profile and chemical diversity resulted very promising. Hence, the synthesis of this 

three compounds was performed to achieve larger amounts for biological assays. 

Given the complexity of membrane-active agents MoA evaluation,116 the first approach we selected to 

investigate their mode of action was resorting to artificial and simulated model membrane.  

Thus, LUVs endowed with bacterial phospholipids were employed to assess the AGUs interactions with 

artificial bilayers, that were monitored through the versatile and easily accessible UV-spectroscopy. Then, 

traditional PAMPA experiments were performed, both with mammalian and bacterial phospholipids, 

along with a modified PAMPA protocol, involving scarce permeable molecule, like caffeine ad CAF, as 

probes for evaluation of membrane damage. Furthermore, MD simulations provided interesting and 

additional information about the chemical features required for the interaction with the membranes. 

Cell-based assays were also needed to validate the analytical and computational protocols since, being 

experiments on model membranes, they could not furnish exhaustive and conclusive data about the 

mechanism of action. Hence, permeabilization assays were performed exposing three Gram-positive 

representative strains, B. subtilis ATCC 6633, E. faecalis ATCC 29212 and S. aureus ATCC 25923, and three 

Gram-negative ones, A. baumannii ATCC 17978, E. coli MG1655 and P. aeruginosa ATCC 27853, to AGUs 

selected derivatives. The uptakes of two fluorophores, namely SYTO9 and propidium iodide (PI), were 

monitored to evaluate potential loss of membrane integrity. 

In fact, the green-fluorescent dye SYTO9 could permeate all bacterial cells, whereas PI enters only cells 

presenting damaged membranes, resulting in a red fluorescence emission upon intracellular DNA 

binding.217 Moreover, loss of membrane integrity was also additionally confirmed by confocal laser 

scanner microscopy (CLSM). 

In the end, hemolytic activity of test compounds was considered as a means of assessing cytotoxicity of 

AGUs derivatives. 

 

 

 



3.5 The effect of counterions on AGUs antibacterial properties 

An estimated 50% of all drug molecules are generally administered as salts. This evidence indicates that 

the salification, or salt formation, of a drug substance could be a crucial step in drug development.218  
As previously outlined, the research group already focused his efforts on investigating the role of the 

counterion on the biological activity, since the whole library has been obtained as TF-Acetate salt form. 

Following this purpose, compound 40, the hydrochloride salt analogue of hit compound 1, was prepared 

to exploit this chemical feature.199 

Herein we also reported the synthetic attempts to achieve the free-base derivative of 1, compound 55 
(Fig.17), and the biological comparison of activity profiles of 1, 40 and 55. In fact, it is noteworthy that 

the selected counterions do not have to alter the biological profile of the parent drug candidate.219 Hence, 

we decided to evaluate the antibacterial activities of these two new analogues considering them as new 

chemical entities. 

 

Figure 17. Molecular structure of the free-base analogue of compound 1, derivative 55. 



4. Results and Discussion 
 

4.1 Chemistry 
 

4.1.1 Preparation of derivatives 41 and 42: varying the chain length 
 

Several preparation methodologies are reported in literature to achieve symmetrical tetrasubstituted urea 

derivatives. Among them, different approaches involve the use of phosgene and its safer derivative 

triphosgene, as they could provide high yielding and scalable reactions.220 In the past, the research group 

selected the latter approach to afford N-carbamoyl derivatives of properly synthesized secondary amines, 

that were then coupled with the same or different secondary amines through a nucleophilic addition and 

subsequent elimination, to furnish the desired ureas. The followed retrosynthetic approach is showed in 

Fig. 18. 

 
 

Figure 18. Retrosynthetic plan for AGUs derivatives. 
 

The synthetic procedure adopted for the preparation of compounds 41 and 42 was already reported by 

the research group.185,186 Briefly, the route was based on the subsequent two guanylation steps with 

properly commercially available or synthesized N-substituted S-methyl or 1H-pyrazolecarboxamidine 

guanylating agents, respectively, on a triamine derivative. Then the N-carbamoyl derivative of this bis-

guanylated monomeric unit could be prepared and then coupled as previously described. Unfortunately, 

triamine derivatives endowed with 7 or 9 carbon atoms are not commercially available, thus a suitable 

synthetic strategy have been developed and optimized by the group to afford these intermediates. 

In Scheme 1 the synthesis of derivatives 41 and 42 is summarized. 

Briefly, commercially available 1,7-dibromoheptane and 1,9-dibromononane are reacted with sodium 

azide to furnish bromoazides 56a-b. A bis-alkylation of benzylamine with 56a-b is performed to obtain 

diazide derivatives 57a-b. Subsequent reductions of the azido moieties with a Staudinger protocol afford 

diamine derivatives 58a-b in quantitative yields. Then, a debenzylation of the central amine is 



accomplished through an acid-catalyzed hydrogenation over palladium, furnishing the triamine 

derivatives 59a-b. 

 
Scheme 1. Preparation of compounds 41 and 42. 

 
 

Then, triamine derivatives 59a-b are subjected to a bis-guanylation, first with the commercially available 

1,3-Bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea, and then with the properly synthesized 

compound 61, whose synthesis have already been reported and described by the group.185,186 The 

monomeric derivative 62a-b are then submitted to a carbamoylation reaction to afford the corresponding 

N-carbamoyl chloride derivatives 63a-b which are then coupled with intermediated 62a-b to furnish the 

tetraguanidino urea derivatives 64a-b. A final deprotection with TFA allow the cleavage of Boc protecting 

groups and the achievement of compounds 41 and 42 as TF-Acetate salts. 

Characterizations of derivatives 56-62a have been already reported by the group199 and will not be 

described in the material and methods section. 

 
 
4.1.2 Divergent synthesis as a tool to achieve novel AGUs derivatives 
 

To improve the efficiency of AGUs chemical synthesis, a divergent approach was previously developed 

and optimized by the research group. Briefly, divergent synthesis aims to generate a key intermediate, 

namely the central core of the molecular structure, from which successive generation of building blocks 



could be added. Thus, divergent synthesis proved to be an effective strategy to quickly access to derivative 

libraries, focusing on chemical skeletal diversity.221 

Previously reported procedures for AGUs preparation consisted of very polar intermediates whose 

purification resulted not trivial.185,186 Indeed, the first series of AGUs derivatives were obtained through 

the final coupling reactions between already bis-guanlylated substrates.185,186 Moreover, the overall yield 

of final compounds was limited by the challenging guanlyation reactions and purifications.185 

Hence, to improve the handling of the synthetic pathways, the research group resorted to the Fukuyama’s 

strategy for polynitrogenated alkyl compounds.215,222 Following this approach, a tetrasubstituted urea 

orthogonally protected could be achieved, in large amounts, as key intermediated to provide further 

derivatization at the end of the synthetic route.193 

As orthogonal protecting groups for amines, azido, p-Nosyl (p-Ns) and trityl groups were selected, since 

they resulted easy to cleave in a selective way and could provide the proper lipophilicity to favor the 

purification and isolation of the key intermediate. In fact, the previously required triamine, whose 

synthesis resulted fundamental as not commercially available, has been now converted in a tri-protected 

substrate, where the primary and secondary amine moieties are masked as azido, nosyl or trityl amine 

functional groups. Following this approach, the key tetrasubstituted urea is now endowed with 

strategically protected and orthogonally cleavable amines: indeed, azido moieties could be converted 

through simple hydrogenation heterogeneously catalyzed or by Staudinger reaction with milder 

conditions into the corresponding amines, whereas trityl group could be cleaved in acid environment. 

Therefore, this approach proved to fruitful to obtain a wider variety of new AGUs derivatives presenting 

interesting chemical diversity. 

 

4.1.3 Preparation of derivatives 43-46 endowed with asymmetric alkyl spacers 
 

First AGUs SARs previously collected pointed out that structural symmetry could play a key role in 

antibacterial activity. In fact, compound 11, showed a worsened antibacterial profile compared to its 

parent compound 1, proving that the structural inversion operated actually affected the potency and the 

activity. This results encouraged us to deeper investigate this chemical feature and thus derivatives 43-46 

were designed, being ureas endowed with asymmetrical arms with different chain lengths. 

The innovative synthetic strategy optimized by the group proved to be very helpful for this purpose. 

Scheme 2 shows the synthesis of the key intermediate 70a-b. Briefly, the amino moieties of proper 

commercially available diamino alkane are submitted to two subsequent protection, first with trityl 

chloride and then with p-Nosyl chloride to afford with high yield derivatives 66a-b. 

 

 



Scheme 2. Synthesis of the key intermediate 70a-c. 
 

 
 

The nosyl strategy was conceived to promote the N-alkylation with the bromo azide 65, which synthesis 

has been widely reported by the group185,223 and thus will not be discussed. Moreover, being an hindering 

protecting group, nosyl moiety prevents also from bis-alkylation. Hence, the furnished derivatives 67a-b 

are then submitted to a selective cleavage to free the central secondary amine, affording derivatives 68a-
b. Briefly, the deprotection of Ns groups involve the addition of a thiolate on the sulfonyl-bearing carbon, 

promoting the formation of the Meisenheimer complex (Fig. 19). The following elimination of sulfur dioxide 

provides the free amine as desired (Fig. 19). 

 

 

 
Figure 19. Mechanism of Ns group cleavage.224 

 



Carbamoyl chlorides 69a-b are obtained by reacting 68a-b with triphosgene. Then, the coupling with the 

corresponding amines 68a-b could occur, furnishing with high yields the orthogonally tetra-protected 

urea intermediate 70a-c (Scheme 2).  

 
Scheme 3. Synthesis of asymmetrical derivatives 43-46. 

 

Cleavage of trityl groups could be performed in acid environment using a 5% solution of TFA in 

dichloromethane (DCM), then the proper guanylating agent (GA) between the commercially available 

N,N-DiBoc-1H-pyrazolecarboxamidine or compound 61, is selected for the first guanylation step (71 a-
d, Scheme 3). Conversion of the azido moieties in the corresponding amines is achieved by catalytic 

hydrogenation with palladium hydroxide on carbon, then second guanylation with the suitable GA is 

performed to obtain derivatives 72a-d. Final deprotection with TFA furnish the TF-Acetate salts 43-46. 

 

4.1.4 Preparation of derivatives 1, 47a-m and 48a-b: the role of the guanidine moieties and their N-substitutions 
 
Investigation on AGUs MoA required larger amounts of hit compound 1 and its interesting derivatives 
20 and 39. Thus, the new divergent synthetic strategy revealed to be useful to achieve 1 in moderately-

high quantity, compared to the previous reactions plan. 

Moreover, preliminary investigations about the role of the substitutions on guanidine moieties provided 

flat SARs and almost all equipotent derivatives (2-16, Tab. 4). Thus, we decided to get a deeper 

understanding of this chemical features by synthesizing compounds 47a-m (Scheme 4).  

Proper substituents were selected according to their contributions in terms of electronic or steric effects 

and to their hydro-/lipophilic balance. 

First, cyclopropylmethyl group of hit compound 1 was spatially deconstructed or simplified, furnishing 

linear and/or branched N-substituted guanidino derivatives. Hence, 1-propyl (47a), 2-propyl (47b), 1-

butyl (47c), 2-methyl-1-propyl (47d), and but-2-en-1yl (47e) compounds were synthesized (Scheme 4). 

Then, a cycloalkyl substituent was embedded, due to its ability to establish larger hydrophobic interactions 

with lipophilic counterparts (47f).225 Furthermore, a geranyl chain was also selected as a representative 

unsaturated substituent, giving its known antimicrobial activity (47g).226,227 



In the end, substituents endowed with different degrees of polarity were explored, achieving polar (47h 
and 47i, Scheme 4) and apolar (47l and 47m, Scheme 4) analogues. 

 

Scheme 4. Synthesis of derivative 1, 47a-m and 48a-b. 

 

Additionally, the role of guanidine moiety itself was evaluated. Indeed, starting from the synthetic 

intermediates 73 and 74 (Scheme 4), derivatives 48a and 48b were respectively obtained. Hence, two 

guanidines are replaced by azido moieties to ultimately confirm if the number of charges are strictly 

relevant for the potency. 

Briefly, the previously described key intermediate 70c, bearing eight methylene alkyl spacers, is first 

detritylated and then guanylated with the proper guanylating agent, either the commercially available N,N-

DiBoc-1H-pyrazolecarboxamidine or compound 61, to afford respectively derivatives 73 and 76. 

The bis-guanylated compounds 73 and 76 are then treated with TFA to afford respectively compounds 

48a and 48b, after cleaving Boc protecting groups. Intermediate 73 has also been used as starting material 

to prepare derivatives 47a-m and 1. In fact, through this optimized synthetic approach, hit compound 1 

has been obtained in larger amount, in order to perform MoA investigations. Hence, after palladium-

catalyzed hydrogenation of azido moieties, the second guanylation could occur using the properly 

synthesized guanylating agents GAa-m or 61, furnishing derivatives 74a-m. In the end, final compounds 

47a-m and 1 are furnished as TF-Acetate salt after Boc-cleavage in acid environment. 

Guanilating agents GAa-m (Scheme 5) are obtained by reacting N,N-DiBoc-1H-pyrazolecarboxamidine 

with the suitable alcohol under Mitsunobu conditions. Compound GAe has been already characterized 

and reported by the group,228 thus will not be described in the experimental session of this thesis.  



 
 

Scheme 5. Synthesis of guanylating agents GAa-m. 

 
 

 

 

4.1.5 Synthesis in larger scale of compound 39 
 

As previously mentioned, MoA investigations required hit compound 1, but also derivatives 20 and 39, 

in larger amount to perform different analytical and cell-based assays. 

The synthtetic route to achieve compound 39 is resumed in Scheme 6 and has been already reported by 

the group,193 thus intermediates will not be characterized and discussed in this work.  

Briefly, commercially available 2-nitrobenzenesulfonamide is submitted to a bis-N-alkylation with 

bromoazide 65, affording the nosyl amine 77. After sulfonamide cleavage with sodium methanethiolate 

and subsequent carbamoyl formation, derivative 78 is obtained. Secondary amine 68b, bearing one azido 

moiety and one trityl group, is now coupled with 78. Hence, the selected key intermediate to obtain 39 is 
a tetrasubstituted urea bearing three azido moieties and one trityl group, that can be selectively cleaved, 

freeing the amine, which is subsequently guanylated, affording derivative 79. 
Azido moieties are then reduced in the corresponding primary amines resorting to a palladium-catalyzed 

hydrogenation and after second guanylation and final Boc-cleavage with TFA, compound 39 is obtained. 

 

 
 



 
 

Scheme 6. Reported synthesis for compound 39.193 
 

 

 

4.1.6 Failed synthetic attempts to achieve compound thiourea analogue1 
 

Shedding light on the role of urea functionality in AGUs antibacterial profiles prove to be an interesting 

option to get a deeper understanding about the chemical features required for the activity. For this 

purpose, the thiourea derivative was conceived. Notably, the synthesis and the antibacterial studies of 

thiourea derivatives endowed with antimicrobial activity have been widely reported in literature.229  

Investigations concerning its potential role in membrane-active antibacterials revealed that C=S and N-

H groups in thiourea moieties can be easily protonated under acidic conditions and react with the 

carboxyl and phosphate groups of the bacterial surface, contributing to enhance the antibacterial 

activity.230,231 Moreover the incorporation of alkyl chains as substituents in thiourea derivatives proved to 

exert interesting biological properties.232,233 Indeed, the presence of long alkyl chains were reported to 

improve the biological profile of thiourea derivatives.234 

However, the challenging design of a suitable synthetic approach limited so far the achievement of the 

desired thiourea analogue. In Scheme 7 are summarized several failed attempts that outline the synthetic 

inaccessibility of this compound. 

Briefly, first strategy involves the use of a thiation agent, namely the Lawesson’s reagent,235 to convert 

either the urea 70c or 75 into their thio analogues. Unfortunately, both reactions display only a mixture 

of byproducts difficult to identify, along with starting material degradation that occurs mainly with 

tetraguanylated urea 75. 



Then, the azido/trityl amine 68b is first converted into its thiocarbonyl imidazole derivative 83 with very 

poor yield and subsequently coupled with the amine counterpart. During this reaction only degradation 

of the imidazoyl derivative 83 is observed but no coupling occurs. 

Inspired by the Tomkinson’s approach,236,237 compound 68b is converted into the dithiocarbamic acid 84 

with very good yield and then coupled with the nosyl amine 67b. The supposed mechanism of reaction, 

that has been hypothesized relying on Tomkinson’s approach, is reported in Fig. 20. 

 
Scheme 7. Synthetic attempts to achieve the thiourea derivative of 1. 

 

 
 

Therefore, the thio nucleophile 84 displays an ipso attack to form the initial Meisenheimer complex type 

which, after loss of sulfur dioxide, gives the final thiourea derivative in a deprotection/functionalization 

sequence (Fig. 20). However, only the deprotected amine and the nosyl byproduct are observed but no 

coupled thiourea is formed. 

 



Figure 20. Hypothesized mechanism of reaction according to Tomkinson’s approach. 
 

Final approach we resort is the formation of the thiocarbamoyl derivative 85, that occurs with moderate 

yields using thiophosgene. Then 85 was coupled with 68b affording thiourea 81 as desired. However 

further functionalizations of compound 81 promote the formation of several unknow byproducts, 

challenging to isolate and identify, along with degradation of starting materials. Thus, the achievement of 

the thiourea analogue of 1 failed. Moreover, the formation of the thiocarbamoyl derivative 85 lacks in 

reproducibility. In fact, while performing the reaction under controlled conditions in terms of 

temperature, exposure to light and/or air, inert atmosphere and time, the reaction outcome results not 

reproducible, due to degradation of thiocarbamoyl chloride, along with the rapid formation of several 

byproducts (Table 14). Among them, the major byproduct is supposed to be the thiuram oxides 86 

(Figure 21).  

Figure 21. Hypothesized mechanism of thiuram oxide formation. 

Briefly, a recurring unidentified dimer has been isolated during the thiocarbamoyl formation reaction. 

According to literature,238 thiocarbamoyl chlorides could react with alcohols or water, furnishing the 

corresponding carbamothioic acid, which could afford thiuram oxide 86 after coupling with 

thiocarbamoyl chloride 85. Although the reaction with thiophosgene was performed under inert 

atmosphere, the detected LC-MS signals and the 1H-NMR spectra collected for the isolated byproduct 86, 

seems to confirm that the formation of the thiuram oxide could occur. 

As a further proof, 86 has been synthesized according to the synthetic pathway presented in Scheme 8. 

Hence, the amine 68b was converted into its corresponding thiocarbamic acid and then coupled with the 

carbamoyl chloride 69b in a one pot-two step protocol, as reported in literature.239,240  



 

Scheme 8. Synthesis of derivative 86. 

 
Experimental analytical data collected were consistent with those of the isolated byproduct (Figure 22). 

This evidence could properly explain the observed rapid consumption of the thiocarbamoyl chloride and 

the formation of several byproducts during the reaction. Moreover, 85 revealed to be also air-sensitive, 

since desulfuration after air exposure is observed (entry 8, Table 14). The formation of this unknown 

derivative occurs not only in DCM, but also when the reaction is performed in anhydrous toluene or 

tetrahydrofuran (THF) (entries 4-5, Table 14). Presumably, traces of water in solvents or poorly dried 

glassware could have contributed to this transformation. Even though the structure of this derivative has 

not been completely confirmed, this evidence outlines the instability of thiocarbamoyl chloride 

intermediate and thus the resulting scarce handling of this substrate. 

 
Table 14. failed attempts to achieve compound 85. 

 
 

 

Entry Solvent Base Temperature Exposure Time Yield Comments

1 dry DCM dry DIPEA 0°C to r.t. light 3 h 40% 85 was purified and isolated

2 dry DCM dry DIPEA 0°C to r.t. light 5 h n.d.
68b did not react completely, observing 85 
consumption and formation of the thiuram 

oxide.

3 dry DCM DMAP 0°C to r.t. light 3 h traces
After 0.5 h 85 formed but 68b was still 
present. After 3h only traces of 85 were 

visible.

4 dry THF dry DIPEA 0°C to r.t. light 2 h traces
Several byproducts, thiuram oxide present, 

only traces of 85.

5 dry toluene dry DIPEA 0°C to r.t. light 3 h traces Traces of 85, huge amount of thiuram oxide.

6 degas. dry DCM dry DIPEA 0°C to r.t. light 3.5 h 11%
Several byproducts, 85 observed only in 

traces, thiuram oxide detected.

8 degas, dry DCM dry DIPEA 0°C to r.t. light 3 h 23%
After isolation, desulfuration occurred due to 

air exposure

9 degas, dry DCM dry DIPEA 0°C to r.t. dark 3 h n.d.
After 0.5 h 85 formed. Then its consumption 

was observed along with thiuram oxide 
formation.

10 degas, dry DCM DMAP 0°C to r.t. dark 4 h n.d. Reaction did not occurr



Figure 22. 1H-NMR spectra for derivative 86. A) 1H-NMR spectra of derivative 86 isolated from thiocarbamoylation reaction. 
B) 1H-NMR spectra of derivative 86 synthesized according to Scheme 8. 



 
 

Figure 23. LC-MS (ESI+) spectra of compound 86. Sample was prepared in MeOH. This mass spectra was acquired using a 
binary solvent system 95/5 MeOH/H2O, in positive mode scanning over the mass range 300-1500 m/z, using a variable 
fragmentor voltage of 10-70 mV. [M+H]+ = 1181.8, [M+H-Trityl fragment]+ = 936.6 mass artefact. 

4.1.7 Preparation of compound 20 and its analogues 49-54 
 

Compound 20 emerged as the most promising derivative of the arm-removed AGUs serie. Given its 

interesting antibacterial profile, that represented an outlier data among all the SARs collected, a focused 

library was developed and compound 20 was synthesized in larger scale to perform MoA studies, 

according to the synthetic plan presented in Scheme 9. 

 
The length of the alkyl spacer and the N-substitutions on guanidine moiety were varied. 



Briefly, the commercially available 1,6-diaminohexane or 1,8-diaminooctane are submitted to a 

monoguanylation reaction with the suitable GA among the properly synthesized GAa-m, compound 61 

or the 1,3-Bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea, affording the monoguanylated 

derivatives 87a-g. Then, the in situ generated p-methoxybenzyl isocyanate (not showed) reacts with 

compounds 87a-g furnishing intermediated 88a-g. In the end, the final Boc cleavage with a 20% TFA 

solution affords derivatives 20 and 49-54 as TF-Acetate salts.  

 

4.1.8 Preparation of compound 55, the free-base analogue of hit compound 1 
 

As previously mentioned, the research group was already investigating the effect of the counterion on 

biological activity and toxicity profile of AGUs. Hence, the hydrochloride analogue 40 was synthesized. 

Preparing the free-base derivative 55 is not trivial and several attempts were made to remove the TF-

Acetate anion from the compound. Hence, different synthetic strategies were developed to obtain 

derivative 55, by exploring both in batch and microwave (MW)-assisted acid or base-free conditions, 

along with salt-exchange procedures (Scheme 10).  

 
Scheme 10. Synthetic attempts to obtain free-base derivative 55. 

 
 

First synthetic strategy adopted relies on acid- or base-free protocols to obtain compound 55 starting 

from the Boc-protected derivative 75 (Scheme 10, A). Initially, we resorted to a classical in batch approach, 

exploiting the traditional heating. Then, MW irradiation protocols were adopted241,242 to shorten long Boc 

deprotection reaction time, as MW is known to promote yield improvements, favoring reactions 

completion.243 Unfortunately this approaches led mostly to different undesired byproducts, along with 

starting material degradation. Hence, anion exchange resins were employed to convert directly the TF-

Acetate form, compound 1, in the free-base 55 (Scheme 10, B). Nonetheless, this approach resulted 

unsuccessful and thus a different strategy was developed, relying on the conversion of the hydrochloride 

salt derivative 40 into the corresponding salt-free form 55 (Scheme 10, C), which proved to be resolutive. 

In Tab X are resumed all the synthetic attempts made with the purpose to achieve derivative 55. 

 



Table 15. Synthetic attempts to achieve derivative 55. 
 

 
 

In brief, an in batch (Scheme 10, A) iodine-mediated deprotection is first performed (entry 1, Table 15): 

according to the reported mechanism of reaction, iodine can activate the carbonylic oxygen freeing the 

N-Boc protected guanidines after an E1 elimination.244 Unfortunately, the consumption of the starting 

material 75 is not observed, even after several days of stirring, heating at reflux and progressive addition 

of iodine equivalents to the reaction mixture, probably due to the complexity of Boc-protected 

polyguanidines cleavage. Then, a thermal-induced deprotection at 185°C is performed (entry 2, Table 15) 

through an open-vessel/solvent-free approach, leading to reaction completion. However, several 

unknown byproducts are detected during the reaction by LC-MS related to the degradation of the urea 

moiety. A milder approach is then explored, resorting to an high temperature water-mediated Boc 

cleavage (entry 3, Table 15).245 Fully deprotection occurs but a wide variety of byproducts and unknow 

purities are detected. 

MW protocols has been then set up to achieve 55 in an operationally simple way (Scheme 10, A). Indeed, 

the cleavage occurs under MW irradiation varying solvents, reaction time and temperature. When 

methanol is selected as a solvent, heating the reaction at 120°C (entry 4, Table 15),246 no evidence of 

product is observed. Additioanlly, byproducts with one or two N-(methoxycarbonyl)  guanidines are 



formed (see Table 15, general structure A and B) as a result of methanol transesterification over the Boc 

carbamate moiety.247 Furthermore, traces of urea degradation are detected at LC-MS analysis showing 

peaks corresponding to the N-methoxycarbamate, due to the presence of methanol (Table 15, general 

structure C),199 and the resulting free secondary amine (Table 15, general structure D). Therefore, 

trifluoroethanol (TFE) is then selected as a solvent to overcome the methanol nucleophilic addition to 

the Boc carbonyl moiety (entry 5, Table 15),248 benefiting also from its unique properties, like strong 

HBD capability, high ionizing power, and a mild acidic behavior (pK  = 12.4).249 Thus, TFE is supposed 

to facilitate the protecting group cleavage.248,249 However, even though urea degradation is not observed, 

N- and N,N’-(trifluoroethoxyethylcarbonyl)guanido derivatives are generated (Table 15, general structure 

A and B). Despite THF (entry 6, Table 15) provides the complete cleavage of the protected 

polyguanidines, the presence of several byproducts limited isolation and characterization of derivative 55. 

In the end, an open-vessel solvent-free approach (entry 7, Table 15) results in an incomplete Boc cleavage 

overall, even after several MW cycles. 

Another investigated synthetic strategy, adopted to obtain free-base derivative 55, relies on the treatment 

of the TF-Acetate salt 1 with exchange resins (Scheme 10, B). Unfortunately, exchange resins Amberlyst 

A-21 (OH-form)250,251 and Amberlite IRA-67 (OH-form),252 or their addition directly in the crude mixture 

after TFA Boc cleavage-mediated, proves to be an unsuccessful approach (entries 8-10, Table 15).  

TF-Acetate anions strongly interacts with positively charged guanidines, thus its displacement is not 

trivial.253 An efficient strategy to remove the TF-Acetate counterion could be its replacement with another 

counterion associated to a stronger acid like HCl (pK  = -5.9).254 Following this approach, the TF-Acetate 

counterion could be reprotonated by HCl after its displacement, facilitating its removal by simple rotary 

evaporation.253 Then, the hydrochloride counterion can be then removed with a strong base. Following 

this strategy, derivative 40 is treated with sodium ethoxide (entry 11, Table 15) in anhydrous ethanol 

under inert atmosphere, due to the high hygroscopic nature of free-base guanidines.255 The resulting NaCl 

has least solubility in ethanol,256 and thus tends to precipitate. Filtering-off the so formed salt from the 

crude mixture leads to the obtainment of derivative 55, as desired. Moreover, a precipitation assay with 

silver nitrate has been performed to confirm the total absence of hydrochloride counterion.  

 

 

4.2 Biology
 
4.2.1 Antibacterial activity on representative Gram-positive and Gram-negative strains  
 

The antibacterial activity of the newly synthesized compounds 41-46, 47a-m, 48a-b, and 49-55 was 

evaluated on a panel of representative Gram-positive and Gram-negative type strains (Table 16). Colistin, 

vancomycin and daptomycin MICs value were added as reference. The analysis of data reported in Table 



16 provided some interesting observations, adding value to the already collected SAR information about 

the AGUs library.  

Biological results here reported for compounds 41-46, 47a-m, 48a-b, and 55 highlighted further chemical 

features that play a key role in activity, confirming the rising interest in developing analogues of hit 

compound 1 as antibacterial agents. Moreover, preliminary findings acquired about derivatives 49-54, as 

structural analogues of compound 20, were fundamental to gain a better understanding of their supposed 

behavior towards membranes and to hypothesize a putative MoA. 

Table 16 MIC [ g/mL] values on Gram-positive and Gram-negative representative strains. MICs are expressed as the average 
values calculated from experiments performed at least in triplicate. n.a.: not active, MIC value> 256 µg/mL; -: not determined. 

Biological data collected for symmetric derivatives 41 and 42 (Table 16), characterized by alkyl spacers 

composed of 7 and 9 carbon atoms respectively, confirmed that eight is the optimal length of the 

methylene spacer, even though the potency displayed is only slightly decreased compared to 1. Moreover, 

asymmetric derivatives 7-10, endowed with different alkyl spacers, exerted interesting biological profiles. 

In fact, a significant reduction in activity against Gram-negative bacteria was observed for derivatives 43 

and 44. Compound 46, bearing a cyclopropylmethyl guanidine on the 6 membered arm, showed 
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worsened MIC values. However, its structural isomer 45, bearing an unsubstituted guanidine on the 6 

membered arm, displayed an enhanced antibacterial profile, particularly on Gram-positive strains. These 

evidences state that a 6 methylenes spacer endowed with an unsubstituted guanidine is a good feature for 

the antibacterial activity. 

Moreover, these data outlined that presumably the distance between the urea moiety and the 

unsubstituted guanidine might plays a crucial role in the activity. Indeed, although compounds 45 and 46 

are structural isomers and their predicted physicochemical properties257 (data not shown) are comparable, 

their biological profiles presented significant differences. This seems to suggest that the guanidinium 

moieties should be placed at a certain distance from the urea to properly reach and interact with the 

negatively charged phospholipids heads present in specific regions of the bilayer leaflet. In fact, the typical 

distribution of bacterial phospholipids in the inner and outer leaflets of the bilayer is known to affect 

properties like membrane potential, permeability, shape, and surface charge258 and also the interaction 

with membrane-active compounds. Thus, the differences in biological activity for membrane-active 

compounds could be related to the natural bacterial membranes asymmetry.259 

A further investigation on AGUs molecular scaffold was performed by exploring the N-substitution on 

the guanidino moieties. In fact, properly substituents were selected according to their contribution to the 

total steric hindrance, lipophilicity, and electronic distribution of the whole structure. Initially, 

cyclopropylmethyl group of hit compound 1 was spatially deconstructed or simplified to furnish linear 

and branched substituents saturated or unsaturated, affording respectively 1-propyl (47a), 2-propyl (47b), 

1-butyl (47c), 2-methyl-1-propyl (47d) and but-2-en-1yl (47e) guanidino derivatives. These modifications 

are supposed to provide both a slight reduction in lipophilicity and a mild change in steric hindrance,225 

aiming at understanding how the physicochemical properties could affect the biological activity. To this 

concern, while 47b showed an enhanced broad-spectrum antibacterial activity, derivatives 47a and 47c-
e displayed a biological profile comparable to hit compound 1 (Table 16). N-cyclopentyl guanidines in 

derivative 47f were conceived since cycloalkyl substituents are supposed to establish a larger number of 

hydrophobic interactions with lipophilic moieties,225 and interestingly these features actually improved 

the antibacterial activity (Table 16), probably due to additional interactions with phospholipid bacterial 

bilayers.  Geranyl chain was then selected as a representative unsaturated substituent to evaluate the 

impact of extended unsaturated and branched chains on AGUs potency, benefiting also from its known 

antimicrobial activity.226,227,260 Thus, compound 47g was synthesized and tested, resulting in an overall 

retained broad-spectrum antibacterial activity (Table 16).  In the end, guanidino substituents with 

different degrees of polarity were explored, by preparing polar 47h and 47i and non-polar 47l and 47m 

representatives. Interesting considerations can be deducted by observing biological data reported in Table 

16. In fact, polar substituents seemed to promote a retention of biological activity. As a proof, 

methoxyethyl derivative 47h, benefiting from a big H-bonding capability, showed an improved 



antibacterial profile. Also  morpholinoethyl derivative 47i, endowed with an increased number of positive 

charges and conceived to be more selective towards Gram-positive and Gram-negative bacteria,81 exerted 

a promising activity especially against Gram-positive strains. However, no significant information could 

be gained from data of thiomethoxyethyl compound 47l, since it basically retained the antibacterial profile 

of 1. On the contrary, the presence of bulky and hindered substituents such as adamantaneethyl group 

(47m) was clearly not tolerated (Table 16). 

