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Abstract 

Kinases have emerged as one of the most intensively pursued targets in current 

medicinal chemistry research, and to date, the FDA has approved 31 small molecule 

kinase inhibitors (SMKI), with several therapeutic applications, particularly cancer. 

Previous studies in Rozas’ group identified a guanidinium-based lead compound 

capable of inhibiting B-Raf (kinase frequently altered in the Ras/Raf/MEK/ERK 

pathway in cancer) through a hypothetic type-III allosteric mechanism. Previous and 

on-going molecular-modelling studies point towards the idea that this compound forms 

hydrogen-bond/electrostatic interactions with one of the ATP-phosphates through the 

mono-substituted guanidinium moiety, thus, positioning the lipophilic (4-Cl-3-CF3)-Ph 

group in a hydrophobic pocket of the enzyme. In this research, we have 

computationally studied the interactions established by this lead compound with (i) 

isolated ATP (through Density Functional Theory calculations) and (ii) an active 

phosphorylated ATP-containing B-Raf protein (through Molecular Dynamics 

simulations and docking), which represents the first model of this type of kinase 

containing ATP and hence suitable for structure-based design of type-III inhibitors of 

an active kinase. Moreover, 25 new aromatic derivatives have been synthesized to 

clearly identify the structural motifs that determine the allosteric inhibition of the 

Ras/Raf/MEK/ERK pathway and derive the corresponding structure-activity 

relationships. Several different biochemical assays were conducted to investigate their 

potential as anticancer agents and protein kinases’ inhibitors. Firstly, their cytotoxic 

effect was assessed in promyelocytic leukaemia cells HL-60, and, for some chosen 

derivatives, also in breast cancer MCF-7, cervical HeLa, colorectal carcinoma HCT116 

and HKH2 and multiple myeloma, H929 and U266B1 cell lines, to clearly establish 

their therapeutic profile. Secondly, flow-cytometry and western blotting studies were 

carried out to investigate the apoptosis-inducing activity of these derivatives. Their 

safety profile was established with assessment of their toxicity against non-tumorigenic 

epithelial MCF10A and human platelets and their ‘druggability’ estimated with 

computer-based prediction of their pharmacokinetics characteristics. The 3-amino-4’-

guanidino phenoxypyridine 66 has distinguished itself among the other compounds for 

its exclusive high potency against a wide range of cancer cell lines, its ability to induce 

apoptosis and it low toxicity. Therefore, it now represents a new hit molecule towards 

the development of type-III allosteric inhibitors of the Ras/Raf/MEK/ERK pathway. 
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Chapter 1 - Introduction 

 

1.1.  The burden of cancer: general overview and statistics 

Cancer is a burden upon the society in which we live today. This is even more relevant 

in a scientific environment where researchers routinely discuss cancer with a pragmatic 

point of view; however, cancer has a deeper human and societal cost. Behind every 

diagnosis, genome sequence, therapy and statistic lies a human being  and their family, 

together with their fears and hopes. Today the battle against cancer is not only about 

successful therapies, instead it starts with prevention strategies, early detection and 

affordable personalized therapies which have all been developed through the expertise 

and collaboration of numerous interdisciplinary and translational fields, starting from 

early stage discovery through to clinical application.                                                                                                                                                                                       

The collection and analysis of cancer statistics is a fundamental tool utilized to both 

understand and control cancer. This data not only depicts the affliction of the disease 

but can also indicate cause-effect relationships and the impact of socioeconomic 

differences which can inform the assignment of priorities for cancer control programs. 

Epidemiological data on incidence of cancer and related mortality shows wide variation 

across worldwide regions. The data presented in this thesis are taken from the latest 

edition of World Cancer Report (WHO, 2012)1 and GLOBOCAN (2012)2, the two 

most current and complete reports published on cancer to date. 

Cancer is a major cause of morbidity and mortality, with approximately 14 million new 

cases and 8 million cancer-related deaths in 2012, affecting populations in all countries 

an all regions, but with marked differences worldwide. Among men (Figure 1.1.1), the 

five most common sites of cancer diagnosed in 2012 were lung (16.7% of the total), 

prostate (15.0%), colorectum (10.0%), stomach (8.5%), and liver (7.5%). Among 

women (Figure 1.1.1), the five most common incident sites of cancer were breast 

(25.2% of the total), colorectum (9.2%), lung (8.7%), cervix (7.9%), and stomach 

(4.8%). 
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Figure 1.1.1. Estimated world cancer incidence proportions by major sites, in men, and 

in women, 2012. Adapted from reference 1.1 

 

Among men (Figure 1.1.2), lung cancer has the highest incidence and mortality rates 

(23.6%), the mortality rate for prostate cancer is considerably lower than that of lung 

cancer (6.6%), despite its high rate of incidence (15%). Stomach, liver, colorectum and 

oesophageal cancers are three of the other major cancers in men that show relatively 

poor survival and hence high mortality rates.  

Among women (Figure 1.1.2), breast cancer has the highest mortality rate (14.7%). 

Together with its high incidence rate, breast cancer is the most common and aggressive 

cancer in women, despite the improvement of early screening tests and biomarkers. The 

second highest mortality is observed for lung cancer (13.8%), and then colorectal (9%), 

cervical (7.5%) and stomach cancer (7.2%). 
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Figure 1.1.2. Estimated world cancer mortality proportions by major sites, in men, and 

in women, 2012. Adapted from reference 1.1 

 

The ‘Other’ catagory (Figure 1.1.1. and Figure 1.1.2.) comprises a wide variety of 

cancers among which leukemia, multiple myeloma and melanoma of the skin must be 

highlighted. According to a cancer report published by Siegel et al. (2016) concerning 

the United States of America in the year 2016, leukemia was responsible for 4% of 

deaths (men and women) and melanoma of the skin had an incidence of 6% in men and 

3% in women.3 

Further details of cancer incidence and mortality may be considered fundamental, but a 

full description is outside the scope of this thesis. As a conclusion, it is estimated that 
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by 2035 the annual number of new cancers across all ages will grow by 70% compared 

with 2012 estimates.4 These figures highlight the massive prevalence and importance of 

cancer, how it affects all humankind and brings the urgent need for successful and 

alternative therapeutic strategies into sharp focus.  

 

 

1.2.  Cancer Biology: hints 

Cancer statistics help to record and examine health changes over time and  provide 

clues as to the environmental, lifestyle and behavioural risks responsible for cancer 

etiology.  

Chronic infections play a major role in common cancers in parts of Africa and Asia but 

are less common in Europe and North America. In highly developed and high-income 

countries, the diet exerts an influence on cancer advancement due to energy-rich food 

intake and associated obesity linked to low levels of physical activity. Exposure to 

tobacco, hazardous workplaces, alcohol intake and excessive sun are also reflected in 

the incidence of particular cancer types.  

 

1.2.1. Evolution in cancer and its hallmarks 

Behind each cancer lie cellular genomic mutations which drive the healthy cell through 

a tumorigenesis process that eventually leads to cancer-related deaths. The types and 

subtypes of cancer and related cancer-causing mutations differ considerably across the 

world populations as a result of genetic diversity within our communities. These 

mutations can vary in number from a few (10–20) to, more commonly, hundreds or 

thousands. The great majority of these mutational are relatively harmless ‘passengers’, 

but few of them are more relevant and deleterious ‘drivers’. In 1976, Peter Nowell 

defined cancer as “an evolutionary process that is driven by stepwise, somatic-cell 

mutations with sequential, subclonal selection” (Figure 1.2.1).5 
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Figure 1.2.1. The evolution of clonal populations and the role of the surrounding 

environment in their evolutionary adaption. Adapted from Yates et al., 2012.6 

 

It is now well established that cancer evolves by repetitive processes of clonal 

expansion, genetic diversification and clonal selection. External forces can act on the 

cancer genome to generate heterogeneity and influence the subclonal structure. 

Therapeutic intervention may temporarily destroy cancer clones, but it can also provide 

a potent selective pressure for the expansion of resistant variants or subclones (Figure 

1.2.1). Moreover, there is now growing evidence that cancer cells behave as 

communities and increasing attention is directed toward the cooperative behaviour of 

subclones that can influence disease progression.7 The Darwinian character of cancer is 

the primary reason for therapeutic failure, but it may also hold the key to more effective 

control.8  

 

1.2.2.  Key pathways in cancer cell signalling  

Hanahan and Weinberg in 2000 suggested, in an outstanding publication, that cancer 

cell genotypes result from six essential alterations in cell physiology that must be 

acquired, known as the hallmarks of cancer.9 The first three acquired capabilities are: 
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(i) self-sufficiency in growth signals, (ii) insensitivity to growth-inhibitory (antigrowth) 

signals and (iii) evasion of programmed cell death (apoptosis). 

The mechanism of acquired self-sufficiency in growth signals derives from alterations 

of components in the downstream signalling circuits of the cell which receive signals 

generated by trans-membrane receptors at the cellular surface through activation by 

grow factors. Cancer cells can achieve such physiological states through different 

mechanism; for example, they can acquire the ability to synthesize growth factors like 

tumour growth factor α (TGFα) to which they are responsive via a positive feedback 

signalling loop. Moreover, transmembrane receptor overexpression (e.g., RTK receptor 

tyrosine kinase) or extracellular matrix receptors (integrins) may enable the cell to 

become hyper-responsive to their activation (Figure 1.2.2).9 The Ras/Raf/MEK/ERK 

(also known as MAPK/ERK) cascade plays a central role here, receiving, processing 

and enhancing the signals emitted by growth factors receptors and integrins. This 

cascade is the central hub of the integrated signalling circuit of the cell, from where 

other effector pathways can radiate and enable extracellular signals to elicit changes in 

gene expression through cross-talking connections (Figure 1.2.2).9 Normal cells control 

their proliferation through different mechanisms of antigrowth signals, but cancer cells 

must evade these cascades to reach another acquired capability, the insensitivity to 

antigrowth signals. Most antiproliferative signals are controlled not only by anti-growth 

factors (e.g. TGFβ), but also by alterations to their receptors which, in a 

hypophosphorylated state, sequester and alter the function of E2F transcription factor 

which controls cell proliferation and cell cycle (Figure 1.2.2).9  

The destiny of cancer cells is not only controlled by an unbalanced equilibrium between 

antigrowth signals and cell proliferation, but also through an acquired resistance 

toward apoptosis, another hallmark of cancer cell. In a healthy cell, intra- and extra-

cellular sensors can activate this death pathway in response to abnormalities, like DNA 

damage. However, in cancer cells resistance to apoptosis is most commonly acquired 

by mutation and subsequent  loss of a proapoptotic regulator of the p53 tumour 

suppressor gene, a key sensor of DNA damage, which can induce the apoptotic effector 

cascade (Figure 1.2.2). Many of the signals converge on the mitochondria, which 

release cytochrome C in response to proapoptotic signals and this works in concert with 

caspase 9 to control cell death. Members of the Bcl-2 family of proteins, whose 

members have either proapoptotic (Bax, Bak, Bid, Bim and BAD) or antiapoptotic 
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(Bcl-2, Bcl-XL, or Mcl-1) function, are fundamental to the control of apoptosis and its 

attrition in cancer.9  

 

Figure 1.2.2. Key signalling pathways for cell biology. Adapted from Hanahan and 

Weinberg, 2000.9  

 

Hence, cancer cell proliferation depends on an equilibrium established by the three 

aforementioned acquired capabilities: self-sufficiency in growth signals, insensitivity to 

antigrowth signals and evasion of apoptosis. Another of the key requirements for 

tumour growth is sustained angiogenesis and associated supply of oxygen and nutrients. 

Several receptors for growth factors like VEGF and PDGF are important mediators of 

vascular recruitment. Intracellular kinase pathways, such as Akt and mTOR, serve to 

integrate signalling from both growth factors and nutrients with resultant promotion of 

tumour neovascularization. Moreover, VEGFR and the epithelial-mesenchymal 

transition receptor (EMT) are of key importance to the invasive, metastatic phenotype 

of cancer cells and promoting cell migration to facilitate tumour invasion of better 

oxygenated tissues.10 
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Two other emerging hallmarks have been identified in the pathogenesis of some and 

perhaps all cancers. One involves the capability to modify, or reprogram, cellular 

metabolism in order to most effectively support neoplastic proliferation.11 Oncogenic 

activation of the PI3K pathway (in particular Akt) promotes glucose uptake and 

utilization and may be the driver of the aerobic glycolysis phenotype.10 The second 

emerging hallmark allows cancer cells to evade immunological destruction, by T- and 

B-lymphocytes, macrophages, and natural killer cells in particular.11 

 

 

1.3.  Protein Kinases 

Adenosine triphosphate (ATP) (Figure 1.3.1) is present in cells at a concentration of 1 

to 5 mM and its hydrolysis to adenine diphosphate (ADP) and inorganic phosphate is 

central to almost all biological processes.10 Protein kinases are enzymes that transfer the 

inorganic phosphate from ATP to their targets. Protein phosphorylation by protein 

kinases is a universal switching mechanism that regulates almost all cellular processes 

and, over the past years, intensive research has been conducted to understand their 

activity (Figure 1.3.1). For every protein kinase, a corresponding phosphatases exists 

which is responsible for removal of the phosphate from their common target; however, 

less is known concerning the mechanisms which regulate the activity of these 

phosphatases (Figure 1.3.1).10 
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Figure 1.3.1. Protein kinase/phosphatase “phospho” transfer/elimination reaction. 

 

Protein kinases are considered one of the largest protein families in humans.12,13 The 

kinase enzymes in this family play important roles in cell growth, metabolism, 

differentiation, and apoptosis by catalyzing phosphorylation of serine, threonine or 

tyrosine residues. Due to the large number of different types of kinases, almost every 

biochemical transduction pathway is influenced and regulated by phosphorylation 

events governed by protein kinases. Targeted inhibition of protein kinases has therefore 

become an attractive therapeutic strategy in the treatment of relevant diseases.14  

Based on sequence similarity, Hanks and Hunter discovered conserved sequence motifs 

within the kinase core that they classified into 12 subdomains.12 Only after sequencing 

of the human genome, Manning et al. catalogued the protein kinase complement of the 

human genome, known as the kinome (Figure 1.3.2), showing the phylogenetic 

relationships of all the known protein kinases within the human genome. There are over 

500 known kinases, encoded by ~1.7% of the human geneome and they constitute the 

second largest set of drug targets after G-protein-coupled receptors.15 Families and sub-

families are clustered based on their sequence similarity and biological function. The 

kinome is divided into eight subgroups: AGC (containing PKA, PKG, PKC families), 

CAMK (calcium/calmodulin-dependent protein kinase), CK1 (casein kinase 1), CMGC 
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(containing cyclin-dependent kinases-CDKs, mitogen activated protein kinases-

MAPKs, glycogen synthase kinase 3-GSK3 and Cdc2-like kinases-CLK families), STE 

(homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases), TK (tyrosine kinase), TKL 

(tyrosine kinase-like). Their division is also based on the protein residue that they 

phosphorylate. For instance, the TKs form a distinct group, whose members 

phosphorylate proteins at tyrosine residues, whereas enzymes in all other groups 

phosphorylate primarily serine and threonine residues. Kinases that belong to different 

groups can interact with and phosphorylate each other, for example MEK, a STE7 

kinase, phosphorylates ERK, one of the best-studied mammalian signalling cascades 

(CMGC). 

Atypical kinases (Figure 1.3.2) are kinases that do not exhibit sequence similarity with 

conventional protein kinases, but are reported to have protein kinase activity. These 

include ATM and ATR kinases, mTOR, DNA-dependent protein kinase (DNA-PK) and 

eEF2 kinase (eEF-2 K). Finally, another class of kinases are lipid kinases which act on 

lipid molecules rather than proteins as their substrates. PI3-kinase (PI3K) is a well-

characterized member of this group; other members include diacylglycerol kinase and 

sphingosine (SphK) kinase. 
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Figure 1.3.2. The human kinome.15  
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1.3.1. Protein Kinases and disease 

It is easy to understand that if protein phosphorylation regulates most aspects of cellular 

biology, abnormal phosphorylation can logically be the cause or consequence of 

disease. Thus, it has been found that deregulation of protein kinases is implicated in a 

number of diseases including cancer, diabetes, and inflammation.16 

Many kinases have been found to be involved in cancer development and studies have 

uncovered a large number of kinases bearing mutations that can lead to tumour 

development. Altered key signalling pathways in cancer (Figure 1.2.2.) largely involve 

protein kinases of which deregulation can alter cell biology. Some of the most 

commonly studied kinases are those that are closely related to or involved in the 

acquisition of the cancer hallmarks, also reported in Figure 1.3.3.17 

 

Figure 1.3.3. Altered key signalling pathways by oncogenic alteration of kinases. 