Furthermore, two of the four guanidines on traditional AGUs were substituted with the uncharged azido 

moieties in derivatives 48a and 48b respectively, to evaluate also the activity of synthetic intermediates 

of this series, providing additional information about the role of guanidines. As expected, both of the 

bis-guanylated derivative 48a and 48b exerted only a moderate activity against Gram-positive strains due 

to the reduction in terms of number of charges (Table 16). 

Inspired by the promising biological profile of the arm-removed series hit, compound 20, a focused library 

was prepared by performing chemical derivatizations in terms of the spacer length and the guanidine 

moiety substitutions. First, the length of the linker chain was shortened from 8 to 6 methylene, providing 

derivative 49, which resulted in a complete loss of biological activity (Table 16). Then, the guanidine 

moiety was first undressed and left unsubstituted (50), then methyl (51), ethyl (52), isopropyl (53), and 

crotyl (54) groups were selected to evaluate the impact on potency of N-substitutions. With some 

exceptions of Gram-positive strains, that resulted still susceptible to these derivatives, all compound 20 

analogues (49-54) proved to be overall inactive towards Gram-negative strains (Table 16). These findings 

seemed to suggest that compound 20 might hit a specific target, besides the interaction with bacterial 

membranes. Hence, further studies are required to elucidate the mode of action of compound 20 to 

proceed with a rational design of novel derivatives. 

The antibacterial activity was also evaluated for derivatives 40 and 55, to understand the counterion effect 

on biological activity. In fact, AGUs were all tested as TF-Acetate form and thus the hydrochloride 

derivative 40 and the free-base 55 were conceived with an eye towards a potential clinical use and for in 

vivo experiments. 

In fact, in vivo TFA is reported to trifluoroacetylate proteins, causing hepatitis, while TF-Acetate anions 

can interfere or disrupt membrane function, enzymatic catalysis, secondary structures of proteins, and 

protein stability261 and lead to immune response-inductions.262–264 Also, compounds as TF-Acetate salts 

were reported to exert a low pharmacological efficacy compared to the same compounds with other 

counterions.265 Hence, each case should be considered individually and more than one counterion should 

be investigated to achieve the optimal biological profile.266  

MIC values for 40 and 55 were determined first in g/mL and then data were converted in mM to better 

compare their biological profiles with that of compound 1, excluding by this way the influence of 

molecular weight, as reported in Table 17.  



The Clinical & Laboratory Standards Institute (CLSI)267 and the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST)268 do not provide guidelines on the unit system for reporting MIC 

values. Thus, both weight/volume ( g/mL) and molarity (mol/L) systems were employed. In general, in 

clinical use, a relevant parameter to understand the potency of an antibiotic is the ratio between MIC 

value and blood concentration, that is conventionally expressed as weight/volume. However, MICs are 

usually expressed as weight/volume for unknown substances, such as extracts or mixtures, while when 

the test substance is a fully characterized molecule, molarity is preferred. Mechanistically, the biological 

activity is due to the number of the compound moles and not to the weight of the test substance. Thus, 

to compare the biological activity of compounds with different molecular weights, MICs are preferred to 

be indicated through the molar system. The hydrochloride salt compound 40 and the free-base 55 weight 

approximately 24 and 35% less than the corresponding TF-Acetate form 1, resulting in a no significant 

difference. To this concern, observing biological data reported in Table 17 expressed in g/mL of 

compound 40 are in agreement with those of hit compound 1, while a slight but not significant difference 

can be outlined when data are converted in molarity, resulting overall in a lower potency for compound 

40. Concerning derivative 55, a lower potency could be observed particularly on Gram-negative strains, 

considering data as both weight/volume or molarity. However, compound 55 still retained overall a good 

antibacterial profile on Gram-positive strains, since the detected MIC values differ from that of 

compound 1 by only 2 fold dilutions (Table 17), which could not be considered as a significant loss of 

activity. 
Table 17. MICs comparation between compounds 1, 40, and 55. MICs were determined in µg/mL and are expressed as the 
average values calculated from experiments performed at least in triplicate. Colistin (COL), Vancomycin (VAN), and 
Daptomycin (DAP) antibiotics were used as control in these assays. -: not determined. 

 
 MICs conversion in molarity (mM) was calculated through the formula: , considering 1301.42, 991.16 and 

845.33 g/mol as the molecular weight for 1, 40, and 55 respectively. 
 
 
4.2.2 Antibacterial activity on drug-resistant clinical isolates 

Synthesizing in larger scale derivatives 20 and 39 proved to be crucial for further investigations about 

their SARs and to get a reliable insight about their MoA.  

COL VAN DAPT 1 40 55 1 40 55
B. subtilis  ATCC 6633 - 0.5 1 2 1 8 1.54 1.18 9.46

E. faecalis  ATCC 19433 - 1 1 2 2 8 1.54 2.02 9.46
S. aureus  ATCC 25923 - 0.5 0.125 2 2 8 1.54 2.02 9.46

S. epidermidis  ATCC 14990 - - - 1 1 4 0.77 1.01 4.73
S. pyogenes  ATCC 12344 - 0.5 0.125 1 0.5 4 0.77 0.50 4.73

E. coli CCUGT 0.5 - - 2 2 16 1.54 2.02 18.92
K. pneumoniae  ATCC 13833 0.5 - - 2 2 16 1.54 2.02 18.92
A. baumannii  ATCC 17978 1 - - 8 8 32 6.15 8.07 37.85
P. aeruginosa  ATCC 27853 0.5 - - 8 8 64 6.15 8.07 75.71

Bacterial strains
MICs Evaluation [µg/mL] MICs Conversion [µM] 



Thus, derivatives 20 and 39 were selected to further evaluate their antibacterial properties on recent 

antibiotic-resistant clinical isolates with a pan drug-resistant drug phenotype. Remarkably, all test 

compounds retain much of their activity on specific pathogens regardless of the resistance phenotype, as 

displayed by MIC and MBC values reported in Table 18. 

 
Table 18. MICs of Selected Compounds on Gram-Negative Antibiotic-Resistant Clinical Isolates. MIC values (µg/mL) are 
expressed as median values calculated from experiments performed at least in triplicate. 
 

 
 

4.2.3 MBC of selected compounds 

Table 19. MBC values of test compounds. MBCs are expressed as the average values calculated from experiments 
performed at least in triplicate. 

The biological profile of the synthesized library was further investigated through MBC assay to 

distinguish whether their MoA is bactericidal or bacteriostatic. In Table 19 are reported the collected 

data.  

Cpd E. cloacae 
VA-417/02

K. 
Pneumoniae

SI-081Rb

A. baumannii
AC-54/97

1 1 2 2
20 4 4 16
39 2 2 8

Compound Chemical modifications

B. subtilis                           
ATCC 6633

E. faecalis                     
ATCC 19433

S. pyogenes                         
ATCC 12344

S. aureus
ATCC 25923 

SEP

E. coli 
CCU

GT

K. 
pneum

oniae
ATCC 13833

A. baum
annii

ATCC 17978

P. aeruginosa
ATCC 27853

40 hydrochloride salt of 1 2 2 1 4 2 4 8 8
41 chain lenght
42 chain lenght
43 chain lenght
44 chain lenght
45 chain lenght
46 chain lenght

47a N -substitution
47b N -substitution
47c N -substitution
47d N -substitution
47e N -substitution
47f N -substitution
47g N -substitution
47h N -substitution
47i N -substitution
47l N -substitution

47m N -substitution
48a Guanidine replacement
48b Guanidine replacement
55 free-base
49 chain lenght
50 N -substitution
51 N -substitution
52 N -substitution
54 N -substitution
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According to the CLSI standard,267 the MBC/MIC ratio is essential to understand how the antibiotic acts. 

In particular, when the ratio is equal or minor than 2, it is considered indicative of bactericidal action, 

whereas antibiotics with a ratio higher than 8 are bacteriostatic. The found MBC values for compounds 

40-46, 47a-m, 48a-b, and 49-55 resulted most of the cases identical or comparable to those of the MICs, 

indicating a strong bactericidal activity, except for compounds 49-54. The MBC values for compounds 

1, 20, and 39 were already reported.185,193 

 

4.2.4 Hemolytic activity 

As part of the investigation conducted on AGUs properties, activity, and MoA the hemolytic activities 

of selected compounds were evaluated. Compound 1, 20 and 39, being synthesized in larger scale, were 

selected for the study, aiming also at gaining a better insight on their selectivity index. 

Hemolytic activity was tested on human erythrocytes from healthy 0 Rh-negative donors. Briefly, a 

suspension of 5% erythrocytes in PBS was incubated in presence of increasing concentrations (from 1 to 

64 µg/mL) of DMSO solution of test compound (1, 20, or 39) to match the active concentration 

determined in antibacterial susceptibility tests. The highest concentration of DMSO (0.4% v/v) was also 

tested to exclude any solvent-induced hemolytic activity. Assays were conducted in triplicate. Hemolysis 

was expressed in percentage, relative to 0% of lysis of erythrocytes in the negative control (blank with 

PBS) and 100% of lysis of erythrocytes in the presence of 0.2% Triton X-100 (total lysis), according to 

the formula: 

sample blank

total lysis blank
 

 

As reported in Table 20, no hemolysis was observed in the negative control. Additionally, all test 

compounds showed any or weak, dose-dependent, hemolytic activities (<8.1% at 64 g/mL). 

Remarkably, no hemolysis was observed for compound 20. This results encouraged the interest in deeply 

investigating its MoA. For this reason, giving also its promising antibacterial profile, further studies will 

be conducted also on compound 20 analogues, derivatives 49-54, to better understand if the loss of 

activity is concomitant with an enhancement in compounds safety profiles. In the end also the most 

promising derivatives presented in this work, besides the previously mentioned, will be evaluated for their 

hemolytic tendency as a preliminary method to asses cytotoxicity and their selectivity towards bacterial 

membranes. 

 
Table 20. Hemolytic activity of selected AGUs.  



 
a 0.4 % (v/v) DMSO, equivalent to the maximum test concentration with 64 g/mL of tested compounds. 
 
 
4.3 MoA investigations 
 

4.3.1 LUVs interactions 

A preliminary understanding of compound-membrane interactions could be achieved via bilayer models. 

In fact, although they could not be considered conclusive studies, model membranes-based experiments 

prove to be valuable and reliable studies, benefiting from controlled and reproducible experimental 

conditions.125 Hence, interactions with phospholipids could be monitored in a fast and inexpensive 

manner,122,123,269 through a simplified bilayer model in which non-lipid components are excluded to avoid 

lipid-proteins interferences.270 

Due to their similar size to living prokaryotic cells,271 LUVs could be used to mimic several cell types 

bilayers,272,273 benefiting from easy preparation and a wide variety of phospholipid mixtures that could be 

employed to model particular membranes.  

Anionic phospholipids are predominant in Gram-positive strains while, on the contrary, the inner 

membrane of Gram-negative ones is prevalently composed by different ratios of zwitterionic 

phospholipids.122,274,275 Particularly, LUVs endowed with 1-Palmitoyl-2-Oleoyl-PhosphatidylGlycerol 

(POPG) are widely reported as a model to evaluate AMPs ability to disrupt or perturb Gram-positive 

membranes.276 

To get a preliminary understanding of the AGUs ability to interact with membranes, UV spectra of 

selected compounds were recorded in presence and in absence of a LUVs suspension. In fact, it is 

common knowledge that UV-Vis spectra of a molecule could be affected by either its chemical features 

or the environmental polarity.277 The latter depends on the kind of interaction displayed with the 

phospholipid vesicles. 

AGUs 1, 20 and 39 were selected for their promising biological profile, to elucidate how the structural 

modification is reflected in the interaction with the phospholipid bilayers. Hence, the maximum 

absorption wavelengths (λmax) of each compound (125 µM in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)-buffered solution (25 mM, 140 mM NaCl, pH 7.4)) were 

detected by scanning the samples from 200 to 900 nm. Then, test compound solutions were added to a 

1 mM suspension of POPG-LUVs and the UV-Vis spectra were recorded at time 0 (t0) and after 1 hour.278 

0a 1 2 4 8 16 32 64

1 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 0.4 ± 0.2 0.8 ± 0.3 1.2 ± 0.5 2.0 ± 0.8 3.4 ± 0.5

20 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

39 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.1 ± 0.1 3.3 ± 0.2 8.1 ± 0.6

Hemolysis (%) at cpd concentration [µg/mL]
Cpd



Test compounds showed all three the same trend, displaying at t0 a bathochromic (red) shift along with 

a hyperchromic effect. Moreover, the signals intensities increased after 1 hour from the addition. In 

Figure 24 is reported the UV-Vis spectra recorded for compound 1, as representative for all test 

compounds. Moreover, in Table 20 are resumed the λmax and the absorbance band shift (Δλmax) found 

in POPG-LUVs experiments with selected AGUs. 

 
Figure 24. UV-Vis spectra of compound 1 in absence or in presence of a POPG-LUVs suspension. 

 
Table 21. Maximum Absorption and absorbance band shift found in POPG-LUVs experiments with selected AGUs. a The 
absorbance band shifts were calculated using the formula Δλmax = λmax(cpd+LUV)- λmax(cpd)  

The UV-Vis spectra of compound 1 alone and in presence of a POPG-LUVs suspension showed λmax 

values of 225.0 and 228.2 nm, respectively, and a maximum absorption band shifts (Δλmax) of 3.2 nm. A 

moderate-high red shift was also observed for compound 39 (Table 20), bearing only one 

Cpd
Maximum Absorption

λmax  [nm]
Absorbance band shift

Δλmax a  [nm]

1 225.0 3.2

20 224.6 0.9

39 225.5 2.5



cyclopropylmethyl-substituted guanidine. On the contrary, compound 20, surrounded by only one 

guanidino function compared to 1, displayed the smaller shift in absorbance band (Table 20). Moreover, 

a hyperchromic effect was also detected and found higher after 1 hour from the compound addition to 

POPG-LUVs, as shown in Figure 24 for compound 1. No detailed clarifications were previously reported 

in literature concerning this behavior, therefore could be explained as a stable and strong interaction in 

the time between guanidine moieties and phospholipids. 

These results collected suggested overall the inability of test compounds to entirely insert into the 

bilayer278 or to partition into a more hydrophilic microenvironment,279 which generally could occur due 

to compounds internalization into the LUVs aqueous core or to the establishment of salt-bridges-like 

interaction between guanidines and anionic phospholipids.170  

 

4.3.2 Traditional and modified PAMPA 

Further experiments were required to confirm that the alterations of the UV-Vis absorbance bands, 

provided by the AGUs tested, could be the result of effective electrostatic interactions with the 

phospholipids, stating the affinity for the bilayers. Thus, traditional and modified PAMPA were 

performed also aiming at validate the POPG-LUVs experimental conditions and the reliability of this fast 

and inexpensive analytical method. 

Briefly, standard PAMPA protocols involved the use of phosphatidylcholine (PC)-endowed 

phospholipids to generate a protein-free bilayer miming mammalian membranes.280,281 However, any 

research work explored before the application of bacterial bilayers in PAMPA experiments, even though 

literature reports bilayers composed of pure POPG and of 1-palmitoyl-2-cafoleoyl-

phosphatidylethanolamine (POPE) and POPG, in ratio 6:4, as mimics of Gram-positive and Gram-

negative bacterial membranes respectively.276,282,283  Hence, the permeability of each test compound was 

first assessed towards the mammalian and bacterial membrane models. Then, the AGUs capability to 

alter the membrane integrity and functionality was investigated by using CAF and caffeine as small-sized 

(323 and 194 Da respectively) and scarce permeable probes.283,284 Test compounds, caffeine and CAF 

were incubated in the donor wells alone or as a mixture of each compound/each probe in a 1:1 molar 

ratio. Donor and acceptor wells were then analyzed by UV-Vis spectroscopy, after 5 hours of room 

temperature incubation, thanks to a plate reader, benefiting from its versatility and high-throughput 

capability.285,286 AGUs 1, and 39 were scanned at their λmax of 225 nm, compound 20 at 224 nm, whereas 

CAF and caffeine at 280 and 275 nm, respectively. The protocol was properly optimized to reduce the 

background noise and the buffer solution interferences during the UV measurements. Apparent 

permeability (Papp) and Membrane Retention (MR) values are reported in Table 21. 



Table 22. Papp from traditional and modified PAMPA experiments. Values are reported as the mean of at least two 
experiments. a Papp values and MR% are referred to the probe. b Data already reported.185 
 

 
 

As expected, test compounds resulted to be low permeable in all the bilayers. Furthermore, derivatives 1, 
and 39 were strongly retained by bacterial phospholipids, with > 40% MR. These results were perfectly 

in agreement with LUVs experiments previously performed, indicating a strong affinity for the bilayers. 

Papp values of CAF and caffeine were also determined to confirm their scarce permeability profile on 

bacterial bilayers. Permeability of CAF was found higher in PC- and POPG-bilayers in presence of 

compounds 1, and 39, pointing out that perturbation of these membranes actually occurs. Whereas the 

same permeability was found in POPE/POPG model when bilayers are exposed to 1, while resulted 

highly increased with derivative 39. However, a selectivity towards phospholipids could be noticed: Papp 

values of CAF increased up to sixteenfold in PC bilayers and sixtyfold in the POPG one. Moreover, 

compound 39 displayed a good enhancement of probe permeability on POPE/POPG bilayers, whereas 

compound 1 showed no significant differences (Table 21). 

On the contrary, compound 20 exerted a different trend compared to 1 and 39, being apparently not able 

in increasing probes permeability, as shown by data collected and reported in Table 21. These evidence, 

along with its low retention and its not-significant red shift in LUVs experiments, outlined a less effective 

membrane-active agent profile. As further proof, trypan blue, a non-permeable dye,287 was added to the 

bilayer microfilters at the end of all the PAMPA experiments to ensure the bilayer macroscopic integrity.  

On the other hand, enhancement of probe permeabilization was also observed when caffeine was co-

incubates with test compounds. While AGUs 1 and 20 do not affect significantly the caffeine Papp, 

compound 39 induced a relevant permeabilization of caffeine in PC bilayers, suggesting a narrower 

selectivity index compared to 1 and 20. Also caffeine MR was monitored and evaluated during the 

experiments, given its known propensity to be retained by membranes.288 Actually, an increase ranging 

from 4% (intrinsic MR) up to higher values was observed in presence of all the tested compounds. This 

could be explained by a combo of interactions occurring: those among phospholipids, AGUs, and 

PC-phospholipids pure POPG POPE/POPG 6:4
1 1.60b 1.88 (46.1) 0.74 (42.4)

20 3.17 (7.7) 6.10 (16.0) 3.48 (3.2)
39 1.85 (0) 0.26 (56.0) 0.30 (40.8)

Chloramphenicol 0.54 0.06 1.12

Chloramphenicola + 1 6.12 2.18 1.39

Chloramphenicola + 20 0.04 0.08 1.67

Chloramphenicola + 39 4.67 3.78 6.98
Caffeine 1.84 (3.2) 1.95 (4.5) 1.98 (3.3)

Caffeinea + 1 3.54 (12.6) 2.49 (13.5) 3.03 (12.6)

Caffeinea + 20 2.04 (12.8) 2.09 (13.4) 2.10 (17.5)

Caffeinea + 39 12.03 (8.1) 6.13 (14.6) 4.28 (19.0)

Cpd Papp [10-6 cm/sec] (MR%)



caffeine (salt-bridges between guanidinium cations and phosphates of phospholipids),182 and the cation-

π interactions established by the guanidinium and the caffeine aromatic ring.289,290 Hence, since AGUs are 

presumed to be close to phospholipid heads or to fit into the membrane, guanidino derivatives could 

create an additional hindrance for caffeine permeabilization, increasing its retention. 

However, at the end of the experiments, Trypan Blue was added, even in this case, on the top of bilayers 

and no characteristic absorbance at 590 nm was detected in the acceptor wells, confirming a non-

macroscopic membranes alterations. 

 
4.3.3 In silico studies 

In order to rationalize the results obtained for compounds 1, 20, and 39, with LUVs and PAMPA 

experiments, computational studies, particularly MD, were involved to further investigate MoA of AGUs. 

Two simulated membranes reproducing the bilayers used in the PAMPA were generated using the 

CHARMM-GUI Membrane Builder tool.291 The two different systems were solvated by a layer of explicit 

water molecules above both membrane leaflets. Test compounds 1, 20, and 39 were complexed with both 

solvated lipid systems and subjected to a 600 ns MD simulation protocol to evaluate the interactions 

between ligands and phospholipid membranes. 

First MD studies were conducted on a POPG simulated membrane, in the attempt of mimicking the 

Gram-positive bacterial bilayers. Thereby, compound 1 showed a marked propensity for binding to 

anionic POPG phospholipids. In fact, during the MD simulation, 1 rapidly generates HBs and salt-bridge 

interactions with the polar phospholipid heads. Indeed, after 80 ns, the compound results fully bounded 

to the membrane and also partially embedded within one of the two leaflets in a sort of carpet-like behavior. 

In this model compound 1 guanidine moieties lay around the plane defined by the phospholipid heads 

while the central urea, being a more lipophilic moiety, significantly protrudes toward the center of the 

bilayer (Figure 25A). This model of interaction is averagely preserved for the rest of the simulation. 

Although the central portion of the compound oscillates up and down within the membrane leaflet during 

the MD, it predominantly resides below the level of the lipids phosphate groups. This evidence could be  

demonstrated by the distribution of the ligand electron density during the simulation, with respect to the 

bilayer center. In fact, as depicted in Figure 25C, the electron density of compound 1 shows a peak around 

15.0 Å from the bilayer center, which is below the density peak related to the lipids phosphate groups, 

corresponding to about 19.5 Å (Figure 26). Moreover, the analysis of the ligand-phospholipid HBs 

revealed that compound 1 generates strong and long-lasting interactions with the lipid heads. In fact, 

despite the fluidity of the membrane system and the mobility of the phospholipids around 1, being the 

system a mono-lipid simulated membrane, the compound forms 7 HB interactions with 5 different lipid 

molecules. These directional interactions are averagely preserved for more than 200 ns, suggesting that 

the compound can establish strong interactions with the phospholipid bilayers, being retained within it.  



Similar results were obtained for compound 39 in terms of both internalization and dispositions within 

the membrane, as well as interactions with the phospholipid heads. Moreover, the evaluated electron 

density of the 39 is comparable to that of 1, with a peak around 15.7 Å (Figure 27). 

 

Figure 25. Representative snapshots extracted after 300 ns from the MD simulation of the pure POPG membrane in presence 
of selected compounds. Compounds 1 (A) and (B) 20 are shown as cyan and green spheres, respectively, while the 
phospholipids are represented as gray wires, and their phosphorous atoms are highlighted as orange spheres. C) Electron 
density profile of compounds 1 and 20 with the corresponding peaks highlighted by dashed lines (black and red, respectively). 
Whereas, the density peaks of the lipid phosphate groups are indicated with orange dashed lines. 

Figure 26. Electron density profiles for pure POPG systems. In green the density profiles related to the solvent molecules, 
in orange to the lipid phosphate groups, and in black to the whole system. 



Figure 27. Representative snapshots extracted after 300 ns from the MD simulation of the pure POPG membrane in presence 
of compounds 39 (A) and its electron density profile (B). 
Compound 39 is shown as purple spheres, while phospholipids are represented as gray wires, and their phosphorous atoms 
are highlighted as orange spheres. Electron density profile of compounds 39 with the corresponding peaks highlighted by 
black dashed lines.The density peaks of the lipid phosphate groups are indicated with orange dashed lines. 

On the contrary, compound 20 shows overall less stable and less strong interactions with the POPG 

bilayer. In fact, compound 20 tends to fluctuates within the solvent layer in the proximity of the 

membrane for about 40 ns before being able to establish interactions with the negatively charged 

phospholipid heads and anchor to the membrane leaflet. Moreover, 20 stabilizes its binding in about 200 

ns, assuming the carpet-like interaction model previously described for compound 1 and 39. Compared to 

the other teste compounds, 20 maintains a shallower disposition within the membrane leaflet, (Figure 

25B), as outlined by its density peak around 18.0 Å from the bilayer center (Figure 25C). In fact, the 

density peak is significantly closer to that of the phosphate groups compared to 1 and 39. In the end, 

HBs established by 20 are preserved for about 50 ns of MD (less than 10% of the whole simulation) and 

are displayed with a single phospholipid unit. Hence, considering these evidences, 20  presumably exerts 

less affinity for the POPG lipid bilayer compared to other tested AGUs. Thus 20 is less likely to establish 

strong interactions with the phospholipid heads, and to be stably retained within the membrane. 

Results reported for all test compounds revealed to be in agreement with the experimental data collected 

with LUVs and traditional and/or modified PAMPA, proving the reliability of these selected analytical 

tools. 

With respect to the Gram-negative model membrane, a phospholipid bilayer composed by mixed 

POPE/POPG (6:4 molar ratio) was simulated. 



 

Compound 1 shows results similar to those observed with the Gram-positive model membrane. 

However, the selected AGU employs 1.5 fold more time before embedding within the membrane leaflet 

and assuming the carpet-like interaction model, which is then preserved for the rest of the simulation 

(Figure 28A). Compound 1 forms 9 HBs interactions, established for more than 200 ns of simulation, 

with three different phospholipids units, two POPE and one POPG, pointing out how the AGU can 

stably interact with both lipids. Moreover during the MD, the core portion of 1 is proves to be 

predominantly located below the polar layer of the phospholipid heads, showing an electron density peak 

around 18.0 Å from the bilayer center that is again lower than the 21.0 Å lipids phosphate groups peak 

(Figure 28C), (Figure 29). Compound 39 shows a trend comparable to that observed for 1. In fact, it can 

be internalized within the membrane after around 150 ns of MD, maintaining its core below the level of 

the phosphate groups, as showed by their density peaks around 18.5 Å (Figure 30) In this case, 39 shows 

a broad peak (in the range between 15 to 20 Å) since part of the molecule stays deeper within the 

membrane and the remaining part of its molecular scaffold lays closer to the leaflet surface. However, 

AGU 39 well interact with both types of phospholipids, POPE and POPG, and stably maintains its 

disposition within the membrane. 

 

 
 
Figure 28. Representative snapshots extracted after 300 ns from the MD simulation of the mixed POPE/POPG membrane 
in presence of AGUs selected compounds. Compound 1 (A) and 20 (B) are shown as cyan and green spheres, respectively, 
while the phospholipids are represented as gray wires, and their phosphorous atoms are highlighted as orange spheres. C) 
Electron density profile of compounds 1 and 20 with the corresponding peaks highlighted by dashed lines (black and red, 
respectively). The density peaks of the lipid phosphate groups are indicated with orange dashed lines. 



Figure 29. Electron density profiles obtained for the mixed POPE/POPG membrane systems. The density profiles related 
to the solvent molecules, the lipid phosphate groups, and the whole system are shown in green, orange, and black, respectively. 

Figure 30. Representative snapshots extracted after 300 ns from the MD simulation of the mixed POPE/POPG membrane 
in presence of compounds 39 (A) and its electron density profiles (B). 
Compound is shown as purple spheres, while the phospholipids are represented as gray wires, and their phosphorous atoms 
are highlighted as orange spheres. Electron density profile of compounds 39 with the corresponding peaks is highlighted by 
black dashed lines. The density peaks of the lipid phosphate groups are indicated with orange dashed lines. 

However, compound 20 proved to be almost unable to interact with the mixed lipid bilayer, not even at 

the level of the lipid heads layer, as displayed in POPG simulated membranes. In fact, the test compound 

stays within the bulk solvent (Figure 28B) at an average distance of about 30-35 Å from the bilayer center. 

Therebye, it remains at least 10 Å away from the lipids phosphate groups, as outlined by its electron 

density profile (Figure 28C). Moreover, Figure 28C shows the presence of two different density peaks at 

opposite sides of the membrane bilayer. These evidence suggests that the AGU occasionally moves far 

away from the membrane to cross the boundaries of the periodic system box and appear at the other side 



of the bilayer, as it is generally displayed by water molecules. Among the total 600 ns of MD simulation, 

AGU 20 establishes stable interactions with the phospholipid heads layer, for only about 40 ns (about 

7% of the whole MD) after which the compound moves back away into the bulk solvent. These results 

are consistent with the experimental value of membrane retention in the mixed POPE/POPG membrane 

determined for compound 20. 

Overall, MD results provided a structure-based rationale for the interpretation of experimental assays. 

 

4.3.4 Cell-based permeabilization of bacterial membranes 

 
Cell-based experiments were needed to investigate the complex phenomena occurring at the membrane 

level. Moreover, they proved to be crucial to assess the reliability of the preliminary experimental data 

collected with LUVs, PAMPA and MD protocols.  

Thereby, cells of  three different Gram-positive reference strains, namely B. subtilis ATCC 6633, E. faecalis 

ATCC 29212, and S. aureus ATCC 25923, and three representatives Gram-negative ones, namely A. 

baumannii ATCC 17978, E. coli MG1655, and P. aeruginosa ATCC 27853, were exposed to selected AGUs 

1, 20 and 39. The membrane integrity was monitored during time. Briefly, bacterial suspensions in 

phosphate-buffered saline (PBS) were individually exposed to test compounds, and the uptake of  SYTO 

9 and PI fluorophores was monitored. The assay is based on the assumption that the SYTO 9 green-

fluorescent dye enters all bacterial cells, whereas PI enters only cells presenting with a damaged 

cytoplasmic membrane, resulting in red fluorescence emission upon DNA binding. Thus, the ratio 

between green- and red-fluorescent cells indicates the extension of  membrane damages on the bacterial 

population.217,292 Figure 31 shows that all the tested compounds were capable to alter membrane 

permeability, although the extent of  membrane damage (PI uptake) varied depending on the bacterial 

strain, AGU, and exposure time. In fact, a strain-dependent trend was highlighted in the initial number 

of  PI-permeable cells, being lowest for A. baumannii ATCC 17978 and highest for B. subtilis ATCC 6633 

(Figure 31). Membrane perturbation observed was particularly rapid in A. baumannii, B. subtilis, and S. 

aureus, as outlined by the low green/red fluorescence observed 15 min after exposure to AGUs (Figure 

31). Notably, compound 39 showed the highest activity on both Gram-positive and Gram-negative 

species, whereas the activity of   1 and 20 proved to be susceptible upon tested bacterial species. However, 

compound 20 showed the narrower range of  activity, among all test compounds, provoking membrane 

disruption only in A. baumannii, B. subtilis, and E. faecalis. On the contrary, AGUs 1 and 39 compromised 

membrane integrity in all tested strains, although with slower kinetics in E. coli and P. aeruginosa (Figure 

31). 

 

 



 
 
Figure 31. Time-course analysis of bacterial membrane permeabilization by selected AGUs. Bacterial cells from 16-h cultures 
in Luria-Bertani broth (LB) were washed with PBS and suspended at OD600= 0.1 in PBS supplemented with SYTO 9 (6 M), 
PI (30 M), and tested compound (16 g/mL in DMSO, 16 mg/mL stock concentration). An equal concentration of DMSO 
(0.1% v/v) was used in the untreated control (yellow plot). Bacterial suspensions were dispensed in 96-well microtiter plates, 
and the fluorescence emission at 498 and 617 nm wavelength (emission max of SYTO 9 and PI, respectively) was recorded 
every 15 min for 6 h at 37 °C in a Spark 10M (Tecan) microplate reader. The ratio between SYTO 9 (green) and PI (red) 
fluorescence emissions denotes membrane integrity. Data are the mean of three independent experiments ± standard 
deviation, indicated as shaded area. 
 
 

Moreover, loss of  membrane integrity was confirmed by CLSM imaging of  bacterial cells, prior to SYTO 

9 and PI staining. Indeed, CLSM observations were in agreement with fluorometry results obtained with 

live/death staining, both showing an increase in the number of  PI-positive cells, compared to the total 

number of  SYTO 9-positive cells, for all test compounds (Figure 32-34). 

 



 

 

Figure 32. Confocal laser scanning microscopy imaging of A. baumannii and B. subtilis cells treated with different AGUs. 
Bacterial cells from 16-h cultures in LB were washed with PBS and suspended at OD600= 0.1 in PBS supplemented with 6 

M of SYTO 9, 30 M PI, and 16 g/mL of each cpd in DMSO (16 mg/mL stock concentration). An equal concentration 
of DMSO (0.1% v/v) was used in the untreated control. The bacterial suspensions were incubated for 1 h at 37 °C, then 
visually inspected using the NikonA1+ CLSM equipped with 100× oil immersion objective (NA 1.4). SYTO 9 fluorescence, 
PI fluorescence, and fluorescence-DIC merged channels are shown. Scale bar: 5 µm. 

 



 

 
Figure 33. Confocal laser scanning microscopy imaging of E. faecalis and E. coli cells treated with different AGUs. Bacterial 
cells from 16-h cultures in LB were washed with PBS and suspended at OD600= 0.1 in PBS supplemented with 6 M of 
SYTO 9, 30 M PI, and 16 g/mL of each cpd in DMSO (16 mg/mL stock concentration). An equal concentration of DMSO 
(0.1% v/v) was used in the untreated control. The bacterial suspensions were incubated for 1 h at 37 °C, then visually inspected 
using the NikonA1+ CLSM equipped with 100× oil immersion objective (NA 1.4). SYTO 9 fluorescence, PI fluorescence, 
and fluorescence-DIC merged channels are shown. Scale bar: 5 µm. 



Figure 34. Confocal laser scanning microscopy imaging of P. aeruginosa and S. aureus cells treated with different AGUs. 
Bacterial cells from 16-h cultures in LB were washed with PBS and suspended at OD600= 0.1 in PBS supplemented with 6 

M of SYTO 9, 30 M PI, and 16 g/mL of each compound in DMSO (16 mg/mL stock concentration). An equal 
concentration of DMSO (0.1% v/v) was used in the untreated control. The bacterial suspensions were incubated for 1 h at 
37 °C, then visually inspected using the NikonA1+ CLSM equipped with 100× oil immersion objective (NA 1.4). SYTO 9 
fluorescence, PI fluorescence, and fluorescence-DIC merged channels are shown. Scale bar: 5 µm. 



5. Conclusion 
 
Encouraged by the results obtained with the molecular simplification approach,193 this work was mainly 

conceived to extend the previously defined SARs and to explore more thoroughly their mechanism of  

action.  

In fact, nineteen new derivatives were synthesized, compounds 41-46, 47a-m and 48a-b, varying the 

length of the alkyl spacer, the guanidino moieties and their N-substitutions. Observing the biological data 

collected, 8-methylenes is still the optimal length for AGUs linker, although at least one 6-methylenes 

spacer bearing an unsubstituted guanidine could be required to boost the antibacterial activity, as 

evidenced by MIC values of compound 45. The decrease in number of guanidino functionalities in 

derivatives 48a-b led to a reduction of potency. Branched  saturated or unsaturated (47b,d,g) and cyclic 

(47f) alkyl N-substituents improved the antibacterial activity, particularly against Gram-positive strains. 

Moreover, tested Gram-positive bacteria proved to be significantly susceptible also to linear or cyclic 

polar guanidino substituents (47h-i), as further confirmed by the worsened antibacterial profiles of AGUs 

endowed with small or bulky non-polar substituents (47l-m). 

Additionally, this work also focused on the development of  a novel library, inspired by the arm-removed 

hit, compound 20. Thus, derivatives 49-54 were synthesized to further explore the newly developed 

molecular scaffold. Shortening the chain (49) led in a complete loss of potency. However, Gram-positive 

strains resulted still susceptible to unsubstituted guanidines (50) or to ones endowed with small 

linear/branched alkyl substituents (51-54), although a dramatically decrease in activity was observed. 

Overall, chemical modification of the N-substitutions pattern in molecular scaffold of 20 led to a total 

loss of activity against Gram-negative strains. 

These preliminary findings suggested that compound 20 might hit a specific target, besides the interaction 

with bacterial membranes. Hence, aiming to proceed with a rational design of novel derivatives, 

compound 20 along with compound 1 and 39 were synthesized in larger scale and MoA investigations 

were made to properly describe the antibacterial behavior of these selected AGUs. Thus analytical, in 

silico and cell-based experiments were performed on AGUs 1, 20 and 39. Briefly, the UV-Vis spectra of 

suspensions of test compounds and POPG-LUVs suggested that interactions between AGUs and 

phospholipids are likely to occurr. PAMPA performed on three model bilayers, mimicking mammalian 

and bacterial phospholipids, showed a significant MR (> 40%) for compounds 1, and 39, particularly on 

bacterial ones, highlighting a stronger affinity to bilayers than that of compound 20, in accordance with 

LUVs experiments. Then, membrane integrity of the three bilayers was preliminarily assessed by 

monitoring alterations in Papp values of poorly permeable probes, CAF and caffeine, with a modified 

PAMPA protocol. Both these molecules showed enhanced values when incubates with compounds 1, 

and 39, revealing a moderate perturbation of the 3 bilayers. On the contrary, derivative 20 exerted no 



significant alteration in membrane functionality, being in agreement with what highlighted its low MR 

and the small redshift caused by the interaction with LUVs suspension. Additionally, MD simulations 

also confirmed a strong interaction between AGUs 1, and 39 on both the simulated bacterial membranes 

employed for the MD. Whereas, 20 seemed to display less affinity for mammalian phospholipids and a 

scarce ability to interact with POPG and POPE/POPG mixed bilayers. 

To confirm these preliminary evidences, permeability assays on living bacterial cells were also performed 

to validate the reliability of membrane model approaches. Briefly, representative Gram-positive and 

Gram-negative bacterial species were exposed to selected AGUs, monitoring the uptake of  the 

fluorescent dyes SYTO9 and PI. Compound 39 provoked the highest membrane perturbation, whereas 

the effect of  1 varied depending on tested strains. However, compound 20 showed the narrowest activity 

profile among the three tested AGUs, promoting membrane disruption only on a few bacterial strains. 

These evidence were also confirmed by CLSM imaging, leading to hypothesize additional MoAs for 

compound 20 as in accordance with the preliminary SARs acquired. In the end, hemolytic activity assays 

were performed to evaluate the selectivity of  AGUs library and as a means for assessing their cytotoxicity. 

AGUs 1, and 39 showed limited hemolytic activity. However, AGU 20 was remarkably not hemolytic at 

all, in agreement with the scarce phospholipids affinity highlighted by LUVs, PAMPA and MD 

experiments. Further evaluation of the hemolytic activity will be performed on the novel synthesized 

derivatives although, since being structurally analogues of compounds 1 and 39, it is likely to suppose a 

comparable hemolytic trend. 

Moreover, the impact of the counterion was evaluated preparing the free-base derivative 55 and assessing 

its biological activity along with that of the hydrochloride salt 40. Comparing both their antibacterial 

profiles with that of AGUs hit compound 1 emerged that 40 provided only a slight increase of MIC 

values, whereas greater differenced could be observed for 55. Anyway, the free-base compound exerted 

a good antibacterial activity but with low potency overall, particularly on Gram-negative strains. However, 

salt form of drug candidates are generally preferred,218 especially with guanidines bearing molecules due 

to their instability and their tendency to carbonation.293 Thereby, salt selection investigations will be 

further pursue to discover counterions with a positive impact on both the safety profile and the 

drugability properties of AGUs library. 

 



6. Matherials and Methods 
 
6.1 General Chemistry 

All commercially available chemicals and solvents were used as purchased. DCM was dried over calcium 

hydride and THF was dried over sodium and benzophenone before use. Degassed dry DMF was 

prepared from dry DMF through cycles of atmosphere exchange under sonication and purging (nitrogen 

bubbling). 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. Chromatographic separations were 

performed on columns packed with silica gel (230-400 mesh, for flash technique). TLCs were visualized 

under UV light and stained with Ninhydrin or basic permanganate stains. 1H NMR and 13C NMR were 

recorded on a Bruker Avance 400 spectrometer at 400 MHz and 100 MHz respectively or a Bruker 

Avance 600 spectrometer at 600 MHz and 150 MHz respectively.  Spectra are reported in parts per 

million (δ scale) and internally referenced to the CDCl3, CD3OD, and DMSO-D6 signal, respectively at δ 

7.26, 3.31, and 2.50 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 77.00, CD3OD at δ 49.00, and DMSO-

D6 at δ 39.00 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, br = broad signal), 

integration and coupling constants (J) in Hertz (Hz). Mass spectra (LCMS) 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. 

 

6.2 Determination of purity 
 

The purity of final products (≥95%) and was assessed by HPLC-UV-MS analysis using an Agilent 1260 

Infinity-II HPLC-DAD interfaced with Agilent 6130 MSD (Agilent Technologies, Palo Alto, CA) 

constituted by a vacuum solvent degassing unit, an injection with the volume ranging from 1 to 100 µL, 

a binary high-pressure gradient pump, a 1260 series diode-based UV detector, and a thermostated column 

housing an autosampler. The Agilent 6130 series mass spectra detection (MSD) single-quadrupole 

instrument was equipped with a multimode ESI/atmospheric pressure chemical ionization (APCI) source 

(Agilent Technologies, Palo Alto, CA). Nitrogen was used as the nebulizing and drying gas. The pressure 

of the nebulizing gas, the flow of the drying gas, the capillary voltage, the fragmentor voltage, and the 

vaporization temperature were set at 40 psi, 9 L/min, 3000 V, 10 V, and 350 °C, 



respectively. Chromatographic analyses were performed using a Phenomenex Kinetex EVO C18 100Å 

column (150 × 4.6 mm, 5 µm particle size) at room temperature and gradient elution with a binary 

solution (eluent A: H2O/CH3COONH4 0.05% w/v, eluent B: ACN). The analysis started with 5% of B 

(from t = 0 to t = 3 min), then B was increased to 95% (from t = 3 to t = 12 min), then kept at 95% 

(from t = 12 to t = 18 min) and finally return to 5% of eluent B in 2.0 min. The flow rate was 0.6 mL/min 

and the injection volume was 10 µL (sample concentration was 1 mg/mL). UV detection was monitored 

at 254 and 225 nm. Mass spectra were acquired in positive mode scanning over the mass range 100-

1500 m/z  using a step size of 0.1. 

 

6.3 Chemical procedures 
 
6.3.1 General synthesis of bromoazide derivatives 56a-b and 65 
To a solution of dibromoalcane (32.4 mmol) in DMF (60.0 mL), NaN3 (17.8 mmol) was added and the 

reaction mixture was stirred at 50 °C overnight. After cooling, the reaction mixture was concentrated and 

then diluted with AcOEt (20.0 mL). The organic phase was extracted twice with H2O (20.0 mL) and then 

with Brine (20.0 mL). The combined organic layers were dried over Na2SO4 and then evaporated under 

reduced pressure. The crude product was purified through flash chromatography to afford the 

corresponding bromoazide derivatives as oils. 
1-azido-7-bromoheptane (56a): 
Starting material: 1,7-dibromoeptane. The crude was purified by silica gel flash chromatography 

(Hexane).1H NMR (400 MHz, CDCl3) δ (ppm): 1.35 (m, 4H); 1.43 (m, 2H); 1.56 (m, 2H); 1.84 (m, 2H); 

3.24 (t, 2H, J = 6.8 Hz); 3.38 (t, 2H, J= 7.2 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.5; 27.9; 28.5; 

28.6; 32.4; 33.5; 51.0. Colorless oil. Yield: 74% 

1-azido-9-bromononane (56b): 
Starting material: 1,9-dibromononane. The crude was purified by silica gel flash chromatography 

(Hexane).1H NMR (600 MHz, CDCl3) δ (ppm): 1.32 (m, 6H); 1.47 (m, 6H); 1.82 (m, 2H); 3.26 (t, 2H, J = 

7.0 Hz); 3.40 (t, 2H, J = 7.2 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 28.1; 28.7; 29.5; 29.7; 30.3; 

32.4; 33.8; 51.2. Colorless oil. Yield: 71%. 

1-azido-8-bromoctane (65): 
Starting material: 1,8-dibromoctane. 1H NMR (400 MHz, CDCl3) δ (ppm): 1.33 (m, 6H); 1.43 (m, 2H); 

1.60 (m, 2H); 1.85 (m, 2H); 3.25 (m, 2H); 3.40 (m, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.5; 27.9; 

28.5; 28.7; 28.8; 32.6; 33.7; 51.3 Yield: 72% 

 

 

 



6.3.2 General synthesis of bis-azidobenzylamine derivatives 57a-b 
 

Benzylamine (3.67 mmol), K2CO3 (11.01 mmol) and KI (1.28 mmol) were dissolved in 1-Butanol (8.4 

mL). The mixture was heated at 115 °C and a solution of 56a-b (9.18 mmol) in 1-Butanol (21.0 mL) was 

added dropwise. The reaction mixture was stirred at 115°C for 48h. After cooling, the reaction mixture 

was filtered and the white solid was washed with AcOEt (20.0 mL). The organic phase was washed with 

Brine, dried over Na2SO4 and then evaporated under reduced pressure. The crude product was purified 

trough flash chromatography (eluent: DCM/MeOH 95/5), affording the compounds as yellow oils. 

bis(7 azidoheptyl)(benzyl)amine (57a): 
Starting material: 56a. The crude was purified by silica gel flash chromatography (DCM/MeOH 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm): 1.29 (m, 12H); 1.52 (m, 8H); 2.44 (m, 4H); 3.23 (t, 4H, J = 6.8 Hz); 

3.6 (s, 2H); 7.29 (m, 5H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.4; 27.2; 28.5; 29.1;29.3; 51.4; 53.7; 58. 

7; 126.54; 128.6; 129.0; 140.2. LCMS m/z (ES+) = 386.0 [M + H]+; 408 [M + Na]+. Colorless oil. Yield: 

80%. 

bis(9 azidononyl)(benzyl)amine (57b): 
Starting material: 56b. The crude was purified by silica gel flash chromatography (DCM/MeOH 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm): 1.31 (m, 20H); 1.55 (m, 8H); 2.44 (m, 4H); 3.25 (t, 4H, J = 6.6 Hz); 

3.63 (s, 2H); 7.31 (m, 5H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.2; 27.5; 28.7; 29.0; 29.1; 51.2; 53.9; 

60.1; 126.6 128.9; 129.0; 140.5. LCMS m/z (ES+) = 442.6 [M + H]+; 464.6 [M + Na]+. Colorless oil. 

Yield: 82%. 

 
6.3.3 General synthesis of bis-aminobenzylamine derivatives 58a-b 

To a solution of 57a-b (5.06 mmol) in THF (40.0 mL), triphenylphosphine (15.18 mmol) was added and 

the mixture was stirred for 1H at room temperature. Then H2O (202.4 mmol) was added and the reaction 

mixture was stirred at room temperature overnight. The reaction mixture was diluted with AcOEt (20.0 

mL) and extracted three times with HCl 2N (20.0 mL). The aqueous phase was carefully basified with 

NaOH 2N (20.0 mL) and back-extracted three times with AcOEt (40.0 mL). The combined organic 

phases were washed with Brine (120.0 mL) and after drying over Na2SO4, solvent was evaporated under 

reduced pressure. The products were obtained without any further purification as colorless oils. 

bis(7 aminoheptyl)(benzyl)amine (58a): 
Starting material: 57a. No further purification. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.25 (m, 12H); 1.45 

(m, 8H); 2.39 (t, 4H, J = 7.2 Hz); 2.58 (t, 4H, J = 7.2 Hz); 3.53 (s, 2H); 7.21 (m, 1H); 7.29 (m, 4H). 13C 

NMR (100 MHz, CD3OD) δ (ppm): 26.2; 26.6; 27.1; 29.0; 32.3; 41.1; 53.3; 58.2; 126.5; 127.7; 128.9; 138.9. 

LCMS m/z (ES+) = 334.0 [M + H]+. Yellowish oil. Yield: quantitative. 

 



bis(9 aminononyl)(benzyl)amine (58b): 
Starting material: 57b. No further purification. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.27 (m, 20H); 1.46 

(m, 8H); 2.43 (t, 4H, J = 7.0 Hz); 2.61 (t, 4H, J = 7.0 Hz); 3.47 (s, 2H); 7.22 (m, 1H); 7.31 (m, 4H). 13C 

NMR (100 MHz, CD3OD) δ (ppm): 26.1; 26.8; 26.9; 29.3; 32.6; 40.9; 53.5; 58.1; 126.7; 127.9; 129.1; 139.3. 

LCMS m/z (ES+) = 404.7 [M + H]+; 426.6 [M + Na]+. Yellowish oil. Yield: quantitative. 

 

6.3.4 General synthesis of triamine derivatives 59a-b 

To a solution of 58a-b (1.18 mmol) in i-PrOH (19.0 mL), Pd/C (10%, 0.06 mmol) and AcOH (6.1 mL) 

were added. The reaction mixture was subJected to three cycles of vacuum followed by flux of H2, and 

it was stirred under a strong flux of H2 overnight. Then the reaction mixture was diluted with MeOH 

(20.0 mL) and filtered through a plug of celite. The filtrate was concentrated and NaOH 2N (40.0 mL) 

was added until the formation of a precipitate. The aqueous phase was extracted three times with AcOEt 

(40.0 mL) and the combined organic layers were dried over Na2SO4 and concentrated under reduced 

pressure. The triamine derivatives were obtained as white solids without any further purification. 

bis(7 aminoheptyl)amine (59a): 
Starting material: 58a. No further purification. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.33 (s, 12H); 1.50 

(m, 8H); 2.57 (t, 4H, J = 7.2 Hz); 2.64 (t, 4H, J = 7.2 Hz). 13C NMR (100 MHz, CD3OD) δ (ppm): 26.5; 

26.9; 28.9; 29.3; 32.2; 41.1; 49.3. LCMS m/z (ES+) = 244.0 [M + H]+. Off-white solid. Yield: quantitative. 

bis(9 aminononyl)amine (59b): 
Starting material: 58b. No further purification. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.31 (s, 20H); 1.52 

(m, 8H); 2.55 (t, 4H, J = 7.0 Hz); 2.67 (t, 4H, J = 7.0 Hz). 13C NMR (100 MHz, CD3OD) δ (ppm): 26.9; 

27.2; 29.1; 29.3; 32.4; 41.3; 49.6. LCMS m/z (ES+) = 300.6 [M + H]+. Yiellowish solid. Yield: quantitative. 

 

6.3.5 General synthesis for the monoguanylated derivatives 60a-b 
Triamine derivative 59a-b (2.24 mmol) was dissolved in THF/MeOH 5/3 (11.0 mL) and the temperature 

was increased to 50 °C. When the compound was completely solubilized, a solution of 1,3-Bis(tert-

butoxycarbonyl)-2-methyl-2-thiopseudourea (0.75 mmol) in THF (11.0 mL) was added dropwise over 2h 

through a syringe pump and the reaction mixture was stirred at 50°C overnight. Solvent was then 

evaporated and the crude product was purified through flash chromatography, affording desired 

compounds as yellowish oils. 

tert-butyl N-[({7-[(7-aminoheptyl)amino] heptyl}amino)({[(tert-
butoxy)carbonyl]amino})methylidene]carbamate (60a) : 
Starting material: 59a. The crude was purified by silica gel flash chromatography (DCM/MeOH/TEA 

8/2/0.5). 1H NMR (400 MHz, CD3OD) δ (ppm): 1.30 (m, 12H); 1.47 (s, 9H); 1.50 (s, 9H) 2.55 (m, 4H); 

2.63 (m, 2H); 3.34 (m, 2H). 13C NMR (100 MHz, CD3OD) δ (ppm): 25.1; 26.0; 26.2; 27.0; 27.5; 28.0; 



28.8;28.9;29.0; 32.2; 40.3; 41.0; 48.0; 79.0; 82.5; 152.8; 156.3; 161.1. LCMS m/z (ES+) = 486.0 [M + H]+. 

Colorless oil. Yield: 76%. 

tert butyl N [({9 [(9 aminononyl)amino]nonyl}amino)({[(tert
butoxy)carbonyl]amino})methylidene]carbamate (60b): 
Starting material: 59a. The crude was purified by silica gel flash chromatography (DCM/MeOH/TEA 

8/2/0.5). 1H NMR (400 MHz, CD3OD) δ (ppm): 1.30 (m, 20H); 1.48 (s, 9H); 1.52 (s, 9H) 2.52 (m, 4H); 

2.64 (m, 2H); 3.36 (m, 2H). 13C NMR (100 MHz, CD3OD) δ (ppm): 24.8; 26.2; 26.4; 27.2; 27.6; 28.1; 

28.9; 29.1; 29.2; 32.3; 40.5; 41.3; 48.1; 79.0; 82.6; 153.0; 156.2; 161.4. LCMS m/z (ES+) = 542.8 [M + 

H]+. Colorless oil. Yield: 73%. 

6.3.6 General synthesis for bisguanylated derivatives 61a-b 

A solution of 61 (0.45 mmol) in THF (2.5 mL) was added to derivatives 60a-b (0.18 mmol), solubilized 

in the minimum MeOH required. DIPEA (0.06 mL, 0.36 mmol) was added and the reaction mixture was 

stirred at room temperature overnight. Then the reaction mixture was diluted with AcOEt and washed 

with NaHCO3 s.s. and Brine. The crude product was purified through flash chromatography, affording 

compounds as yellowish oils. 

tert butyl N ({[7 ({7 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]heptyl}amino)heptyl]amino}({[(tert
butoxy)carbonyl]imino})methyl) N (cyclopropylmethyl)carbamate (62a): 
Starting material: 60a. The crude was purified by silica gel flash chromatography (DCM/MeOH 9/1). 1H 

NMR (400 MHz, CDCl3) δ (ppm): 0.21 (m, 2H); 0.43 (m, 2H); 1.01 (m, 1H); 1.42 (m, 12H); 1.48 (m, 

36H); 1.57 (m, 4H); 1.83 (m, 4H); 2.87 (m, 4H), 3.27 (m, 2H); 3.35 (m, 2H); 3.59 (m, 2H); 8.25 (br, 1H); 

11.46 (br, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.4; 10.5; 26.0; 26.6;26.7; 27.7; 28.0; 28.1; 28.5; 29.0; 

40.6; 44.8; 47.8; 52.0; 79.1; 82.0; 82.5; 153.0; 156.1; 163.0. LCMS m/z (ES+) = 782.0 [M + H]+; 804.0 [M 

+ Na]+. Colorless oil. Yield: 52%. 

tert butyl N ({[9 ({9 [({[(tert butoxy)carbonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]nonyl}amino)nonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl) N (cyclopropylmethyl)carbamate (62b): 
Starting material 60b. The crude was purified by silica gel flash chromatography (DCM/MeOH 9/1). 1H 

NMR (400 MHz, CDCl3) δ (ppm): 0.19 (m, 2H); 0.41 (m, 2H); 1.03 (m, 1H); 1.45 (m, 20H); 1.51 (m, 

36H); 1.59 (m, 4H); 1.81 (m, 4H); 2.89 (m, 4H), 3.26 (m, 2H); 3.37 (m, 2H); 3.61 (m, 2H); 8.20 (br, 1H); 

11.40 (br, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.1; 10.3; 26.2; 26.8; 26.9; 27.4; 28.0; 28.2; 28.7; 

29.1; 40.5; 44.3; 47.9; 52.1; 79.1; 82.2; 82.6; 151.0; 156.3; 163.2. LCMS m/z (ES+) = 839.2 [M + H]+; 

861.2 [M + Na]+. Colorless oil. Yield: 71%. 

 



6.3.7 General synthesis for carbamoyl derivatives 63a-b 

To a solution of monomers 62a-b (0.12 mmol) in dry THF (5.0 mL) DIPEA (0.021 mL, 0.12 mmol) and 

triphosgene (29.7 mg, 0.10 mmol) were added at 0 °C under nitrogen atmosphere. The mixture was 

stirred 10 min at 0°C and then warmed to room temperature for 1H. Then NaHCO3 s.s. was added to 

quench the reaction mixture and it was stirred for 10 min. The aqueous phase was extracted three times 

with AcOEt and the combined organic layers were washed with Brine, dried over Na2SO4 and 

concentrated. The solvent was removed under reduced pressure and the crude product was purified 

through flash chromatography, affording compounds as oils. 

tert-butyl N-({[7-({7-[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]heptyl}(chlorocarbonyl)amino)heptyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)-N-(cyclopropylmethyl)carbamate (63a): 
Starting material: 62a. The crude was purified by silica gel flash chromatography (PE/AcOEt 7/3). 1H 

NMR (400 MHz, CDCl3) δ (ppm): 0.24 (m, 2H); 0.46 (m, 2H); 1.05 (m, 1H); 1.34 (m, 12H); 1.47 (m, 

36H); 1.58 (m, 8H); 3.31 (m, 4H); 3.35 (m, 4H); 3.54(m, 2H); 8.29 (br, 1H); 11.49 (br, 1H). 13C NMR (100 

MHz, CDCl3) δ (ppm): 3.5; 10.6; 22.6; 26.5; 26.6; 26.7; 27.4; 28.0; 28.2; 28.3; 28.8; 29.0; 29.6; 31.8; 33.7; 

40.8; 43.8; 49.8; 51.1; 52.1; 79.1; 81.9; 82.9; 85.2; 131.6; 148.9; 153.2; 158.1; 164.5. LCMS m/z (ES+) = 

422.5 [M + 2H]2+. Colorless oil. Yield: 48%. 

tert butyl N ({[9 ({9 [({[(tert butoxy)carbonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]nonyl}(chlorocarbonyl)amino)nonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl) N (cyclopropylmethyl)carbamate (63b): 
Starting material: 62b. The crude was purified by silica gel flash chromatography (PE/AcOEt 7/3). 1H 

NMR (CDCl3) δ (ppm): 0.21 (m, 2H); 0.43 (m, 2H); 1.01 (m, 1H); 1.31 (m, 20H); 1.49 (m, 36H); 1.60 (m, 

8H); 3.29 (m, 4H); 3.37 (m, 4H); 3.55 (m, 2H); 8.29 (br, 1H); 11.49 (br, 1H). 13C NMR (CDCl3) δ (ppm): 

3.2; 10.9; 22.6; 26.5; 26.6; 26.7; 27.2; 28.1; 28.2; 28.6; 28.8; 29.2; 29.9; 31.7; 33.8; 41.2; 44.5; 50.1; 51.1; 

52.3; 79.2; 82.0; 82.9; 85.4; 131.7; 150.1; 153.2; 158.6; 164.7. LCMS m/z (ES+) = 901.7 [M + 2H]2+. 

Colorless oil. Yield: 57%. 

 

6.3.8 General synthesis for the urea coupling 
To the carbamoyl derivatives (0.06 mmol) and sodium iodide (0.006 mmol, previously dried in oven) in 

a tube, a solution of the proper amine derivatives (0.08 mmol) in dry DCM (6.2 mL) and dry DIPEA (21 

µL) were added under nitrogen atmosphere. Then, the tube was sealed and the reaction mixture was 

stirred at 40 °C for 24 h under nitrogen atmosphere. After cooling, DCM and NaHCO3 s.s. were added 

to the mixture and it was stirred for 10 min. The aqueous phase was extracted three times with DCM and 

the combined organic layers were washed with brine, dried on Na2SO4, filtered and evaporated under 

reduced pressure. The crude product was purified through flash column chromatography (silica gel). 



tert butyl N [({7 [(7 {[amino({[(tert butoxy)carbonyl]imino})methyl][(tert

butoxy)carbonyl]amino}heptyl)[(7 {[amino({[(tert butoxy)carbonyl]imino})methyl][(tert

butoxy)carbonyl]amino}heptyl)({7 [({[(tert

butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]heptyl})carbamoyl]amino]heptyl}amino)({[(tert

butoxy)carbonyl]imino})methyl] N (cyclopropylmethyl)carbamate (64a): 
Starting materials 63a and 62a. Flash chromatography on sílica gel. (DCM/MeOH 98/2).1H NMR (400 

MHz, CDCl3) δ (ppm): 0.22 (m, 4H); 0.43 (m, 4H); 1.02 (m, 2H); 1.29 (m, 24H); 1.47 (m, 72H); 1.52 (m, 

16H); 3.04 (m, 8H); 3.29 (m, 4H); 3.39 (m, 4H); 3.52 (m, 4H); 8.26 (br, 2H); 11.49 (br, 2H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 3.4; 10.5; 26.7; 26.9; 27.0; 27.9; 28.0; 28.3; 28.9; 29.1; 29.6; 40.9; 43.7; 48.1; 

48.4; 52.1; 79.3; 81.8; 82.9; 153.2; 156.1; 163.9; 165.0. LCMS m/z (ES+) = 796.1 [M + 2H]2+; 531.7 [M 

+ 3H]3+ YIELD: 57% 

tert butyl N [({9 [(9 {[amino({[(tert butoxy)carbonyl]imino})methyl][(tert

butoxy)carbonyl]amino}nonyl)[(9 {[amino({[(tert butoxy)carbonyl]imino})methyl][(tert

butoxy)carbonyl]amino}nonyl)({9 [({[(tert

butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]nonyl})carbamoyl]amino]nonyl}amino)({[(tert

butoxy)carbonyl]imino})methyl] N (cyclopropylmethyl)carbamate (64b): 
Starting materials 63b and 62b. Flash chromatography on sílica gel. (DCM/MeOH 98/2).1H NMR (400 

MHz, CDCl3) δ (ppm): 0.25 (m, 4H); 0.46 (m, 4H); 1.06 (m, 2H); 1.31 (m, 24H); 1.49 (m, 72H); 1.55 (m, 

16H); 3.07 (m, 8H); 3.36 (m, 4H); 3.42 (m, 4H); 3.56 (m, 4H); 8.27 (br, 2H); 11.48 (br, 2H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 3.2; 10.6; 26.8; 26.8; 27.2; 27.9; 28.1; 28.4; 29.0; 29.3; 29.6; 41.1; 43.8; 48.1; 

48.5; 52.1; 79.3; 81.8; 83.0; 153.3; 156.1; 164.2; 165.1. LCMS. LCMS m/z (ES+) = 852.2 [M + 2H]2+; 

568.5 [M + 3H]3+ YIELD: 48%. 