Adapted from Gross et al., 2015.18  
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Although cancer still remains the major focus of drug discovery nowadays, the number 

of kinase inhibitors undergoing clinical trials for the treatment of other diseases is also 

increasing.19 Deregulation of kinase function has been implicated in different disorders, 

including immunological, metabolic and infectious diseases.20 Diverse types of 

mutations implicate certain kinases and alter the normal function of the immune 

system. For example, almost 150 mutations have been reported in Bruton tyrosine 

kinase (BTK), which encodes a key regulator of B-cell development.21 Endocrine and 

metabolic disorders can derive from a mutation in AKT2, which encodes a ubiquitous 

STK (serine/threonine kinase) that has a key downstream function in activating the 

insulin receptor resulting in several pathologies.21 Development of kinase-targeted 

therapies for central nervous system (CNS) diseases remains a challenge, since the 

problem is not only the design of inhibitors that exhibit sufficient affinity and 

selectivity for a molecular target (or set of targets), but also insuring that these 

inhibitors have the appropriate molecular profile for CNS penetrance.22 One example of 

CNS protein kinase targets is glycogen synthase kinase 3 (GSK3) which is a serine-

threonine protein kinase and is involved in numerous cellular processes. Not 

surprisingly upregulation of GSK3 activity has been linked to numerous human 

pathological conditions, including diabetes, muscle hypertrophy, cancer, Alzheimer’s 

disease, stroke, sleep disorders, and neuropsychiatric and mood disorders. Currently, 

diverse small-molecule GSK3 inhibitors have shown preclinical efficacy in animal 

models for Alzheimer’s or Parkinson’s disease, amyotrophic lateral sclerosis (ALS), 

depression and ischemic stroke.22 

 

1.3.2.  Functioning and features of protein kinases 

Internal architecture of eukaryotic protein kinases is controlled by a highly dynamic 

and finely regulated set of conserved residues that act as switches for the control of 

most biological events in eukaryotic cells. Sequence analysis and surface comparison of 

different serine–threonine and tyrosine kinases reveals residues whose spatial positions 

are highly conserved among eukaryotic protein kinases.23 Although sequence was 

enough to determine the conserved regions, the first crystallization of a protein kinase, 

PKA, revealed not only the overall architecture of the kinase core including where all 



Chapter 1 - Introduction 

 

14 

 

the conserved residues were located, but also the way in which a kinase can recognize a 

peptide/protein substrate.24,25 

For the sake of simplicity in describing the kinase’ domains and the motifs, PKA will 

be taken as an example and the numbering of its individual residues will be used in the 

discussion, as the relevant residues are conserved in every kinase.26 The most important 

domains and motifs are represented in Figure 1.3.4.  

Kinases consist of an upper N-lobe, rich in β sheets, and a lower C-lobe, rich in α 

helixes. The ATP/Mg2+ is buried at the base of the cleft between the two lobes, known 

as the ‘hinge’ region. Among the conserved key functional regions for kinase 

activation, we find the αC-helix, the DFG, HRD and APE motifs, and the activation 

loop. The activation segment is defined as the region between and including two 

conserved motifs (DFG at the N terminus and APE at the C terminus). Different studies 

have been carried out in order to gain an understanding of how the conformation of this 

activation segment, fundamental for the control of kinase activity, controls a unique set 

of signals to turn on or off the kinase activity.27,28  

The conserved DFG motif marks the beginning of the activation loop28 and consists of: 

(i) a conserved aspartate (Asp184), which is known to chelate a Mg2+ which, in turn, 

interacts with the phosphates of the ATP molecule for phosphotransfer;29 (ii) a 

conserved phenylalanine (Phe185), which makes a significant contribution to the DFG 

flip state from active to inactive kinase, disrupting fundamental interconnections with 

two hydrophobic residues in αC-helix;28 and (iii) a conserved glycine (Gly186), the role 

of which remains unclear even though it is an integral part of all protein kinases.30 The 

DFG motif can assume one of two conformations based on the orientation of the central 

phenylalanine side chain: DFG-in and DFG-out. The conformation of the DFG motif 

affects the ATP binding and the overall catalytic activity of the kinase. For example, 

distortion of DFG motif is a consequence of the V600E mutated form of B-Raf, where 

the salt bridge formed between Glu600 and Lys507 keeps the activation loop in the 

‘DFG-in’ conformation and renders the mutant protein constitutively active.31  

The electrostatic interaction between a particular phospho-residue (Thr197 in PKA) and 

a basic pocket that is conserved among kinases (known as RD pocket) is critical for 

driving the conformational change in the activation loop.28 Assembly of the activation 
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segment into an active conformation is typically mediated by phosphorylation either by 

cis or trans autophosphorylation or by another activating kinase.32  

The HRD motif forms the catalytic site and is crucial to kinase function as it plays a 

key role in phospho-transfer to the peptide substrate. It is composed of three different 

amino-acids: a histidine, an arginine and an aspartate (H, R and D). The His residue is 

not only a conserved amino-acid of the HRD motif, but is also the last residue of the 

regulatory spine (R-spine) which aids the alignment of the kinase in an active state.33 In 

PKA and some of the other AGC kinases, this His is replaced with a Tyr (Tyr164). In 

most eukaryotic protein kinases the second residue in the HRD motif is arginine 

Arg165.33 Finally, the last residue is Asp166 which is required for the orientation of the 

hydroxyl group of the substrate peptide and the transfer of the phosphoryl group.34 

The peptide substrate is known to bind in the C-lobe, in such a way that it can reach the 

Asp166 in the HRD region and the proximal Lys168 responsible for catalysis.35 The 

APE motif is important in this sense as it constitutes the end of the activation segment 

and forms part of the substrate-binding pocket.21 In PKA, Glu208 is part of the 

conserved APE motif (together with Ala206 and Pro207) and exerts a conserved 

interaction with Arg280, which appears to be key to maintaining correct interactions 

and conformational changes associated with the αF-helix.36 

A new model of kinase regulation based on the assembly of hydrophobic spines has 

recently  been proposed. The kinase core is built around a hydrophobic centre that 

consists of a hydrophobic helix (αF-helix) and two hydrophobic spines (C-spine and R-

spine) that are formed by non-contiguous residues from different sequences.37  

The C-spine (or catalytic spine), consists of a series of hydrophobic residues (Val57, 

Ala70, Met128, Leu172, Leu173, Ile174, Leu227, Met231) and is completed after ATP 

binds.37  

The R-spine consists of four residues, RS1 to RS4, two from the C-lobe and two from 

the N-lobe: RS1 is the tyrosine residue from the HRD motif in the catalytic loop 

(Tyr164); RS2 is the phenylalanine from the DFG motif in the activation segment 

(Phe185); RS3 is a conserved aliphatic residue from the αC-helix (Leu95); and RS4 is a 

residue that belongs to β5 sheet (Leu106). Recent studies indicate that mutations which 
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lock the R-spine in the active conformation result in a kinase with constitutive activity, 

independent of Ras, dimerization, or activation loop phosphorylation for its activity.38,39  

Assembling of two hydrophobic spines, supported by the αF-helix, connects the N- and 

C- lobes, forming a hinge region where the ATP molecule can bind for catalysis to 

occur with the help of a glycine-rich loop. 
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Figure 1.3.4. Top: Structure of PKA and conserved motifs: the structural parts are 

labelled according to present literature. Yellow: C-spine; red: R-spine; lime: αC-helix; 

pink: αF-helix; blue: DFG motif; red: HRD motif; orange: activation segment; purple: 

APE motif.26 Bottom: cartoon explanation of PKA catalytic domain. Adapted from 

Kornev et al., 2006.30  

 

Kornev et al. proposed in 2006 a general model for protein kinase activation.30 In a 

starting inactive conformation (Figure 1.3.5.B), DFG and HRD motifs and the spines 

are distorted, destabilizing the molecule causing it to adopt different inactive 

conformations. Activation starts (Figure 1.3.5.A) with phosphorylation at Thr197 (PKA 

numeration) that re-arranges the Mg2+-binding loop positioning the DFG aspartate in an 

appropriate orientation for interaction with ATP through Mg2+ binding and building up 

the hydrophobic spine. The α-helix flips inward towards the ATP hinge region to 

complete the spine formation and secure it through Lys72-Glu91 interaction. 

Positioning of Asp166 from the HRD motif will facilitate the interaction with the 

peptide substrate and its subsequent phosphorylation.30  

 

 

Figure 1.3.5. Kinase activation mechanism. Adapted from Kornev et al., 2006.30  

 

The activation process can also involve other kinase specific events like trans-

membrane translocations and dimerization, as is the case for B-Raf.40 It has been 

previously reported that, in B-Raf, Arg506 plays a role in the dimerization process. 

Recent studies have demonstrated how the positively charged C-terminal end of the αC-

helix composed of Arg506 and Lys507 can form several inter-protomer salt bridges 
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with the phosphorylated NtA motif (SSDD motif at the N-terminus of the kinase), 

promoting dimerization.41  

 

1.3.3. Ras/Raf/ ERK MEK/ kinase pathway and its interconnections  

As briefly eluded to, the Ras/Raf/MEK/ERK signal transduction pathway is a 

conserved kinases’ cascade that regulates different aspects of cell biology in response 

to growth factors, cytokines and hormones.42  

Classical activation results from growth factors binding to a tyrosine kinase receptor 

(TKR) such as EGFR,  thus triggering receptor dimerization, activation, and 

transphosphorylation.8 Adaptor proteins (e.g. Shc, Grb2, Sos) then associate with the 

receptor’s phosphorylated intracellular domains and recruit guanine nucleotide 

exchange factors (GEFs) to the cell membrane which activate Ras (H-Ras, N-Ras, K-

Ras). GEFs promote formation of Ras-GTP by catalysing the replacement of GDP with 

GTP, whereas GTPase-activating proteins (GAPs) stimulate GTP hydrolysis to GDP.43 

Then, Raf activation is initiated by  association with Ras-GTP through the Ras binding 

domain (RBD) situated at the N-terminal part of the kinase. Raf proteins act as key 

points in Ras/Raf/MEK/ERK pathway and despite several published attempts to 

characterize their complex regulation,43 the exact mechanism of Raf activation remains 

largely unknown. There are three isoforms of Raf (A-Raf, B-Raf and C-Raf) and each 

of them differs in the details of their activity regulation.44 B-Raf is considered to be the 

most active of the three because its highest affinity and stronger stimulation towards 

MEK, while A-Raf has instead the lowest activity due to the weakest binding affinity 

toward Ras.45 Raf dimerization (homo- and hetero-) is required for activation of wild-

type Raf, and it can also constitute a mechanism of escape used by cancer cells to 

bypass eventual inhibition with small-molecule inhibitors. This is known as the Raf 

inhibitor paradox, where non saturating concentrations of inhibitor can cause 

transactivation of the Raf dimer to the active state or even an adaptive resistant 

response.46 

Following recruitment to the cell membrane, conformational changes, phosphorylation 

and dimerization promote Raf serine/threonine kinase activity, consequently activating 

MEK and ERK.40,42  
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Components of this pathway are frequently mutated in cancer with approximately one-

third of human tumours expressing a constitutively activated mutant form of Ras and 

approximately 8% of tumours expressing an activated form of B-Raf.46 B-Raf mutation, 

specifically V600E, is responsible for 50-70% of melanomas; in contrast, non-small 

cell lung cancer is mainly driven by mutation at receptor EGFR (10-20%) and N-Ras 

mutation (15-20%), as shown in Figure 1.2.3.47 

Many of the transcription factors activated by the Ras/Raf/MEK/ERK pathway are 

involved in cell proliferation and differentiation (e.g. AP1, c-Myc), in addition, many 

growth factor genes have binding sites for transcription factors, activated by the 

Ras/Raf/MEK/ERK pathway, located in their promoter regions. Thus, aberrant 

activation of this pathway may establish an autocrine/paracrine loop, resulting in self-

sufficiency in proliferative signals and continuous stimulation of cell growth, with 

consequences that facilitate acquisition of all the different hallmarks of a cancer cell 

previously described (Figure 1.3.6.).47  

 

      

Figure 1.3.6. Left: the Ras/Raf/MEK/ERK signal transduction pathway; Right: main 

molecular alterations leading to ERK activation in cancer and biological consequences. 

Adapted from Lavoie et al., 201543 and Neuzillet et al., 2014.47  
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The Ras/Raf/MEK/ERK pathway not only plays a critically important role in 

controlling gene expression and preventing apoptosis, but it also establishes crucial 

interactions with other key cell signalling pathways and exerts its functions through 

these interconnections (Figure 1.3.7.). 

Activated Ras has the ability to phosphorylate two additional pathways besides the 

Raf/MEK/ERK cascade; the PI3K/Akt/mTOR and the Ral guanine nucleotide exchange 

factors (Ral-GEFs) pathways (Figure 1.3.7.).48 The Ras/Raf/MEK/ERK and 

Ras/PI3K/PTEN/Akt pathways interact with each other to regulate growth and 

tumorigenesis. Moreover, Raf is downregulated by Akt, indicating a cross-talk between 

the two pathways. On the other hand, RalGEF and/or Ral activation is involved in Ras-

mediated activation of various transcription factors that include, for example, 

phosphorylation and activation of c-Jun through JNK MAPK activation, STAT3 

through Src tyrosine kinase activation and NF-κB gene regulation (Figure 1.3.7.).49 

Another established interaction of the Ras/Raf/MEK/ERK pathway is its cross-talk with 

the JAK/STAT pathway. The relationship between these cascades is highly complex 

with each of these pathways intersecting at multiple levels.50 

Regulation of apoptosis by the Ras/Raf/MEK/ERK cascade can also be achieved as a 

result of phosphorylation of apoptotic regulatory molecules such as Mcl-1, Bim and 

caspase 9.51 Moreover, a non-MEK/ERK mediated function of C-Raf has also been 

proposed in which it is targeted to the mitochondrial membrane by Bcl-2, protecting 

cells from apoptosis and results in phosphorylation of BAD, proapoptotic Bcl-2 

homolog (Figure 1.3.7.).52 
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Figure 1.3.7. The Ras/Raf/MEK/ERK kinase pathway and its interconnections. 

Adapted from Steelman et al., 2004.49,53 

 

 

1.4. Protein kinases inhibitors 

The prevalence and influence of protein kinase deregulation on disease development 

presents a unique opportunity for therapeutic intervention and, hence, there has been 

considerable interest and effort invested in developing pharmacological tools targeting 

kinases. So much so that they have become one of the most intensively pursued classes 

of drug target.20  

Despite the interest in and success of protein kinase inhibitors as therapeutics, drug 

discovery has focused on a relatively small subset of kinase targets.20 This has led to 

drug-development programs focusing on similar sets of scaffolds, covering only a small 

fraction of the kinome, for which evidence of therapeutic utility already exists (Figure 

1.4.1).20 As showed in Figure 1.4.1, the most targeted protein kinases are the tyrosine 

protein kinases, in particular VEGFR and EGFR. Over the past five years, 

serine/threonine kinases (B-Raf) and also lipid kinases (PI3K) have acquired much 

interest; however, tyrosine kinase inhibitors, including dual specificity inhibitors, still 

account for 77% of all approved small molecule kinase inhibitors (SMKIs or PKIs) 

targeting most of the common tyrosine kinases.20 It is not surprising that more than 100 

kinases (~25%) have unknown function and that about 50% are largely 
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uncharacterized, with still little indication of their biological function or role in disease 

development. 

 

 

Figure 1.4.1. Estimation of targeted kinases in clinical trials. Adapted from Fedorov et 

al., 2010.54  

 

Nowadays, more modern techniques can be employed to help address this problem and 

find new kinase targets. For example, mass-spectrometry based techniques and 

phospho-proteomics are powerful tools capable of revealing cancer signatures. These 

have been utilized to analyse changes in the proteome and phospho-proteome of 

primary cells derived from epithelial ovarian cancer (EOC) compared to healthy 

tissues, revealing a role for the kinase CDK7 in EOC cell proliferation.55 

 

1.4.1.  Small molecule kinase inhibitors 

Understanding the structural basis and mechanism of kinase inhibition is crucial to the 

goal of developing inhibitors to target every member of the kinome which can be 

selectively tuned to achieve a different mode of inhibition. To date, the US FDA has 

approved 31 small-molecule protein kinase inhibitors (SMKIs or PKI). Their structure, 

together with their therapeutic indication are reported in Figure 1.4.2.56-58  
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Figure 1.4.2. US FDA has approved 31 SMKIs (in brackets year of approval) and their 

therapeutic indication. Adapted from Wu et al., 2016.56-58 

 

Among these, five small molecule were specifically designed and approved to inhibit 

the Ras/Raf/MEK/ERK pathway. Two RAF inhibitors (vemurafenib, zelboraf; 

Genentech/ Plexxikon and dabrafenib, tafinlar; GlaxoSmithKline) and two MEK 

inhibitors (trametinib, mekinist; GSK and cobimetinib, cotellic, Genentech) have been 

approved against melanoma expressing BRAFV600E/K mutation.46 More recently, in 
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2015, osimertinib (tagrisso, AstraZeneca) was approved as EGFR inhibitor for the 

treatment of non-small cell lung cancer with EGFRT790M mutations. 