1,3 bis(8 azidooctyl) 1,3 bis({6 [(triphenylmethyl)amino]hexyl})urea (70a): 
Starting materials: amine 68a and carbamoyl chloride 69a. The crude was purified by silica gel flash 

chromatography (PE/Et2O 7/3). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.28-1.34 (m, 24H); 1.46 (m, 8H); 

1.57 (m, 8H); 2.11 (m, 4H); 3.06 (m, 8H); 3.23 (t, 4H, J = 6.8 Hz); 7.18 (t, 6H, J = 7.2 Hz); 7.27 (t, 12H, 

J = 8 Hz); 7.47 (d, 12H, J = 8 Hz).  13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 26.9; 27.1; 27.2; 28.7; 

29.1; 29.2; 30.83; 43.4; 48.2; 51.3; 70.8; 126.1; 127.6; 128.6; 145.4; 163.4. LCMS m/z (ES+) = 243.0 [trityl 

fragment + H]+; 1049.6 [M + H]+; 1071.6 [M + Na]+. Colorless oil. Yield:75%.  

 

 



1,3 bis(8 azidooctyl) 3 {6 [(triphenylmethyl)amino]hexyl} 1-
{8[(triphenylmethyl)amino]octyl}urea (70b): 
Starting materials: amine 68a and carbamoyl chloride 69a. The crude was purified by silica gel flash 

chromatography (PE/Et2O 7/3). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.27-1.34 (m, 28H); 1.46 (m, 8H); 

1.57 (m, 8H); 2.11 (m, 4H); 3.07 (m, 8H); 3.24 (t, 4H, J = 6.8 Hz); 7.18 (t, 6H, J = 7.2 Hz); 7.26 (t, 12H, 

J = 7.2 Hz); 7.47 (d, 12H, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 27.1; 27.9; 28.7; 29.0; 

29.2; 48.2; 51.3; 59.2; 126.1; 127.6; 128.6; 146.3; 165.5. LCMS m/z (ES+) = 243.0 [trityl fragment + H]+; 

1077.8 [M + H]+; 1099.8 [M + Na]+. Colorless oil. Yield:76%.  

1,3 bis(8 azidooctyl) 1,3 bis({8 [(triphenylmethyl)amino]octyl})urea (70c): 
Starting materials 68b and 69b. Flash chromatography on sílica gel. (PE/Et2O 7/3).1H NMR (400 MHz) 

(400 MHz, CDCl3) δ = 1.30 (m, 32H), 1.49 (m, 12H), 1.59 (m, 4H), 2.13 (t, 4H, J= 6.8 Hz), 3.09 (m, 8H), 

3.25 (t, 4H, J= 6.8 Hz), 7.19 (t, 3H, J= 7.2 Hz), 7.28 (t, 6H, J= 7.6 Hz), 7.49 (d, 6H, J= 7.6 Hz). 13C NMR 

(100 MHz) (CDCl3) δ (ppm): 26.6, 26.9, 27.0, 27.2, 27.9, 28.7, 29.1, 29.2, 29.4, 29.6, 30.8, 43.5, 48.1, 51.4, 

79.4, 126.1, 127.7, 128.6, 129.6, 146.3, 165.3. LCMS m/z (ES+) = 1127.4 [M + Na]+,  1105.4 [M + H]+, 

553.2 [M + 2H]2+, 369.2 [M + 3H]3+, 863.4 [artifact without trityl fragment + H]+, 243.0 [trityl fragment 

+ H]+. Colorless oil. Yield: 80%. 

1,3 bis(8 azidooctyl) 1,3 bis({8 [(triphenylmethyl)amino]octyl})thiourea (81): 
Starting materials: amine 68a and thiocarbamoyl chloride 85. The crude was purified by silica gel flash 

chromatography (PE/Et2O 7/3). The crude was purified by silica gel flash chromatography (PE/Et2O 

8/2). 1H NMR (CDCl3) δ (ppm): 1.26-1.30 (m, 32 H); 1.44 (m, 4H); 1.56 (m, 12H); 2.11 (t, 4H, J = 6.8 

Hz); 3.23 (t, 4H, J = 6.8 Hz); 3.43 (q, 8H, J = 7.6 Hz); 7.18 (t, 6H, J = 7.2 Hz); 7.27 (t, 12H, J = 7.2 Hz); 

7.47 (d, 12H, J = 7.6 Hz). 13C NMR (CDCl3) δ (ppm): 26.7; 26.8; 27.1; 27.3; 29.3; 29.5; 32.2; 42.2; 50.3; 

70.8; 126.6; 128.2; 145.3; 185.7. LCMS m/z (ES+) = 1049.6 [M + H]+; 1071.6 [M + Na]+. Yield: 50%. 

Pale yellow oil.

6.3.9 Synthesis of {8-[(8-azidooctyl)({[(8-azidooctyl)({8-
[(triphenylmethyl)amino]octyl})carbamoyl]sulfanyl}methanethioyl)amino]octyl}(triphenylmet
hyl)amine (86): 

To a solution of amine 68b (0.35 mmol) in THF (23 mL), NaOH (0.42 mmol) was added. The reaction 

was then cooled down to 0°C and then carbon disulfide (21 L) was added. The resulting mixture was 

stirred ad 0-5°C for 3 h. Then, a solution of 69b (0.083 mmol) in THF (1mL) was added and the resulting 

mixture was stirred at 40°C for 6 hours. The crude was then diluted with NaHCO3 ss. and extracted three 

times with DCM. The organic layers was then dryed over Na2SO4, filtered and evaporated under reduced 

pressure. The crude mixture was purified by gel silica flash chromatography (PE/Et2O 8/2). 1H NMR 



(CDCl3) δ (ppm): 1.29 (m, 32H); 1.45 (m, 4H); 1.58 (m, 8H); 1.69 (m, 2H); 1.77 (m, 2H); 2.12 (t, J = 6.9 

Hz, 4H); 3.24 (m, 6H); 3.33 (m, 2H); 3.69 (m, 3.69); 3.91 (dt, J = 10.5, 5.0 Hz, 2H); 7.17 (t, J = 7.3 Hz, 

6H); 7.26 (m, 12H); 7.47 (d, J = 7.7 Hz, 12H). 13C NMR (CDCl3) δ (ppm): 26.6; 26.7; 26.9; 27.3; 28.8; 

29.0; 29.1; 29.2; 29.5; 29.6; 29.7; 30.8; 43.6; 51.4; 51.5; 54.5; 54.6; 55.7; 55.8; 70.8; 76.8; 77.0; 77.2; 126.2; 

127.7; 128.6; 128.7; 146.3; 161.5; 185.5. LCMS m/z (ES+) = 1181.7 [M + H]+; 1203.7 [M + Na]+; 936.7 

[M – trityl fragment + H]+. Yield: 45%. Pale yellow oil.  

6.3.10 General synthesis for trityl-nosyl-amines 66a-b 

To a stirred solution of proper diaminoalcane (57.46 mmol) in dry DCM (27.5 mL) in ice bath, a solution 

of triphenylmethyl chloride (14.35 mmol) in dry DCM (27.0 mL) was added dropwise through a dropping 

funnel over 4 h at 0 °C under nitrogen atmosphere. Then, the reaction mixture was stirred at room 

temperature for 2 h. The solvent was evaporated under reduced pressure and the crude was treated with 

Et2O and filtered over a celite plug to remove the fine powder of starting material. Then the filtrate was 

evaporated under reduced pressure and purified by flash column chromatography (silica gel) affording 

the trityl amine derivative. Then, to a solution of the so obtained trityl amine (10.10 mmol) and freshly 

distilled TEA (2.75 mL) in dry DCM (36.0 mL), a solution of 4-Nitrobenzenesulfonyl chloride (10.60 

mmol) in dry DCM (36.0 mL) was added via cannula at room temperature under nitrogen atmosphere. 

The reaction mixture was stirred at room temperature for 2 h, then the solvent was evaporated under 

reduced pressure. The crude was purified by flash column chromatography (silica gel). 

4 nitro N {6 [(triphenylmethyl)amino]hexyl}benzene 1 sulfonamide (66a): 
First step: trityl amine. Starting material: 1,6-diaminohexane. The crude was purified by silica gel flash 

chromatography (DCM/MeOH 95/5). 1H NMR (CDCl3) δ (ppm): 1.28 (m, 4H); 1.47 (m, 4H); 1.74 (br, 

3H); 2.12 (t, 2H, J = 6.8 Hz); 2.67 (t, 2H, J = 6.8 Hz); 7.18 (t, 3H, J = 7.2 Hz); 7.27 (t, 6H, J = 7.6 Hz); 

7.48 (d, 6H, J = 8.0 Hz). 13C NMR (CDCl3) δ (ppm): 26.7; 27.1; 30.7; 33.2; 41.9; 43.4; 70.8; 126.1; 127.6; 

128.6; 146.3. LCMS m/z (ES+) = 243.0 [trityl fragment + H]+; 381.2 [M + Na]+. Pale yellow oil. Yield: 

80%. 

Second step: trityl-nosyl-amine. The crude was purified by silica gel flash chromatography (DCM). 1H NMR 

(400 MHz, CDCl3) δ (ppm): 1.24 (m, 4H); 1.46 (m, 4H); 1.60 (br, 1H); 2.11 (t, 2H, J = 6.8 Hz); 2.99 (m, 

2H); 4.68 (br, 1H); 7.19 (t, 3H, J = 6.8 Hz); 7.27 (t, 6H, J = 8.0 Hz); 7.47 (d, 6H, J = 8.0 Hz); 8.05 (d, 2H, 

J = 8.4 Hz); 8.35 (d, 2H, J = 8.4 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.3; 26.6; 27.0; 29.5; 30.4; 

43.3; 43.3; 78.8; 124.3; 126.2; 127.7; 128.5; 146.0; 151.3. LCMS m/z (ES+) = 243.0 [trityl fragment + 

H]+. LCMS m/z (ES-)= 541.9 [M - H]- ; 578.0 [M + Cl]-. Pale yellow foam. Yield: 75%.  

4 nitro N {8 [(triphenylmethyl)amino]octyl}benzene 1 sulfonamide (66b): 



First step: trityl amine. Starting material: 1,8-diaminoctane. The crude was purified by silica gel flash 

chromatography (DCM/MeOH 9/1). 1H NMR (400 MHz, CD3OD) δ (ppm): 1.20 (m, 10H), 1.47 (m, 

4H), 1.46 (m, 4H), 2.12 (t, 2H, J= 7.2 Hz), 2.60 (t, 2H, J= 6.8 Hz), 7.17 (t, 3H, J= 6.8 Hz), 7.24 (d, 6H, 

J= 7.6 Hz), 7.43 (d, 6H, J= 7.6 Hz). 13C NMR (100 MHz, CD3OD) δ (ppm): 26.5, 27.0, 29.0, 29.1, 30.0, 

32.3, 41.0, 43.5, 78.0, 125.8, 127.2, 128.4, 146.2. LCMS m/z (ES+) = 409.0 [M + Na]+, 243.0 [trityl 

fragment + H]+. Colorless oil. Yield: 89%. 

Second step: trityl-nosyl amine. The crude was purified by silica gel flash chromatography (DCM). 1H NMR 

(400 MHz, CDCl3) δ (ppm): 1.20 (m, 8H), 1.45 (m, 4H), 2.09 (m, 2H), 2.99 (m, 2H), 4.63 (br, 1H), 7.17 

(t, 3H, J= 6.8 Hz), 7.24 (t, 6H, J= 7.6 Hz), 7.43 (d, 6H, J= 7.6 Hz), 8.05 (d, 2H, J= 8.0 Hz), 8.34 (d, 2H, 

J= 8.0 Hz).13C NMR (100 MHz, CDCl3) δ (ppm): 26.4, 26.7, 27.2, 28.9, 29.3, 29.6, 43.4, 43.7, 48.3, 124.4, 

126.3, 127.8, 128.2, 128.3, 128.7, 142.2, 150.0. LCMS m/z (ES+) = 594.0 [M + Na]+, 571.9 [M + H]+, 

243.0 [trityl fragment + H]+. LCMS m/z (ES-) = 570.1 [M - H]-, 606.2 [M + Cl]+. Off-white powder. 

Yield: 84%. 

 

6.3.11 General synthesis for masked azido-nosyl-trityl triamines 67a-b 
Sulphonamides 66a-b or commercial 2-Nitrobenzene-1-sulfonamide (5.24 mmol), potassium carbonate 

(15.72 mmol, previously dried in oven), and potassium iodide (2.62 mmol, previously dried in oven) were 

dissolved in dry DMF (17.5 mL) under nitrogen atmosphere. The mixture was heated at 95 °C and a 

solution of 65 (6.28 mmol) in dry DMF (17.5 mL) was added. The reaction mixture was stirred at 95°C 

for 16 h. After cooling, the reaction mixture was diluted with AcOEt, filtered over cotton, washed with 

AcOEt, and concentrated under reduced pressure. The residue was treated with NaHCO3 and extracted 

three times with AcOEt. The combined organic layers were washed with H2O, an aqueous solution of 

LiCl 5% and brine, dried on Na2SO4, filtered, and then evaporated under reduced pressure. The crude 

product was purified through flash column chromatography. 
{6 [N (8 azidooctyl)4 nitrobenzenesulfonamido]hexyl}(triphenylmethyl)amine (67a): 
Starting materials: 65 and 66a. The crude was purified by silica gel flash chromatography (PE/EtOAc 

8/2). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.28 (m, 12H); 1.52 (m, 8H); 2.11 (m, 2H); 3.13 (m, 4H); 3.25 

(t, 3H, J = 6.8 Hz); 7.19 (t, 3H, J = 7.2 Hz); 7.28 (t, 6H, J = 7.2 Hz); 7.48 (d, 6H, J = 7.6 Hz); 7.97 (d, 

2H, J = 8.4 Hz); 8.34 (d, 2H, J = 8.8 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.5; 28.6; 28.70; 28.9; 

42.6; 48.0; 51.3; 78.8; 124.2; 127.3; 128.1; 145.9; 151.0. LCMS m/z (ES+) = 243.0 [trityl fragment + H]+; 

719.3 [M + Na]+. Yellow oil. Yield: 82%.  

{8 [N (8 azidooctyl)4 nitrobenzenesulfonamido]octyl}(triphenylmethyl)amine (67b): 
Starting materials: 65 and 66b. The crude was purified by silica gel flash chromatography (PE/EtOAc 

8/2). 1H NMR (400 MHz, CD3OD) δ (ppm): 1.28 (m, 24H), 1.52 (m, 8H), 2.11 (m, 2H), 3.14 (m, 4H), 

3.25 (t, 2H, J= 6.8 Hz), 7.19 (m, 3H), 7.27 (m, 6H), 7.48 (m, 6H), 7.97 (d, 2H, J= 8.4 Hz), 8.33 (d, 2H, 



J= 8.4 Hz).13C NMR (100 MHz, CDCl3) δ (ppm): 26.5, 27.2, 28.6, 28.7, 28.9, 29.0, 29.4, 44.3, 48.2, 51.3, 

78.3, 124.2, 126.1, 127.7, 128.1, 128.6, 146.1, 146.3, 149.8. LCMS m/z (ES+) = 763.0 [M + K]+, 747.2 

[M + Na]+, 243.2 [trityl fragment + H]+. Pale yellow oil. Yield: 90%. 

N,N bis(8 azidooctyl) 2 nitrobenzene 1 sulfonamide (77): 
The crude product was purified through silica gel flash chromatography (PE/AcOEt 75/25). 1H NMR 

(400 MHz, CDCl3) δ (ppm): 1.24 (m, 12H), 1.31 (m, 4H), 1.53 (m, 8H), 3.23 (m, 8H), 7.58 (m, 1H), 7.67 

(m, 2H), 7.96 (m, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.3, 26.4, 28.0, 28.7, 28.9, 47.1, 51.3, 124.0, 

130.5, 131.5, 133.3, 133.6, 147.9. LCMS m/z (ES+) = 547.2 [M+ K]+, 531.2 [M + Na]+. Colorless oil. 

Yield: 92%. 

 

6.3.12 General synthesis for nosyl cleavage in derivatives 68a-b 
To a stirred solution of the proper nosyl derivative 67a-b (0.79 mmol) and potassium carbonate (1.58 

mmol, previously dried in oven) in degassed dry DMF (3.6 mL), thiophenol (242 L, 2.36 mmol) was 

added under nitrogen atmosphere and the reaction mixture was stirred at room temperature for 2 h with 

a bleach trap outlet. Then, the reaction mixture treated with DCM and NaH2CO3 s.s.. The aqueous phase 

was extracted three times with DCM and the combined organic layers were washed with brine, dried on 

Na2SO4 and then evaporated under reduced pressure. The crude product was purified through silica gel 

flash chromatography.  

{6 [(8 azidooctyl)amino]hexyl}(triphenylmethyl)amine (68a): 
Starting material: 67a. The crude was purified by silica gel flash chromatography (DCM/MeOH 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm): 1.31 (m, 12H); 1.46 (t, 2H, J = 6.8 Hz); 1.57 (t, 2H, J = 6.8 Hz); 

1.72 (m, 4H); 2.11 (t, 2H, J = 6.8 Hz); 2.78 (q, 4H, J = 6.4 Hz); 3.23 (t, 2H, J = 6.8 Hz); 7.18 (t, 3H, J = 

7.2 Hz); 7.27 (t, 6H, J = 7.6 Hz); 7.47 (d, 6H, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 

27.1; 29.2; 29.9; 30.4; 31.1; 44.1; 48.9; 50.7; 78.1; 125.9; 127.2; 128.7; 145.3. LCMS m/z (ES+) = 243.0 

[trityl fragment + H]+; 534.3 [M + Na]+. Yellow oil. Yield: 75%.  

{8 [(8 azidooctyl)amino]octyl}(triphenylmethyl)amine (68b) 
Starting material: 67b. The crude was purified by silica gel flash chromatography (DCM/MeOH 95/5). 
1H NMR (400 MHz, CDCl3) δ = 1.30 (m, 16H), 1.46 (m, 2H), 1.59 (m, 2H), 1.69 (m, 2H), 3.25 (t, 2H, J= 

6.8 Hz), 7.18 (t, 3H, J= 7.2 Hz), 7.27 (t, 6H, J= 7.2 Hz), 7.48 (d, 6H, J= 7.6 Hz). 13C NMR (100 MHz), 

CDCl3) δ (ppm): 26.6, 27.0, 27.1, 27.3, 28.9, 29.0, 29.3, 30.0, 30.5, 31.1,44.3, 48.7, 50.3, 77.4, 126.2, 127.0, 

129.3, 145.0. LCMS m/z (ES+) = 562.0 [M + Na]+, 540.3 [M + H]+, 243.0 [trityl fragment + H]+. Yellow 

oil.  Yield: 88%. 



6.3.13 General synthesis for the carbamoyl derivatives 
To a solution of the proper secondary amine (0.96 mmol) in dry DCM (16.0 mL), DIPEA (334 µL) was 

added under nitrogen atmosphere. Then, a solution of triphosgene (0.48 mmol) in dry DCM (30.0 mL) 

was added dropwise at 0 °C. The mixture was stirred at 0 °C for 30 min and then at room temperature 

for 0.5-1 h. NaHCO3 s.s. was added to the reaction mixture and it was stirred for 10 min. The aqueous 

phase was extracted three times with DCM and the combined organic layers were washed with brine, 

dried on Na2SO4, filtered and evaporated under reduced pressure. The crude product was purified 

through flash column chromatography. 

N (8 azidooctyl) N {6 [(triphenylmethyl)amino]hexyl}carbamoyl chloride (69a): 
Starting material: 68a.The crude was purified by silica gel flash chromatography (PE/Et2O 8/2). 1H NMR 

(400 MHz, CDCl3) δ (ppm): 1.34 (m, 12H); 1.59 (m, 8H); 2.13 (m, 2H); 3.31 (m, 6H); 7.19 (t, 3H, J = 7.2 

Hz); 7.28 (t, 6H, J = 7.2 Hz); 7.48 (d, 6H, J = 8 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.5; 28.7; 

29.0; 30.6; 42.3; 49.8; 51.3; 126.1; 127.7; 128.6; 148.7. LCMS m/z (ES+) = 243.0 [trityl fragment + H]+; 

574.3 [M + H]+; 596.3 [M + Na]+. Colorless oil. Yield: 68%.  

N (8 azidooctyl) N {8 [(triphenylmethyl)amino]octyl}carbamoyl chloride (69b): 
Starting material 68b. The crude product was purified through silica gel flash column chromatography 

(PE/AcOEt 9/1). 1H NMR (400 MHz, CDCl3) δ = 1.16 (m, 16H), 1.55 (m, 8H), 3.01 (m, 2H), 3.29 (m, 

6H), 7.30 (m, 9H), 7.57 (m, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.4, 27.1, 27.4, 28.3, 28.7, 28.9, 

29.0, 29.6, 46.2, 49.8, 51.1, 51.3, 78.4, 127.8, 128.1, 128.4, 129.1, 146.3, 148.2. LCMS m/z (ES+) = 624.2 

[M + Na]+, 243.0 [trityl fragment + H]+. Colorless oil Yield: 72%. 

 

6.3.14 Synthesis of N,N bis(8 azidooctyl)carbamoyl chloride 78: 

First step: nosyl deprotection. To sulphonamide 77 (0.21 mmol) in dry THF (7.0 mL), anhydrous sodium 

methanethiolate (58.8 mg, 0.84 mmol) was added at 0 °C under nitrogen atmosphere and the reaction 

mixture was stirred at room temperature for 4 h with a bleach trap outlet. Then, the reaction mixture was 

treated with AcOEt and NaH2CO3 s.s.. The aqueous phase was extracted three times with AcOEt and 

the combined organic layers were washed with brine, dried on Na2SO4, and then evaporated under 

reduced pressure. The crude product was purified through silica gel flash chromatography 

(AcOEt/MeOH 9/1). 1H NMR (400 MHz, CDCl3) δ = 31 (m, 16H), 1.51 (m, 4H), 1.58 (m, 4H), 2.49 

(br, 1H), 2.61 (t, 4H, J= 7.2 Hz), 3.24 (t, 4H, J= 6.8 Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6, 

27.1, 28.7, 29.0, 29.2, 29.6, 49.7, 51.4.  LCMS m/z (ES+) = 324.2 [M + H]+. Yellow oil. Yield: quantitative.  

Second step: carbamoylation. Procedure of carbamoylation as reported in 6.3.12 using the nosyl-deprotected 

bis azide previously described. The crude product was purified through silica gel flash column 

chromatography (PE/AcOEt 9/1). 1H NMR (400 MHz, CDCl3) δ = 1.37 (m, 16H), 1.60 (m, 8H), 3.26 

(t, 4H, J= 6.4 Hz), 3.33 (m, 2H), 3.38 (m, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.5, 26.5, 27.4, 



28.3, 28.7, 28.9, 29.0, 49.8, 51.1, 51.4, 149.2. LCMS m/z (ES+) = 424.1 [M + K]+,  408.1 [M + Na]+, 

404.1 [MeOH-adduct artifact + Na]+, 386.1 [M + H]+, 382.1 [MeOH-adduct artifact + H]+. Yellow oil.  

Yield: 71%.  

 
6.3.15 Synthesis of {8 [(8azidooctyl)(chloromethanethioyl)amino]octyl}(triphenylmethyl)amine 
(85): 

To an ice-cold solution of secondary amine 68b (0.37 mmol) and dry DIPEA (0.19 mL) in dry DCM (9 

mL) a solution of thiophosgene (57 µL) in dry DCM (9 mL) was slowly added dropwise via canula under 

N2 atmosphere. The reaction mixture was stirred at 0°C for 30 minutes and then at room temperature 

for 30 min. Then, it was quenched with aqueous NaHCO3 s.s. and extracted three times with DCM. The 

organic phases were reunited, washed with brine, dried over Na2SO4, filtered, and evaporated under 

reduced pressure. The crude was purified by silica gel flash chromatography (PE/Et2O 9/1). 1H NMR 

(400 MHz, CDCl3) δ (ppm): 1.33 (m, 16H); 1.47 (m, 2H); 1.60 (m, 2H); 1.74 (m, 4H); 3.26 (t, 2H, J = 6.8 

Hz); 3.68 (m, 2H); 3.83 (m, 2H); 7.19 (t, 3H, J = 6.8 Hz); 7.28 (t, 6H, J = 7.6 Hz); 7.48 (d, 6H, J = 7.6 

Hz). 13C NMR (100 MHz, CDCl3) δ (ppm): 25.6; 26.5; 27.8; 28.7; 28.9; 29.4; 30.7; 31.4; 43.3; 51.3; 55.8; 

126.1; 127.6; 128.6; 173.7. LCMS m/z (ES+) = 243.0 [trityl fragment + H]+; 640.1 [M + Na]+. Brown oil. 

Yield: 40%. 
 
6.3.16 General synthesis of monoguanylated azido dimers 
 

To a solution of the proper urea derivatives 70a-c (0.14 mmol) in DCM (13.3 mL), freshly distilled TFA 

(final concentration 5%, 700 L) was added. The resulting mixture was stirred at room temperature for 

0.5 h. The reaction completion was verified through direct LCMS inJection. Then, the mixture was 

treated with toluene and methanol, evaporating under reduced pressure. The crude was then dissolved in 

THF (2.8 mL) and DIPEA (122 L ) was added. The mixture was stirred at room temperature for 10 

min and then the suitable 61 or commercially available N,N-DiBoc-1H-pyrazolecarboxamidine was 

added. The reacting mixture was then stirred at room temperature for 16 h. The crude was purified 

through silica gel flash chromatography. 

tert butyl N [({6 [(8 azidooctyl)[(8 azidooctyl)(8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl]amino}octyl)carbamoyl]amino]hexyl}amino)({[(tert
butoxy)carbonyl]amino})methylidene]carbamate (71a): 
Starting material 70a. After detritylation LCMS m/z (ES+) = 593.5 [M+H]+; 615.5 [M+Na]+. Guanylating 

agent used: N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (commercial). The crude was purified by silica 

gel flash chromatography (PE/AcOEt 8/2). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.31 (m, 28H); 1.51 (s, 

36H); 1.55-1.60 (m, 16H); 3.07 (m, 8H); 3.25 (t, 4H, J = 6.8 Hz); 3.39 (m, 4H); 8.28 (br, 2H); 11.50 (br, 



2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 26.9; 28.0; 28.2; 28.7; 29.0; 29.2; 40.8; 48.2; 51.3; 78.8; 

82.9; 156.0; 165.2. LCMS m/z (ES+) = 1077.3 [M + H]+; 1199.7 [M + Na]+. Colorless oil. Yield:75%.  

tert butyl N [({6 [(8 azidooctyl)[(8 azidooctyl)(6 [({[(tert
butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert
butoxy)carbonyl]imino})methyl]amino}hexyl)carbamoyl]amino]hexyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N  (cyclopropylmethyl)carbamate (71b): 
Starting material 70a. After detritylation LCMS m/z (ES+) = 565.9 [M + H]+. Guanylating agent used: 

61. The crude was purified by silica gel flash chromatography (PE/AcOEt 9/1). 1H NMR (400 MHz, 

CDCl3) δ (ppm): 0.23 (m, 4H); 0.46 (m, 4H); 1.04 (m, 2H); 1.30 (m, 24H); 1.46 (s, 18H); 1.48 (s, 18H); 

1.58 (m, 16H); 3.06 (m, 8H); 3.25 (t, 4H, J = 6.8 Hz); 3.32 (m, 4H); 3.53 (m, 4H); 8.28 (br, 2H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 3.5; 10.4; 26.6; 26.8; 26.9; 28.1; 28.7; 29.0; 29.2; 40.9; 43.9; 48.0; 48.5; 51.3; 

78.8; 82.9; 156.0; 163.2; 165.2. LCMS m/z (ES+) = 1156.7 [M + H]+; 1179.3 [M + Na]+. Colorless oil. 

Yield: 78%. 

tert butyl N [({6 [(8 azidooctyl)[(8 azidooctyl)(8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl]amino}octyl)carbamoyl]amino]hexyl}amino)({[(tert
butoxy)carbonyl]amino})methylidene]carbamate (71c): 
Starting material 70b. After detritylation LCMS m/z (ES+) = 593.5 [M+H]+; 615.5 [M+Na]+. 

Guanylating agent used: N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (commercial). The crude was 

purified by silica gel flash chromatography (PE/AcOEt 8/2). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.31 

(m, 28H); 1.51 (s, 36H); 1.55-1.60 (m, 16H); 3.07 (m, 8H); 3.25 (t, 4H, J = 6.8 Hz); 3.39 (m, 4H); 8.28 

(br, 2H); 11.50 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 26.9; 28.0; 28.2; 28.7; 29.0; 29.2; 

40.8; 48.2; 51.3; 78.8; 82.9; 156.0; 165.2. LCMS m/z (ES+) = 1077.3 [M + H]+; 1199.7 [M + Na]+. 

Colorless oil. Yield:75%.  

tert-butyl N-[({6-[(8-azidooctyl)[(8-azidooctyl)({8-[({[(tert-
butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl]amino]hexyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-(cyclopropylmethyl)carbamate (71d): 
Starting material used 70b. After detritylation LCMS m/z (ES+) = 593.5 [M+H]+ ; 615.5 [M+Na]+. 

Guanylating agent used: 61. The crude was purified by silica gel flash chromatography (PE/AcOEt 7/3). 
1H NMR (400 MHz, CDCl3) δ (ppm): 0.25 (m, 4H); 0.45 (m,4H); 1.31 (m, 36H); 1.47 (s, 18H); 1.49 (s, 

18H); 1.58 (m, 8H); 3.08 (m, 8H); 3.25 (t, 4H, J = 7.2 Hz); 3.30 (m, 4H); 3.55 (m, 4H). 13C NMR (100 

MHz, CDCl3) δ (ppm): 3.5; 10.5; 26.6; 26.7; 26.8;26.9; 27.0; 27.8; 27.9; 28.1; 287; 29.0; 29.2; 29.6; 43.8; 

48.0; 48.3; 48.5; 51.4; 52.1; 79.1; 81.8; 151.3; 155.2; 165.2. LCMS m/z (ES+) = 543.5 [M-1Boc artifact + 

2H]2+; 593.5 [M + 2H]2+; 604.5 [M + H + Na]2+; 615.5 [M + 2Na]2+; 1185.9 [M + H]+ ; 1208.9 [M + Na]+. 

Colorless oil. Yield: 82%. 



tert-butyl N-[({8-[(8-azidooctyl)[(8-azidooctyl)({8-[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl]amino]octyl}amino)({[(tert-
butoxy)carbonyl]amino})methylidene]carbamate (73): 
Starting material: 70c. After detritylation LCMS m/z (ES+) = 621.5 [M + H]+; 643.5 [M + Na]+. 

Guanylating agent used: N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (commercial). The crude was 

purified by silica gel flash chromatography (PE/ Et2O  7/3). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.30 

(m, 32H); 1.49 (s, 18H); 1.50 (s, 18H); 1.59 (m, 16H); 3.08 (m, 8H); 3.25 (t, 4H, J = 6.8 Hz); 3.39 (m, 4H); 

8.28 (br, 2H); 11.50 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.6; 26.8; 26.9; 27.0; 27.9; 28.0; 28.2; 

28.7; 28.9; 29.0; 29.2; 29.3; 40.9; 48.2; 51.3; 78.8; 79.1; 82.9; 151.3; 153.3; 156.0; 164.2; 165.3. LCMS m/z 

(ES+) = 1105.7 [M + H]+; 1127.7 [M + Na]+. Colorless oil. Yield: 80%. 

tert-butyl N-[({8-[(8-azidooctyl)[(8-azidooctyl)({8-[({[(tert-
butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl]amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-(cyclopropylmethyl)carbamate (76): 
Starting material: 70c. After detritylation LCMS m/z (ES+) = 311.3 [M + 2H]2+; 621.5 [M + H]+; 643.5 

[M + Na]+. Guanylating agent used: 61. The crude was purified by silica gel flash chromatography 

(PE/AcOEt 8/2). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.25 (m, 4H); 0.45 (m, 4H); 1.05 (m, 2H); 1.32 

(m, 32H); 1.47 (s, 36H); 1.50 (s, 36H); 1.59 (m, 16H); 3.08 (m, 8H); 3.26 (t, 4H, J = 6.8 Hz); 3.31 (m, 4H); 

3.56 (m, 4H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.6; 10.4; 26.6; 26.9; 27.0;27.9; 28.1; 28.7; 29.1; 29.2; 

48.2; 51.3; 78.8; 82.9; 153.2; 156.0; 163.4; 165.2. LCMS m/z (ES+) = 303.5 [M + 4H]4+; 607.5 [M + 2H]2+; 

618.5 [M + H + Na]2+; 629.7 [M + 2Na]2+; 1214.7 [M + H]+; 1235.7 [M + Na]+. Colorless oil. Yield: 60%. 

tert-butyl N-[({8-[(8-azidooctyl)[bis(8-azidooctyl)carbamoyl]amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-(cyclopropylmethyl)carbamate (79): 
The synthesis of derivatives 79 proceeded first with coupling between carbamoyl chloride 78 and amine 

68b following the coupling procedure 6.3.8. Then, trityl-deprotection and guanylation with guanylating 

agents 61 as reported in 6.3.14. The crude product was purified through silica gel flash chromatography 

(PE/AcOEt 8/2). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.22 (m, 2H), 0.44 (m, 2H), 1.03 (m, 1H), 1.29 

(m, 32H), 1.45 (s, 9H), 1.47-1.50 (overlapped, m, 17H), 1.87 (m, 8H), 3.06 (m, 8H), 3.23 (t, 6H, J= 6.8 

Hz), 3.30 (m, 2H), 3.52 (m, 2H 13C NMR (100 MHz, CDCl3) δ (ppm): 3.5, 10.1, 23.9, 26.6, 26.9, 27.9, 

28.2, 28.7, 29.0, 29.2, 43.7, 48.2, 51.3, 78.8, 81.9, 83.1, 151.7, 155.3, 165.3. LCMS m/z (ES+) = 965.7 [M 

+ Na]+, 943.7 [M + H]+. Colorless oil. Yield: 71%. 

 

6.3.17 General synthesis of bisguanylated dimers 



To a solution the proper azido-bearing urea (0.11 mmol) in i-PrOH (12.2 mL), Pd(OH)2/C (20%, 0.04 

mmol) was added. The reaction mixture was subJected to three cycles of vacuum followed by a flux of 

hydrogen, then it was stirred under a flux of 1 atm hydrogen for 1-16 h. The reaction completion was 

verified through direct LCMS inJection. The reaction mixture was diluted with MeOH and filtered 

through a plug of celite. Then, to the crude in THF (3.3 mL), The appropriate guanylating agent (N,N′-

Di-Boc-1H-pyrazole-1-carboxamidine, 61 or compounds GAa-m) (0.28 mmol) and DIPEA (0.55 mmol) 

were added. The reaction was stirred at room temperature for 24 h. Then, the mixture was treated with 

NaHCO3 s.s. and extracted three times with DCM. The combined organic phases were dried over 

Na2SO4, filtered and evaporated under reduced pressure. The crude was purified by silica gel flash 

chromatography. 

tert butyl N [({8 [({8 [({[(tert butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]octyl}({6 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]hexyl})carbamoyl)({6 [({[(tert-
butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]hexyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N (cyclopropylmethyl)carbamate (72a): 
Starting material 71a. After hydrogenation LCMS m/z (ES+) = 997.3 [M + H]+. Guanylating agent used: 

61. The crude was purified by silica gel flash chromatography (PE/AcOEt 7/3). 1H NMR (400 MHz, 

CDCl3) δ (ppm): 0.24 (m, 4H); 0.46 (m, 4H); 1.05 (m, 2H); 1.34-1.27 (m, 24H); 1.48 (s, 36H); 1.50 (s, 

36H); 1.59 (m, 16H); 3.06 (m, 8H); 3.41 (m, 8H); 8.30 (br, 2H); 11.50 (br, 2H). 13C NMR (100 MHz, 

CDCl3) δ (ppm): 3.8; 10.1; 26.7; 27.0; 28.0; 28.2; 28.9; 29.2; 29.6; 40.9; 43.7; 48.3; 52.1; 79.2; 83.0; 153.2; 

156.0 163.4; 165.2. LCMS m/z (ES+) = 795.6 [M + 2H]2+; 817.5 [M + 2Na]2+. Colorless oil. Yield: 67%. 

tert butyl N [({6 [({6 [({[(tert butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert  

butoxy)carbonyl]imino})methyl)amino]hexyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8 [({[(tert
butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})amino]hexyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N (cyclopropylmethyl)carbamate (72b): 
Starting material: 71b . After hydrogenation LCMS m/z (ES+) = . Guanylating agent used: N,N’-DiBoc-

1H-pyrazole-1-carboxamidine. The crude was purified by silica gel flash chromatography (PE/AcOEt 

7/3).  1H NMR (400 MHz, CDCl3) δ (ppm): 0.24 (m, 4H); 0.46 (m, 4H); 1.04 (m, 2H); 1.31 (m, 26H); 1.46 

(s, 36H); 1.49-1.50 (m, 36H); 1.61 (m, 16H); 3.07 (m, 8H); 3.31 (m, 4H); 3.40 (m, 4H); 3.54 (m, 4H); 8.28 

(br, 2H); 11.50 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.5; 10.5; 26.7; 27.0; 28.0; 28.2; 28.9; 29.2; 



29.6; 40.9; 43.7; 48.0; 48.6; 52.1; 79.2; 83.0; 153.2; 156.0; 163.6; 165.2. LCMS m/z (ES+) = 795.6 [M + 

2H]2+; 817.5 [M + 2Na]2+. Colorless oil. Yield: 67% 

tert butyl N [({8 [({8 [({[(tert-butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({6 [({[(tert-
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]hexyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N (cyclopropylmethyl)carbamate (72c): 
Starting material: 71c. After hydrogenation LCMS m/z (ES+) = 513.5 [M + 2H]2+; 1025.5 [M + H]+. 

Guanylating agent used: 61. The crude was purified by silica gel flash chromatography (PE/AcOEt 7/3). 
1H NMR (400 MHz, CDCl3) δ (ppm): 0.23 (m, 4H); 0.45 (m, 4H); 1.04 (m, 2H); 1.26-1.30 (m, 28H); 1.46 

(s, 36H); 1.49-1.50 (m, 36H); 1.49-1.59 (overlapped, m, 16H); 3.08 (m, 8H); 3.32 (m, 4H); 3.39 (m, 4H); 

3.54 (m, 4H); 8.28 (br, 2H); 11.50 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.4; 10.5; 26.7; 26.9; 

27.0; 28.0; 28.2; 28.9; 29.2; 40.8; 43.8; 48.3; 52.1; 79.1; 81.8; 82.9; 153.2; 156.0; 163.5; 165.2. LCMS m/z 

(ES+) = 809.5 [M + 2H]2+; 831.5 [M + 2Na]2+. Colorless oil. Yield: 68%. 

tert-butyl N-[({6-[({8-[({[(tert-butoxy)carbonyl](cyclopropylmethyl)amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl}({8-[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]hexyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-(cyclopropylmethyl)carbamate (72d): 
Starting material: 71d.After hydrogenation LCMS m/z (ES+) = . Guanylating agent used: N,N’-DiBoc-

1H-pyrazole-1-carboxamidine.The crude was purified by silica gel flash chromatography (PE/AcOEt 

1/1). 1H NMR (400 MHz, CDCl3) δ (ppm):0.25 (m, 4H); 0.46 (m,4H); 1.31 (m, 28H); 1.47-1.51 (m, 72H); 

1.60 (m, 6H); 3.08 (m, 8H); 3.31 (m, 4H); 3.40 (m, 4H); 3.55 (m, 4H); 8.29 (br, 2H); 11.51 (br, 2H). 13C 

NMR (100 MHz, CDCl3) δ (ppm): 3.2; 10.6; 26.6; 26.8; 27.1; 28.2; 28.4; 28.9; 29.3; 41.2; 44.1; 48.3; 52.2; 

79.3; 81.9; 82.9; 153.4; 156.2; 163.9; 165.5. LCMS m/z (ES+) = 473.5 [M-2Boc artifact + 3H]3+; 506.2 

[M-1Boc artifact + 3H]3+; 540.2 [M + 3H]3+; 809.7 [M + 2H]2+. 820.8 [M + 2Na]2+. Colorless oil. Yield: 

57%. 

tert-butyl N-[({8-[({8-[({[(tert-butoxy)carbonyl](propyl)amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl}({8-[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-propylcarbamate (74a): 



Starting material: 73.After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAa. The crude was purified by silica gel flash chromatography (PE/AcOEt 

1/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.89 (t, 6H, J = 8.0 Hz); 1.21-1.31 (m, 32H); 1.46 (s, 18H); 

1.49-1.50 (overlapped s, 54H); 1.57 (m, 20H); 3.07 (m, 8H); 3.22 (m, 4H); 3.40 (m, 4H); 3.61 (m, 4H); 

8.29 (br, 2H); 11.51 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 11.2; 22.3; 23.8; 26.7; 26.8; 27.0; 27.1; 

28.0; 28.1; 28.2; 28.2; 28.9; 29.2; 29.6; 40.9; 43.8; 48.2; 48.3; 58.1; 68.5; 79.1; 82.9; 153.3; 156.0; 163.6; 

165.3. LCMS m/z (ES+) = 541.5 [M + 3H]3+; 811.8 [M + 2H]2+. Colorless oil. Yield: 76%. 

tert butyl N [({8 [({8 [({[(tert butoxy)carbonyl](propan 2 yl)amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8 [({[(tert-
butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N (propan 2 yl)carbamate (74b): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAa. The crude was purified by silica gel flash chromatography (PE/AcOEt 

7/3). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.26-1.30 (m, 32H); 1.30 (overlapped, d, 12H, J = 6.8 Hz); 

1.46 (s, 36H); 1.48 (s, 36H); 1.48-1.54 (overlapped, m, 16H); 3.06 (m, 8H); 3.20 (t, 4H, J = 6.8 Hz); 3.38 

(m, 4H); 4.16 (m, 2H); 8.26 (br, 2H); 11.48 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 20.4; 20.6; 

26.7; 26.8; 27.0; 27.9; 28.0; 28.1; 28.3; 28.9; 29.2; 40.9; 43.6; 48.3; 49.9; 79.2; 81.3; 82.9; 153.2; 156.0; 163.5; 

165.2. LCMS m/z (ES+) = 811.8 [M + 2H]2+; 833.5 [M + 2Na]2+. Colorless oil. Yield: 66%. 
tert-butyl N-[({8-[({8-[({[(tert-butoxy)carbonyl](butyl)amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl}({8-[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-butylcarbamate (74c): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+.. 

Guanylating agent used: GAc. The crude was purified by silica gel flash chromatography (PE/AcOEt 

1/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.92 (t, 6H, J = 7.2 Hz); 1.32 (m, 36H); 1.47 (s, 18H); 1.50-

1.51 (overlapped s, 54H); 1.59 (overlapped, m, 16H); 1.66 (m, 4H); 3.08 (m, 8H); 3.22 (m, 4H); 3.40 (m, 

4H); 3.65 (m, 4H); 8.29 (br, 2H); 11.51 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 13.7; 14.0; 20.0; 

22.6; 26.8; 27.0; 28.0; 28.2; 28.2; 28.9, 29.2; 29.6; 31.2; 40.9; 43.8; 48.2; 48.4; 79.1; 82.9; 151.5; 153.4; 156.0; 

163.6. LCMS m/z (ES+) = 825.5 [M + 2H]2+; 836.5 [M + H + Na]2+. Colorless oil. Yield: 71%. 

tert-butyl N-[({8-[({8-[({[(tert-butoxy)carbonyl](2-methylpropyl)amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl}({8-[({[(tert-butoxy)carbonyl]amino}({[(tert-



butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-(2-methylpropyl)carbamate (74d): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAd. The crude was purified by silica gel flash chromatography (PE/AcOEt 

1/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.89 (d, 12H, J = 6.8 Hz); 1.26-1.32 (m, 32H); 1.47 (s, 18H); 

1.49-1.50 (overlapped s, 54H); 1.52-1.66 (m, 16H); 1.82 (m, 2H); 3.07 (m, 8H); 3.25 (m, 4H); 3.39 (m, 

4H); 3.54 (d, 2H, J = 7.2 Hz); 8.29 (br, 2H); 11.51 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 14.0; 

20.2; 22.6; 26.8; 26.8; 27.0; 28.0; 28.1; 28.2; 28.2; 28.5; 28.9; 29.2; 29.6; 40.9; 43.9; 48.2; 48.4; 54.7; 79.1; 

82.9; 153.2; 156.0; 163.6; 165.5, 167.1. LCMS m/z (ES+) = 551.0 [M + 3H]3+; 826.2 [M + 2H]2+. Colorless 

oil. Yield: 76%. 

tert-butyl N-[(2E)-but-2-eN-1-yl]-N-[({8-[({8-[({[(2E)-but-2-eN-1-yl][(tert-
butoxy)carbonyl]amino}({[(tert-butoxy)carbonyl]imino})methyl)amino]octyl}({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8-
[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]carbamate (74e): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAf. The crude was purified by silica gel flash chromatography (PE/AcOEt 

1/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.30 (m, 32H); 1.46-1.51 (m, 72H); 1.56 (m, 16H); 1.67 (d, 

6H, J = 6.0 Hz); 3.07 (m, 8H); 3.20 (m, 4H); 3.39 (m, 4H); 4.16 (m, 4H); 5.49 (m, 2H); 5.65 (m, 2H); 8.29 

(br, 2H); 11.51 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 17.6; 21.9; 26.87; 26.8; 27.1; 28.0; 28.1; 

28.2; 28.9; 29.2; 40.9; 43.7; 48.2; 48.4; 49.3; 79.1; 82.9; 126.2; 129.6; 152.1; 153.2; 155.5, 157.1; 163.6. 

LCMS m/z (ES+) = 412.0 [M + 4H]4+; 549.0 [M + 3H]3+; 823.0 [M + 2H]2+; 834.0 [M + H + Na] 2+. 

Colorless oil. Yield: 60%. 

tert butyl N [({8 [({8 [({[(tert butoxy)carbonyl](propan 2 yl)amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert  

butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8 [({[(tert
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N-cyclopentylcarbamate (74f): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAe. The crude was purified by silica gel flash chromatography (PE/AcOEt 

7/3). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.30 (m, 32H); 1.44 (s, 36H); 1.49 (s, 36H); 1.49-1.54 



(overlapped, m, 16H); 1.71 (s, 12H); 1.96 (m, 4H); 3.06 (m, 8H); 3.20 (t, 4H, J = 6.8 Hz); 3.38 (m, 4H); 

4.09 (m, 2H); 8.27 (br, 2H); 11.49 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 23.6; 26.7; 26.9; 27.0; 

28.0; 28.1; 28.2; 28.9; 29.2; 30.1; 40.8; 43.5; 48.1; 48.3; 58.9; 79.3; 81.2; 82.9; 153.2; 156.0; 163.3; 165.2. 

LCMS m/z (ES+) = 837.8 [M + 2H]2+; 859.6 = [M + 2Na]2+. Colorless oil. Yield: 66%. 

tert-butyl N-[({8-[({8-[({[(tert-butoxy)carbonyl][(2E)-3,7-dimethylocta-2,6-dieN-1-
yl]amino}({[(tert-butoxy)carbonyl]imino})methyl)amino]octyl}({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8-
[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert-
butoxy)carbonyl]imino})methyl]-N-[(2E)-3,7-dimethylocta-2,6-dieN-1-yl]carbamate (74g): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAg. The crude was purified by silica gel flash chromatography (PE/AcOEt 

1/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.30 (m, 32H); 1.46-1.56 (overlapped m, 78H); 1.59 (s, 6H); 

1.68 (s, 12H); 2.00 (m, 4H); 2.03 (m, 4H); 3.07 (m, 8H); 3.21 (m, 4H); 3.40 (m, 4H); 4.26 (m, 4H); 5.07 

(m, 2H); 5.19 (m, 2H); 8.29 (br, 2H); 11.51 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 16.2; 17.9; 

20.7; 25.6; 26.4; 26.8; 26.9; 27.0; 28.0; 28.1, 28.2; 28.9; 29.3; 29.6; 39.5; 40.9; 43.8; 45.2; 48.4; 52.6; 55.4; 

79.1; 82.9; 1195; 123.8; 129.8; 131.3; 151.3; 153.4; 156.3; 165.3. LCMS m/z (ES+) = 453.2 [M + 4H]4+; 

604.1 [M + 3H]3+; 905.5 [M + 2H]2+; 916.5 [M + H + Na] 2+. Colorless oil. Yield: 61%. 

tert butyl N [({8 [({8 [({[(tert butoxy)carbonyl](2 methoxyethyl)amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8 [({[(tert
butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N (2 methoxyethyl)carbamate (74h): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAh. The crude was purified by silica gel flash chromatography (DCM/MeOH 

99:1). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.31 (m, 32H); 1.47 (s, 18H); 1.50 (s, 54H); 3.07 (t, 8H, J = 

7.6 Hz); 3.26 (t, 4H, J = 7.2 Hz); 3.33 (s, 6H); 3.39 (q, 4H, J = 7.2 Hz); 3.51 (m, 4H); 3.81 (m, 4H); 8.30 

(br, 2H); 11.50 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.7; 26.8; 27.0; 28.0; 28.1; 28.2; 28.3; 

28.9; 29.3; 29.6; 40.8; 43.8; 48.2; 58.4; 79.1; 81.9; 82.9; 153.2; 156.0; 163.5; 165.4. LCMS m/z (ES+) = 

552.3 [M + 3H]3+; 827.6 [M + 2H]2+; 839.5 [M + H + Na]2+. Colorless oil. Yield: 62%. 

tert butyl N [({8 [({8 [({[(tert butoxy)carbonyl][2 (morpholin 4 yl)ethyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8 [({[(tert
butoxy)carbonyl]amino}({[(tert



butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl] N [2 (morpholin 4 yl)ethyl]carbamate (74i): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAi. The crude was purified by silica gel flash chromatography (DCM/MeOH 

99:1). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.31 (m, 32H); 1.47 (s, 18H); 1.48 (s, 18H); 1.50 (s, 36H); 2.49 

(m, 12H); 3.07 (m, 8H); 3.26 (m, 4H); 3.39 (q, 4H, J = 8 Hz); 3.65 (m, 8H); 3.80 (m, 4H); 8.28 (br, 2H); 

11.50 (br, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.7; 27.1; 27.9; 28.1; 28.2; 28.3; 28.9; 29.3; 40.8; 

48.4; 53.7; 57.8; 66.8; 79.1; 81.9; 82.9; 153.2; 156.0; 163.6; 165.2. LCMS m/z (ES+) = 882.8 [M + 2H]2+; 

893.7 [M + H + Na]2+; 904.5 [M + 2Na]2+. Colorless oil. Yield: 57%. 

tert butyl N [({8 [({8 [({[(tert butoxy)carbonyl][2 (methylsulfanyl)ethyl]amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert butoxy)carbonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8 [({[(tert

butoxy)carbonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert

butoxy)carbonyl]imino})methyl] N [2 (methylsulfanyl)ethyl]carbamate (74l): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAl. The crude was purified by silica gel flash chromatography (DCM). 1H NMR 

(600 MHz, CDCl3) δ (ppm): 1.27 (m, 32H); 1.43 (m, 36H); 1.47 (m, 36H); 1.54 (m, 8H); 1.57 (m, 8H); 

2.86 (s, 6H); 3.07 (m, 8H); 3.17 (m, 4H); 3.31 (m, 4H); 3.81 (t, J =7.2 Hz, 2H); 4.01 (t, J = 7.2, 2H). 13C 

NMR (100 MHz, CDCl3) δ (ppm): 15.6; 27.1; 27.3; 27.4; 28.2; 28.3; 28.5; 29.3; 29.5; 41.0; 41.1; 47.6; 48.1; 

80.4; 81.0; 147.4; 151.5; 153.0; 163.0; 165.5. LCMS m/z (ES+) = 844.2 [M + 2H]2+; 855.2 [M + H + 

Na]2+; 866.3 [M + 2Na]2+. Colorless oil. Yield: 62%. 

tert butyl N [2 (adamantan 1 yl)ethyl] N [({8 [({8 [({[2 (adamantan 1 yl)ethyl][(tert

butoxy)carbonyl]amino}({[(tert butoxy)carbonyl]imino})methyl)amino]octyl}({8 [({[(tert

butoxy)carbonyl]amino}({[(tert butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl)({8

[({[(tert butoxy)carbonyl]amino}({[(tert

butoxy)carbonyl]imino})methyl)amino]octyl})amino]octyl}amino)({[(tert
butoxy)carbonyl]imino})methyl]carbamate (74m): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. 

Guanylating agent used: GAm. The crude was purified by silica gel flash chromatography (DCM). 1H 

NMR (600 MHz, CDCl3) δ (ppm): 1.28 (m, 32H);1.31 (m, 4H); 1.47 (s, 36H); 1.51 (m, 46H); 1.59 (m, 

24H); 1.63 (m, 8H); 1.68 (m, 8H); 1.93 (s, 6H); 3.06 (m, 8H); 3.20 (m, 4H); 3.38 (m, 4H); 3.64 (m, 4H); 

8.29 (bs, 1H); 11.49 (br, 1H). 13C NMR (150 MHz, CDCl3) δ (ppm): 26.4; 27.1; 27.3; 27.4; 28.2; 28.3; 28.2; 

28.3; 28.9; 29.3; 29.5; 33.6; 37.5; 41.0; 41.1; 41.9; 42.2; 47.6; 80.4; 80.6; 80.9; 81.0; 147.4; 147.5; 151.5; 



152.9; 161.9; 165.2. LCMS m/z (ES+) = 932.3 [M + 2H]2+; 943.3 [M + H + Na]2+; 954.3 [M + 2Na]2+. 

Colorless oil. Yield: 60%. 

1,3 bis({8 [N' (cyclopropylmethyl) N',N'' di-Boc-carbamimidamido]octyl}) 3 [8 (N',N'' di-

Boc-carbamimidamido)octyl]  1 [8 (N'' Boc-carbamimidamido)octyl]urea (75): 
Starting material: 73. After hydrogenation LCMS m/z (ES+) = 527.5 [M+2H]2+; 1053.8 [M+H]+. The 

crude product was purified by silica gel flash chromatography (DCM/CH3OH 98/2). 1H NMR (400 

MHz, CDCl3): δ 0.26 (d, J = 4.8 Hz, 4H); 0.43 (d, J = 7.6 Hz, 4H); 1.09 (m, 2H); 1.31 (m, 48H); 1.48 (s, 

72H); 3.07 (m, 8H); 3.29 (m, 4H); 3.32 (m, 4H); 3.51 (m, 4H); 8.26 (br, 2H); 11.49 (br, 2H). 13C NMR 

(100 MHz, CDCl3): δ 3.4; 10.5; 26.7; 26.9; 27.0; 28.0; 28.1; 28.2; 28.9; 29.2; 29.5; 40.8; 43.8; 48.2; 48.3; 

52.1; 79.0; 81.8; 82.9; 153.2; 156.0; 163.5; 165.2. LC-MS m/z (ES+) = 823.5 [M + 2H]2+; 549.4 [M + 

3H]3+ Yellowish oil. Yield: 72% 
tert-butyl N-{[(8-{[bis({8-[({[(tert-butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})carbamoyl]({8-[({[(tert-
butoxy)carbonyl]amino}({[(tert-
butoxy)carbonyl]imino})methyl)amino]octyl})amino}octyl)amino]({[(tert-
butoxy)carbonyl]imino})methyl}-N-(cyclopropylmethyl)carbamate (80): 
Starting material: 79. After hydrogenation LCMS m/z (ES+) = 865.7 [M + H]+, 433.3 [M + 2H]2+, 289.3 

[M + 3H]3+. The crude was purified through silica gel flash chromatography (PE/AcOEt 7/3). 1H NMR 

(400 MHz, CDCl3) δ (ppm): 0.25 (m, 2H), 0.45 (m, 2H), 1.04 (m, 1H), 1.28 (m, 32H), 1.48 (m, 72H), 1.49 

(s, 36H), 1.57 (m, 16H), 3.07 (t, 8H, J = 7.2 Hz); 3.32 (t, 2H, J = 6.8 Hz); 3.39 (m, 6H), 3.55 (m, 2H); 8.28 

(br, 3H), 11.50 (br, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.5, 10.1, 23.1. 26.9, 27.0, 27.1, 27.9, 28.1, 

28.3, 28.6, 29.6, 29.7, 41.3, 42.4, 47.2, 47.7, 79.4, 80.5, 82.0; 151.9, 153.1, 155.7, 157.5, 158.8, 164.3. LCMS 

m/z (ES+) = 807.8 [M + H + Na]2+; 796.7 [M + 2H]2+. Colorless oil. Yield: 63%. 

 

6.3.18 General synthesis of guanylating agents GAa-o 

N,N’-DiBoc-1H-pyrazole-1-carboxamidine (1.61 mmol) was dissolved in THF dry (6.2 mL). Then 

triphenylphosphine (2.41 mmol) and the suitable alcohol (2.09 mmol) were added. The reaction mixture 

was cooled at 0 °C and diisoporpyl azodicarboxylate (0.47 mL) was added dropwise. The temperature 

was increased to 70 °C and the reaction mixture was stirred at reflux for 16h. The reaction mixture was 

concentrated and then diluted with DCM and H2O. The aqueous phase was extracted for three times 

with DCM; the organic phases were collected, washed with brine twice and dried over Na2SO4. Solvent 

was removed in vacuum and then the crude mixture was purified by flash chromatography on silica gel. 

N,N’-Di-Boc-N-cyclopropylmethyl-pyrazole-1-carboxamidine (61): 
Alcohol used: cyclopropylmethanol. The crude product was purified with silica gel flash chromatography 

(PE/AcOEt 9:1) to afford compounds as a yellowish oils (yield 82%). 1H NMR (400 MHz, CDCI3) δ 



(ppm): 0.45 (d, 2H, J = 4.8 Hz); 0.49 (d, J = 5.6Hz, 2H); 1.27 (s, 9H); 1.49 (s, 9H); 1.54 (s, 1H); 3.60 (d, 

J = 6.8 Hz, 2H); 6.41 (t, , J =2.2 Hz, 1H); 7.69 (d, J = 1 .2 Hz, 1H); 7.95 (s, 1 H). 13C NMR (100 MHz, 

CDCl3) δ (ppm): 3.1; 18.2; 28.2; 28.3; 43.6; 80.5; 81.0; 107.7; 123.8; 141.6; 151.0; 151.7; 162.2. LCMS m/z 

(ES+) = 387.1 [M + Na]. Yield: 96%. 

tert-butyl N-({[(tert-butoxy)carbonyl]imino}(1H-pyrazol-1-yl)methyl)-N-propylcarbamate 
(GAa): 
Alcohol used: propanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 9/1). 1H 

NMR (CDCl3) δ (ppm): 0.90 (t, 3H, J= 7.2 Hz); 1.26 (s, 9H); 1.49 (s, 9H); 1.74 (m, 2H); 3.62 (m, 2H); 

6.40 (s, 1H); 7.67 (s, 1H); 7.93 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 11.1; 21.6; 27.3; 27.6; 27.8; 

50.5; 82.2; 82.4; 108.8; 129.8; 142.8; 152.4; 155.0; 157.5. LCMS m/z (ES+) = 353.0 [M + H]+; 375.2 [M 

+ Na]+; 677.3 [2M-1Boc artifact + H]+; 704.3 [2M + H]+; 727.3 [2M + Na]+. Colorless oil. Yield: 99%. 

N,N’-Di-Boc-N-isopropyl-pyrazole-1-carboxamidine (GAb): 
Alcohol used: i-propanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 9/1). 
1H NMR (400 MHz, CDCl3) δ (ppm): 1.27 (s, 9H); 1.35 (d, 6H, J = 6.8 Hz); 1.52 (s, 9H); 4.27 (m, 1H); 

6.40 (s, 1H); 7.68 (s, 1H), 7.98 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 20.3; 27.8; 27.9; 51.4; 81.8; 

82.4; 109.0; 129.4; 143.0; 152.2; 157.4. LCMS m/z (ES+) = 353.1 [M + H]+; 375.1 [M + Na]+. Colorless 

oil. Yield: 95%. 

tert-butyl N-({[(tert-butoxy)carbonyl]imino}(1H-pyrazol-1-yl)methyl)-N-butylcarbamate 
(GAc): 
Alcohol used: N-butanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 9/1). 
1H NMR (400 MHz, CDCl3) δ (ppm): 0.90 (t, 3H, J= 7.2 Hz); 1.25 (s, 9H); 1.49 (s, 9H); 1.69 (m, 2H); 3.65 

(m, 2H); 6.40 (s, 1H); 7.67 (s, 1H); 7.92 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 13.6; 19.9; 27.3; 

27.6; 27.8; 30.3; 48.6; 82.2; 82.4; 108.8; 129.8; 142.9; 152.4; 157.4. LCMS m/z (ES+) = 367.2 [M + H]+; 

389.2 [M + Na]+; 705.3 [2M-1Boc artifact + Na]+; 755.3 [2M + Na]+. Yield: 95%. 

tert-butyl N-({[(tert-butoxy)carbonyl]imino}(1H-pyrazol-1-yl)methyl)-N-(2-
methylpropyl)carbamate (GAd): 
Alcohol used: i-butanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 9/1). 1H 

NMR (400 MHz, CDCl3) δ (ppm): 0.95 (d, 6H, J= 6.8 Hz); 1.23 (s, 9H); 1.47 (s, 9H); 2.10 (m, 1H); 3.53 

(d, 2H, J= 6.8 Hz); 6.39 (s, 1H); 7.66 (s, 1H); 7.89 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 20.1; 

27.5; 27.8; 28.1; 54.0; 55.8; 82.1; 82.5; 108.7; 129.9; 142.6; 152.3; 157.5. LCMS m/z (ES+) = 367.2 [M + 

H]+; 389.2 [M + Na]+; 705.3 [2M-1Boc artifact + Na]+; 755.3 [2M + Na]+. Colorless oil. Yield: 99%. 

tert-butyl N-[(2E)-but-2-eN-1-yl]-N-({[(tert-butoxy)carbonyl]imino}(1H-pyrazol-1-
yl)methyl)carbamate (GAe): 
As reported in Bioorganic and Medicinal Chemistry Letters, 2017, vol. 27, # 15, p. 3332 – 3336. 