There are different types of PKIs classified based on their mode of action and binding: 

Type I inhibitors (such as vemurafenib, zelboraf): ATP-competitive inhibitors that 

recognize the so-called active conformation of the kinase (DFG-in) and constitute the 

majority of known PKIs. Type I inhibitors typically consist of a heterocyclic ring 

system that occupies the purine binding site and are the most widely pursued class 

(many kinase inhibitors have been synthesized to mimic ATP) (Figure 1.4.3).20  

Type II inhibitors (such as imatinib, gleevec or sorafenib, nexavar): ATP competitive 

inhibitors which recognize the inactive conformation of the kinase (DFG-out). 

Movement of the kinase to an inactive state exposes an additional hydrophobic binding 

site directly adjacent to the ATP binding site which is also occupied by this type of 

inhibitor (Figure 1.4.3).20  

Type III, known also as type IV59 or allosteric inhibitors (such as trametinib, mekinist): 

This third class of compounds bind to a site outside the ATP-binding site thus 

modulating kinase activity in an allosteric manner. Inhibitors belonging to this category 

tend to exhibit the highest degree of kinase selectivity because they exploit binding 

sites and regulatory mechanisms that are unique to a particular kinase (Figure 1.4.3).20  

 

 

Figure 1.4.3. Representation of the mode of action for type I, type II, type III and 

covalent inhibitors. Adapted from Fang et al., 2013.60 
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Other type of inhibitors include covalent inhibitors, which are capable of forming an 

irreversible, covalent bond to the kinase active site, most frequently by reacting with a 

nucleophilic cysteine residue (Figure 1.4.3). Recently, these covalent inhibitors have 

received increasing attention because of their high binding affinity and selectivity.61 

The FDA has recently approved three irreversible inhibitors, afatinib and osimertinib as 

EGFR inhibitors for the treatment of non-small-cell lung cancer (NSCLC) and ibrutinib 

as BTK inhibitor for for B-cell malignancies. Lately, new insights into cysteine 

reactivity have been defined through a structure-based binding site cysteine data set, 

which can contribute towards the development of further covalent kinase inhibitors.61 

Type V (such as levantinib, lenvima) inhibitors instead refer to bivalent inhibitors that 

can target different sites simultaneously.62 As previously mentioned, allosteric 

inhibitors usually display excellent selectivity profiles toward a particular kinase, but 

they usually lack the potency of the more common type I inhibitors. Chemically linking 

an allosteric moiety with a type I inhibitor to form a bivalent inhibitor, could improve 

both selectivity and affinity.62  

Type I and II PKIs are so far the most developed type of inhibitors followed by 

covalent, type III and V inhibitors (Figure 1.4.4 left). Type I are known to be the most 

potent inhibitors, but despite their potency they are known to lack selectivity due to the 

highly conserved nature of the hinge region across all kinases. However, some of the 

type I inhibitors (such as vemurafenib) belong to a class of very high selective 

inhibitors (Figure 1.4.4 right).31,56 Other type II inhibitors (such as sorafenib) have been 

developed to bind more selectively to their target, but have instead been classified as 

promiscuous inhibitors.56 Despite limited examples, type III inhibitors, such as 

trametinib, are likely to be more selective than type I and II inhibitors because of the 

exclusive utilization of allosteric binding sites outside the ATP-binding pocket.56 
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Figure 1.4.4. Classification (left) and selectivity (right) of the FDA approved SMKIs. 

Adapted from Wu et al., 2016.56 

 

1.4.2.  Current challenges in PKI discovery and future directions 

Selectivity and resistance are two of the most prominent issues that affect PKI 

discovery programs. Given the widespread importance of kinases and phosphatases in 

cell biology (and disease), controlled enzyme pharmacology is essential for the 

development of successful therapies.  

Targeted therapies represent the state-of-the-art in preclinical and clinical oncology 

research. The use of imatinib (type II, gleevec) in the treatment of chronic myelogenous 

leukemia (CML) or vemurafenib (type II, zelboraf) for the treatment of melanoma 

serves as a proof of concept that inhibition of specific (or few) kinases can improve the 

medical responses to treatment of such disease.31,63 Most approved PKIs potently 

inhibit multiple targets, but, as exemplified by imatinib, such accidental off-target 

activities can extend the utility of a drug to treat other tumour types driven by a distinct 

kinase.64 

Type III inhibitors have acquired much importance due to their potential specificity 

against a particular kinase. Development of allosteric inhibitors that target previously 

undiscovered binding sites is not an easy task given the difficulties in identifying and 

characterizing them. For example, trametinib is the only allosteric type III MEK 

inhibitor of the Ras/RafMEK/ERK pathway approved for mutated B-Raf(V600E) 

melanoma.46,65 Chemical biology together with computational modelling comprised an 

enormous contribution providing experimental characterization of the process by which 

such binding occurs.66  



Chapter 1 - Introduction 

 

28 

 

Nevertheless, resistance to targeted therapy is very likely to occur.46 Strategies to 

overcome this issue include the development of dual kinase inhibitors that target 

different kinases involved in the same pathway. For example, dasatinib (sprycel) is an 

oral Bcr-Abl tyrosine kinase inhibitor and Src tyrosine kinase inhibitor.67 Moreover, the 

dual Raf/MEK inhibitor RO5126766 (CH5126766) may be a potential therapy for Ras-

mutated tumour cells.68 Pan-Raf inhibitors in development have shown antitumour 

efficacy in preclinical models, with the ability to overcome Raf paradoxical activation 

in Ras mutated driven tumours.69 

Despite the efficacy of such ‘magic bullets’, which are considered the targeted 

therapies, cancer is an evolving disease and emergence of secondary resistance to 

growth inhibitory drugs limits the efficacy of targeted therapies in different patients.70 

As previously described, tumours only rarely depend on a single regulatory pathway for 

growth and survival and there are a number of different key signalling pathways upon 

which cancer cells can rely on to proliferate. Variable response to targeted therapies has 

therefore led to the emergence of personalized medicine. The objective of this approach 

is to match these targeted drugs with the molecular and genetic characteristics, both 

pre-existing and evolving during therapy of each tumour, for each patient.70  

Personalized therapies can rely on a fine ad hoc tuning of targeted therapies based on a 

specific cancer genome and, accordingly, the hallmarks of cancer elaborated by 

Hanahan and Weinberg (in 2000 and 2011, respectively) present different points of 

intervention. Enabling characteristics, such as genomic instability and mutation, have 

focused attention on epigenetic regulation which is crucial for proper programming and 

reading of the genome; deregulation of which can lead to cancer.71 Epigenetic reader 

domains of the bromodomain family have recently emerged as new targets for cancer 

therapy. It has also been demonstrated that several clinical kinase inhibitors also inhibit 

bromodomains with therapeutically relevant potencies and as such are best classified as 

dual kinase-bromodomain inhibitors.72 

Another emerging hallmark concerns avoidance of immune destruction by cancer cells; 

therefore, a drive to develop personalized medicines which can activate antitumor 

immunity by either non-specific immune stimulation, immune checkpoint blockade 

(e.g. anti-PD-L1, ipilimumab, yervoy) and vaccination strategies, is now at its cutting 

edge.73  
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In conclusion, there is tremendous potential for synergistic combinations of 

immunotherapy, epigenetic targets and conventional cancer treatments in a more 

personalized anticancer therapy guided by specific biomarkers, that gives hope to future 

cancer drug discovery.74 

 

1.4.3.  Protein Kinase inhibition assays 

The challenges which accompany kinases’ inhibitors development are reflected by the 

number of FDA-approved drugs with such activity, which remains very low in 

comparison with the hundreds of molecules in drug discovery programs.75 To 

accomplish this goal, reliable assays of kinase inhibition are needed and the most 

established ones are herein reported.  

Biochemical kinase assays can be divided into two classes: (i) activity assays, which 

directly or indirectly quantify the catalytic product (i.e. the phosphorylated substrate) 

and (ii) binding assays, which quantitatively measure the competitive binding of small 

molecules to the ATP-binding site. 

Classical methods to test kinase activity involve the quantification of the 

phosphorylation reaction by detection of the phosphorylated product or the change in 

the ratio of ATP to ADP. The traditional biochemical method used to achieve this goal 

is the radioisotope filtration binding assay, in which the reactions are performed in the 

presence of radiolabelled γ-ATP (Figure 1.4.5). The reaction mixtures are then spotted 

onto filter papers, which bind the radiolabelled catalytic product, while unreacted 

phosphate is removed by washing the filter paper. The radioisotope filter binding assay 

is considered the gold standard for kinase profiling.76 
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Figure 1.4.5. Illustration of radioisotope filtration binding assay. 

This method directly detects the true product without the use of modified substrates, 

coupling enzymes, or detection antibodies. Despite the sensitivity and resolution of this 

assay the use of radioisotope materials is a serious handicap for its use in high-

throughput screening (HTS).  

Fluorescence (or time-resolved fluorescence) resonance energy transfer (FRET and TR-

FRET) involves transfer of non-radiative energy from a donor fluorophore to a close-

proximity acceptor fluorophore (Figure 1.4.6). One type of activity-based TR-FRET 

assay employs a peptide substrate labelled with an acceptor fluorophore, and an anti-

phosphopeptide detection antibody labelled with a donor fluorophore.76 

 

 

Figure 1.4.6. Illustration of fluorescence resonance energy transfer (TR-FRET). 

 

Mobility shift assays use a fluorophore-labelled substrate and employ electrophoresis to 

separate the more-negatively charged phosphorylated product from the 

unphosphorylated substrate. The product is subsequently quantified by measuring 

fluorescence intensity (Figure 1.4.7).76 
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Figure 1.4.7. Illustration of mobility shift assays. 

 

Competition binding assays quantify the binding of small molecules to the kinase active 

site (ATP site), rather than measuring catalytic product. Typically, a standard active 

site–binding inhibitor is immobilized on a solid support or conjugated to a tracer 

molecule. This standard inhibitor competes with the test compound for binding to the 

protein kinase domain. Competition binding assays are performed in the absence of 

ATP and peptide substrate.  

Thermal shift assays operates on the principle that ligand binding alters the thermal 

stability of proteins. A ligand bound to a protein (e.g. to its active site) has the 

propensity to increase its thermal stability and hence its melting/denaturation 

temperature (Tm) through newly formed ligand-protein interactions. Monitoring protein 

denaturation upon heating via fluorescence-based detection methods allows detection of 

ligand binding to proteins such as enzymes.77 

The value of non-ATP competitive kinase inhibitors (like type III inhibitors) has been 

widely recognized; however, currently there are no direct screening methods available 

to test such compounds. In many cases, compounds initially found via high throughput 

screening (HTS) are identified as non-ATP site binders by enzyme kinetics and 

biophysical assays, but the hypothesized binding mechanism must be confirmed by co-

crystallization and the use of X-ray crystallography.78 

To investigate the mechanism of action of hypothetical type III inhibitors different 

methods have been developed, however there is still a need for improvement. The most 

accessible of these methods are the kinetic experiments which are capable of 
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identifying an allosteric inhibitor through double-reciprocal plotting of data according 

to the Lineweaver–Burk equation and plot (Figure 1.4.8). 

 

1

V
=

Km
Vmax

1

[S]
+

1

Vmax
 

 

Figure 1.4.8 Lineweaver–Burk equation and an example of Lineweaver–Burk plot 

which shows non-competitive inhibition.79 Here, Vmax represents the maximum rate 

achieved by the system, at saturating substrate concentration; the Michaelis constant Km 

is the substrate concentration at which the reaction rate is half of Vmax and [S] is the 

concentration of the substrate. 

 

In order to determine a compound’s binding kinetics to a non-ATP site, research teams 

have developed a surface plasmon resonance (SPR) competition assay, measuring the 

binding of test compounds in the presence of a high affinity ATP site inhibitor.78 Others 

have performed affinity based screening followed by mass spectroscopy (ASMS).78 

Screening of kinases is frequently performed in vitro using only the catalytic domain of 

the kinase; however, reproducing the results first obtained in a HTS or biochemical 

assay both with full length kinases and in a cellular environment is fundamental, since 

the presence of additional domains or subunits may affect the function of the kinase and 

its interaction with its related proteins.80 

To obtain a thorough understanding of the selectivity profile of a particular drug, 

multiple screens should be conducted in both enzymatic and cellular assays.81 An 

important challenge to be addressed is the production of compounds which display 
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potency both in cells as well as assays utilizing the purified enzyme. Non-kinase targets 

of protein kinase inhibitors are very common drawbacks.82 In this circumstance it is 

crucial to establish that the cellular effect observed results from inhibiting the desired 

target and not from action at other kinases that could, directly or indirectly, contribute 

to the observed biology in cell proliferation phenotypic assays.82,83 

 

 

1.5. Previous Work Leading Up to the Present Research 

Considering the structural similarities between the kinases’ inhibitor sorafenib and 4,4’-

bis-guanidinium derivatives that had been prepared in Rozas’ laboratory,84 coupled 

with their interesting cytotoxicity displayed in different cancer cell lines, five new 

families were prepared. These consisted of unsubstituted and aryl-substituted 3,4’-bis-

guanidinium (Families A and C-F, Figure 1.5.1), 3,4’-bis-2-aminoimidazolinium 

(Family B, Figure 1.5.1) and 3-acetamide-4’-(4-chloro-3-trifluoromethylphenyl) 

guanidinium derivatives (Family G, Figure 1.5.1). Each of these families were 

subsequently studied to understand whether this activity was a result of kinase 

inhibition.84  

A commercial test on a small panel of kinases indicated that the 4,4’-bis-guanidiniums, 

which had previously been shown to be cytotoxic, did not inhibit the tested kinases 

(CK-1δ, GSK-3, ERK 1/2, p38 MAPK, VEGFR); however, some of the newly prepared 

3,4’-subtituted derivatives (in particular Families E and F) showed up to 99% of 

inhibition at 10 µM for the C-Raf/MEK-1 pathway and high toxicity in cancer cell 

lines, for which a potential mode of binding was proposed from in silico docking 

studies.85 
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Figure 1.5.1: Different kinase inhibitor families previously prepared in Rozas’ group. 

 

These docking studies showed that when ATP was present in the active kinase (3PP1 – 

MEK1), all resulting complexes show a guanidinium-phosphate electrostatic 

interaction, with the most favourable  complexes orienting the 4-chloro-3-

trifluoromethylphenyl moiety into a hydrophobic pocket of the kinase (Figure 1.5.2.). 

 

Figure 1.5.2: VDW surface of 3PP1 binding site, showing ATP, interaction with 

compound 1 and hydrophobic pocket where 4-chloro-3-trifluoromethylphenyl moiety is 

positioned. 
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Taking this as the preferred mode of binding, and considering both the results from the 

commercial panel and the cell cytotoxicity, the activity of the ligands previously 

prepared by Rozas and coworkers could potentially be explained as follows: 

i) Families A and B have poor affinity for kinases, as they place a cationic 

group in the hydrophobic pocket; 

ii) Phenylguanidiniums from Families C and D have higher affinity for C-

Raf/MEK-1 since they can place the phenyl ring in the hydrophobic pocket, 

and maintain a guanidinium-phosphate electrostatic interaction; 

iii) Improvements in the cytotoxic activity of the compounds were obtained in 

Family E (as in lead compound 1), when the 4-chloro-3-

trifluoromethylphenyl moiety was inserted in the guanidinium moiety in the 

3-position instead of the 4’-position, with no significative differences among 

different X links. 

iv) The largest C-Raf/MEK-1 affinity was shown by Families F which 

positions the hydrophobic 4-chloro-3-trifluoromethylphenyl ring in a 

hydrophobic pocket and the unsubstituted guanidinium in contact with a 

phosphate group of ATP. 