N,N’-Di-Boc-N-cyclopentyl-pyrazole-1-carboxamidine (GAf): 



Alcohol used: Cyclopentanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 

9/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.30 (s, 9H); 1.53 (s, 9H); 1.73 (s, 6H); 1.95 (s, 2H); 4.12 (m, 

1H); 6.40 (s, 1H); 7.67 (s, 1H); 8.04 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 23.5; 27.8; 27.9; 30.1; 

60.3; 81.7; 82.4; 109.2; 129.2; 143.2. LCMS m/z (ES+) = 379.1 [M + H]+; 401.1 = [M + Na]+. White 

solid. Yield: 82% 

tert-butyl N-[{[(tert-butoxy)carbonyl]imino}(1H-pyrazol-1-yl)methyl]-N-[(2E)-3,7-
dimethylocta-2,6-dieN-1-yl]carbamate (GAg): 
Alcohol used: E-geraniol. The crude was purified by silica gel flash chromatography (PE/AcOEt 9/1). 
1H NMR (400 MHz, CDCl3) δ (ppm): 1.27 (s, 9H); 1.48 (s, 9H); 1.54 (s, 3H); 1.58 (s, 3H); 1.62 (s, 3H); 

1.96-2.00 (m, 4H); 4.29 (d, 2H, J= 6.8 Hz); 5.02 (m, 1H); 5.36 (t, 1H, J= 6.8 Hz);6.36 (s, 1H); 7.64 (s, 

1H); 7.87 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 26.3; 27.3; 27.5; 27.7; 28.0; 39.5; 46.4; 82.0; 82.4; 

108.0; 108.7; 109.3; 118.3; 123.7; 124.0;129.6; 131.4; 140.7; 142.8; 143.0; 152.3; 157.3. LCMS m/z (ES+) 

= 447.0 [M + H]+; 468.9 [M + Na]+; 915.0 [2M + Na]+. Colorless oil. Yield: 93%. 

tert butyl N ({[(tert butoxy)carbonyl]imino}(1H pyrazol 1 yl)methyl) N (2
methoxyethyl)carbamate (GAh): 
Alcohol used: 2-methoxyethanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 

9/1). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.27 (s, 9H); 1.51 (s, 9H); 3.29 (s, 3H); 3.67 (m, 2H); 3.93 (m, 

2H); 6.40 (s, 1H); 7.67 (s, 1H); 7.95 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 27.6; 27.8; 47.6; 58.3; 

69.9; 82.2; 82.7; 108.5; 129.9; 142.9; 152.3; 157.3. LCMS m/z (ES+) = 369.1 [M + H]+; 391.1 = [M + 

Na]+. Colorless oil. Yield: 98 % 

tert butyl N ({[(tert butoxy)carbonyl]imino}(1H pyrazol 1 yl)methyl) N [2 (morpholin 4
yl)ethyl]carbamate (GAi): 
Alcohol used: 4-(2-hydroxyethyl)morpholine. The crude was purified by silica gel flash chromatography 

(Et2O/PE 6/4). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.26 (s, 9H); 1.51 (s, 9H); 2.43 (m,4H); 2.65 (t, 2H, 

J = 5.6 Hz); 3,50 (m, 4H); 3.85 (m, 2H); 6.40 (s, 1H); 7.66 (s, 1H); 8.06 (s, 1H). 13C NMR (100 MHz, 

CDCl3) δ (ppm): 27.6; 27.8; 44.8; 53.2; 56.7; 66.8; 82.1; 82.5; 108.3; 129.8; 142.6; 152.4; 157.5. LCMS m/z 

(ES+) = 424.3 [M + H]+; 446.3 = [M + Na]+. White solid. Yield: 96%. 

N ({[(tert butoxy)carbonyl]imino}(1H pyrazol 1 yl)methyl) N [2
(methylsulfanyl)ethyl]carbamate (GAl): 
Alcohol used: 2-(methylthio)ethanol. The crude was purified by silica gel chromatography (PE/AcOET 

95:5). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.27 (s, 9H); 1.49 (s, 9H); 2.12 (s, 3H); 2.85 (m, 2H); 3.88 (t, 

J = 6.4 Hz, 2H); 6.41 (s, 1H); 7.68 (s, 1H); 8.00 (s, 1H).13C NMR (100 MHz, CDCl3) δ (ppm): 15.6; 28.2; 

28.3; 30.3; 53.1; 80.5; 81.0; 107.7; 123.1; 141.6; 150.6; 151.4; 162.3. LCMS m/z (ES+) = 407.1 [M + Na]+. 

Colorless oil. Yield: 90%. 



tert butyl N [2 (adamantan 1 yl)ethyl] N ({[(tert butoxy)carbonyl]imino}(1H pyrazol 1
yl)methyl)carbamate (GAm): 
Alcohol used: 1-Adamantaneethanol. The crude was purified by silica gel flash chromatography 

(PE/AcOEt 95/5). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.29 (m, 3H); 1.36 (s, 9H); 1.50 (s, 9H); 1.60 

(m, 3H); 1.69 (m, 6H); 1.74 (m, 3H); 1.90 (m, 5H); 3.79 (t, J = 6.8 Hz, 2 H); 6.42 (s, 1H); 7.78 (s, 1H); 

8.10 (s, 1H).13C NMR (100 MHz, CDCl3) δ (ppm): 28.2; 28.3; 29.0; 32.4; 37.0; 37.5; 42.2; 47.2; 80.5; 81.0; 

107.7; 124.3; 141.8; 150.5; 151.1; 162.4. LCMS m/z (ES+) = 473.2 [M + H]+; 495.2 = [M + Na]+. White 

solid. Yield: 86%. 

N,N’-Di-Boc-N-methyl-pyrazole-1-carboxamidine (GAn)  
Alcohol used: methanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 95/5). 
1H NMR (400 MHz, CDCl3) δ (ppm): 1.26 (s, 9H); 1.49 (s, 9H); 3.21 (s, 3H); 6.39 (s, 1H); 7.66 (s, 1H); 

7.98 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 27.63; 27.81; 35.53; 82.32; 82.57; 109.04; 129.76; 

143.16; 152.41; 157.38. LCMS m/z (ES+) = 324.9 [M + H]+; 346.9 [M + Na]+ Yield: 95%  

N,N’-Di-Boc-N-ethyl-pyrazole-1-carboxamidine (GAo)  
Alcohol used: ethanol. The crude was purified by silica gel flash chromatography (PE/AcOEt 95/5). 1H 

NMR (400 MHz, CDCl3) δ (ppm): 1.27 (s, 9H); 1.28 (m, 3H); 1.50 (s, 9H); 3.73 (q, J = 6.8 Hz, 2H); 6.40 

(s, 1H); 7.68 (s, 1H); 7.95 (s, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 13.34; 27.65; 27.83; 43.87; 82.25; 

82.36; 108.86; 129.73; 142.94; 152.20; 157.43. LCMS m/z (ES+) = 339.0 [M + H]+; 361.0 [M + Na]+ 

Yield: 94% 

 

6.3.19 General synthesis of monoguanylated diamine derivatives (87a-g): 
 
tert butyl N {[(6 aminohexyl)amino]({[(tert butoxy)carbonyl]imino})methyl} N-
(cyclopropylmethyl)carbamate (87a): 
Starting materials: 1,6-diaminohexane and 61. The crude was purified by silica gel flash chromatography 

(DCM/MeOH 9/1). 1H NMR (600 MHz, CDCl3) δ (ppm): 0.22 (m, 2H); 0.44 (m, 2H); 1.03 (m, 1H); 

1.36 (m, 4H); 1.46 (s, 9H); 1.49 (s, 9H); 1.63 (m, 4H); 2.67 (t, J = 7.0 Hz, 2H); 3.28 (m, 2H); 3.52 (m, 2H). 
13C NMR (150 MHz, CDCl3) δ (ppm): 3.5; 10.4; 26.5; 26.9; 28.2; 28.4; 28.6; 33.6; 42.0; 43.8; 52.1; 79.9; 

82.5; 154.4; 157.7; 160.1; 164.4. LCMS m/z (ES+) = 413.3 [M + H]+; 435.3 [M + Na]+; 453.3 [M + K]+. 

Colorless oil. Yield: 87%.  

tert butyl N {[(8 aminooctyl)amino]({[(tert butoxy)carbonyl]amino})methylidene}carbamate 
(87b): 
Starting materials: 1,8-diaminooctane and 1,3-Bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea. The 

crude was purified by silica gel flash chromatography (DCM/MeOH 9/1). 1H NMR (600 MHz, CDCl3) 

δ (ppm): 1.30 (m, 8H); 1.48 (s, 9H); 1.51 (s, 9H); 1.54 (m, 4H); 2.67 (t, J = 7.0 Hz, 2H); 3.38 (m, 2H). 13C 



NMR (150 MHz, CDCl3) δ (ppm): 26.8; 28.0; 28.3; 29.6; 30.1; 33.8; 40.9; 42.2; 78.9; 83.0; 153.3; 156.2; 

163.6. LCMS m/z (ES+) = 387.4 [M + H]+; 409.4 [M + Na]+. Colorless oil. Yield: 98%. 

tert butyl N {[(8 aminooctyl)amino]({[(tert butoxy)carbonyl]imino})methyl} N
methylcarbamate (87c): 
Starting materials: 1,8-diaminooctane and GAn. The crude was purified by silica gel flash chromatography 

(DCM/MeOH 9/1). 1H NMR (600 MHz, CDCl3) δ (ppm): 1.30 (m, 8H); 1.48 (s, 9H); 1.51 (s, 9H); 1.54 

(m, 4H); 2.67 (t, J = 7.0 Hz, 2H); 3.06 (s, 3H); 3.38 (m, 2H). 13C NMR (150 MHz, CDCl3) δ (ppm): 26.8; 

28.0; 28.3; 29.6; 30.1; 33.8; 37.9; 40.9; 42.2; 78.9; 83.0; 153.3; 156.2; 163.6. LCMS m/z (ES+) = 401.5 [M 

+ H]+; 423.4 [M + Na]+. Colorless oil. Yield: 84%. 

tert butyl N {[(8 aminooctyl)amino]({[(tert butoxy)carbonyl]imino})ethyl} N ethylcarbamate 
(87d): 
Starting materials: 1,8-diaminooctane and GAn. The crude was purified by silica gel flash chromatography 

(DCM/MeOH 9/1). 1H NMR (600 MHz, CDCl3) δ (ppm): 1.12 (t, J = 7.2 Hz, 3H); 1.30 (m, 8H); 1.48 

(s, 9H); 1.51 (s, 9H); 1.54 (m, 4H); 2.67 (t, J = 7.0 Hz, 2H); 3.06 (s, 3H); 3.53 (q, J = 7.2 Hz, 2H). 13C 

NMR (150 MHz, CDCl3) δ (ppm): 12.7; 26.8; 28.0; 28.3; 29.6; 30.1; 33.8; 35.9; 40.9; 42.2; 78.9; 83.0; 153.3; 

156.2; 163.6. LCMS m/z (ES+) = 415.5 [M + H]+; 437.5 [M + Na]+. Colorless oil. Yield: 70%. 

tert butyl N {[(8 aminooctyl)amino]({[(tert butoxy)carbonyl]imino})methyl} N (propan 2
yl)carbamate (87e): 
Starting materials: 1,8-diaminooctane and GAb. The crude was purified by silica gel flash chromatography 

(DCM/MeOH 9/1). 1H NMR (600 MHz, CDCl3) δ (ppm): 1.18 (d, J = 6.4 Hz, 6H); 1.30 (m, 8H); 1.48 

(s, 9H); 1.51 (s, 9H); 1.54 (m, 4H); 2.67 (t, J = 7.0 Hz, 2H); 3.38 (m, 2H); 3.63 (m, 1H). 13C NMR (150 

MHz, CDCl3) δ (ppm): 19.8; 20.1; 26.8; 28.0; 28.3; 29.6; 30.1; 33.8; 40.9; 42.2; 48.9; 78.9; 83.0; 153.3; 

156.2; 163.6. LCMS m/z (ES+) = 428.6 [M + H]+; 451.6 [M + Na]+. Colorless oil. Yield: 84%. 

tert butyl N {[(8 aminooctyl)amino]({[(tert butoxy)carbonyl]imino})methyl} N (but 2 en 1
yl)carbamate (87f): 
Starting materials: 1,8-diaminooctane and GAe. The crude was purified by silica gel flash chromatography 

(DCM/MeOH 9/1). 1H NMR (600 MHz, CDCl3) δ (ppm): 1.30 (m, 8H); 1.48 (s, 9H); 1.51 (s, 9H); 1.54 

(m, 4H); 1.76 (d, J = 6.4 Hz, 3H); 2.67 (t, J = 7.0 Hz, 2H); 3.38 (m, 2H); 3.63 (m, 1H); 4.15 (m, 2H); 5.48 

(m, 1H); 5.63 (m, 1H). 13C NMR (150 MHz, CDCl3) δ (ppm): 17.8; 20.1; 26.8; 28.0; 28.3; 29.6; 30.1; 33.8; 

41.2; 42.2; 43.3; 43.8; 78.9; 83.0; 126.5; 128.8; 153.3; 156.2; 163.6. LCMS m/z (ES+) = 441.6 [M + H]+; 

463.6 [M + Na]+. Colorless oil. Yield: 75%. 

tert-butyl N-[[(8-aminooctyl)amino]({[(tert-butoxy)carbonyl]imino})methyl]-N-
(cyclopropylmethyl)carbamate (87g): 
To a stirred solution of 1,8-diaminooctane (3.47 mmol) in THF/MeOH 10/1 (17.0 mL), a solution of 61 
(0.87 mmol) in THF (8.7 mL) was added dropwise through a syringe pump at room temperature over 16 



h. The solvent was evaporated under reduced pressure and the crude product was purified by silica gel 

flash chromatography (AcOEt).1H NMR (400 MHz, CDCl3) δ (ppm): 0.23 (m, 2H), 0.46 (m, 2H), 1.04 

(m, 1H), 1.33 (m, 8H), 1.46 (s, 9H), 1.47 (s, 9H), 1.61 (m, 4H), 2.68 (t, 2H, J= 6.8 Hz), 3.31 (m, 2H), 3.55 

(m, 2H), 4.66 (br, 1H), 8.06 (br, 1H). 13C NMR (100 MHz, CDCl3) δ (ppm): 3.5, 10.5, 26.6, 26.8, 28.1, 

29.1, 33.2, 41.9, 43.8, 52.0, 78.8, 152.9, 158.0, 165.3. LCMS m/z (ES+) = 463.7 [M + Na]+, 441.7 [M + 

H]+. Colorless oil. Yield: 79%. 

 

6.3.20 General synthesis of PMB-protected derivatives 88a-g: 
To a stirred solution of triphosgene (0.31 mmol) in dry DCM (10.3 mL) under nitrogen atmosphere, dry 

DIPEA (162 L) was added. The mixture was stirred at 0 °C and a solution of 4-methoxybenzylamine 

(40 L) in dry DCM (10.3 mL) was added dropwise. The mixture was stirred at 0 °C for 10 min and then 

at room temperature for 30 min. When starting material disappeared, dry DIPEA (162 L, 0.93 mmol) 

and a solution of 87a-g (0.15 mmol) in dry DCM (1.2 mL) were added under nitrogen atmosphere. The 

mixture was stirred at room temperature for 16 h, then it was treated with NaHCO3 s.s. and extracted 

three times with DCM. The combined organic phases were dried over Na2SO4, filtered and evaporated 

under reduced pressure. The oil obtained was purified through silica gel flash chromatography. 

tert butyl N ({[(tert butoxy)carbonyl]imino}({[6 ({[(4

methoxyphenyl)methyl]carbamoyl}amino)hexyl]amino})methyl) N
(cyclopropylmethyl)carbamate (88a): 
Starting material: 87a. The crude product was purified through silica gel flash chromatography (AcOEt). 
1H NMR (600 MHz, CDCl3) δ (ppm): 0.25 (m, 2H), 0.46 (m, 2H), 1.07 (m, 1H), 1.30 (m, 4H), 1.47 (s, 

9H), 1.49 (s, 9H), 1.61 (m, 4H), 3.16 (m, 2H), 3.31 (m, 2H), 3.55 (m, 2H), 3.80 (s, 3H), 4.30 (m, 2H), 6.86 

(d, 2H, J= 8.0 Hz), 7.22 (d, 2H, J= 8.0 Hz). 13C NMR (150 MHz, CDCl3) δ (ppm): 22.6, 26.7, 27.0, 28.2, 

28.9, 29.3, 29.6, 30.0, 31.8, 43.8, 44.0, 52.1, 55.2, 113.9, 128.8, 131.1, 151.2, 158.0, 161.0. LCMS m/z 

(ES+) = 576.8 [M + H]+, 598.7 [M + Na]+. Colorless oil. Yield: 65%. 

tert butyl N ({[(tert butoxy)carbonyl]amino}({[8 ({[(4
methoxyphenyl)methyl]carbamoyl}amino)octyl]amino})methylidene)carbamate (88b): 
Starting material: 87b. The crude product was purified through silica gel flash chromatography 

(AcOEt/MeOH 98/2). 1H NMR (600 MHz, CDCl3) δ (ppm): 1.30 (m, 8H), 1.47 (s, 9H), 1.49 (s, 9H), 

1.61 (m, 4H), 3.16 (m, 2H), 3.31 (m, 2H), 3.80 (s, 3H), 4.30 (m, 2H), 6.86 (d, 2H, J= 8.0 Hz), 7.22 (d, 2H, 

J= 8.0 Hz). 13C NMR (150 MHz, CDCl3) δ (ppm): 22.6, 26.7, 27.0, 28.2, 28.9, 29.3, 29.6, 30.0, 31.8, 44.0, 

52.1, 55.2, 113.9, 128.8, 131.1, 151.2, 158.0, 161.0. LCMS m/z (ES+) = 550.7 [M + H]+, 572.7 [M + Na]+. 

Colorless oil. Yield: 60%. 

tert butyl N ({[(tert butoxy)carbonyl]imino}({[8 ({[(4

methoxyphenyl)methyl]carbamoyl}amino)octyl]amino})methyl) N methylcarbamate (88c): 



Starting material: 87c. The crude product was purified through silica gel flash chromatography (AcOEt). 
1H NMR (600 MHz, CDCl3) δ (ppm): 1.30 (m, 8H), 1.47 (s, 9H), 1.49 (s, 9H), 1.61 (m, 4H), 3.03 (s, 1H), 

3.18 (m, 2H), 3.31 (m, 2H), 3.80 (s, 3H), 4.30 (m, 2H), 6.86 (d, 2H, J= 8.0 Hz), 7.22 (d, 2H, J= 8.0 Hz). 
13C NMR (150 MHz, CDCl3) δ (ppm): 22.6, 26.7, 27.0, 28.2, 28.9, 29.3, 29.6, 30.0, 31.8, 33.4, 44.0, 52.1, 

55.2, 113.9, 128.8, 131.1, 150.7, 158.0, 161.0. LCMS m/z (ES+) = 564.7 [M + H]+, 586.7 [M + Na]+. 

Colorless oil. Yield: 62%. 

tert butyl N ({[(tert butoxy)carbonyl]imino}({[8 ({[(4

methoxyphenyl)methyl]carbamoyl}amino)octyl]amino})methyl) N ethylcarbamate (88d): 
Starting material: 87d. The crude product was purified through silica gel flash chromatography (AcOEt). 
1H NMR (600 MHz, CDCl3) δ (ppm): 1.12 (t, J = 7.6 Hz, 3H), 1.30 (m, 8H), 1.47 (s, 9H), 1.49 (s, 9H), 

1.61 (m, 4H), 3.16 (m, 2H), 3.31 (m, 2H), 3.51 (q, J = 7.6 Hz, 2H), 3.80 (s, 3H), 4.30 (m, 2H), 6.86 (d, 

2H, J= 8.0 Hz), 7.22 (d, 2H, J= 8.0 Hz). 13C NMR (150 MHz, CDCl3) δ (ppm): 12.7, 22.6, 26.7, 27.0, 28.2, 

28.9, 29.3, 29.6, 30.0, 31.8, 36,3, 44.0, 52.1, 55.2, 113.9, 128.8, 131.1, 151.2, 158.0, 161.0. LCMS m/z 

(ES+) = 578.8 [M + H]+, 600.8 [M + Na]+. Colorless oil. Yield: 70%. 

tert butyl N ({[(tert butoxy)carbonyl]imino}({[8 ({[(4

methoxyphenyl)methyl]carbamoyl}amino)octyl]amino})methyl) N (propan 2 yl)carbamate 
(88e): 
Starting material: 87e. The crude product was purified through silica gel flash chromatography (AcOEt). 
1H NMR (600 MHz, CDCl3) δ (ppm): 1.20 (d, J = 7.0 Hz, 6H), 1.30 (m, 8H), 1.47 (s, 9H), 1.49 (s, 9H), 

1.61 (m, 4H), 3.16 (m, 2H), 3.31 (m, 2H), 3.68 (m, 1H), 3.80 (s, 3H), 4.30 (m, 2H), 6.86 (d, 2H, J= 8.0 

Hz), 7.22 (d, 2H, J= 8.0 Hz). 13C NMR (150 MHz, CDCl3) δ (ppm): 20.7, 22.6, 26.7, 27.0, 28.2, 28.9, 29.3, 

29.6, 30.0, 31.8, 44.0, 49.1, 52.1, 55.2, 113.9, 128.8, 131.1, 151.2, 158.0, 161.0. LCMS m/z (ES+) = 592.7 

[M + H]+, 614.7 [M + Na]+. Colorless oil. Yield: 60%. 

tert butyl N (but 2 en 1 yl) N ({[(tert butoxy)carbonyl]imino}({[8 ({[(4
methoxyphenyl)methyl]carbamoyl}amino)octyl]amino})methyl)carbamate (88f): 
Starting material: 87f. The crude product was purified through silica gel flash chromatography (AcOEt). 
1H NMR (600 MHz, CDCl3) δ (ppm): 1.17 (d, J = 7.2 Hz, 3H), 1.30 (m, 8H), 1.47 (s, 9H), 1.49 (s, 9H), 

1.61 (m, 4H), 3.16 (m, 2H), 3.31 (m, 2H), 3.80 (s, 3H), 4.02 (m, 2H), 4.30 (m, 2H), 5.62 (m, 1H), 5.66 (m, 

1H), 6.86 (d, 2H, J= 8.0 Hz), 7.22 (d, 2H, J= 8.0 Hz). 13C NMR (150 MHz, CDCl3) δ (ppm): 22.6, 26.7, 

27.0, 28.2, 28.9, 29.3, 29.6, 30.0, 31.8, 42.7, 44.0, 52.1, 55.2, 113.9, 125.6, 126.7, 128.8, 131.1, 151.2, 158.0, 

161.0. LCMS m/z (ES+) = 603.8 [M + H]+, 626.8 [M + Na]+. Colorless oil. Yield: 68%. 

tert-butyl N-({[(tert-butoxy)carbonyl]imino}({[8-({[(4-
methoxyphenyl)methyl]carbamoyl}amino)octyl]amino})methyl)-N-
(cyclopropylmethyl)carbamate (88g): 



Starting material: 87g. The crude product was purified through silica gel flash column chromatography 

(AcOEt). 1H NMR (600 MHz, CDCl3) δ (ppm): 0.25 (m, 2H), 0.46 (m, 2H), 1.07 (m, 1H), 1.30 (m, 4H), 

1.47 (s, 9H), 1.49 (s, 9H), 1.61 (m, 4H), 3.16 (m, 2H), 3.31 (m, 2H), 3.55 (m, 2H), 3.80 (s, 3H), 4.30 (m, 

2H), 6.86 (d, 2H, J= 8.0 Hz), 7.22 (d, 2H, J= 8.0 Hz). 13C NMR (150 MHz, CDCl3) δ (ppm): 3.5, 10.5, 

14.0, 22.6, 26.7, 27.0, 28.2, 28.9, 29.3, 29.6, 30.0, 31.8, 43.8, 44.0, 52.1, 55.2, 113.9, 128.8, 131.1, 151.2, 

158.0, 161.0. LCMS m/z (ES+) = 604.4 [M + H]+, 626.4 [M + Na]+. Colorless oil. Yield: 70%. 

6.3.21 General synthesis for final Boc-cleavage 

To a solution of the properly Boc-protected compound (0.02 mmol) in DCM (1.7 mL), freshly distilled 

TFA (final concentration 20%, 300 L) was added. The reaction flask was sealed and the mixture was 

stirred at room temperature for 5-7 h. Then the mixture was treated with toluene and methanol and 

evaporated under reduced pressure to remove TFA residue. The crude was treated with PE and DCM, 

then decanted, and the solvents were pipetted off. This procedure was repeated several times until 

reaching the desired grade of purity of final compounds. 

1,3 bis(8 carbamimidamidooctyl) 1,3 bis({8 [N′
(cyclopropylmethyl)carbamimidamido]octyl})urea trifluoroacetate salt (1): 

Starting material 75. 1H NMR (400 MHz, CD3OD): δ 0.26 (m, 4 H); 0.61 (m, 4 H); 1.06 (m, 2 H); 1.31 

(m, 32 H); 1.51 (m, 8 H); 1.56 (m, 8 H); 3.05 (d, J = 6.8 Hz, 4 H); 3.16 (m, 12 H); 3.30 (m, 4 H). 13C 

NMR (100 MHz, CD3OD): δ 2.4; 9.5; 26.2; 26.5; 27.5; 28.4; 28.4; 28.8; 28.9; 29.2; 41.0; 41.1; 45.8; 46.9; 

47.1; 47.3; 47.5; 47.7; 47.9; 48.1; 155.6; 165.4. LC-MS m/z (ES+) = 212.1 [M + 4 H]4+; 282.5 [M + 3 H]3+; 

423.1 [M + 2 H]2+; 845.8 [M + H]+. Yield: quantitative. 

1,3,3-tris(8-carbamimidamidooctyl)-1-{8-[N’-(cyclopropylmethyl)carbamimidamido]octyl}urea 
trifluoroacetate salt (39): 
Starting material 80. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.28 (m, 2H); 0.59 (m, 2H); 1.06 (m, 1H); 

1.33 (m, 32H); 1.52 (m, 8H); 1.59 (m, 8H); 3.06 (d, 2H, J = 6.8 Hz); 3.16 (m, 16H). 13C NMR (100 MHz, 

CD3OD) δ (ppm): 2.4, 9.5, 26.2, 26.5, 27.5, 28.5, 28.8, 28.9, 41.0, 41.1, 45.8, 155.9, 157.2, 165.8. LCMS 

m/z (ES+) =  m/z (ES+) = 792.2 [M + H]+; 396.4 [M + 2H]2+; 264.7 [M + 3H]3+; 198.6 [M + 4H]4+. 

Colorless oil. Yield: quantitative. 

1,3-bis(7-carbamimidamidoheptyl)-1,3-bis({7-[N' -
(cyclopropylmethyl)carbamimidamido]heptyl})urea trifluoroacetate salt (41): 
Starting material: 64a. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.31 (m, 4H); 0.62 (m, 4H); 1.10 (m, 2H); 

1.40 (m, 24H); 1.56 (m, 8H); 1.63 (m, 8H); 3.09 (d, 4H, J= 7.2 Hz); 3.19 (m, 16H). 13C NMR (CD3OD) δ 

(ppm): 2.5; 9.5; 26.0; 26.5; 27.5; 28.3; 28.8; 28.9; 29.2; 41.0; 41.1; 44.2, 46.9; 47.1; 48.1; 151.0; 155.6; 161.0; 

165.4. LCMS m/z (ES+) = 198.2 [M + 4H]4+, 264.0 [M + 3H]3+, 395.5 [M + 2H]2+. Yield: quantitative. 



1,3 bis(9 carbamimidamidononyl) 3 {9 [N' (cyclopropylmethyl)carbamimidamido]nonyl} 1

{8 [N' (cyclopropylmethyl)carbamimidamido]octyl}urea trifluoroacetate salt (42): 
Starting material: 64b. 1H NMR (100 MHz, CD3OD) δ (ppm): 0.28 (m, 4H); 0.61 (m, 4H); 1.12 (m, 2H); 

1.41 (m, 24H); 1.55 (m, 8H); 1.65 (m, 8H); 3.12 (d, 4H, J= 7.2 Hz); 3.23 (m, 16H). 13C NMR (100 MHz, 

CD3OD) δ (ppm): 2.3; 9.6; 26.0; 26.6; 27.5; 28.3; 28.8; 29.0; 29.3; 41.0; 41.3; 44.2, 47.0; 47.2; 48.1; 151.0; 

155.7; 161.1; 165.4. LCMS m/z (ES+) = 223.3 [M + 4H]4+, 297.4 [M + 3H]3+, 444.7 [M + 2H]2+. Yield: 

quantitative. 

1,3 bis(6 carbamimidamidohexyl) 1,3 bis({8 [N'
(cyclopropylmethyl)carbamimidamido]octyl})urea trifluoroacetate salt (43): 
Starting material: 72a. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.27 (m, 4H); 0.58 (m, 4H); 1.06 (m, 2H); 

1.30 (m, 26H); 1.53-1.51-1.55 (m, 8H); 1.54-1.60 (overlapped, m, 8H); 3.06 (d, 4H, J = 7.2 Hz); 3.16 (m, 

16H). 13C NMR (100 MHz, CD3OD) δ (ppm): 2.4; 9.5; 26.0; 26.2; 26.5; 27.4; 27.5; 28.4; 28.5; 28.8; 28.9; 

41.0; 45.8; 156.0; 157.2; 161.6; 165.8. LCMS m/z (ES+) = 264.0 [M + 3H]3+; 395.5 [M + 2H]2+; 790.1 [M 

+ H] +. Colorless oil. Yield: quantitative. 

1,3 bis(8 carbamimidamidooctyl) 1,3 bis({6 [N'
(cyclopropylmethyl)carbamimidamido]hexyl})urea trifluoroacetate salt (44): 
Starting material: 72b. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.27 (m, 4H); 0.58 (q, 4H, J = 5.2 Hz); 

1.06 (m, 2H); 1.31 (m, 26H); 1.52-1.55 (m, 8H); 1.54-1.59 (overlapped, m, 8H); 3.06 (d, 4H, J = 6.8 Hz); 

3.16 (m, 16H). 13C NMR (100 MHz, CD3OD) δ (ppm): 2.4; 9.5; 26.0; 26.2; 26.5; 27.4; 27.5; 28.4; 28.5; 

28.8; 28.9; 41.0; 45.8; 156.0; 157.2; 161.6; 165.8. LCMS m/z (ES+) = 264.0 [M + 3H]3+; 395.5 [M + 2H]2+; 

790.1 [M + H] +. Colorless oil. Yield: quantitative. 

1 (6 carbamimidamidohexyl) 3 (8 carbamimidamidooctyl) 1,3 bis({8 [N'  
(cyclopropylmethyl)carbamimidamido]octyl})urea trifluoroacetate salt (45): 
Starting material: 72c. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.28 (m, 4H); 0.58 (m, 4H); 1.06 (m, 2H); 

1.32 (m, 28H); 1.52-1.56 (m, 8H); 1.55-1.59 (overlapped, m, 8H); 3.06 (d, 4H,  J = 6.8 Hz); 3.16 (m, 16H). 
13C NMR (100 MHz, CD3OD) δ (ppm): 2.4; 9.5; 26.0; 26.2; 26.5; 27.5; 28.3; 28.4; 28.8; 28.9; 40.9; 41.0; 

41.1; 45.8; 156.0; 157.2; 161.3; 165.8. LCMS m/z (ES+) = 273.3 [M + 3H]3+; 409.4 [M + 2H]2+; 817.7 [M 

+ H] +; 839.7 [M + Na] +. Colorless oil. Yield: quantitative. 

1,3-bis(8-carbamimidamidooctyl)-1-{6-[N'-(cyclopropylmethyl)carbamimidamido]hexyl}-3-{8-
[N'-(cyclopropylmethyl)carbamimidamido]octyl}urea trifluoroacetate salt (46): 
Starting material: 72d. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.28 (m, 4H); 0.59 (m, 4H); 1.07 (m, 2H); 

1.36 (m, 28H); 1.53 (m, 8H); 1.59 (m, 8H); 3.06 (d, 2H, J = 6.8 Hz); 3.13-3.21 (m, 16H).13C NMR (100 

MHz, CD3OD) δ (ppm): 2.6; 9.7; 26.1; 26.4; 26.6; 27.5; 28.3; 28.5; 28.9; 29.0; 41.1; 41.3; 41.4; 45.9; 156.2; 

157.4; 161.4; 165.9. LCMS m/z (ES+) = 205.1 [M + 4H]4+;273.2 [M + 3H]3+; 409.3 [M + 2H]2+, 817.7 

[M + H]+. Colorless oil. Yield: quantitative. 



1,3-bis(8-azidooctyl)-1,3-bis(8-carbamimidamidooctyl)urea trifluoroacetate salt (48a): 
Starting material: 73. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.35 (m, 32H); 1.51-1.54 (m, 8H); 1.55-1.61 

(m, 12H); 3.16 (m, 12H); 3.26 (m, 4H). 13C NMR (150 MHz, CD3OD) δ (ppm): 26.2; 26.3; 26.4; 26.5; 

27.4; 27.5; 28.4; 28.7; 28.8; 28.9; 29.0; 40.9; 50.9; 156.0; 157.6; 165.9. LCMS m/z (ES+) = 235.9 [M + 

3H]3+; 353.4 [M + 2H]2+; 705.8 [M + H]+. Colorless oil. Yield: quantitative. 