 

Based on these results, it was proposed to design novel and improved guanidine-like 

derivatives of Families E and F, which would subsequently undergo a more detailed 

biological evaluation to elucidate their activity as PKIs. 
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Chapter 2 – Objectives 

 

Previous work in Rozas’ group found different structurally related compounds to be 

possible protein kinase inhibitors and, in particular, some of the compounds showed up 

to 99% inhibition at 10 µM of the C-Raf (Raf-1)/MEK-1 protein kinase pathway. 

Furthermore, a structurally related compound, lead compound 1 (Figure 2.1), was found 

to be able to inhibit B-Raf protein kinase at 20 µM in an in vitro assay against MEK-1 

peptide and to downregulate several kinases and substrates downstream of EGFR (Src, 

AKT, B-Raf, MEK and ERK) in western blots studies. Moreover, lead compound 1 

showed promising IC50 values of around 10 μM in a panel of different cancer cell lines 

and negative TR-FRET (time resolved fluorescence resonance energy transfer) B-Raf 

competitive binding assay excluded the possibility of a type I or type II inhibitor. In 

silico docking studies conducted in B-Raf, C-Raf and MEK showed how the lipophilic 

4-chloro-3-trifluoromethylphenyl ring of lead compound 1 can occupy an hydrophobic 

pocket close to the ATP hinge region and how, when ATP was present (as in an active 

kinase), the top-ranked poses were the ones showing a guanidinium-phosphate 

electrostatic interaction (Figure 1.5.2.). Taking all this into account, it was possible to 

hypothesise that lead compound 1 could act as a type III allosteric inhibitor toward the 

inhibition of the Ras/Raf/MEK/ERK kinase pathway. 

 

 

Figure 2.1. Chemical structure of lead compound 1. 

 

Considering the promising results of lead compound 1 as protein kinase inhibitor, 

several objectives (computational, synthetic and biological objectives) were proposed 



Chapter 2 - Objectives 

 

41 

 

to enhance the biological results obtained and improve the understanding of this lead 

compound mode of action and they are outlined in the next sections. 

 

2.1. Computational Objectives 

1) In previous research, Rozas’ group had proposed that positively charged 

guanidinium-containing compounds could interact with negative ATP-phosphates 

present in all active protein kinases. Based on that and in a collaboration with Dr. 

Cristina Trujillo (School of Chemistry, TCD), we proposed to perform a theoretical 

study to understand the possible interaction modes between the phosphates in the ATP 

molecule and different guanidinium systems by means of Density Functional Theory 

(DFT) methods.  

2) In a typical structure-based drug discovery approach, we need to know the 

structure of both target and ligand to carry out docking studies. Previous docking 

studies in Rozas’ group had been conducted with lead compound 1 and, among the 

others, MEK protein kinase, the only protein kinase of the Ras/Raf/MEK/ERK pathway 

to be co-crystallised with ATP and Mg2+, essential elements for the allosteric catalytic 

inhibition of active kinases. Given the fact lead compound 1 was found able to inhibit 

B-Raf in vitro, and considering that no crystal structure is present in the literature for 

this particular kinase including ATP and Mg2+, we proposed to perform classical 

molecular dynamics (MD) simulations in collaboration with Dr. Trujillo and Prof. Eric 

Henon (University of Reims Champagne-Ardenne, Reims, France)  to obtain a 

theoretical model of an active form of ATP-containing B-Raf protein kinase. Such a 

model facilitated the corresponding docking simulations with empirical and semi-

empirical methods to investigate the mode of binding of compound 1 and other 

potentially improved derivatives. This collaborative study was supported by funds 

obtained from the Ulysses Scheme (Irish Research Council/French Embassy in Ireland).  
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2.2. Synthetic Objectives 

Based on previous results and the computational study, new derivatives of compound 1 

were designed and synthesized (see Figure 2.2.1) by rationally introducing changes at 

the three different moieties identified in this lead compound: 1) the hydrophobic 

moiety, 2) the link of the molecule and 3) the polar moiety. 

 

 

Figure 2.2.1. Proposed structural modifications of lead compound 1 investigated in this 

project and applied to the synthesised derivatives. 

 

1) In order to probe the hydrophobic pocket highlighted in the docking studies and 

to find the structural requirements necessary to improve affinity, the hydrophobic 

moiety, which in lead compound 1 consists of the 4-chloro-3-trifluoromethylphenyl 

ring (aromatic ring A), was substituted with other halogen atoms/groups (Figure 2.2.1, 

green box).  
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2) Previous docking studies in Rozas’ group indicated that shorter molecules 

would fit better into the binding site (of the MEK protein), hence the distance between 

phenyl rings A and B, and hence their chemical link, was modified. Thus, different 

links were explored changing the meta guanidinium present in lead compound 1 to a 

secondary amine or an amide, in order to investigate both the ideal length of the 

molecule and the subsequent right orientation of the hydrophobic moiety (Figure 2.2.1., 

blue box).  

 

3) Previous docking studies in Rozas’ group showed how the polar moiety, which 

in lead compound 1 comprises a phenylguanidinium cation (aromatic ring C), is  

responsible  for  forming ionic and hydrogen bond (HB) interactions with the phosphate 

groups of the ATP molecule present in all active protein kinases. By changing the 

phenyl ring into a 2-pyridinyl ring (Figure 2.2.1., red box), we aimed to create an 

intramolecular hydrogen bond (IMHB) between the pyridine nitrogen and the 

guanidinium cation. This locks the structural conformation resulting in a different 

orientation when interacting with ATP and helping the investigation of its preferred 

binding mode. Similarly, changing the phenylguanidinium system into 

phenylisouronium or sulfonamide functionalities will help to investigate the 

requirements for a better binding. 

All new derivatives were synthesised by using a combination of synthetic methodology 

previously established within Rozas’ group and also novel synthetic pathways. Properly 

functionalised amines were prepared to facilitate the introduction of the final Boc-

protected guanidines utilising the established mercury (II) chloride chemistry developed 

in Rozas’ group. 

Introduction of different hydrophobic moieties was achieved through synthesis of N-

aryl-N’-Boc-protected thiourea derivatives and standard mercury (II) chloride 

chemistry. 2-Amino pyridine derivatives were synthesised through SNAr and both 

mercury (II) chloride and Buchwald-Hartwig chemistry. Similarly, isouronium and 

sulfonamide derivatives were accessed through properly funcionalised phenols or 

amines and mercury (II) chloride chemistry or reaction with sulfamoyl chloride. All 

final Boc-protected derivatives were deprotected using different organic and inorganic 

solutions and the purity (>95%) of the final hydrochloride was assessed by HPLC 
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before biological assays. An in depth description of the design and synthesis of each 

compound will be discussed in detail in Chapter 4.  

 

2.3 Biological Objectives 

1) The  ability  of  the  new  derivatives  to  affect  human  cancer  cell  

proliferation  was  evaluated in collaboration with Prof. Daniela  Zisterer  (School of 

Biochemistry & Immunology, TCD) through alamarBlue® assay first in human 

promyelocytic leukemia cells (HL-60). This methodology allows for a fast screening to 

find the best structural requirements and to define Structural Activity Relationship 

(SAR) for a better cytotoxic activity. Some chosen derivatives from this assay were 

further investigated for cytotoxicity in a panel of different cancer cell lines, including 

breast cancer (MCF-7), cervical cancer (HeLa), colorectal cancer (HCT116 and HKH-

2) and multiple myeloma (NCI-H929 and U266B1). Particularly, the use of Ras 

mutated cancer cell lines gave information about the cytotoxicity of our compounds in 

particularly poorly treatable cancers. Investigation of toxic effects of our derivatives in 

non-tumorigenic epithelial cell line MCF10A and human platelets helped define their 

biological profile. 

2) Moreover, the mechanism by which the compounds prepared cause cell-death 

was evaluated and their abilities of inducing apoptosis were investigated through flow 

cytometry analysis and western blotting. 

3) Finally, the molecular targets of our compounds were investigated by evaluating 

binding and inhibition of protein kinases of the Ras/Raf/MEK/ERK kinase pathway in 

collaboration with Prof. Stefan Knapp (SGC, Goethe-Universität Frankfurt University) 

and Prof. Walter Kolch (School of Medicine, Systems Biology Ireland, UCD). 
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Chapter 3 - Computational Modelling 

 

3.1 . Computational chemistry in drug discovery 

Historically, bioactive compounds were identified in a typical phenotypic screening, i.e. 

assays where a given compound alters the phenotype of a cell or an organism in a 

desired manner. In the phenotypic screening approach for drug discovery, also known 

as ‘classical pharmacology’, the molecular mechanism and protein target can remain 

unknown even after the drug’s activity and efficacy are determined.1 Even though the 

significant reduction in the number of approved drugs in the last decade has led to 

consider phenotypic screens as a renewed approach for drug discovery, nowadays 

therapeutics are discovered based on  biological targets, genetic studies, transgenic 

animal models, molecular biology, gene technology, and protein science. Hence, the 

structure of the target biomolecule and its interactions with a bioactive ligand is of great 

practical interest.2  

Currently, one of the most widely applied techniques in drug discovery is 

computational chemistry and molecular modelling.3 Computational tools find 

application at many different stages of the drug discovery and development process 

(Figure 3.1.1) and the central paradigm described previously in the Introduction section 

of structure-based drug discovery has allowed the widespread use of ‘chemistry 

competitive’ and reliable molecular modelling techniques. 
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Figure 3.1.1. The drug discovery process and computer aided drug design (CADD) in 

drug discovery pipeline. Adapted from Macalino et al, 2015.4 

 

A typical drug discovery and development pipeline nowadays consist of sequential 

steps where computer aided drug design (CADD) can fit at different time-points in 

order to help the finding of new lead candidates that will go into clinical trials. 

First, a macromolecular target that plays a fundamental role in the pathology under 

study must be found, process known as target identification. Genomics has recorded 

the sequence of nucleic acid bases in many genomes, and continuous bioinformatics 

analyses are identifying the coding regions. Biology studies aimed at validation of such 

target, target validation, can be helped by target druggability predictions where 
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different methods consider shape, size, chemical character and flexibility as parameters 

in assessing the druggability of a binding site (Figure 3.1.1.). 

Then, the search for biologically active small molecule binders for that particular target 

(hits) begins, i.e. hit finding stage. Once found, these small molecules must be 

optimized in order to achieve better in vitro activity, selectivity, pharmacodynamic and 

pharmacokinetic properties (hit to lead optimisation stage).3 Especially at this point, 

from hit finding until lead discovery, computational methods can be used to identify 

chemical structures with a greater probability of being active, and they can be mainly 

divided in two classes: ligand-based drug design (LBDD) and structure-based drug 

design (SBDD), Figure 3.1.1. 

Ligand-based drug design (LBDD) consists of a series of techniques used for finding 

new compounds  based solely on the structure of known biologically active small 

molecules. In contrast, structure-based drug design (SBDD) exploits the knowledge of 

the 3D structure of the aimed biological receptor or target.3 

Finally, computational modelling is also helpful in the preclinical phase of the drug 

discovery pipeline, with in silico ADMET predictions or physiologically based 

pharmacokinetic (PBPK) simulations. A deep insight on how to change the chemistry 

to alter ADMET related parameters can be gained by simply knowing the binding mode 

of the candidate and exploiting it to, for example, functionalize the different scaffolds 

with solubilizing groups exposed to solvent. 

 

3.2 . Computational methods 

All the different techniques used in both Structure-based and Ligand-based drug design 

that can guide the drug discovery process make use of particular computational 

methods. Overall we can distinguish between methods based on quantum mechanics 

(e.g. ‘ab initio’, Density Functional Theory – DFT-) and methods based on classical 

mechanics (e.g. Molecular Mechanics – MM-, Molecular Dynamics – MD-). 

Quantum chemistry is primary focused in the application of quantum mechanics (QM) 

in physical models and chemical systems. It applies quantum mechanical principles and 
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equations to the study of molecules. QM is used to solve the wavefunction of molecular 

systems in the Schrödinger’s equation:  

HΨ = EΨ 

All properties of the system (molecule, or collection of molecules) may be calculated 

by the application of various mathematical operators on the wavefunction (Ψ). The 

operator of most interest is the energy operator or Hamiltonian, indicated in the 

Schrödinger’s equation as H. 

The Schrödinger’s equation only can be completely solved in mono-electronic systems; 

hence, QM methods have to rely on a series of approximations such as the Born–

Oppenheimer approximation, which considers that the movement of electrons and 

nuclei can be taken into account independently; it is then possible to study only the 

movement of the atomic centres assuming that the electron distribution is always in 

equilibrium. 

In the most popular kind of QM calculations performed on molecules, each molecular 

spin orbital is expressed as a linear combination of atomic orbitals (the LCAO 

approach)5: 

Ψj =∑cijφ 

Gaussian functions  are used to model atomic orbitals (AOs) and construct molecular 

orbitals (MOs) using the LCAO approach, the level of theory can be chosen to provide 

the best trade-off between quality of results and computational cost for each specific 

application. 

If solutions are generated without reference to experimental data, the methods are 

usually called ab initio (latin: “from the beginning”).6 As ab initio methods can be 

computationally very demanding, semi-empirical approximations were introduced, 

which make use of experimentally determined data to avoid the calculation of certain 

terms.3 Density Functional Theory (DFT) provides a third class of QM methods, which 

consider that the energy and other properties of a system can be computed from its 

electron density (ρ). 
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A number of methods have been described to enable the extension of QM studies to 

large molecular systems, but their computational cost usually constrain them to 

relatively small organic molecules as drug-like inhibitors.7 The power and versatility of 

QM is anyway largely spread. QM can either be used to calculate energies and optimize 

structures or to calculate molecular properties.8 Very often the bioactive conformation 

of a ligand at the active site of an enzyme does not correspond to the absolute 

conformational minima, hence the internal energy of the ligand may play a major role 

in the structure-activity relationship (SAR) of a series.9 Additionally, QM can 

accurately calculate the energy associate with a configuration of a system, considering 

also the solvation effect.8 The study of  the ligand can be useful also for reactivity 

indices, which may correlate with the biological activity to achieve the SARs for a 

series.3 Moreover, the computational procedures that are based on QM/MM, combine 

the strengths of both QM (accuracy) and molecular mechanics (MM) (efficiency) 

methods, and are widely employed to model chemical reactions and other electronic 

processes in biomolecular systems.8  

Very successful and widely applied approaches in molecular modelling are also the 

parametric or molecular mechanics (MM) methods. They consist of using a set of 

molecules (represented by balls –atoms- and springs –bonds-) to derive rules and 

parameters of more general use, as force-fields. The parameters describing the force-

field are derived from QM results and/or experimental data. Hence, QM is used 

routinely in optimizing geometries, fitting the torsion parameters, and deriving atomic 

charges for proteins, DNA, and in particular small molecules.8  

The following equation describes a typical force field equation (AMBER10), which 

represents the potential energy function of the system: 

   

The bonded terms include the potentials due to bond distances, bond angles, dihedral 

angles and improper angles; the non-bonded potentials consists of Lennard–Jones and 

Coulombic terms for the dispersion–repulsion and electrostatic effects. 
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Utilising Newton’s laws of movement it is possible to calculate a trajectory to develop 

a dynamic view of a molecular system (molecular dynamics –MD-) and force fields or 

other methods based on classical mechanics can be used to determine the energy of the 

system along the trajectory. MD allows to have an ensemble that can later on be used to 

calculate free energies of binding for a ligand–receptor complex11, but also to sample 

protein stability, folding and molecular recognition.3 

Computational methods described above and many others find applications in a series 

of drug design strategies, depending whether or not the target 3D structure is known, 

but these techniques will not be described in this thesis because they are outside its 

scope.  

 

3.3 . Theoretical studies proposed 

As previously mentioned, during the last few years, the Rozas’ group has reported a 

series of 3,4’-bis-guanidinium diaryl derivatives as potential inhibitors of the 

Ras/Raf/MEK/ERK pathway. Particularly, one of these bis-guanidine compounds 

(compound 1, Figure 3.3.1) was found to inhibit wild-type B-Raf possibly through a 

type-III allosteric mechanism. Preliminary computational studies suggested that the 

guanidinium moiety of this ligand could interact with a phosphate of the ATP molecule 

present in the active kinase.12,13 

 

 

Figure 3.3.1. Structure of the bis-guanidine derivative compound 1. 

 

Structure-based drug design is regularly used to develop ATP-competitive inhibitors of 

B-Raf, since many crystallographic structures of this kinase complexed with 

competitive inhibitors have been reported in the last few years allowing optimization of 
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target-ligand interactions’ requirements.14,15 However, a crystal structure of a B-Raf 

protein kinase complexed with ATP has yet to be resolved.16  

For that reason, as anticipated in the Objective chapter, our study aimed at the 

investigation of the interactions between lead compound 1 and both an active wild type 

B-Raf protein kinase (containing ATP) and the ATP molecule itself. Therefore, we 

performed a long range MD study that allowed us to obtain a theoretical model of an 

active form of wild type B-Raf including ATP, which we then used to perform 

molecular docking with compound 1 in order to test our hypothesis of type III allosteric 

inhibition.17 Complementary, we also performed a QM study to theoretically analyse 

the interaction between the phosphates in the ATP molecule and the mentioned 

guanidinium ligand.18 

 

3.4 . Theoretical model of an active form of B-Raf protein kinase  

Taking advantage of the large amount of crystallographic information on protein 

kinases reported in recent times, the understanding of their mechanism of regulation 

and activation has been advanced by the use of computational techniques such as 

molecular dynamic (MD) simulations.19 For example, recently published research has 

shown how phosphorylation of particular residues and ATP binding to protein kinases 

results in different structural changes.20 Furthermore, Gosu et al. analysed the dynamic 

structural change of apo and ATP-bound IRAK4 kinase21 and recent MD studies on B-

Raf gave insights into previously unexplored relationships between different types of 

B-Raf inhibitors.22,23 Lately, Kuzmanic et al. have reported enhanced MD simulations 

to study the canonical activation of p38a MAPK kinase.24 

Thus, considering that no crystal structure of ATP-bound B-Raf protein has ever been 

reported, we have performed a theoretical study to obtain a model of an active form of 

wild type B-Raf (comprising an ATP molecule and a phosphorylated residue), in 

collaboration with Prof. Eric Henon and his group (University of Reims Champagne-

Ardenne, Reims, France). Taking into account that different hypotheses have been 

proposed on the B-Raf activation mechanism,25,26 in this study, we have: 
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(i) chosen a related protein kinase, which crystal structure containing ATP is 

available in the Brookhaven Database, to model the actual location of ATP 

in the active site of B-Raf. 

(ii) focused on what has been defined as the major activation segment 

phosphorylation site in B-Raf, thronine Thr599 which is noted as Thp599, 

when phosphorylated. 

A description of the most important structural features of B-Raf is necessary to 

understand the different aspects of this computational study and a brief synopsis has 

already been given in the Introduction for the structurally related PKA protein kinase. 

In Table 3.4.1 a summary of the discussed motifs with their function and an amino acid 

conversion between the previously mentioned PKA and B-Raf are presented. 

Additionally, Figure 3.4.1 illustrates the PKA residues mentioned in Table 3.4.1 to 

facilitate the reading. 

 

Table 3.4.1. Relevant amino acid residues and their number conversion between PKA 

and B-Raf.   

  Relevant residues in protein 

Acronym Function PKA B-Raf 

DFG Contact with ATP via Mg2+ 

binding; catalysis, R spine 

formation, activation of kinase 

Asp184, Phe185, 

Gly186 

Asp594, Phe595, 

Gly596 

HRD Catalysis Tyr164, Arg165, 

Asp166 

His574, Arg575, 

Asp576  

Catalytic loop Catalysis Lys168, Arg165 Lys578, Arg575 

APE Substrate 

binding 

Ala206, Pro207, 

Glu208 

Ala621, Pro622, 

Glu623 

C-spine Control activation  

of kinase 

Val57, Ala70, Met128, 

Leu172, Leu173, 

Ile174, Leu227, 

Met231 

Val471, Ala481, 

Leu537, Ile582, 

Phe583, Leu584, 

Val645, Leu649 

R-spine Control activation  

of kinase 

Tyr164, Phe185, 

Leu95, Leu106 

His574, Phe595, 

Leu505, Phe516 

αF-helix Hydrophobic spine, 

comprehends    

C-spine residues 

Resid 215 - 235 Resid 635 - 653 

αC-helix Control activation  

of kinase, connection 

of different motifs 

Glu91 Gln494, Phe498, 

Asn500, Glu501, 

Arg506, Lys507 
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β3-sheet Connection of 

 different motifs 

Lys72 Lys483 

Phosphorylation 

site(s) 

Control activation  

of kinase 

Thr197 Thr599, Ser602, 

Ser605, Ser607, Ser614 

RD pocket Electrostatic interaction 

between phospho-residue 

Arg165 Arg575, Arg603 

Peptide binding 

region 

  Trp619, Tyr656, 

Pro655  

 

 

Figure 3.4.1. Structure of PKA (PDB: 1ATP); conserved structural parts and motifs are 

labelled according to the most recent literature. Yellow: C-spine; red: R-spine; lime: 

αC-helix; red: HRD; mauve: αF-helix, green: APE motif.25,27  

 

3.4.1. Generation of B-Raf systems 

In order to obtain reliable and relevant information on how ATP presence and 

phosphorylation influence the active B-Raf structure, four different systems need to be 

taken into account (Table 3.4.2). Thus, 1uBRAF_ATP and 2pBRAF_ATP systems 

represent, respectively, B-Raf protein kinase in the presence of ATP with or without a 

phosphate at the phosphorylation site (Thr599). Additionally, 3uBRAF and 4pBRAF 
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systems represent B-Raf without an ATP molecule and without or with a phosphate at 

the phosphorylation site, respectively. 

Since, as mentioned, no crystal structure of ATP-containing B-Raf has been reported, 

the initial ATP containing systems were constructed following a methodology used in 

the literature.28 This methodology consists in the superposition of a homologous ATP-

containing protein kinase (cAMP-dependent protein kinase complexed with Mn2+ and 

ATP; PDB: 1ATP) on a B-Raf structure (PDB: 3Q4C).28 Thus, the ATP molecule was 

optimally located in the nucleotide-binding pocket of the B-Raf structure. Regarding 

the other aspect of the study, the activation of B-Raf by phophorylating Thr599, the 

phosphorylated residue was added with the help of the Amber MD package.  

Once these four systems (1uBRAF_ATP, 2pBRAF_ATP, 3uBRAF and 4pBRAF) 

were built, they were subjected to 800 ns long range MD simulations and the resulting 

trajectories were carefully analysed (Table 3.4.2). Details of these MD simulations are 

reported in the Experimental Section.  

 

Table 3.4.2. Summary of the trajectories under study 

Trajectory Colour code Phosphorylation site Binding Components   Solvent 

1uBRAF_ATP Cyan - ATP, 2Mg2+   Water 

2pBRAF_ATP Green Thr599 ATP, 2Mg2+   Water 

3uBRAF Blue - -   Water 

4pBRAF Mauve Thr599 -   Water 

 

As part of a well-known and systematic procedure, backbone Root Mean Square 

Deviation (RMSD) values (Figure. 3.4.2) were computed to investigate both the 

structural changes occurring within each trajectory and the dynamic behaviour of the 

four different systems over the complete simulation. The four B-Raf systems studied 

reach stabilization at 100-150 ns, justifying the long simulations performed. From a 

conformational point of view, it is clear from these RMDS graphs that 1uBRAF_ATP 

and 2pBRAF_ATP are more stable than the systems without ATP (3uBRAF and 
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4pBRAF). As expected, the system lacking ATP or phosphorylation (3uBRAF) shows 

the most important conformational changes during the MD trajectory. 
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Figure 3.4.2. Backbone RMSD of the four B-Raf systems as a function of time along 

the MD simulation (800 ns); the RMSD is calculated between each successive structure 

and the first structure of the trajectory. 1uBRAF_ATP in cyan, 2pBRAF_ATP in 

green, 3uBRAF in blue and 4pBRAF in mauve. 

 

Additionally, Root Mean Square Fluctuation (RMSF) functions have been computed 

over the last 200 ns of the four trajectories to identify the most flexible regions in each 

B-Raf model (Figure 3.4.3). In general, the highest RMSF peaks are found in the two 

phosphorylated trajectories, 2pBRAF_ATP and 4pBRAF. In particular, the 

2pBRAF_ATP trajectory (with a few exceptions) exhibits the highest fluctuations 

along all the important residues and it is the only one to show a very large mobility of 

residues 448-458 which are the ones involved in the dimerization of the Raf family, 

what is required for their activity and a sign of a fully active kinase. 
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Figure 3.4.3. Backbone RMSF calculated for the four different B-Raf systems over the 

last 200 ns; specific domains of the protein are reported (coloured rectangles) as well as 

important motifs like HRD, DFG and APE; C- and R-spines are indicated by a circle. 

 

3.4.2. Analysis of the trajectories obtained 

3.4.2.1. DFG motif and Mg2+ binding loop in the optimised systems 

The importance of the conformation of the DFG motif within the Mg2+ binding loop in 

the activation of kinases is well established and it is accepted that some known B-Raf 

mutations like V600E produce distortions in this DFG motif that affect its activity.29 

Therefore, to get a better understanding of the conformational diversity of this 

important motif within the four MD trajectories, we have constructed a one-

dimensional dihedral free energy landscape (1D-FEL, see Experimental section for 

details) from a classical MD in a systematic approach. In this approach, the so-called 

Coarse-Grained Dihedral Angles (CGDA) acts as a local probe of the FEL along the 

primary sequence. This 1D-FEL analysis allows identifying possible local structure 

deformations in the DFG motif due to the presence of ATP or caused by 

phosphorylation. In Figure 3.4.4 is observed how the conformational space explored by 

the dynamical DFG backbone (dihedrals θ593 to θ596) is slightly influenced by the 

presence (or absence) of the ATP/Mg2+ system. More specifically, the lack of 
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ATP/Mg2+ (3uBRAF and 4pBRAF) flattens the 1D-FEL of those dihedral torsions that 

mainly affect the position of Asp594 (θ593 and θ594) because in the absence of Mg2+, this 

residue cannot longer be coordinated to the cation. Also, upon removing ATP, a slight 

shift by about 20° of the dihedrals θ594 and θ595 is observed. Besides, when ATP/Mg2+ 

is present (1uBRAP_ATP and 2pBRAF_ATP), the influence of the phosphorylation is 

negligible, obtaining the same pattern for the DFG motif with and without a phosphate 

group. 

 

 

Figure 3.4.4. 1D-Free Energy Landscape (1D-FEL) of dihedral torsions affecting the 

position of the DFG motif for the four systems studied; units are kBT (energy) and 

degrees (angles). 

 

If Asp594 and Phe595 role in the DFG motif are well known and described,27 that of 

Gly596 is not clearly defined in the literature. Previous studies suggest that the 

conformation of Asp in the active kinase relies on the HB formed between one of its 

(C=)O and the NH group of the Gly and that disruption of this HB results in the 

possibility of DFG-flip.30 To verify this hypothesis in the models here developed, the 

distances between one of the O atoms of the Asp594 carboxylate group and the N-H 

hydrogen atom of Gly596 were measured (Figure 3.4.5). Even though these distances 
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are too large for HB interactions, they still reveal a stabilising interaction for the Asp 

residue in the active state.20 Thus, only the distance observed in the 2pBRAF_ATP 

system (3.7 Å) is near to that expected for a HB31 while the rest of the systems exhibit 

much larger values (4.5-4.9 Å). This can be explained because, in 2pBRAF_ATP, the 

presence of ATP and the phosphate group in the activation loop brings these two 

residues much closer together, resulting in a shorter contact.  

 

Figure 3.4.5. DFG motif orientation for the four different families under study. 

1uBRAF_ATP in cyan, 2pBRAF_ATP in green, 3uBRAF in blue and 4pBRAF in 

mauve  

 

 

 

3.4.2.2. Analysis of the Activation Loop and Phosphorylation Site 

In agreement to previous studies,32 the central role of the phosphate group at Thp599 is 

evidenced in our study. Thus, by being able to interact with different important residues 

from several domains, Thp599 functions as a central core for the conformational 

changes that will allow ATP to bind. 
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The electrostatic interaction between the primary phosphate at the activation loop and a 

conserved basic pocket (RD pocket) has been previously shown to be critical for 

driving the conformational change in the activation loop.32 The transition of the 

activation segment to an active conformation is typically mediated by phosphorylation 

either by cis or trans auto-phosphorylation or by another activating kinase.27,30,33,34 

Simulations on the phosphorylated systems (2pBRAF_ATP and 4pBRAF) showed 

that the phosphate group of Thp599 (phosphorylated Thr599) establishes two strong 

interactions with two positively charged residues, one with Arg575 (HRD motif in 

catalytic cleft) as previously suggested,25,32 and another with Arg603 (in the activation 

segment). Accordingly, the distances between Thr/Thp599 and these Arg residues have 

been monitored for the four systems studied and the corresponding plots are presented 

in Figure 3.4.6 and Figure 3.4.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 – Computational Modelling 

 

60 

 

  No Phosphate Phosphate 
A

T
P

 

  

N
o

  
A

T
P

 

  

 

Figure 3.4.6. Distance between Arg575 and Thr/Thp599 during 800 ns simulation. 

1uBRAF_ATP in cyan, 2pBRAF_ATP in green, 3uBRAF in blue and 4pBRAF in 

mauve 

 

In the particular case of the phosphorylated systems 2pBRAF_ATP and 4pBRAF, the 

average distance between Thp599 and both Arg575 and Arg603 is in the range of 4.0-

4.5 Å. This is in contrast with the larger Thr599-Arg575/Arg603 distances measured 

for the two un-phosphorylated trajectories (1uBRAF_ATP and 3uBRAF). Both 

phosphorylated models show a stable behaviour along the trajectory (with almost no 

fluctuation). However, we can observe that while Arg575 approximates to the 

phosphorylated site in a very short time (interaction is formed during the equilibration 

of the system), it takes between 50 ns (4pBRAF) and 150 ns (2pBRAF_ATP) for 

Arg603 to electrostatically link Thp599. 
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Figure 3.4.7. Distance between Arg603 and Thr/Thp599 during 800 ns simulation. 

1uBRAF_ATP in cyan, 2pBRAF_ATP in green, 3uBRAF in blue and 4pBRAF in 

mauve 

 

3.4.2.3. Analysis of the αC-helix region 

Considering previous studies which proposed that hydrophobic packing along the entire 

αC-helix is a driving force for the regulation and assembly of all active kinases,25 we 

have monitored some important motifs and residues surrounding the αC-helix to 

understand their arrangement in the four MD trajectories. The αC-helix and 

surrounding residues of 1uBRAF_ATP, 2pBRAF_ATP, 3uBRAF and 4pBRAF are 

shown in Figure 3.4.8. 
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Figure 3.4.8. General view of the αC-helix and surrounding residues. 1uBRAF_ATP 

in cyan, 2pBRAF_ATP in green, 3uBRAF in blue and 4pBRAF in mauve 

 

The HB interaction between Gln494 (in αC-helix) and Ser467 (in Gly-rich loop) was 

found to be very important in the 2pBRAF_ATP system (Figure 3.4.8). This HB 

between the Gln94 side-chain NH and Ser467 backbone (C=)O connects β-loops and 

αC-helix, helping to create space for ATP to bind. Regarding the 3uBRAF and 

4pBRAF systems, the absence of ATP causes a collapse of the Gly-rich loop in the 

ATP region preventing this HB interaction. Thus, the NH…O distance changes from 

1.83 Å in 2pBRAF_ATP to 5.35 and 6.45 Å in 3uBRAF and 4pBRAF, respectively 

(Figure 3.4.8.). 

Results from previously reported molecular modelling studies suggest that an 

interaction between Leu485 and Phe498 would facilitate the movement of the αC-helix 

helping to position RS3 in the R-spine.25 Accordingly, the Leu485-Phe498 distance was 

monitored in the four trajectories studied and the results indicate that after the first 200 

ns, the average Leu485-Phe498 distance (αC-helix) is ~9 Å for 1uBRAF_ATP, 

3uBRAF and 4pBRAF, and ~5.5 Å for 2pBRAF_ATP. This clearly indicates that the 



Chapter 3 – Computational Modelling 

 

63 

 

simultaneous presence of both the phosphate and the ATP (as in 2pBRAF_ATP) is 

required for this 3-C helix attractive interaction.  

Extensive studies on the structural basis for protein kinase activation28 have established 

that the interaction between Glu501 (also in the αC-helix) and Lys483 is responsible for 

positioning the ATP’s α- and β-phosphates for hydrolysis. Thus, the distance between 

the amino group of Lys483 and the carboxylate group of Glu501 was monitored 

throughout the simulations for both the apo and ATP-bound trajectories (Figure 3.4.9.). 