1,3-bis(8-azidooctyl)-1,3-bis({8-[N'-(cyclopropylmethyl)carbamimidamido]octyl})urea trifluoroacetate 
salt (48b): 

Starting material 76. 1H NMR (600 MHz, CD3OD) δ (ppm): 0.27 (q, J = 4.8 Hz, 4H); 0.59 (q, J = 4.8 Hz, 

4H); 1.08 (m, 2H); 1.33 (m, 32H); 1.52 (t, J = 6.6 Hz, 8H); 1.59 (t, J =  6.5 Hz, 8H); 3.05 (d, J = 7.8 Hz, 

4H); 3.14 (m, 12H); 3.27 (t, J = 8 Hz, 4H). 13C NMR (150 MHz, CD3OD) δ (ppm): 3.1; 8.9; 26.7; 27.1; 

27.3, 27.4; 29.3; 29.5; 29.8; 31.6; 41.0; 45.3; 47.6; 159.3; 163.6. LCMS m/z (ES+) = 407.3 [M + 2H]2+; 

813.9 [M + H]+. Colorless oil. Yield: quantitative. 

1,3-bis(8-carbamimidamidooctyl)-1,3-bis[8-(N'-propylcarbamimidamido)octyl]urea 
trifluoroacetate salt (47a): 
Starting material: 74a. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.98 (t, 6H, J= 7.2 Hz); 1.36 (m, 32H); 

1.50-1.54 (m, 8H); 1.57-1.64 (m, 12H); 3.13-3.20 (m, 20H). 13C NMR (100 MHz, CD3OD) δ (ppm): 21.8; 

26.2; 26.5; 27.5; 28.4; 28.8; 41.0; 41.0; 42.7; 156.0; 157.2; 165.8. LCMS m/z (ES+) = 274.0 [M + 3H]3+; 

411.6 [M + 2H]2+; 822.2 [M + H]+. Colorless oil. Yield: quantitative. 

1,3-bis(8-carbamimidamidooctyl)-1,3-bis({8-[N'-(propan-2-yl)carbamimidamido]octyl})urea 
trifluoroacetate salt (47b): 
Starting material: 74b. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.23 (d, 12H, J = 6.4 Hz); 1.30 (m, 32H); 

11.50-1.55 (m, 8H); 1.54-1.57 (overlapped, m, 8H); 3.16 (m, 16H); 3.73 (m, 2H). 13C NMR (100 MHz, 

MeOD) δ (ppm): 21.2; 26.1; 26.2; 26.5; 27.5; 28.3; 28.4; 28.8; 28.9; 40.9; 41.0; 43.4; 46.8; 155.1; 157.4; 

165.8. LCMS m/z (ES+) = 274.7 [M + 3H]3+; 411.6 [M + 2H]2+, 822.1 [M + H]+. Colorless oil. Yield: 

quantitative. 

1,3-bis[8-(N'-butylcarbamimidamido)octyl]-1,3-bis(8-carbamimidamidooctyl)urea 
trifluoroacetate salt (47c): 
Starting material: 74c. 1H NMR (400 MHz, CD3OD) δ (ppm): 0.97 (t, 6H, J= 7.2 hz), 1.36-1.44 (m, 32H), 

1.49-1.61 (24H), 3.13-3.21 (m, 20H).13C NMR (100 MHz, CD3OD) δ (ppm): 22.8; 25.0; 26.2; 26.5; 26.8; 

27.5; 28.4; 28.8; 29.0; 41.0; 43.0; 156.0; 157.2; 165.8. LCMS m/z (ES+) = 283.8 [M + 3H]3+; 425.2 [M + 

2H]2+. Colorless oil. Yield: quantitative. 

1,3-bis(8-carbamimidamidooctyl)-1,3-bis({8-[N'-(2-
methylpropyl)carbamimidamido]octyl})urea trifluoroacetate salt (47d): 
Starting material: 74d. 1H NMR (400 MHz, MeOD) δ = 0.97 (d, 12H, J= 6.4 Hz); 1.30-1.37 (m, 32H); 

1.51-1.55 (m, 8H); 1.56-1.61 (m, 8H);  1.86 (m, 2H);  3.01 (d, 4H, J= 6.8 Hz); 3.13-3.21 (m, 16H). 13C 



NMR (100 MHz, CD3OD) δ (ppm): 18.5; 18.8; 26.2; 26.5; 27.5; 28.0; 28.4; 28.8; 41.0; 156.2; 157.3; 165.7. 

LCMS m/z (ES+) = 283.8 [M + 3H]3+; 425.2 [M + 2H]2+. Colorless oil. Yield: quantitative. 

1,3-bis(8-{N'-[(2E)-but-2-en-1-yl]carbamimidamido}octyl)-1,3-bis(8-
carbamimidamidooctyl)urea trifluoroacetate salt (47e): 
Starting material: 74e. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.36 (m, 32H); 1.53 (m, 8H); 1.59 (m, 8H); 

1.73 (t, 6H, J= 6.4 Hz); 3.13-3.20 (m, 16H);  3.76 (d, 4H, , J= 5.6 Hz); 5.46-5.53 (m, 2H); 5.71-5.79 (m, 

2H). 13C NMR (100 MHz, CD3OD) δ (ppm): 16.3; 26.2; 26.6; 27.5; 28.4; 28.4; 28.9; 29.0; 41.0; 41.1; 42.5; 

124.9; 128.6; 155.8; 157.5; 165.8. LCMS m/z (ES+) = 282.6 [M + 3H]3+; 423.3 [M + 2H]2+; 845.7 [M + 

H]+. Colorless oil. Yield: quantitative. 

1,3-bis(8-carbamimidamidooctyl)-1,3-bis[8-(N'-cyclopentylcarbamimidamido)octyl]urea 
trifluoroacetate salt (47f) 
Starting material: 74f. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.30 (m, 32H); 1.52-1.60 (m, 16H); 1.65 

(m, 8H); 1.76 (m, 4H); 1.97-2.03 (m, 4H); 3.17 (m, 16H); 3.86 (m, 2H). 13C NMR (100 MHz, CD3OD) δ 

(ppm): 22.9; 26.2; 26.5; 27.5; 28.4; 28.5; 28.8; 31.9; 40.9; 45.8; 155.6; 157.2; 163.3; 165.8. LCMS m/z (ES+) 

= 292.0 [M + 3H]3+; 437.6 [M + 2H]2+, 873.2 [M + H]+. Colorless oil. Yield: quantitative. 

1,3-bis(8-carbamimidamidooctyl)-1,3-bis(8-{N'-[(2E)-3,7-dimethylocta-2,6-dien-1-
yl]carbamimidamido}octyl)urea trifluoroacetate salt (47g): 
Starting material:74g. 1H NMR (400 MHZ, CD3OD) δ (ppm): 1.36 (m, 32H); 1.48-1.64 (m, 8H); 1.56-

1.62 (overlapped s, m, 20H); 1.71 (s, 6H); 1.84 (m, 4H); 2.10 (m, 4H); 3.13-3.20 (m, 16H); 3.83 (d, 2H, 

J= 6.8 Hz); 5.28 (m, 2H). 13C NMR (100 MHz, CD3OD) δ (ppm): 24.6; 26.2; 26.5; 27.5; 28.3; 28.4; 29.0; 

38.9; 41.0; 118.5; 134.4; 137.5; 140.3; 156.1; 157.2; 161.3; 165.8. LCMS m/z (ES+) = 337.3 [M + 3H]3+; 

505.6 [M + 2H]2+. Colorless oil. Yield: quantitative. 

1,3 bis(8 carbamimidamidooctyl) 1,3 bis({8 [N' (2
methoxyethyl)carbamimidamido]octyl})urea trifluoroacetate salt (47h): 
Starting material: 74h. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.35 (m, 32H); 1.50 (m, 8H); 1.54 (m, 8H); 

3.16 (m, 16H); 3.36-3.39 (m, 4H); 3.39 (overlapped, s, 6H); 3.52 (t, 4H, J = 5.2 Hz). 13C NMR (100 MHz, 

CD3OD) δ (ppm):  26.2; 26.6; 27.5; 28.3; 28.4; 28.8; 28.9; 40.9; 41.2; 41.4; 57.7; 78.7; 156.5; 1572; 165.8. 

LCMS m/z (ES+) = 285.4 [M + 3H]3+; 427.5 [M + 2H]2+; 876.2 [M + Na] +. Colorless oil. Yield: 

quantitative. 

1,3 bis(8 carbamimidamidooctyl) 1,3 bis(8 {N' [2 (morpholin 4
yl)ethyl]carbamimidamido}octyl)urea trifluoroacetate salt (47i): 
Starting material: 74i. 1H NMR (400 MHz, CD3OD) δ (ppm): 1.33 (m, 32H); 1.52 (t, 8H, J = 7.3 Hz); 

1.58 (m, 8H); 3.13-3.17 (m, 12H); 3.15-3.21 (overlapped, m, 8H); 3.20-3.25 (overlapped, m, 8H); 3.63 (m, 

4H); 3.63 (m, 8H). 13C NMR (100 MHz, CD3OD) δ (ppm): 27.1; 27.3; 29.3; 29.5; 41.1; 41.8; 43.7; 53.2; 



54.9; 66.8; 157.2; 163.6. LCMS m/z (ES+) =  241.8 [M + 4H]4+; 322.1 [M + 3H]3+; 482.6 [M + 2H]2+; 

964.2 [M + H]+Colorless oil. Yield: quantitative. 

1,3 bis(8 carbamimidamidooctyl) 1,3 bis(8 {N' [2
(methylsulfanyl)ethyl]carbamimidamido}octyl)urea trifluoroacetate salt (47l): 
Starting material: 74l. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.33 (m, 32H); 1.48-1.54 (m, 8H); 1.53-

1.59 (overlapped, m, 8H); 2.11 (s, 6H); 2.68 (m, 4H); 3.16 (m, 20H); 3.87 (m, 4H). 13C NMR (150 MHz, 

CD3OD) δ (ppm): 15.6; 27.1; 27.3; 27.4; 29.3; 29.5; 30.3; 41.0; 41.1; 44.8; 47.6; 157.3; 158.2; 164.0. LCMS 

m/z (ES+) = 222.3 [M + 4H]4+; 296.1 [M + 3H]3+; 443.4 [M + 2H]2+; 885.7 [M + H]+Colorless oil. Yield: 

quantitative. 

1,3 bis(8 {N' [2 (adamantan 1 yl)ethyl]carbamimidamido}octyl) 1,3 bis(8
carbamimidamidooctyl)urea trifluoroacetate salt (47m): 
Starting material: 47m. 1H NMR (600 MHz, 1CD3OD) δ (ppm): 1.33 (m, 48H); 1.54 (m, 24H); 1.68 (m, 

8H); 1.76 (m, 8H); 3.16 (m, 20H). 13C NMR (150 MHz, CD3OD) δ (ppm): 27.1; 27.3; 27.9; 28.9; 29.3; 

29.5; 36.1; 37.2; 37.4; 41.1; 42.2; 47.6; 157.3; 158.0; 162.1. LCMS m/z (ES+) = 266.6 [M + 4H]4+; 354.7 

[M + 3H]3+; 531.5 [M + 2H]2+ Colorless oil. Yield: quantitative. 

{6 [N' (cyclopropylmethyl)carbamimidamido]hexyl}urea trifluoroacetate salt (49) 
Starting material 88a. 1H NMR (600 MHz, CD3OD) δ (ppm): 0.27 (q, J = 4.8 Hz, 2H); 0.59 (q, J = , 2H; 

1.06 (m, 1H); 1.31 (m, 4H); 1.50 (m, 2H); 1.60 (m, 2H); 3.05 (d, J = 7.8 Hz, 2H); 3.10 (t, J = 7.2 Hz, 2H); 

3.19 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, CD3OD) δ (ppm): 3.6, 10.2, 26.2, 26.6, 27.5, 28.4, 29.0, 

40.3, 41.1, 46.8, 159.3, 162.3.  . LCMS m/z (ES+) = 256.1 [M + H]+. Colorless oil. Yield: quantitative. 

[8 (carbamoylamino)octyl]urea trifluoroacetate salt (50) 
Starting material 88b. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.36 (m, 8H); 1.48 (m, 2H); 1.58 (m, 2H); 

3.08 (t, J = 6.5 Hz, 2H); 3.16 (t, J = 6.6 Hz, 2H). 13C NMR (150 MHz, CD3OD) δ (ppm): 27.2, 27.3, 29.3, 

29.5, 40.3, 41.1, 157.3, 163.3.LCMS m/z (ES+) = 230.2 [M + H]+. Colorless oil. Yield: quantitative. 

[8 (N’ methylcarbamimidamido)octyl]urea trifluoroacetate salt (51) 
Starting material 88c. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.36 (m, 8H); 1.47 (m, 2H); 1.58 (m, 2H); 

2.84 (s, 3H); 3.05 (d, J = 7.2 Hz, 2H); 3.16 (t, J = 7.2 Hz, 2H); 3.19 (t, J = 7.2 Hz, 2H). 13C NMR (150 

MHz, CD3OD) δ (ppm): 27.2, 27.3, 29.3, 29.5, 38.7, 40.3, 41.1, 157.3, 163.3. LCMS m/z (ES+) = 244.4 

[M + H]+. Colorless oil. Yield: quantitative. 

[8 (N' ethylcarbamimidamido)octyl]urea trifluoroacetate salt (52) 
Starting material 88d. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.21 (t, J = 7.2 Hz, 3H); 1.36 (m, 8H); 1.48 

(m, 2H); 1.59 (m, 2H); 3.06 (t, J = 7.2 Hz, 2H); 3.17 (t, J = 7.2 Hz, 2H); 3.23 (q, J = 7.2 Hz, 2H). 13C 

NMR (150 MHz, CD3OD) δ (ppm): 14.6, 27.2, 27.3, 29.3, 29.5, 39.2, 40.3, 41.1, 157.3, 163.3. LCMS m/z 

(ES+) = 258.3 [M + H]+. Colorless oil. Yield: quantitative. 

{8 [N' (propan 2 yl)carbamimidamido]octyl}urea trifluoroacetate salt (53) 



Starting material 88e. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.22 (d, J = 6.6 Hz, 6H); 1.36 (m, 8H); 1.48 

(m, 2H); 1.59 (m, 2H); 3.08 (t, J = 7.2 Hz, 2H); 3.18 (t, J = 7.2 Hz, 2H); 3.72 (m, 2H). 13C NMR (150 

MHz, CD3OD) δ (ppm): 22.8, 27.2, 27.3, 29.3, 29.5, 40.3, 41.1, 47.1, 157.3, 163.3. LCMS m/z (ES+) = 

272.1 [M + H]+. Colorless oil. Yield: quantitative. 

(8 {N' [(2E) but 2 en 1 yl]carbamimidamido}octyl)urea trifluoroacetate salt (54) 
Starting material 88f. 1H NMR (600 MHz, CD3OD) δ (ppm): 1.37 (m, 8H); 1.47 (m, 2H); 1.58 (m, 2H); 

1.72 (d, J = 5.8 Hz, 2H); 3.08 (t, J = 7.2 Hz, 2H); 3.17 (t, J = 7.2 Hz, 2H); 3.74 (m, 2H); 5.49 (m, 1H); 

5.73 (m, 1H).13C NMR (150 MHz, CD3OD) δ (ppm): 15.5, 27.2, 27.3, 29.3, 29.5, 40.3, 41.1, 44.7, 128.1, 

128.4, 157.3, 163.3. LCMS m/z (ES+) = 284.2 [M + H]+. Colorless oil. Yield: quantitative. 

{8 [N' (cyclopropylmethyl)carbamimidamido]octyl}urea trifluoroacetate salt (20)  

Starting material: 88g. 1H NMR (600 MHz, CD3OD) δ (ppm): 0.28 (m, 2H), 0.60 (m, 2H), 1.07 (m, 1H), 

1.37 (m, 8H), 1.48 (m, 2H), 1.60 (m, 2H), 3.06 (d, 2H, J= 6.8 Hz), 3.09 (m, 2H), 3.19 (t, 2H, J= 7.2 Hz). 
13C NMR (150 MHz, CD3OD) δ (ppm): 3.6, 10.0, 26.2, 26.6, 27.5, 28.4, 29.0, 41.0, 41.4, 42.8, 45.8, 46.9, 

155.9, 157.2, 165.8. m/z (ES+) = 284.3 [M + H]+. Colorless oil. Yield: quantitative. 

 

6.3.22 Synthesis of 1,3 Bis(8 carbamimidamidooctyl) 1,3 bis({8 [N'
(cyclopropylmethyl)carbamimidamido]octyl})urea Hydrochloride Salt (40): 

To a solution of 1 (0.035 mmol) in CH3OH (5.8 mL), Amberlite IRA-400 Chloride-form (137.0 mg) was 

added and the reaction mixture was stirred through a rocker shaker at room temperature for 24h. Then, 

the mixture was diluted with CH3OH and filtered through a 0.45 m PTFE filter. The filtrate was 

evaporated under vacuum to furnish the desired product as a pale yellow oil. 1H NMR (400 MHz, CD3OD) 

δ (ppm): 0.31 (d, J = 5.0 Hz, 4H), 0.62 (d, J = 7.6 Hz, 4H), 1.09 (p, J = 5.6 Hz, 2H), 1.31 (m, 32H), 1.52 

(m, 8H), 1.56 (m, 8H), 3.10 (d, J = 7.0 Hz, 4H), 3.17 (m, 16H). 13C NMR (CD3OD, 100 MHz) δ (ppm): 

3.4, 9.5, 26.2, 26.5, 27.5, 28.4, 28.4, 28.8, 28.9, 29.2, 41.0, 41.1, 45.8, 46.9, 47.1, 47.3, 47.5, 47.7, 47.9, 48.1, 

155.6, 165.4. LCMS(ES+) m/z = 212.1 [M + 4H]4+, 282.5 [M + 3H]3+,423.1 [M + 2H]2+, 845.8 [M + H]+, 

Pale yellow oil. Yield: quantitative. 

 

6.3.23 Synthesis of 1,3 Bis(8 carbamimidamidooctyl) 1,3 bis({8 [N'
(cyclopropylmethyl)carbamimidamido]octyl})urea Free-Base (50) 
 
To Boc-protected 75 (0.017 mmol), a solution of freshly distilled acetyl chloride (800 L) in dry CH3OH 

(7.2 mL) was added dropwise at 0 °C in an ice bath, under N2. The reaction mixture was stirred at rt for 

30 min. The completion of the reaction was assessed by LCMS analysis. Then, toluene and hexane were 

added and the mixture was evaporated. The crude was washed with hexane and DCM several times. 

Then, it was treated with a solution of sodium ethoxide in dry ethanol. Sodium ethoxide was prepared in 



situ by adding sodium (3.2 mg) to dry absolute ethanol (4.25 mL) at 0 °C. The reaction mixture was stirred 

at room temperature for 1 h till precipitation of a white powder (NaCl). Then, the mixture was diluted 

with dry ethanol and filtered several times through 0.45 m PTFE filters. Aliquots of the sample were 

analyzed with the silver nitrate assay to ensure the absence of chlorine atoms. After evaporation, the 

yellowish oil was treated with DCM and filtered again with a 0.45 m PTFE filter. After evaporation, a 

colorless oil was obtained and again subjected to the silver nitrate assay. In brief, a 0.1 M solution of 

silver nitrate in deion. H2O was freshly prepared and used to assess the complete conversion of 40 to 55 

and the removal of residual NaCl. In presence of chloride ions, silver chloride is formed as a white 

precipitate. No evidence of precipitation was observed. Yield: 80%. 1H NMR (600 MHz, CD3OD) δ 

(ppm): 0.31 (d, J = 6.0 Hz, 4H), 0.61 (m, 4H), 1.10 (m, 1H), 1.31 (m, 8H), 1.38 (m, 24H), 1.53 (m, 8H), 

1.60 (m, 8H), 3.09 (d, J = 7.0 Hz, 4H), 3.21 (m, 16H). 13C NMR and LCMS(ES+) spectra are consistent 

with those of 1. 

 

 

 

 

 

 

 

 
 

 

 
 

 



 

 

 

 
 

 

  

 

 

 

CHAPTER II: 
 

C(sp3)-H allylation by a cooperative photocatalytical Hydrogen 
Atom Transfer and Palladium catalysis in the Tsuji-Trost 

protocol 



1. Introduction 
 
Tsuji-Trost reaction provides a milder approach to synthesize allylic compounds via palladium catalyzed 

alkylation of activated nucleophiles.294 

Briefly, in this reaction, the allylic moiety is usually activated as an allyl halide, acetate or carbonate and 

the nucleophile often originates from aldehydes or ketones used in their corresponding enolates, silyl 

enolates or enamines.294 Even though zerovalent, the catalytic cycle (Figure 35) involves a palladium 

specie coordinating the alkene to form the η2 π-allyl-Pd0 complex with subsequent oxidative addition to 

the metal to form a η3 π-allyl-PdII complex in high yields. The Leaving Group (LG) on the allylic moiety 

is thus expelled and the oxidative addition proceed with inversion of configuration. Then, the nucleophile 

attacks the activated allyl, regenerating the η2 π-allyl-Pd0 complex , and thus the subsequent reductive 

elimination, exerted by the transition metal, affords the allylated product. 

 

Figure 35. Catalytic cycle of the Tsuji.Trost allylation.295 

 

Typically, pronucleophiles generate in situ the active specie. Stereoselectivity of the product is mainly 

ruled by the nature of the nucleophiles. Typically, pronucleophiles are employed to generate in situ their 

corresponding active species that can be divided into “hard” and “soft” nucleophiles.296 Stabilized or 

“soft” nucleophiles invert the stereochemistry when forming the π-allyl complex, but along with the 

general inversion of configuration associated with the oxidative addition to palladium, a net retention of 

stereochemistry could be observed. Whereas, unstabilized or “hard” nucleophiles retain the configuration 

when forming the complex, but a net inversion of stereochemistry is generally observed after oxidative 



addition to the metal.297 This is due to the regioselectivity of the nucleophilic attack. In fact, hard 

nucleophiles tend to attack the metal center, whereas soft nucleophiles attack the LG bearing-carbon of 

the allyl moiety (Figure 36).298 

 

 
 
Figure 36. Hard vs soft nucleophiles in Tsuji-Trost allylation. 

 

Moreover, phosphine ligands were widely employed to broaden the allylation scope and to afford 

enantioselectivity, providing asymmetrical control over the reaction. In fact, these ligands could actually 

modulate the electronic properties of the metal along with affecting the catalytic cicle providing steric 

hindrance effects. 

The ability to achieve enantioselectivity in the formation of C-C, C-N, and C-O bonds under the mild 

conditions of Tsuji-Trost protocol, revealed to be particularly appealing for the synthesis of complex 

molecules, even in pharmaceutical field.299,300 

To avoid the use of harsher conditions, employing stronger bases to promote the nucleophilic specie in 

situ formation, atom-economic and environmentally friendly approaches are preferred.301 Thus, 

photocatalytic strategies could be involved to address this issue. To this concern, Hydrogen Atom 

Transfer (HAT) represents a versatile approach for substrate activation in photocatalyzed processes. 

HAT is a chemical transformation in which the concerted movement of a proton and an electron can 

occur between two substrates in a single kinetic step and with a radical pathway.302,303 Indeed, HAT can 

be considered as a subclass of the Proton-Coupled Electron Transfer (PCET) processes in which the 

proton and the electron move together. However, while in PCET the elementary particles move one to 

another, in HAT  the proton and electron start in the same shared orbital and then move together to the 

final one.304  

In contrast to classic hydride abstraction, which usually employs strong bases, HAT processes feature 

mild conditions (e.g. room temperature, irradiations with soft-light sources, etc.) resulting in a precise 



control of the reactivity of the generated radical intermediates.305 Moreover, the activation of the C(sp3)-

H bond with the subsequent conversion into a C-X bond occurs with the net removal of the lightest 

atomic element from the substrate, namely the hydrogen. This scenario perfectly depicts the atom-

economy profile  of this process.305  

Remarkable, HAT also represents a key step in a wide variety of bio- or chemical transformations: for 

instance, several metalloenzymes are known to operate through a HAT process, which is also the key 

step of antioxidants MoA.304 

HAT allows the straightforward activation of aliphatic R-H bonds, proving to be an unique opportunity 

in organic synthesis to exploit the reactivity of unactivated substrates, tuning it by changing the reaction 

conditions.306 Recently, photocatalysis contributed so far to this field. Namely, in this reactions a catalyst 

is excited upon light absorption and it results responsible for the activation of the reacting partners, 

restoring its general ground-state form at the end of the cycle. Thus, in HAT processes the amount of 

energy required for the transformation in delivered in the form of photons, which are made by pure 

energy. This results in a significant improvement of the process sustainability benefiting from the 

reduction of the amount of waste at the end of the transformation.305 

A photocatalyst, upon excitation, could promote four different processes (Figure 37). Among them, in 

HAT (Figure 37, path a) the photocatalyst (PC) in its excited state (PC*) is able to abstract an hydrogen 

atom from a substrate R-H type, generating an activated specie with a high nucleophile tendency. 

 

Figure 37. Substrate activation by photocatalytic processes. 



 

On this basis, in this chapter will be presented a cooperative strategy, merging the traditional metal-

catalysis with a photochemical HAT process in a Tsuji-Trost allylation protocol. 

 



 

2. State of the Art 

Synergistic catalysis is an emerging field wherein two catalytic cycles of two individual catalysts work 

together in a simultaneous way, to create a new chemical bond.307 Generally, this strategy relies on the 

concomitant activation of both nucleophile and electrophile, using two different catalysts, to create their 

corresponding reacting species, one with a higher HOMO (Highest Occupied Molecular Orbital) and 

one with a lower LUMO (Lowest Unoccupied Molecular Orbital).308 By this way, the reaction could be 

energetically feasible and favored. Synergistic strategies are thus potent tools to achieve high levels of 

atom- and step-economy. In fact, starting materials do not need to be activated and can be used as non-

functionalized, replacing the conventional cross-coupling reaction approach in which reactants are 

generally converted in their most reactive forms (halides, boronic acids, organotins, etc.) before entering 

the cycle.308 

On these basis, several research groups focused on merging different catalytic strategies. Concerning 

allylation, various approaches were reported, exploiting either photochemical Single Electron Transfer 

(SET) or HAT protocols to expand the nucleophile scope of Tsuji-Trost reaction. 

For instance, a regioselective SET allylation was reported, disclosing a photoredox/nickel dual catalytic 

approach. In fact, a Ni-based radical mediated pathway was sought and proved to be crucial for the 

alkylation of allyl alcohols. 4-Alkyl 1,4-dihydropyridines (DHPs), used as latent radical precursors, are 

oxidized by a photocatalyst in its excited state, upon light absorption. The oxidation of these precursors 

generate radicals that can be subsequently captured by Ni(0).  Then allyl carbonates or alcohols can 

oxidatively add to the Ni(I) intermediate, originating the active form Ni(III). Then, reductive elimination 

provides the new bond and the resulting Ni(I) species is reduced by the radical anion of the photocatalyst. 

By this way, both of the catalytic cycles are closed (Figure 38).309 

 
Figure 38. Regioselective cooperative photoredx/nickel-mediated catalytic cycle involving allyl alcohols and carbonates.309 



Reaction conditions were finely tuned to favor regioselectivity in linear and E-isomer product and also 

the allylic scope was broaden with respect to the previous reported literature, extending also the range of 

Ni-catalyzed photoredox transformations.309   

Decarboxylative allylation (DcA) is a subset of the Tsuji-Trost allylation, in which carboxylic acids are 

used as latent carbanions, bypassing the required harsh conditions when a base is needed. However, this 

transformation is only limited to acid substrates who can guarantee an effective stabilization of the 

resulting carbanion. To overcome this issue, the development of a photoredox/Pd dual catalytic strategy 

was conceived and reported.310 Thus, an oxidative radical decarboxylation is mediated by an iridium 

photocatalyst  and once the carbon radical is generated, the subsequent combination with a Pd-π-allyl 

intermediate furnished a new C(sp3)-C(sp3) bond (Figure 39). 

 

 
Figure 39. Catalytic dominant pathway of the decarboxylative allylation.310 

The dominant catalytic pathway proceeds via a reductive quenching of excited 4CzlPN operated by a π-

allyl-Pd-carboxylate complex. SET from the carboxylate to the Pd makes the decarboxylation efficient, 

forming the carbon centered radical. Coupling the π-allyl-Pd complex with the radical results overall in 

the formation of the allylated product. Pd(I) is thus produced and can be recuded by 4CzlPN to close 

both of the catalytic cycles.310 

Moreover, a dehydrative allylation of alkyl amines was reported, in which the cooperation of photoredox 

and palladium catalysis proved to be efficient in promoting novel C(sp3)-C(sp3) bond formation.311 

 A range of alkyl amines were selected for the study which revealed that an in situ generated carboxylic 

acid activates an allylic alcohol, facilitating its oxidative addition to the palladium. Thus, a series of 



homoallylic amines, which are versatile drug synthesis intermediates, have been reported with this 

synthetic approach. 

 
Figure 40. Proposed reaction pathway for the dehydrative allylation of C(sp3)−H bonds of alkylamines.311 

Briefly, the phopshine ligand is able to reduce the Pd(OAc)2 catalyst, generating Ac2O and a Pd(0) species. 

Ac2O reacts with the allylic alcohol producing acetic acid, which can now protonate the same alcohol, 

assisting its oxidative addition to the palladium, furnishing the π-allyl-complex. Then, an iridium catalyst 

is excited upon light absorption and induces a SET from the amine to the iridium complex, forming the 

amine radical cation and the iridium (II) species. A deprotonation occurring on the radical cation by the 

acetate, generates the α-aminoalkyl radical (Figure 40). Th Pd-complex is then reduced by the iridium (I) 

photocatalyst and can finally couple with the amino radical affording the desired derivative.311 

The homolytic cleavage of an inert C(sp3)-H bond by a HAT photocatalyst was reported as successful 

strategy to perform a tandem Giese-Tsuji-Trost three-component protocol, to afford the final allylation 

product. Briefly, an HAT-mediated process, operated by the photocatalyst, gives rise to an alkyl radical 

able to undergo a Giese addition312 to an electron-poor alkene. The so generated electron-deficient radical 

is then rapidly reduced by the photocatalyst furnishing a carbanionic nucleophile. The latter reacts then 

with the catalytically generated Pd- π-allyl-complex, leading to the allylation product (Figure 41).301 

 

 



 

Figure 41. HAT-mediated three component Giese-Tsuji-Trost allylation.301 

However, the compatibility of the HAT catalyst with palladium is poorly documented and a competing 

protonation of the so generated carbanion could actually occur when forming the Giese addiction 

product. Moreover, the direct coupling of the Pd- π-allyl-complex with the carbon-centered radical was 

not sorted out in this protocol, although the hypothesis of this additonal pathway occurring could not be 

avoided. 



3. Results and Discussion 
 

3.1 Aim of the work 

To fill the gap in the HAT-mediated Tsuji-Trost allylation, and inspired by the three-component strategy 

previously reported,301 a synergistic photochemical-mediated  approach was developed. 

Briefly, an HAT catalyst was selected to proper abstract, under light exposure, an hydrogen atom from a 

non-activated C(sp3)-H bond of an alkyl radical precursor. The so generated radical species was supposed 

to act as nucleophile and couple with a π-allyl complex, originated from a metal transition catalyst and an 

electron-poor allyl, furnishing the desired allylated product (Figure 42). 

 

 
Figure 42. Aim of the work presented in this chapter. 