As expected from an active protein kinase state, this interaction remains relatively 

strong in all four models. 
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Figure 3.4.9. Distances analysis between Glu501 and Lys483 in 1uBRAF_ATP in 

cyan, 2pBRAF_ATP in green, 3uBRAF in blue and 4pBRAF in mauve 
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3.4.2.4. Structure and Activating Interactions of the 2pBRAF_ATP model 

Once the aimed model of an active, phosphorylated and ATP-containing, B-Raf protein 

kinase (2pBRAF_ATP) was obtained, we proceed to understand and investigate its 

structural features. Hence, before going ahead with the ligand-target docking studies, 

the suitability of 2pBRAF_ATP as a model for an activated form of the kinase should 

be analysed. 

Despite the fact that the ATP region (conserved among different kinase families) is well 

described,27 its interaction with the protein has never been characterised in detail since, 

as mentioned, no crystal structure of ATP-bound B-Raf is available.  

A 2D-plot35 and a Non-Covalent interaction Index (NCI) analysis36,37 of this region are 

presented in Figure 3.4.10. showing several important ATP contacts. The outcome of 

the NCI study shows the HB interaction between the SH group of Cys532 and the –NH2 

of adenine and the vdW interaction between the –NH of Cys532 and one of the –N= 

atoms of the adenine base. Moreover, the (C=)O atom of the backbone of Gln530 forms 

a HB interaction with the same –NH2 group. Structure–function studies of protein 

kinases have identified a “gatekeeper” residue, which regulates binding of the 

nucleotide to small-molecule inhibitors.38 This residue located on the conserved β4 

strand, which corresponds to Thr529 in B-Raf,39 establishes a strong and well oriented 

interaction between its O(H) atom and the –NH2 group of the adenine ring in our 

model. 
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Figure 3.4.10. Top: Diagram of the interactions between ATP and the binding site of 

2pBRAF_ATP (created with LigPlot) which are indicated as follows: HBs by dashed 

lines; hydrophobic contacts by an arc with spikes radiating towards the ligand atoms 

they contact while the contacted atoms are shown with spikes radiating back. Bottom: 

Non-Covalent interactions Indices (NCI) plot of the non-covalent interactions formed 

in the protein-ATP complex. Blue areas correspond to strong NCI; green to weak 

attractive interactions or NCI and red to non-attractive.  

 

Figure 3.4.10. shows how, in this model, the adenine heteroaromatic ring is very well 

positioned establishing non-covalent interactions mainly with the hydrophobic side 
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chain of Ala481 at the top side and with the aromatic ring of Phe583 at the bottom side, 

both residues form the C-spine, which is completed upon ATP binding.40 The adenine 

of the nucleotide is also found to establish important vdW interactions with Leu514, 

Ile463 and the indole ring of Trp531. Moreover, the ATP’s hydrophilic ribose ring 

establishes non-covalent interactions with Val471 at the C-spine and Phe468 in the 

Gly-rich loop. Also, one of the O atom at the α-phosphate, forms a HB with Lys483 (in 

the β3). 

In our model, the ATP’s triphosphate chain establishes interactions with different 

residues that also help to neutralize its negative charged chain. In particular, Asn581, 

while coordinating with a Mg2+ ion, interacts through its NH2 side chain group with an 

O atom of the α-phosphate. Interestingly, Asn581 also forms a HB with one of the two 

–OH groups in the ribose, although not very strong as seen from NCI analysis. On the 

back side of the ATP hinge region, one very important feature is that Asp594 (DFG 

motif) coordinates with the two Mg2+ ions, indirectly fixing the position of the β- and γ- 

phosphates. This coordination is supplemented by another one involving Asp576 (HRD 

motif). Together with Lys578 these residues are highly conserved in Ser/Thr protein 

kinases and can also be involved in the electrostatic stabilization of the phosphate 

transfer catalytic transition state because of the charged groups at their chain.41  

The conformation of the activation segment (including DFG at the N-terminus and APE 

at the C-terminus) is of fundamental importance for the control of kinase activity and 

different studies have been performed to understand how it controls a unique set of 

signals to turn the kinase activity on or off.32,42 Thus, we have studied these features in 

the 2pBRAF_ATP model by means of a NCI analysis and the corresponding plot 

(Figure 3.4.11.) shows the cascade of non-covalent interactions connecting Thp599 to 

the DFG motif and αC-helix. For example, the HBs established between Thp599 and 

Arg575 (HRD motif) as well as with Arg603 indicates that the additional interaction 

with the phosphate orientates Arg575 in such a way that even His574 (HRD motif) can 

establish interactions with the DFG motif (through Phe595), thus assembling the R-

spine, a key feature for an active kinase.25  
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Figure 3.4.11.  NCI plots of the non-covalent interactions established around 

phosphorylated Thr599 (Thp599) in the 2pBRAF_ATP complex. Blue areas 

correspond to strong NCI; green to weak attractive interactions or NCI and red to non-

attractive.  

 

Also shown in Figure 3.4.10 is the key non-covalent interaction established by the 

hydrophobic side-chain of Leu597 (which is a point of interaction between the 

activation loop and the catalytic one) and the Arg575 side-chain. Furthermore, the point 

of contact between the activation segment and the αC-helix, Asn500, is shown to 

weakly interact through its side chain (C=)O group with the –CH3 of Thp599, and by 

means of a HB through its –NH2 group and the –NH backbone of Thp599. Besides, 

Asn500 is also interacting with Gly596 in the DFG motif by means of its –NH2 group 

and this Gly596 is establishing a HB with the (C=)O of Asp594 (DFG motif), affecting 

in this way the orientation of the Asp side-chain for ATP binding. Despite the variety of 

residues playing a role in the activation process, the optimised 2pBRAF_ATP model 

shows similarities with previously reported studies suggesting that the geometrical 

arrangement of these HBs is a key feature that differentiate active kinases.30  

Continuing with the analysis of the 2pBRAF_ATP model, we also explored the peptide 

binding region. Thus, we found a salt bridge between Glu208 and Arg280 (conserved 

feature of all eukaryote protein kinases43), which is very relevant because Glu208 is 

part of the conserved APE motif16 that participates in the substrate binding area.44  
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Moreover, in this region we found that Trp619 (two amino acids away from the APE 

motif) seems to be relevant for the pre-organization of peptide binding because in the 

2pBRAF_ATP model is positioned in a very different orientation than in 

1uBRAF_ATP, 3uBRAF or 4pBRAF systems (Figure 3.4.12., above) and this is 

supported by monitoring the distances of this residue and Lys578 along the four 

trajectories (Figure 3.4.12., below). 
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Figure 3.4.12. Orientation (above) and distance (below) between Trp619 and Ly578 

within 1uBRAF_ATP in cyan, 2pBRAF_ATP in green, 3uBRAF in blue and 

4pBRAF in mauve 
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It is known that the B-Raf peptide substrate binds in the C-lobe in such a way that it can 

reach not only Asp576 in the HRD region, but also the adjacent Lys578 responsible for 

the catalysis.41 Thus, we have found that at the very end of the MD simulations, Trp619 

adopts this particular and unique orientation only in 2pBRAF_ATP positioning its side 

chain 10 Å away from Lys578. This particular positioning of Trp619 also allows it on 

the one hand to form hydrophobic interactions with Pro655 and Tyr656 (Figure 3.4.12. 

above) and on the other hand to from an empty pocket adjacent to the ATP terminal 

phosphate (here referred to as BAP -Binding Allosteric Pocket-) enough for the peptide 

substrate or eventual allosteric inhibitors to bind. 

Summarising, the model here developed for the active and ATP containing B-Raf 

protein kinase (2pBRaf_ATP) presents both all the distinguishing features of active 

kinases and other exclusive ones and hence, it can be used as a target for structure-

based drug design. 

 

3.5. Molecular Docking Study 

With the aim of rationalizing our previously obtained results and, more importantly, to 

get insight into possible allosteric inhibition of B-Raf, the 2pBRAF_ATP kinase model 

was subject to molecular docking experiments with the lead compound 1 (Figure 3.3.1). 

Our thorough full atomistic simulations clearly unveil the existence of an empty pocket 

(binding allosteric pocket, BAP) adjacent to the ATP terminal phosphate. The geometry 

of the protein was selected from the last 20 ns of the 2pBRAF_ATP trajectory with the 

BAP pocket sufficiently open to host a ligand. 

The program AlgoGen45 was used for the molecular docking studies of the inhibitor 

using as a target the previously equilibrated structure of 2pBRAF_ATP. Best poses 

were obtained using the Vina score (implemented in AlgoGen) for a fast exploration of 

the ligand-host interactions. Then, AlgoGen automatically refined the best poses at the 

Quantum Chemistry level of theory (using the semiempirical PM7 method46 and the 

MOZYME function47 available in MOPAC201648). Details of the docking experiments 

are given in the Experimental section. First, a QM rigid relaxation is performed; then, 

on the best pose for B-Raf binding, we refined the geometry by relaxing all valence and 
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dihedral angles of the ligand (flexible docking) as well as the valence and dihedral 

angles of the protein (protein flexibility). 

One of the poses obtained by our molecular docking simulation (Figure 3.5.1.) shows 

that compound 1 can easily occupy the B-Raf peptide binding pocket in the optimised 

protein conformation. Two strong interactions can be highlighted in this particular 

pose: bifurcated HBs between the mono-substituted guanidinium cation and two 

negatively charged ATP phosphate groups (showing 1.6, 2.9 and 2.7 Å distances) and 

another parallel HB between the di-substituted guanidinium group and Glu648 (at 2.0 

and 2.6 Å). Both sets of HBs are reinforced by ionic interactions due to the charged 

nature of guanidinium, phosphate and carboxylate groups.49 In addition to stabilize the 

complex, these interactions favourably orientate the molecule inside the peptide binding 

pocket, BAP. Furthermore, a number of vdW contacts were identified involving, among 

others, with previously mentioned residues Trp619, Pro655.  

 

Figure 3.5.1. Best pose from the molecular docking study of compound 1 (structure is 

reported in the picture) in the system 2pBRAF_ATP indicating the most relevant 

interactions established. 

 

Interestingly, a NCI analysis with a quantitative aspect (Independent Gradient Model, 

IGM50) indicates that the chlorine atom of compound 1 interacts with the (C=)O of the 

peptide bond of Trp619 by means of a halogen bond51 and the trifluoromethyl group 

points towards the methionine Met620 likely establishing hydrophobic interactions 



Chapter 3 – Computational Modelling 

 

71 

 

(Figure 3.5.2.). Our model indicates that compound 1 orientates in such a way that 

prevents any other partner to bind B-Raf near to the ATP and to access the catalytic 

loop, thus probably inhibiting the phosphate transfer of the γ-phosphate involved in the 

phosphorylation mechanism of the kinase. 

 

Figure 3.5.2. Analysis of non-covalent interactions between 2pBRAF_ATP and 

compound 1 using the IGM method derived from NCI, (a) ginter = 0.004 a.u. 

isosurfaces coloured according to the BGR scheme over the electron density range -

0.05 < sign(2) < 0.05 a.u. (b) Atoms of the complex coloured according to their 

contribution to the isosurfaces of panel (a) (summing over the ginter grid and using a 

grey-to-red colour scheme, with grey: no contribution to the NCI, red: largest relative 

contribution to the NCI). 
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3.6. Theoretical model of the interaction between phosphates in the 

ATP molecule and cationic systems 

Continuing with our interest in modelling the potential allosteric interaction of 

compound 1 with B-Raf and the best pose obtained from the docking study as well as 

taking into account the specific guanidinium cation properties,52-57 we computationally 

studied the nature of the forces established between an arylguanidinium and the 

molecule of ATP. 

Because of the large size of the complexes under study, a simplified model of 

compound 1 (Figure 3.3.1) was chosen to focus our study, the 4-phenyloxyphenyl-N-

guanidinium  (Figure 3.6.1). Moreover, to better understand the nature of the specific 

guanidinium-phosphate interactions, we first used the phosphate anion as a simplified 

model of ATP (results reported in Appendix A.1.1. Arylguanidinium – Phosphate 

complexes) and, next, we studied the complexes formed with the complete ATP 

molecule. 

Despite its high basicity, the guanidinium cation has important features very useful for 

target binding such as forming strong HBs and ionic interaction.49,52,58 Interestingly, the 

related isouronium cation keeps these two binding features and, moreover, is less basic 

(pKaH = 9.859); hence, this cation  is very promising as a functional substitute of 

guanidinium derivatives with therapeutic potential.60 Given the possibility for 

isouronium to overcome the bioavailabilty problems associated to guanidinium, we 

decided to explore both theoretically and experimentally (see Chapter 4 – Chemical 

Synthesis) the effect of substituting the guanidinium cation by an isouronium 

(arylisouronium, Figure 3.6.1) and analyse the interactions established with the ATP’s 

phosphate chain of protein kinases.  

The geometry of the monomers and the complexes has been fully optimized at DFT 

ωB97XD/6-31+G(d,p) level and then using MP2/6-311+G(d,p) to obtain more accurate 

binding energies. The bonding characteristics were analysed by means of the atoms in 

molecules (AIM) theory (for specifics see Computational details in Experimental 

section). 

On the view of the results obtained for the interaction of the phosphate anion with 

arylguanidinium derivatives in complexes Ia/b – II – III – IVa/b (see Appendix A.1.1. 
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Arylguanidinium – Phosphate complexes), for which parallel HBs between two H 

atoms of the guanidinium moiety and two O atoms of the phosphate anion have been 

found to be the most stable interactions, only those parallel interactions that involve 

two H atoms of the guanidinium or isouronium moieties (H2 and H3 Figure 3.6.1) and 

two O atoms of the phosphate anion were considered when studying the ATP 

complexes.  

The ATP molecule has three different phosphate groups that can interact with 

guanidinium or isouronium, so these three groups have been explored and identified as: 

[α] phosphate attached to the sugar and adenine system; [β] middle phosphate group; 

and [γ] mono-linked end phosphate (Figure 3.6.1). Regarding the interactions, for the 

[β] and [γ] phosphates, different approximations are possible: (i) for β and γ phosphates 

the interaction with the O atoms could be on the right or left side of the molecule ([β-

R], [β-L], [γ-R] and [γ-L] complexes) and for γ phosphate, the interaction can occur 

also from the bottom side ([γ-B] complex). Besides, the position of the OPh group of 

the arylguanidinium or arylisouronium could present different orientations with respect 

to the ATP molecule upon complexation (Figure 3.6.1); since this orientation is 

different we have named a the more stable complexes and b the less stable ones.  

 

α

β

γ
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Figure 3.6.1. Different positions considered for the interactions between the 4-

phenyloxyphenyl-O-guanidinium or –isouronium cation and the ATP molecule; ATP 

molecule optimised at ωB97XD/6-31+G(d,p) and PCM-water computational level. 

 

 

 

3.6.1. Aryliguanidinium – ATP interactions 

3.6.1.1. Optimized geometries and interaction energies 

In order to probe the phosphate groups in the ATP molecule with the arylguanidinium 

system, a total of 12 possible complexes have been considered in this study, named 

complexes V. Moreover, four extra configurations have been taken in consideration, in 

which a simultaneous interaction between the arylguanidium and the three phosphates 

has been established, those dimers are named complexes VI. Interaction energies were 

calculated and the values reported in Table 3.6.1. 

 

Table 3.6.1. Interaction energies (Ei, kJ mol-1) for the different complexes 

arylguanidinium - ATP calculated at MP2/6-311+G(d,p) and PCM-water 

computational level. 

  V VI 

α-R a -105.9 - 

 b -105.8 - 

β-R a -129.0 - 

 b -128.3 - 

β-L a -95.4 - 

 b -94.5 - 

γ-R a -120.6 -164.4 

 b -119.3 -160.9 

γ-L a -124.0 -177.7 

 b -122.5 -169.3 

γ-B a -163.2 - 

 b -116.2 - 
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The calculated Ei values range between -94.5 and -177.7 kJ mol–1. In all cases the 

values obtained are larger than those calculated for the arylguanidinum and the single 

PO4
3- molecule; therefore, the guanidinium-phosphate interaction is stronger when the 

phosphate is part of the ATP molecule. For the different complexes V it has been 

observed that when the interaction occurs by the right side of the ATP molecule (R 

complexes, Figure 3.6.1), β and γ complexes show stronger interaction energies than α 

complexes. Moreover, for dimers V the largest Ei value corresponds to the γ-B[a] 

complex, in which the interaction occurs on the bottom side of the end phosphate 

group of the ATP molecule. As it is shown in Table 3.6.1, complexes VI, in which 

multiple and simultaneous interactions with different phosphates occur, show larger Ei 

values than those calculated for complexes V.  

 

 

3.6.1.2. Electron density analysis 

By means of the AIM (Atoms in Molecule) theory, the intermolecular interactions of all 

the different complexes (16 in total) were identified by the corresponding Bond Critical 

Points (BCPs) for each interaction. Thus, obtaining the electron density at each BCP 

(ρBCP) and its Laplacian (2ρBCP) the nature of these interactions have been 

characterised and this was represented in the corresponding molecular graphs. For the 

sake of clarity, only the molecular graphs corresponding to complexes VI are shown in 

Figure 3.6.2 and the rest are gathered in the Appendix (Figure A.1.2.1.). 

 
VIγ-R[a] 
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VIγ-R[b] 

 
VIγ-L[a] 
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VIγ-L[b]

Figure 3.6.2. Molecular graphs corresponding to the complexes type VI. Green dots 

correspond to bond critical points (BCP). 

 

In Tables 3.6.2 and 3.6.3, the ρBCP and 2ρBCP values calculated for all complexes type 

V and VI are summarized. Values of the electron density ρBCP between 0.0107 and 

0.0591 a.u. and positive Laplacians indicate that those interactions belong to the non-

covalent regime and can be characterised as HBs.  

Focusing in the values obtained for complexes V (Table 3.6.2), the evolution of the 

BCP follows the order γβαin perfect agreement with the Ei values obtained. It is 

important to highlight that the interaction in complexes V occurs through parallel HBs 

(two O atoms of the phosphates of the ATP molecule and two H atoms of two 

different N atoms of the arylguanidinium).  
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Table 3.6.2. Electron density at the bond critical points (ρBCP) and the Laplacian of 

that electron density (2ρBCP) calculated at ωB97X/6-31+G(d,p) and PCM-water  for 

complexes V. 

 O1…H2N2 O2…H3N3 

Complexes ρBCP 2ρBCP ρBCP 2ρBCP

Vα-R[a] 0.0392 0.1145 0.0390 0.1152 

Vα-R[b] 0.0390 0.1138 0.0390 0.1145 

Vβ-R[a] 0.0433 0.1278 0.0469 0.1399 

Vβ-R[b] 0.0460 0.1374 0.0441 0.1303 

Vβ-L[a] 0.0503 0.1458 0.0468 0.1360 

Vβ-L[b] 0.0502 0.1449 0.0472 0.1370 

Vγ-R[a] 0.0531 0.1459 0.0567 0.1522 

Vγ-R[b] 0.0556 0.1510 0.0543 0.1491 

Vγ-L[a] 0.0538 0.1496 0.0557 0.1530 

Vγ-L[b] 0.0543 0.1502 0.0538 0.1497 

Vγ-B[a] 0.0508 0.1409 0.0591 0.1586 

Vγ-B[b] 0.0558 0.1520 0.0543 0.1484 

 

Regarding complexes VI (Table 3.6.3), the BCP values obtained for the HBs in those 

cases is lower than those calculated for complexes V. This could be explained because 

in all complexes VI the interaction between the phosphates in the ATP molecule and 

arylguanidinium occurs by two H atoms and only one oxygen atom i.e. three centre 

interaction. This is in total agreement with the finding that in the case of multiple HB 

systems, where parallel and bifurcated complexes can be compared, parallel HB 

interactions are stronger and preferred over the bifurcated ones.31 However, complexes 

VI show larger Ei values than complexes V because of the larger number of interactions 

established.  
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Table 3.6.3. Electron density at the bond critical points (ρBCP ×10-4) and its Laplacian 

(2ρBCP ×10-4) calculated at ωB97X/6-31+G(d,p) and PCM-water computational level 

for complexes VI. 

 

 PαO…HNa PαO…HNa PβO…HNa PγO…HNa PγO…HNa PO…HC 

Comp ρ 

BCP

2ρ 

BCP

ρ 

BCP

2ρ

BCP

ρ 

BCP

2ρ 

BCP

ρ 

BCP

2ρ 

BCP

ρ 

BCP

2ρ

BCP

    ρ 

     BCP

2ρ

BCP

VIγ-

R[a] 

258 729 283 849 107 414 302 857 461 1286 166 451 

VIγ-

R[b] 

260 773 292 830 107 407 339 969 383 1088 154 441 

VIγ-

L[a] 

270 787 315 980 108 409 298 855 387 1123 173 579 

VIγ-

L[b] 

268 831 286 840 127 476 342 975 388 1126 124 415 

a Considering that in each complex the corresponding (P)O interacts with a different (H)N 

atom, the numbering followed so far cannot be used; to identify the groups involved in each 

interaction for each complex see Figure 3.6.2. 

 

 

3.6.2. Arylisouronium – ATP interactions 

3.6.2.1. Optimized geometries and interaction energies 

Similar to the previous section on arylguanidinium-ATP dimers, a total of 16 possible 

complexes have been explored in this study, named complexes VII and VIII. 

Calculated interaction energies (Ei, kJ mol-1) between ATP and arylisouronium cation 

are presented in Table 3.6.4, interaction energies with the arylguanidium cation (in 

brackets) have been added for comparison purposes. As it happened for the 

arylguanidinium-ATP compelxes, the Ei values follow the order γβα and the 

largest ones are those corresponding to the interactions with the γ-phosphate (involved 

in the catalytic mechanism of protein kinases) as a result of more negative charges in 

this group.30  
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Table 3.6.4. Interaction energies (Ei, kJ mol–1) for the different complexes formed 

between arylisouronium (VII and VIII) or arylguanidinium (in brackets, V and VI) 

with ATP calculated at MP2/6-311+G(d,p) and PCM-water computational level. 

  

  VII (V) VIII (VI) 

α-R [a] -117.2 (-105.9) - - 

[b] -116.8 (-105.8) - - 

β-R [a] -141.5 (-129.0) - - 

[b] -140.7 (-128.3) - - 

β-L [a] -101.7 (-95.4) - - 

[b] -101.8 (-94.5) - - 

γ-R [a] -137.6 (-120.6) -148.6 (-164.4) 

[b] -135.3 (-119.3) -153.4 (-160.9) 

γ-L [a] -139.3 (-124.0) -175.8 (-177.7) 

[b] -139.5 (-122.5) -162.3 (-169.3) 

γ-B [a] -181.7 (-163.2) - - 

[b] -131.1 (-116.2) - - 

 

The weaker interactions found for the β-L complexes VII ([a]: -101.7 and [b]: -101.8 kJ 

mol–1) are an exception for these systems and this is probably a consequence of the 

disruption of the IMHBs’ net existing in the ATP molecule (Figure 3.6.1) by the 

presence of the arylisouronium, resulting in a less favourable pose. When the 

interaction occurs by the right side (R) of the ATP molecule, allowing its natural IMHB 

net (Figure 3.6.1), both phosphates β and γ produce stronger Ei than with the α-

phosphate. For complexes VII, the most stable Ei value corresponds to the γ-B[a] 

configuration in which the interaction occurs with the end phosphate of the ATP 

molecule. The Ei values for the arylisouronium-ATP complexes are larger than those of 

the arylguanidinium interactions previously reported (Figure 3.6.3); in particular, ΔEi 

between isouronium and guanidinium complexes VII and V increases according to the 

Ei values increase.  

This comparison can lead to the conclusion that, from a theoretical point of view, the 

interaction between arylisouronium and ATP is favoured with respect to that between 

arylguanidinium and ATP. However, an exception to this trend is found in complexes 

VIII which show slightly stronger Ei with the arylguanidinum than with the isouronium 
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analogue because the guanidinium cation has one extra H atom that may interact with 

the phosphate groups. 

 

 

Figure 3.6.3. Line graph showing a comparison of interaction energies of 

arylisouronium (blue) and arylguanidinium (green) complexes VII and V with ATP. 

 

 

3.6.2.2. Electron density analysis 

As previously reported for the arylguanidinum-ATP complexes, by means of the AIM 

theory, the characteristics of the BCPs found between the interacting moieties (i.e. ρBCP 

and 2ρBCP) were calculated and are presented in the Appendix (Table A.1.3.1. and 

Table A.1.3.2.).  The calculated ρBCP values and the positive Laplacians indicate that, 

also in this case, all the interactions established within complexes VII and VIII are of 

non-covalent type and can be classified as HBs. For the sake of clarity, only the 

molecular graphs resulting from the AIM analysis corresponding to the most stable 

complexes VII interacting with the α-, β- and γ-phosphates are exhibited in Figure 3.6.4 

and the rest are presented in the Appendix (Figure A.1.3.1.) 
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VIIα-R[a] 

 

 
VIIβ-R[a] 
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VIIγ-B[a] 

 

Figure 3.6.4. Molecular graphs corresponding to the most significant complexes VII 

for each α, β and γ phosphate. Green dots correspond to the bond critical points. 

 

The results from the AIM theory analysis show that interactions in complexes VII 

occur by means of parallel HBs established between two O atoms of the phosphates in 

the ATP molecule and two H belonging to different N atoms of the arylisouronium. The 

ρBCP values for the arylisouronium-ATP interactions follow the order γ > β > α, which 

is the same trend observed for the Ei values and, similarly, the ρBCP for the 

arylisouronium complexes are larger than for the guanidiniums.  

It is interesting to mention that only for the complex VIIγ-B[a] non-covalent 

interactions between the adenosine of the ATP molecule and both aryl groups of the 

isouronium are stablished. These extra interactions stabilise the complex and it is in 

completely agreement with the largest Ei of complex VIIγ-B[a].  

Similar to the arylguanidium-ATP complexes, analysis of all complexes VIII indicates 

multiple interactions between the arylisouronium and the ATP phosphates as, for 

example, complex VIIIγ-R[a] in which the isouronium moiety establishes HBs with 

the three phosphates of the ATP molecule (Appendix, Figure A.1.3.1.).  As mentioned, 

complexes VIII present larger Ei than complexes VII because the interaction occurs 
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through multiple arylisouronium-ATP HBs as shown in the Appendix, Figure A.1.3.1. 

As in complexes VII, the largest ρBCP value in complexes VIII corresponds to the 

interaction between the O atom of the γ phosphate and one of the H of the isouronium 

cation. In addition, an extra interaction between an O of the ATP molecule and an 

aromatic H atom of the arylisouronium is found in all complexes VIII; however, the 

low ρBCP values observed for these extra interactions indicate that they are very weak 

interactions (Appendix, Table A.1.3.2.)  

 

 

3.7. Conclusions 

In this chapter we have computationally studied and analysed the interactions between 

lead compound 1 and both an active, ATP-containing model of B-Raf and an isolated 

ATP molecule. 

The best approach for designing new and more selective B-Raf allosteric inhibitors is 

the structure-based design and to pursue such endeavour a model of ATP containing 

active B-Raf is required since no crystal structure of such a system has been resolved. 

We have presented here a thoroughly constructed model of a phosphorylated, ATP-

containing B-Raf protein (2pBRAF_ATP), which has been developed through a 

systematic MD approach (800 ns) taking into account the different options of 

presence/absence of both the phosphate group at the Thr599 site and the ATP molecule 

in the corresponding four systems. Different structural features have been analysed for 

each trajectory including the DFG motif and Mg2+ binding loop, activation loop and 

phosphorylation site as well as the αC-helix region. Moreover, the structure and 

activating interactions of the 2pBRAF_ATP model have been investigated. Finally, the 

2pBRAF_ATP model has been used for a molecular docking study at semi-empirical 

level of theory with our previously developed lead compound 1, finding a suitable 

docking pose that sees, among the others, also the interaction of the ATP γ-phosphate 

with the mono-substituted guanidinium of lead compound 1, supporting previous 

hypothesis of type III allosteric inhibition. 
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Additionally, we have also theoretically studied the interaction of 4-phenyloxyphenyl-

N-guanidinium (mimic of compound 1) with the phosphate anion and with the isolated 

ATP molecule by means of DFT calculations. Guanidinium derivatives are able to form 

strong HB interactions not only with the O atoms of an isolated phosphate anion, but 

also with the different phosphate groups of the ATP molecule, where parallel 

interactions were found with one or two phosphate groups simultaneously. Binding 

energies and AIM analysis showed the complexes formed between ATP γ-phosphate 

and both guanidnium and isouronium to be the most stable ones. The formation of these 

interactions and their characterisation, indicates the suitability of guanidinium (or 

isoruonium) derivatives as potential type III kinase’s inhibitors. 
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Chapter 4 - Chemical Synthesis 

 

4.1. Introduction 

4.1.1. Guanidines and their therapeutic applications 

The guanidine moiety is found in a good number of natural products.1 It forms the 

nitrogenous backbone of guanine in DNA and RNA and it is also present in the amino 

acid arginine.2 From a chemical point of view, guanidine is a very attractive 

functionality. It is considered as a superbase (pKaH = 13.6 in water)3 and hence at 

physiological pH is found in its protonated guanidinium form. Given the presence of 

three N atoms with lone pairs, the guanidinium cation has three resonance form (Figure 

4.1.1.) which confers a typical Y-shape planarity.4 

 

 

Figure 4.1.1. Resonance forms of the guanidinium cation. 

 

Guanidinium cations can form ionic interactions with negatively charged amino acids 

such as aspartate or glutamate and HBs with accepting groups such as (C=)O, (C=)N or 

aromatic systems, which are present in some amino acids and in the DNA and RNA 

bases. Furthermore, due to its planarity, resonance, and positive charge, the 

guanidinium cation can form other types of interactions, more in particular, cation−π 

interactions.5 

Given its exclusive characteristics and versatility, it is not a surprise that the guanidine 

moiety is found in different commercially available drugs.6 Few examples are 
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guanabenz and guanfacine (α2-adrenoceptor agonists used as an antihypertensive and in 

the treatment of attention deficit hyperactivity disorder, respectively),7,8 metformin for 

the treatment of type II diabetes9 or relenza (zanamivir) one of the first commercialized 

anti-influenza virus agents (Figure 4.1.2.).10 

 

 

Figure 4.1.2. Biological substances containing guanidine-like moieties. 

 

Our group has widely worked with guanidine and 2-aminoimidazoline derivatives and 

some of these compounds show high antagonistic affinity at the α2-AR,11 binding to the 

DNA minor groove12 or initiation of anticancer activity through the induction of 

cellular apoptosis.13 

But guanidine’s applications are not only widespread in the medicinal chemistry field, 

but they are also employed as base catalysts, chiral auxiliaries, and ligands in organic 

synthesis.3 Consequently, a large number of synthetic methods have been developed to 

install the guanidine unit and few of them are discussed in the next sections.14-16 

 

4.1.2. Synthetic methods for the introduction of the guanidine functionality 

As described in the previous sections, a wide variety of guanidine's derivatives can be 

obtained both from nature and through synthetic procedures. Given their importance 

and relevance because of their biological activity, the synthesis of guanidines has come 

a long way and advances in the field have led to a myriad of methods for the 
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installation of the guanidine functional group.17,16,18,19 The following sections describe 

current methods used in the Rozas’ group as well as few alternative guanidylation 

methods for the synthesis of acyclic mono-substituted guanidine and acyclic N,N’-

disubstituted guanidines, given their relevance for the target products of this research. 

 

4.1.2.1. Synthesis of acyclic mono-substituted guanidines 

Classical methods for the synthesis of guanidines involve the reaction of an amine with 

an activated/protected guanidine precursor followed by the deprotection of this moiety 

to yield the corresponding free guanidine (Scheme 4.1.1.). 

 

Scheme 4.1.1. 

 

 

These methods usually utilise thiourea20 or S-methylisothiourea2 systems to react with 

an amine via the activation with a variety of reagents (Scheme 4.1.2.). In the case of 

anilines, Lewis acid promoted reactions have been the most successful while for 

aliphatic amines, there is a much wider scope of guanidine synthon available due to 

their greater nucleophilicity.  

In particular, the use of mercury(II) chloride (HgCl2) as a promotor for guanidylation is 

the most frequently employed approach and is the chosen method for the research 

conducted in this project. This guanidylation method, developed by Kim and Qian,20 

consists on the reaction of an amine with N,N’-bis-(tert-butoxycarbonyl)thiourea in the 

presence of HgCl2 and triethylamine (NEt3) to yield bis-Boc-protected guanidines, 

which upon deprotection will yield the appropriate guanidinium derivative (Scheme 

4.1.2.).  

However, the use of HgCl2 is an obvious drawback in the above described methodology 

and it can prevent its larger scale applications. Recent findings in Rozas’ group,21 
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establish that CuCl2 can be used as a Lewis acid with similar yields to those of the 

benchmark HgCl2 reaction. 

Scheme 4.1.2. 