3.2 Chemistry 
 

To ensure the coupling, palladium and nickel catalyst were reported for photochemical-mediated 

approaches. However, first attempts to define a model reaction with optimized conditions involved a 

palladium catalyst as favored choice, since its well-known ability to ensure regio- and enantioselectivity 

through asymmetric induction by chiral ligands.313 

To finely tune the reaction conditions, allyl methyl carbonate 89 was selected as allyl partner due to its 

small size and synthetical feasibility. Its synthesis has been achieved through a convenient and efficient 

path, showed in Scheme 11, using commercially available allyl alcohol.314  

 
Scheme 11. Synthesis of the starting material allyl methyl carbonate 89. 

 

 

Moreover, THF and 1,3-benzodioxole were used as radical precursors, since the resulting radical species 

could benefit from the α- oxo stabilization. 



Tris(dibenzylideneacetone)dipalladium was used as source of palladium (0) and triphenyl phosphine or 

tris(2,4,6-trimethylphenyl)phosphine as the phosphine ligands. Additionally, 5,7,12,14-pentacenetetrone 

(PT) was initially used as HAT photocatalyst. 

 
Table 23. Experiment in presence and in absence of light. 

 

First experiment was carried out in presence and in absence of light, to assess whether the reaction would 

work only under light exposure, and two different wavelengths were selected (Table 23). A full conversion 

of the starting materials was observed when the reaction was exposed to 390 nm Kessil Lamp (entry 1, 

Table 23), showing only a 30% yield of the desired compound 90. As expected, any allylation product 

was detected when light was switched off (entry 2, Table 23), indicating that a radical pathway is likely to 

occur. However, no product was also observed under 456 nm Kessil Lamp exposure (entry 3, Table 23). 

 

3.2.1 Optimization 
 

Optimization of the protocol started from the solvent screening: five different aprotic solvents were 

evaluated (Table 24) and among them dry degassed acetonitrile (ACN) provided the best results (entry 4, 

Table 24). 

 



Table 24. Solvent screening. 

 

 
a 1H-NMR yields are calculated using pyrazine or trichloroethylene as external standards. 

 

Then, the optimization proceeded with the catalysts screening. Different sources of palladium (0) and 

palladium (II) were investigated, along with a nickel (I) catalyst that was properly synthesized as reported 

in literature315 (Table 25). 

 
Table 25. Catalyst screening. 

Entry Solvent 1H-NMR yielda

1 DCM traces
2 DCE n.d.
3 Acetone n.d.
4 ACN 66%
5 BTF n.d.

Entry R-H Catalyst Ligand 1H-NMR yields a

1 THF Pd2(dba)3 L1 66%
2 1,3-Benzodioxole Pd2(dba)3 L1 40%
3 THF Pd2(dba)3 L2 69%
4 1,3-Benzodioxole Pd2(dba)3 L2 36%
5 1,3-Benzodioxole Pd(dba)2 L2 37%
6 1,3-Benzodioxole Pd(PPh3)2Cl2 L2 24%
7 1,3-Benzodioxole Pd(OAc)2 L2 16%
8 1,3-Benzodioxole PdCl2 L2 n.d.
9 1,3-Benzodioxole PdBr2 L2 12%
10 1,3-Benzodioxole (4,4′-dtbbpy)NiCl2 L1 20%

a  1H-NMR yields are calculated using pyrazine or trichloroethylene as 
external standards.



Tris(dibenzylideneacetone)dipalladium (0) was confirmed as the most suitable catalyst for this 

transformation, either with THF or 1,3-benzodioxole as alkyl radical precursors R-H (entries 1 and 3, 

Table 25). Interestingly, reaction employing a Ni(I) complex as metal catalyst did not occur (entry 10, 

Table 25) revealing a key role for the palladium transition metal. Furthermore, palladium (II) catalysts 

provided only a worsening of the reaction profile (entries 7-9, Table 25). 

Mono- and bi-dentate phosphine ligands, either bearing electronwithdrawing (EWG) or donating groups, 

were also investigated.   

 
Table 26. Mono-dentate ligand screening. 
 

 

 

Entry R-H Catalyst Ligand 1H-NMR yields a

1 1,3-Benzodioxole Pd2(dba)3 L3 n.d.
2 1,3-Benzodioxole Pd2(dba)3 L4 n.d.
3 1,3-Benzodioxole Pd2(dba)3 L5 traces
4 1,3-Benzodioxole Pd2(dba)3 L6 16%
5 1,3-Benzodioxole Pd2(dba)3 L7 n.d.
6 1,3-Benzodioxole Pd2(dba)3 L8 35%
7 1,3-Benzodioxole Pd2(dba)3 L9 n.d.

a  1H-NMR yields are calculated using pyrazine or trichloroethylene as 
external standards.



Mono-phosphine bearing EWG groups (entries 1 and 2, Table 26) or cyclic alkyl moieties (entry 7, Table 

26) did not provide any product formation. On the contrary, bulky phosphine (entries 4 and 6, Table 26) 

displayed only scarce or moderate yields. 

 

Bi-dentate phosphine ligands provided overall promising results. Particularly, BINAP (2,2′-

bis(diphenylphosphino)-1,1′-binaphthyl), an organophosphorus compound widely employed in 

asymmetrical synthesis, exerted the best reactivity towards THF and 1,3-benzodioxole, incrementing the 

yield up to 1.5 fold compared to the previous used tris(2,4,6-trimethylphenyl)phosphine or 

triphenylphosphine (entry 6, Table 27). 

Entry R-H Catalyst Ligand 1H-NMR yields a

1 1,3-Benzodioxole Pd2(dba)3 L10 n.d.
2 1,3-Benzodioxole Pd2(dba)3 L11 55%
3 1,3-Benzodioxole Pd2(dba)3 L12 24%
4 1,3-Benzodioxole Pd2(dba)3 L13 22%
5 1,3-Benzodioxole Pd2(dba)3 L14 51%
6 THF Pd2(dba)3 L11 87%
7 1,3-Benzodioxole Pd2(dba)3 L15 n.d.

a  1H-NMR yields are calculated using pyrazine or trichloroethylene as 
external standards.



Keeping the BINAP unvaried, HAT photocatalysts were then screened: PT, benzophenones with both 

EWG or donating properties, and tetrabutylammonium decatungstate (TBADT) were investigated, as 

reported in Table 28. 

 
Table 28. Photocatalyst screening. 

TBADT did not provide any product formation (entry 6, Table 28) and electron-poor or electron-rich 

benzophenones worsened the reactive profile, confirming that PT is the suitable catalyst for this 

transformation.301,316 

Catalysts loading, both Pd and PT, and solution molarity were then evaluated as reported in Table 29. 

 
Table 29. Varying the catalysts loading and the concentration of the reacting mixture. 

 
 

 

a  1H-NMR yields are calculated using pyrazine or 
trichloroethylene as external standards.

Entry R-H Pd loading PC loading Final solution molarity 1H-NMR yields a

1 1,3-benzodioxole 5 mol% 5 mol% 0.1 M 46%
2 1,3-benzodioxole 1.25 mol% 5 mol% 0.1 M 33%
3 1,3-benzodioxole 2.5 mol% 10 mol% 0.1 M 32%
4 1,3-benzodioxole 2.5 mol% 2.5 mol% 0.1 M 34%
5 1,3-benzodioxole 2.5 mol% 5 mol% 0.05 M 45%
6 1,3-benzodioxole 2.5 mol% 5 mol% 0.2 M 30%

a  1H-NMR yields are calculated using pyrazine or trichloroethylene as external standards.



Doubling the catalysts loadings or reducing them of two fold resulted in any enhancement of the reaction 

profile and also varying the molar concentration of the reacting mixture did not provide any interesting 

breakthrough in reactivity. 

Hence, optimization of the protocol led to the definition of the model reaction in which alkyl precursors, 

either THF or 1,3-benzodioxole, produced an alkyl radical upon photoexcitation PT-mediated. This 

radical could be added on the allyl moiety acting like a nucleophile, benefiting from Pd-mediated catalyst 

and BINAP auxiliary role, thus leading to the final allylated products 90 or 91 (Scheme 12). 

 
Scheme 12. Model reaction with optimized final conditions. 

 

 
 
3.2.1 Scope of the alkyl radical precursors 

Different radical precursors were selected for their electron and chemical properties to evaluate the 

reliability of the synthetic approach. In Table 30 are reported the (hetero) alkyl compounds selected for 

this study. 

 
Table 30. Scope of the alkyl radical precursors. 

Since THF and 1,3-benzodioxole exerted an interesting reactivity towards HAT homolytic cleavage of 

their C(sp3)-H bonds (entries 1 and 2, Table 30), cyclohexane was first selected to evaluate if the 

synergistic catalytic approach could also work towards less stabilized radical species (entry 3, Table 30). 

Entry R-H 1H-NMR yields a

1 THF 87%
2 1,3-benzodioxole 55%
3 Cyclohexane n.d.
4 Phtalan 12%
5 1,3-dioxolane n.d.
6 N -Bocpyrrolidine n.d.

a  1H-NMR yields are calculated using pyrazine or 
trichloroethylene as external standards.



Unfortunately, cyclohexane as the radical precursor did not provide the desired allylated compound. 

Switching to phtalan, worsened the overall yield of the transformation. However, even though allyl full 

conversion was still observed, also 1,3-dioxolane (entry 5, Table 30) and N-Bocpyrrolidine (entry 6, Table 

30) proved to be unsuccessful. It is likely to hypothesize thus that α-oxo radical species are more 

responsive to this transformation than α-nitrogen radical ones, even though a broader scope is required 

to state this hypothesis. Moreover, a significant discrepancy was observed between 1,3-benzodioxole and 

1,3-dioxolane. As common knowledge, they both could benefit from the anomeric effect, being 

heterocycles endowed with a five membered ring. However, the anomeric effect in 1,3-benzodioxole 

could affect the benzene ring planarity by lowering its barrier, resulting in a pucked aromatic cycle at an 

angle of 24°.317 Hence, interactions between the p orbitals of oxygen atoms and the pucked benzene 

ring317 could justify the greater stabilization of the benzodioxole free radical over the dioxolane one and 

thus the resulting reactivity. 

 

3.2.2 Scope of the allyl partner 

 

Different (hetero)alkyl or aromatic allyl partners (92-100, Figure 43) were selected for the scope and 

relative yields are reported in Table 31. The selection was made not only to assess their reactivity towards 

the novel catalytic approach, but also to reach the proper grade of polarity to achieve purification of the 

final products. In fact, purification of these allylation compounds resulted particularly challenging. The 

huge excess of highly-boiling radical precursors used in this approach (20 equivalents) along with their 

similar physicochemical properties with the achieved compounds, resulted in derivatives with close Rf 

and thus co-elution during isolation. Resorting to crystallization or distillation techniques also resulted in 

failed attempts. Moreover, the volatility of THF alkyl derivatives seriously hampered their isolation. To 

this concern, some compounds were conceived for being endowed with different polarity and higher 

molecular weights.  
Figure 43. Allyl partners synthesized for this work. 
 

 



Allyl partners were properly synthesized as presented in Scheme 13-14. Briefly, the synthesis of 

derivatives 92, 94, 96, 98-100 proceeded in one high yielding step, through carbonation of the 

corresponding commercially available allyl alcohols (Scheme 13).  

Scheme 13. Synthesis of starting materials 92, 94, 96, 98-100. 

 

Synthesis of starting materials 93, 95 and 97 proceeded instead following different approaches. Briefly, 

commercially available methallyl alcohol was treated with oxetane and butyl lithium in presence of 

tetramethylethylendiamin (TMEDA), affording intermediate 101, which is then treated with methyl 

chloroformate furnishing starting material 93 (Scheme 14).318 

 
Scheme 14. Synthesis of starting materials 93, 95 and 97. 
 

 
 



Then, commercially available 1-bromo-3-phenylpropane was first converted into its corresponding 

Grignard reagent and then reacted with propargyl alcohol, furnishing derivative 102 which is then 

converted into the carbonate 95 (Scheme 14).319 

In the end, commercially available propionaldehyde is converted to the corresponding alcohol 103, after 

addition of vinyl magnesium bromide to the carbonyl moiety, and then treated with methyl chloroformate 

to furnish starting material 97 (Scheme 14).320  
Table 31. 1H-NMR yields reported for allyl partners 92-100. 

 



Keeping unvaried the optimized reaction conditions, THF and 1,3-benzodioxole were selected to 

proceed with the scope of the allyl partners, being the best shots among the alkyl radical precursors 

screened. Moreover, some aryl derivatives were also exposed to longer wavelengths under the 456 nm 

Kessil Lamp. Furthermore, (6,6′-Dimethoxybiphenyl-2,2′-diyl)bis-diphenylphosphine (BIPHEP) was also 

selected as ligand to broaden the acquired information about their cooperative action in the catalytic cycle 

of palladium. Unfortunately, poor yields were observed for all the screened allyl partners, with the 

exception of compound 92 (entry 4, Table 31) which however displayed lower yields compared to that 

of the model reaction. Additionally, when aryl derivatives were employed as allyl partner, competitive 

dimerization of their scaffold was observed and in some cases the dimerized product was the only one 

observed in the reaction mixture (entries 11, 14-16, 26-27, 29, 31, 34, Table 31). Nevertheless, interesting 

considerations could be made by observing the data set collected: BIPHEP seems to enhance the 

conversion of the starting materials in their corresponding final products with akyl allyl partners. 

Moreover, dimerization tend to occur prevalently in presence of THF rather than 1,3-benzodioxole. 

Varying the wavelength led to  improved yields for compounds 94 and 97, even though not significant. 

In the end, the extended conjugation which derivatives 94 and 99 provided (entries 9-12 and 28-31, Table 

31) limited the reactivity towards the synergic protocol, probably due to a more persistent and stabilized 

π-allyl complex and thus a difficult reductive elimination. Overall, the allylation seems to be favored on 

less substituted substrates and only small alkylic substituents are tolerated, as confirmed by entry 4 in 

Table 31. 

 

 

3.2.3 Limitations of the protocol 

Isolation of coupled derivatives, as previously explained, resulted not trivial and particularly challenging 

and thus previous reported yields, also for model reaction, refer to quantitative 1H-NMR calculations 

using pyrazine or trichloroethylene as external standard. However, questioning on how to improve the 

purification of allylated compounds, a one-pot-two step protocol was developed as showed in Scheme 

15. Briefly, ACN from reaction mixture containing compound 91 was removed by rotary evaporation 

and then the excess of 1,3-benzodioxole was lowered by nitrogen flow. Then, epoxidation with m-

chloroperbenzoic acid (mCPBA) resulted in compound 104 (Scheme 15). This epoxidation strategy 

resulted successful for the desired isolation of the coupled compound 91, furnishing a 52% isolated yield 

over two steps. 

 

 

 



Scheme 15. Epoxidation of compound 91. 

Moreover, the protocol proved to have only a limited applicability as confirmed by the scope of the allyl 

partners and alkyl radical precursors. However, only some representative derivatives were selected for 

the scope and further evaluations need to be done.  

 

4. Conclusions 
 

In this work a cooperative catalysis, merging a photochemical HAT process with a palladium-catalyzed 

cycle, was presented. Upon light exposure, an inert C(sp3)-H bond is subjected to an homolytic HAT 

process, generating a radical specie that is then coupled, though a palladium-mediated strategy, with a 

suitable allyl partner to afford the allylation compound in a modified Tsuji-Trost approach. 

The reliability of the process was first confirmed by carrying on the experiment in absence of light, which  

proved that the process is light-dependent. Optimization of the reaction conditions proved that BINAP, 

Pd2(dba)3, and PT are the favored ligand, palladium (0) source and photocatalyst, respectively, for this 

transformation. However, BIPHEP revealed to be more efficient with alkyl allyl partners (92-93, 96). 

THF and 1,3-benzodioxole showed greater reactivity towards HAT activation than 1,3-dioxolane, 

cyclohexane, N-bocpyrrolidine and phtalan as proved by the alkyl radical precursors scope. Promising 

applicabilities of the protocol to allyl methyl carbonate 89 and methyl (2-methylallyl) carbonate 90 were 

not in agreement with what observed when the scope was broaden. Briefly, aryl derivatives were less 

tolerated, since in some selected cases (94, 99) they could benefit from additional extended conjugation, 

challenging the reductive elimination step in palladium-catalytic cycle. Overall, poor yields were reported 

when scoping allyl partners and the cooperative catalysis seems to be promising only on less substituted 

substrates (89 and 92). The huge excess in terms of equivalents of the highly-boiling radical precursors 

hampered significantly the purification of the obtained compounds, whereas also the high-volatility of 

THF derivatives extended the purification issue. To this concern, epoxidation of the allylation product 

was pursued in a one-pot two steps protocol, affording the desired coupled derivative 104 in good yields 

over two steps. In the end, scopes of both allyl partners and alkyl radical precursors need to be extended 

to gain a deeper understanding of the real limitations and applicability of the protocol. Moreover, reaction 

parameters could be also re-screened to finely tune the conditions depending on the substrates involved 

in the transformation.  

 



5. Materials and methods 
 
5.1 General Chemistry 

All commercially available chemicals and solvents were bought from Sigma Aldrich, TCI and 

Fluorochem. Technical solvents were bought from VWR International and used as received. Anhydrous 

solvents were purchased from Sigma Aldrich and used as such. Degassed dry ACN was prepared from 

dry ACN through cycles of atmosphere exchange under sonication and purging (nitrogen bubbling). 

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. 
1H (400 and 300 MHz), and 13C (100 MHz) spectra were recorded at ambient temperature using Bruker 

AV 300-I, and AV 400. 1H NMR spectra are reported in parts per million (ppm) downfield relative to 

CDCl3 (7.26 ppm) and all 13C NMR spectra are reported in ppm relative to CDCl3 (77.16 ppm) unless 

stated otherwise. The multiplicities of signals are designated by the following abbreviations: s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublets), dt (doublet of triplets), td (triplet 

of doublets), ddd (doublet of doublet of doublets). Coupling constants (J) are reported in hertz (Hz). 

NMR data was processed using the MestReNova 14 software package. Quantitative 1H-NMR calculations 

were performed using the MestReNova 14 software package, using trichloroethylene or pyrazine, in a 

equimolar ratio to the desired product, as external standards.. Product isolation was performed manually, 

using silica (P60, SILICYCLE). TLC analysis was performed using Silica on aluminum foils TLC plates 

(F254, SILICYCLE) with visualization under ultraviolet light (254 nm and 365 nm) or appropriate TLC 

staining (Cerium Ammonium Molybdate, Potassium Permanganate). Organic solutions were 

concentrated under reduced pressure on a Büchi rotary evaporator (in vacuo at 40 ºC, ~5 mbar). 

 

5.2 Chemical procedures 

 
5.2.1 General synthesis of allyl carbonates 89, 92, 94, 96, 98-100: 

An oven-dryed round-bottom flask with a stirring bar inside, was capped with a septum cap and 

submitted to three cycles of vacuum/nitrogen. Then, methyl chloroformate (41.33 mmol) was added to 

a solution of allylic alcohol (34.44 mmol) and pyridine (103.3 mmol) in dry DCM (0.4 M) at 0°C, under 

nitrogen atmosphere. The reaction mixture was then warmed to room temperature, and stirred for 2-24 

h. After reaction completion, the organic layer was washed three times with 1M HCl solution and finally 

with brine. The combined organic layers were dried over Na2SO4, filtered and then evaporated under 

reduced pressure, providing the desired allylic carbonates without further purifications. 

 



Methyl allyl carbonate (89): 
Allyl alcohol was used as starting material. 5.89 (m, 1H), 5.33 (ddq, J 

= 17.2, 2.9, 1.5 Hz, 1H), 5.23 (ddq, J = 10.4, 3.1, 1.3 Hz, 1H), 4.60 (d, J = 5.8 Hz, 2H), 3.76 (d, J = 2.1 

Hz, 3H). 13C NMR (

Methyl (2-methylallyl)carbonate (92): 
Methallyl alcohol was used as starting material. 1H NMR (400 MHz, CDCl3) δ (ppm) 5.10 (s, 1H), 4.96 

(s, 1H), 4.51 (s, 2H), 3.79 (s, 3H), 1.75 (s, 3H). 13C NMR (CDCl3) δ (ppm) 19.8, 54.7, 74.1, 112.9, 140.2, 

155.7. Yellowish oil. Yield: 86%. 

Methyl oct-1-en-3-yl carbonate (96): 
Oct-1-en-3-ol was used as starting material. 1H NMR (400 MHz, CDCl3) δ (ppm) 5.82 (ddd, J = 17.1 Hz, 

J =10.3 Hz, J = 7.2 Hz, 1H), 5.29 (m, 2H), 4.78 (dt, J = 7.2 Hz, J = 1.0 Hz, 1H), 3.79 (s, 3H), 0.92 (s, 

9H). 13C NMR ( 14.4, 21.9, 25.6, 31.7, 34.2, 54.5, 86.3, 119.0, 133.3, 155.4. Yiellowish oil. 

Yield: 90%. 

Methyl (1-phenylallyl) carbonate (98): 
1-Phenyl-2-propen-1-ol was used as starting material. 1H NMR (300 MHz, CDCl3) δ (ppm) 7.37 (s, 5H), 

6.11 (m, 2H), 5.31 (m, 2H), 3.78 (s, 3H). 13C NMR (

 
Cinnamyl methyl carbonate (99): 
Cinnamyl alcohol was used as starting material. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.39 (m, 2H), 7.32 

(m, 2H), 7.25 (m, 1H), 6.70 (d, J = 16.0 Hz, 1H), 6.33 (dt, J = 16.0 Hz, J = 6.6 Hz, 1H), 4.79 (dd, J = 6.6 

Hz, J = 1.6 Hz, 2H), 3.80 (s, 3H). 13C NMR (

tert-butyl 3-((methoxycarbonyl)oxy)-3,6-dihydropyridine-1(2H)-carboxylate (100): 
N-Boc-3-hydroxy-1,2,3,6-tetrahydropyridine was used as starting material. 1H NMR (400 MHz, CDCl3) 

δ (ppm) 1.46 (s, 9H), 5.01 (m, 1H), 5.99 (m, 1H), 5.90 (ddt, J = 10.2, 4.1, 2.1 Hz, 1H), 4.97 (m, 1H), 3.79 

(s, 3H), 3.82 (m, 2H), 3.61 (m, 1H). 13C NMR ( 28.2, 43.1, 44.5, 54.4, 69.9, 80.1, 123.4, 

130.9, 154.5, 155.3. Yiellowish oil. Yield: 80%. 

 

5.2.2 Synthesis of starting materials 93, 95 and 97: 
 

2-methylenehexane-1,6-diol (101) 
To a solution of 2-methylprop-2-en-1-ol (5 mmol) in anhydrous diethyl ether (0.4 M) at 0°C, BuLi 2.5 M 

in hexane (5 mL) and anhydrous TMEDA (2 mL) were added dropwise, under nitrogen atmosphere. The 

mixture was allowed to stir at room temperature for 30 minutes. Then, oxetane was added and the mixture 

was again stirred at room temperature for 6 hours. After reaction completion, the mixture was diluted 



with diethyl ether and washed with 1M HCl solution three times. The organic layer was then dried over 

Na2SO4, filtered and evaporated under reduced pressure. The crude mixture was then purified by flash 

chromatography (DCM/MeOH 9/1). 1H NMR (400 MHz, CDCl3) δ (ppm) 4.97 (s, 1H), 4.80 (s, 1H), 

4.00 (bs, 2H), 3.59 (t, J = 5.0 Hz, 2H), 3.25 (bs, 2H ), 2.06 (t, J = 5.0 Hz, 2H), 1.57 (m, 4H). 13C NMR 

(CDCl3) δ (ppm)  23.9, 32-1, 32.6, 61.9, 65.0, 109.1, 148.6. Colorless oil. Yield: 40%. 

6-hydroxy-2-methylenehexyl methyl carbonate (93): 
An oven-dryed round-bottom flask with a stirring bar inside, was capped with a septum cap and 

submitted to three cycles of vacuum/nitrogen. Then, methyl chloroformate (1.4 mmol) was added to a 

solution of the allylic alcohol 101 (5.6 mmol) and pyridine (1.7 mmol) in dry DCM (0.4 M) at 0°C, under 

nitrogen atmosphere. The reaction mixture was then warmed to room temperature, and stirred for 4 h. 

After reaction completion, the organic layer was washed three times with 1M HCl solution and finally 

with brine. The combined organic layers were dried over Na2SO4, filtered and then evaporated under 

reduced pressure, providing the desired allylic carbonates without further purifications. 1H NMR (400 

MHz, CDCl3) δ (ppm) 5.08 (s, 1H), 4.96 (s, 1H), 4.55 (s, 2H), 3.83 (s, 3H), 3.61 (t, 2H, J = 5.2 Hz), 2.11 

(br, 1H), 2.08 (t, 2H, vJ = 7.2 Hz), 1.57 (m, 4H). 13C NMR (CDCl3) δ (ppm) 23.5, 32.3, 32.6, 54.6, 62.4, 

70.1, 113.2, 143.1, 155.6. Colorless oil. Yield: 62%. 

2-methylene-5-phenylpentan-1-ol (102): 
An oven-dried flask was charged with magnesium turnings (9.60 mmol) and a small crystal 

of iodine. The flask was then purged with nitrogen and submitted to three cycle of vacuum/nitrogen. 

Then, 2.5 mL of dry THF were added and the mixture was refluxed. A solution of (3-

bromopropyl)benzene (5.00 mmol) in dry THF (0.5mL) was added dropwise over the course of 30 min. 

The reaction was refluxed for 2 h and then cooled to room temperature. 

A solution of CuI in dry THF (15 mol% in 10 mL) was then added. The reaction mixture was allowed to 

stir at room temperature for 0.5 h. Propargyl alcohol (2 mmol) in dry THF (2 mL) was then added 

dropwise at room temperature. The reaction was then heated to reflux for additional 24 h. After cooling 

to room temperature the crude, NH4Cl aqueous solution was added  

carefully. The organic layer was then separated and the aqueous phase extracted with diethyl ether. The 

reunited organic layers were dried over Na2SO4, filtered and evaporated under reduced pressure. Crude 

product was purified by silica gel column chromatography (Pentane/Diethyl ether 9/1). 1H NMR (400 

MHz, CDCl3) δ (ppm) 7.28 (m, 2H), 7.17 (m, 3H), 5.01 (s, 1H), 4.90 (s 1H), 4.07 (s, 2H), 2.63 (t, J = 7.7 

Hz, 2H), 2.10 (t, J = 7.7 Hz, 2H), 1.79(m, 2H). 13C NMR (CDCl3) δ (ppm) 27.7, 33.0, 36.2, 65.6, 110.1, 

126.0, 128.1, 142.0, 148.2. Yiellowish oil. Yield: 57%. 

Methyl (2-methylene-5-phenylpentyl) carbonate (95): 
Same procedure of 5.2.1, compound 102 used as starting material, stirring for 22 h. 1H NMR (400 MHz, 

CDCl3) δ (ppm) 7.22 (m, 5H), 5.31 (s, 1H), 5.19 (s, 1H), 4.81 (s, 2H), 3.79 (s, 3H), 2.63 (t, J = 7.2 Hz, 



2H), 2.19 (t, J = 7.2 Hz, 2H), 1.44 (m, 2H). 13C NMR (CDCl3) δ (ppm) 27.4, 33.0, 35.8, 54.9, 72.3, 113.0, 

126.2, 128.1, 128.8, 142.2, 143.6, 155.5. Yiellowish oil. Yield: 70%. 

5-phenylpent-1-en-3-ol (103): 
To a solution of 3-phenyl-propionaldehyde (4.2mmol) in dry diethyl ether (5mL) at 0°C was added slowly 

a solution of vinylmagnesium bromide 1 M in diethyl ether (5.0mmol). The resulting mixture was stirred 

at room temperature for 12h, under nitrogen atmosphere. After reaction completion, the reaction was 

quenched with a saturated solution of NH4Cl and extracted three times with diethylether. The organic 

layer was then washed with brine, dried over Na2SO4, filtered and evaporated under reduced pressure. 

Crude product was purified by silica gel column chromatography (Pentane/Diethyl ether 9/1). 1H NMR 

(400 MHz, CDCl3) δ (ppm)7.30 (m, 2H), 7.25 (m, 2H), 7.22 (dd, J = 1.0, 0.5 Hz, 1H), 5.93 (ddd, J = 

17.2, 10.3, 6.0 Hz, 1H), 5.27 (dt, J = 17.1, 1.3 Hz, 1H), 5.19 (dt, J = 10.4, 1.3 Hz, 1H), 4.13 (dd, J = 13.0, 

6.0 Hz, 1H), 2.75 (dd, J = 15.8, 7.0 Hz, 2H), 2.14 (br, 1H), 1.89 (m, 2H). 13C NMR (CDCl3) δ (ppm) 

31.9, 39.2, 73.1, 115.7, 126.0, 128.1, 128.8, 139.1.   

Methyl (5-phenylpent-1-en-3-yl) carbonate (97) : 
Same procedure of 5.2.1, compound 103 used as starting material, stirring for 24 h. 1H NMR (400 MHz, 

CDCl3) δ (ppm) 7.27 (m, 2H), 7.19 (m, 3H), 5.80 (ddd, J = 17.4, 10.5, 6.7 Hz, 1H), 5.29 (m, 3H), 3.79 (s, 

3H), 2.67 (m, 2H), 1.98 (m, 2H). 13C NMR (CDCl3) δ (ppm) 31.1, 35.8, 54.4, 78.1, 117.1, 126.0, 128.1, 

128.2, 136.1, 141.3, 155.7. Colorless oil. Yield: 82%. 

 

5.2.3 General procedure for the HAT-mediated Tsuji-Trost allylation 

A glass vial capped with a septum was charged with the proper allyl methyl carbonate (0.1 mmol), 

tris(dibenzylideneacetone)dipalladium (2.5 mol), 5,7,12,14-pentacenetetrone (6 mol), and BINAP (5 

mol) and then purged with nitrogen and submitted to three cycle of nitrogen/vacuum. Then, the suitable 

alkyl radical precursor was added (2 mmol) under N2 atmosphere along with dry degassed ACN (1 mL). 

Then the vial was sealed and placed in a photoreactor, showed in Figure 44, under a Kessil Lamp 390 nm 

40 W exposure and stirred at room temperature for 22 h. After reaction completion, external standard 

was added (0.1 mmol) and the crude mixture was filtered over a plug of silica to remove palladium 

catalyst. Then, sample of 100 L of reaction mixture was diluted with 400 L of CDCl3 and submitted to 
1H-NMR analysis. 

 
 
 
 
 
 
 
 
Figure 44. Photoreactor (on the left) endowed with Kessil Lamp 390 nm 40 W (on the right) for batch photocatalysis. 



 
5.2.4 Epoxidation of 91 and synthesis of compound 104 
 

2-(oxiran-2-ylmethyl)benzo[d][1,3]dioxole (104): 
The crude mixture of compound 91 was filtered over a plug of celite and then evaporated under reduced 

pressure. The crude was redissolved in DCM (0.1 M) and mCPBA was added at 0°C in a 1:1 molar ration 

with 91, based on the detected 1H-NMR yield for the first step of the reaction. The reaction was then 

stirred at room temperature for 24 h. After reaction completion, the organic layer was first washed with 

a saturated Na2S2O3 solution, then with a 1M NaOH solution and in the end with brine. The organic layer 

was dried over Na2SO4, filtered and evaporated under reduced pressure. Purification was made by flash 

chromatography (Pentane/Diethylether 95/5). 1H NMR (400 MHz, CDCl3) δ (ppm) 2.23 (m, 1H), 2.63 

(dd, , J = 5.0, 2.6 Hz, 1H), 2.86 (dd, J = 4.9, 4.0 Hz, 1H), 5.32 (s, 2H), 6.30 (m, 1H), 6.84 (s, 1H). 13C 

NMR (CDCl3) δ (ppm) 41.2, 44.1, 48.5, 101.3, 115.1, 121.2, 146.2. Colorless oil. Yield over two steps: 

52%. 
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