 

 

In the original article, it was suggested that the reaction is initiated by mercury-sulphur 

coordination, followed by trimethylamine deprotonation, leading to the electrophilic 

intermediates carbodiimide species. Next, the carbodiimide undergoes nucleophilic 

attack, even by deactivated amines, leading to the bis-Boc-protected guanidine after 

proton exchange (Scheme 4.1.3). 

 

Scheme 4.1.3. 
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One alternative to the Kim and Qian mercury(II) chloride guanidylation method is the 

use of the Mukaiyama’s reagent,22 which seems to be also based on the formation of an 

electrophilic carodiimide and its attack from a nucleophile amine (Scheme 4.1.4.). 

 

Scheme 4.1.4.  

 

 

Rozas’ group has lately presented a novel method for the synthesis of aryl-substituted 

guanidines in good yield. Thus, 2-(arylamino)-4,6-dimethoxypyrimidines are prepared 

by coupling aryl bromides with 2-amino-4,6-dimethoxypyrimidine and then cleaved in 

strong acid conditions (6M HCl in H2O/AcOH) to afford aryl-guanidines (Scheme 

4.1.5.).23 

 

Scheme 4.1.5.  

 

 

Recently, Maki et al. described another novel method for the synthesis of carbamate-

protected guanidines from primary amines. Thus, in this method, a variety of thioureas 



Chapter 4 – Chemical Synthesis 

 

94 

 

derived from primary amines and isothiocyanates react with the Burgess reagent24 to 

give the corresponding guanidines. Selective deprotection of the products affords alkyl 

or aryl guanidines up to 86% yield (Scheme 4.1.6.).25 

 

Scheme 4.1.6. 

 

 

The choice of guanidine precursor depends on the reactivity of the amine involved and 

more recent developments in the area have seen the development of alternative methods 

to the classic HgCl2 promoted reactions. In a number of cases the coupling reagent 

EDCI [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide] has shown to promote 

guanidylation between thiourea derivatives and nucleophilic amines.18 Carbodiimide 

derivatives also can react with aniline derivatives in the presence of catalytic 

heterogeneous metal (as the nanocrystalline zinc oxide, ZnO).26 

Copper coupling chemistry has seen a renaissance in the past decade.2,27,28 If the 

previous methods all see nucleophilic anilines reacting with a guanidine precursor 

(Scheme 4.1.1.), copper catalysed cross coupling chemistry allows an aryl halide to be 

reacted with a nucleophilic guanidine source (Scheme 4.1.7.). This method skips the 

use of alkyl or aryl amines, overcoming poor nucleophilicity limitations. 
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Scheme 4.1.7.  

 

 

4.1.2.2. Synthesis of acyclic N,N’-disubstituted guanidines 

While Kim and Qian focused primarly on mono-substituted guanidine derivatives such 

as those discussed in the previous section, in 1992 Poss and Iwanowicz described 

procedures for the synthesis of N,N’-disubstituted guanidines from N-Boc protected N’-

substituted thiourea derivatives. In one of these methods, tert-butyl carbamate is reacted 

with an alkyl or aryl isothiocyanate to give a Boc protected thiourea derivative, which 

is then subjected to guanidylation using their 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDCI) procedure (Scheme 4.1.8.).29 
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Scheme 4.1.8. 

 

 

The use of  di(imidazole-1-yl)methanimine has been reported to be effective for the 

synthesis of N,N’-disubstituted guanidines.2,30,31 Reaction of imidazole with cyanogen 

bromide, affords the desired N,N’-disubstituted guanidines. Exposure to nucleophilic 

amines allows the displacement of the imidazole leaving groups and the generation of 

structurally different guanidines (Scheme 4.1.9.). 

 

Scheme 4.1.9. 

 

 

Guanidine has also been synthesized from urea using various dehydrating agents like 

thionyl chloride32 or typical Appel type conditions.33 One such example is the synthesis 

of a library of quinoline reported by Rachlin et al. (Scheme 4.1.10.).34 Urea derivatised 

quinolines were exposed to PPh3, CCl4 and NEt3 in refluxing CH2Cl2 in Appel 

conditions to form crude carbodiimides which, after exposure to a number of amines, 

yielded N,N’,N”-trisubstituted guanidines in varying yields (Scheme 4.1.10.). 
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Scheme 4.1.10.  

 

 

More recently, Yin et al. have described the preparation of N-Boc-N’-substituted 

thioureas by treatment of N,N’-di-Boc-substituted thiourea with sodium hydride (NaH) 

and trifluoroacetic anhydride (TFAA) in the presence of an aromatic or aliphatic amine 

(Scheme 4.1.11.). Next, previously described reaction with amine derivatives in 

presence of mercury(II) chloride, will afford the desired N,N’-disubstituted guanidines. 

This method was later optimized in Rozas’ group for the synthesis of acyclic N,N’-

disubstituted guanidines given high to excellent yields for both aromatic or aliphatic 

amines35 and, therefore, it has been chosen for the present research. 

 

Scheme 4.1.11. 

 

 

Yin describes two possible mechanisms for this transformation.36 On the one hand, it is 

proposed that the anion formed by deprotonation of N,N’-di-Boc-substituted thiourea is 

N-acylated to produce the N-Boc-N-trifluoroacetyl derivative, which then undergoes the 

nucleophilic attack by the amine, with elimination of the N-Boc-N-trifluoroacetyl anion 

(Scheme 4.1.12., path A). On the other hand, the authors suggested an alternative 

mechanism involving acylation at the carbonyl oxygen of the Boc group to produce the 

O-trifluoroacetyl derivative (Scheme 4.1.12., path B). Considering that the suggested 

intermediate (tert-butyl-trifluoroacetyl carbamate) has been previously isolated in the 
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Rozas’ group, we propose the mechanism of Yin’s reaction likely to be the former (path 

A), in which the reaction proceeds through the N-Boc-N-trifluoroacetyl derivative. 

 

Scheme 4.1.12. 

 

 

4.2. Synthesis of 3,4’-bis-guanidino phenyloxybenzene derivatives: 

exploring the hydrophobic moiety 

4.2.1. General aspects 

As mentioned in the Introduction chapter (Paragraph 1.5., Previous Work Leading Up 

to the Present Research), previous results showed how improvements in the cytotoxic 

activity of previously synthesised compounds were achieved when the (3-CF3, 4-Cl)Ph 

lipophilic group  was  inserted in the guanidinium  moiety  in  the  3-position instead of 

the 4’-position of the 3,4’-dianiline core (as in lead compound 1), and also that the link 

of this diaromatic core of the molecules does not really affect their cytotoxic activity.13 

Therefore, for the preparation of the new 3,4’-bis-guanidino phenyloxybenzene 

derivatives proposed for this research, we chose the oxygen linker, as in the lead 

compound 1 (Figure 4.2.1.), because of the good biological results obtained in the 

previous series.13 Furthermore, the corresponding starting diamine, 3-(4-
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aminophenoxy)aniline is commercially available, making the synthesis of different 

derivatives easily accessible.  

Additionally, we introduced changes at the substituents of the lipophilic moiety (Figure 

4.2.1.) to probe the lipophilic pocket of the target (B-Raf) and to gain a better 

understanding of the requirement for an optimal allosteric binding to protein kinases. 

We then propose to synthesise 3,4’-bis-guanidino phenyloxybenzene derivatives 2-6 

with lipophilic substituents in the 3-position and some of the corresponding analogues 

with an aromatic group in the guanidine in the 4’-position 7-9 for the sake of 

comparison (Figure 4.2.1.).  

 

 
Figure 4.2.1.  Lead compound 1 and proposed changing at the hydrophobic moiety at 3 

and 4’ position of the 3-(4-aminophenoxy)aniline. 

 

Halogen substituted aryl groups as those chosen for 3,4’-bis-guanidino 

phenyloxybenzene derivatives 2-6 and 7-8 have been widely used in compounds 

binding at hydrophobic allosteric sites of some protein kinases, including MEK and Raf 

protein kinases.37,38 Compounds containing Cl‒, Br‒, or I‒ can form direct close halogen 

contacts (R–X…Y−R′), where the halogen X acts as a Lewis acid and Y can be any 

electron donor moiety.37 This type of interaction, referred as ‘halogen bonding’ since 

197837 can be categorized as a non-covalent interaction (NCI) and is driven by the σ-

hole, a positively charged region on the hind side of the halogen (X) along the R‒X 

bond axis that is caused by an anisotropy of electron density on the halogen.37 Upon 
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formation of a covalent carbon-halogen σ-bond, a valence electron of the two atoms 

pair up forming the carbon-halogen bond. As a results, the pz of the halogen opposite to 

the σ-bond becomes depopulated, resulting in an electropositive crown (Figure 4.2.2., 

in blue), whereas the pxy orbitals retain their complement electrons to account for the 

overall negative charge of the halogen.39 

 

Figure 4.2.2. Scheme of the σ-hole formation, taken from Ford et al.39 

 

The existence of the σ-hole on the Valence Shell Charge Concentration (VSCC) of 

halogen atoms is a necessary condition in the formation of halogen bonds40 but, as for 

other NCI (like the HB41), other geometrical features are fundamental for the 

establishment of such interaction. Figure 4.2.3. compares the geometries and types of 

donor and acceptor atoms for classic HBs and halogen bonds (XBs) seen in 

biomolecular systems. 

 

 

Figure 4.2.3. Hydrogen and halogen bonds geometries and requirements, taken from 

Scholfield et al.38  
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Often, XBs formed by drug-like compounds binding to their biological target do not 

adopt optimal interaction geometries, given that their binding is modulated by the 

overall binding mode of the ligand and the protein environment; however, the distance 

between the halogen (X) and the Lewis base (LB) (dX···LB), the σ-hole-angle 

(αC(ar)−X···LB) and the spatial orientation of the X with respect to the electron-rich regions 

of the LB should be considered to determine the quality of the interaction (Figure 

4.2.3.). Thus, although the choice of X may not always increase affinity, it can still be 

relevant for inducing selectivity42 and XBs are proved to be a useful handle in drug-

design.43 

 

4.2.2. Synthesis 

The approach previously used in Rozas’ group13 and briefly described in the last 

sections was used for the synthesis of the 3,4’-bis-guanidinium-like diphenyl 

derivatives in this study. In order to prepare these derivatives, the appropriate amines 

were synthesised, starting from the commercially available 3-(4-aminophenoxy)aniline 

and the in-house prepared N,N’-bis-(tert-butoxycarbonyl)thiourea. Then, substituted 

thioureas (carrying the lipophilic moiety) were prepared accordingly and reacted with 

the corresponding mono-guanidine diaromatic system (Figure 4.2.4.). 

 

 

Figure 4.2.4. Retrosynthesic scheme for the preparation of 3,4’-bis-guanidino 

phenyloxybenzene derivatives. 
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Taking into account that the preparation of the aimed 3,4’-bis-guanidino 

phenyloxybenzene derivatives first involves the introduction of a guanidine (Figure 

4.2.4.), the first step consisted in the preparation of such “guanidylating” agent. Thus, 

N,N’-bis-(tert-butoxycarbonyl)thiourea 9, was synthesised by the treatment of 

commercially available thiourea 10 with di-tert-butyldicarbonate (Boc2O) and NaH in 

dry THF to form the Boc-activated ‘guanidylating’ agent in 55% yield (Scheme 

4.2.1.).44 

 

Scheme 4.2.1.  

 

 

The synthesis of the corresponding N-aryl-N’-Boc-protected thioureas 11-16 (Scheme 

4.2.2.) was carried out following a previous procedure developed in the group13 and 

which mechanism has been reported in previous section 4.1.2.2. This reaction involves 

the mono deprotonation of previously synthesized N,N’-bis-(tert-

butoxycarbonyl)thiourea 9 with NaH at 0 °C, following reaction with trifluoroacetic 

anhydride (TFAA) facilitates the nucleophilic addition of aromatic anilines to the 

carbon centre of the thiourea (Scheme 4.2.2.). Given the different electron-withdrawing 

effect of differently substituted commercially available anilines, different yields of the 

corresponding thioureas 11-16 were obtained (37-57%). 
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Scheme 4.2.2. 

 

 

Once the synthesis of the N-aryl-N’-Boc-protected thioureas 11-16  was accomplished, 

the corresponding Boc-protected dipheyl mono-guanidines 17 and 18 were prepared by 

reaction of commercially available 3,4’-dianiline 19 and N,N’-bis-(tert-

butoxycarbonyl)thiourea 9 in the presence of mercury(II) chloride and triethylamine 

yielding compounds 17 and 18 in moderate yield (Scheme 4.2.3.).  

Considering the electron-donating effect of the oxygen linker, the nucleophilicity of the 

amine located in para position is increased and, therefore, the para-substituted 

derivative 17 was the major product compared to the meta-substituted one 18.  
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Scheme 4.2.3.  

   

 

N-aryl-N’-Boc-protected thioureas 11-16 were then reacted with Boc-protected mono-

guanidines 17 and 18 in similar conditions as for the preparation of Boc-protected 

mono-guanidines [mercury(II) chloride and trimethylamine, Scheme 4.1.2.] to obtain 

the corresponding 3-arylguanidine-4’-Boc-protected guanidine derivatives 20-24 and 4-

arylguanidine-3’-Boc-protected guanidines 25 and 26, as shown in Scheme 4.2.3.  

 

Finally, N,N’-Bis-Boc-protected guanidine intermediates 20-26 were deprotected to 

yield hydrochloride salts 2-8 (Scheme 4.2.4.).13 Thus, treatment of the Boc-protected 

systems with 4M HCl in dioxane (6 eq. per Boc group) at 55 °C, until the reaction were 

complete by TLC (typically 8 h) afforded, after solvent and HCl evaporation under 

vacuum, a crude product that was purified by silica gel flash chromatography with a 

typical elution gradient of 95% CHCl3 and 5% MeOH.  
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Scheme 4.2.4.  

 

In a previous work in Rozas’ group45, it was found that intra-molecular HBs (IMHBs) 

could be formed between two N-H of the Boc protected guanidine (N1’ and N2’) and 

two Boc CO groups as well as between the imine nitrogen N3’and an aromatic 

hydrogen, rendering this molecule and derivatives planar (Figure 4.2.5.).  

 

 

Figure 4.2.5. IMHBs formation in di-Boc-protected aryl guanidine.45 

 

This peculiarity helped the distinctive characterisation of compounds 17 and 18. From 

the stack 1H NMR spectra of compounds 17 and 18 (Figure 4.2.6.) the presence of the 

N3’…H IMHB is clearly visible. Moreover, protons H-8 and H-8’ can be found at a 

similar ppm value, around 7.00, both in compounds 18 (Figure 4.2.6., top) and 17 

(Figure 4.2.6., bottom). Instead, protons H-9 and H-9’ appear at very different chemical 

shifts for compounds 18 and 17. This occurs because H-9 and H-9’ in compound 17 

form an IMHB with the Boc protected guanidine and, hence they are deshielded 
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appearing at around 7.60 ppm; on the contrary, in compound 18 the free NH2 at the 

para position will shield H-9 and H-9’ causing their shift upfield at around 6.70 ppm. 

 

 

Figure 4.2.6. Stack 1H NMR spectra of compounds 17 and 18. 

 

It has been previously observed in Rozas’ group that the 1H and 13C NMR spectra of 

different N,N’-bis-aryl-N’’-Boc protected guanidines were always characterised by 

broad, poorly resolved signals. This phenomenon was attributed to the interconversion 

between different tautomers, which are induced by the sterically-congested 

environment surrounding the central guanidine moiety (Figure 4.2.7.).46  
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Figure 4.2.7. Different tautomeric forms of a general N,N’-bis-aryl-N”-Boc protected 

guanidine.46  

 

Due to this mixture of isomers and steric crowding between the two aromatic rings and 

the Boc group, the 1H NMR and 13C NMR signals for compounds 20-26 gave very 

broad and amorphous signals, making impossible the appropriate characterisation of 

these molecules. Hence, in some cases, 2D studies as HSQC, helped the correlation 

between protons and carbons, and the distinction between substituted carbons or 

quaternary ones. Figure 4.2.8. shows as example the 1H NMR and 13C NMR spectra of 

compound 20. 

  



Chapter 4 – Chemical Synthesis 

 

108 

 

 

 

Figure 4.2.8. 1H NMR and 13C NMR spectra of compound 20. 

 

In the case of fluorinated derivatives, the presence of one or more fluorine atoms, made 

the interpretation of the spectra even more complicated, due to the fluorine typical 

splitting with protons and carbons. Thankfully, deprotection of the Boc group, 
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alleviates the sterically-congested environment surrounding the central guanidine 

moiety making the 1H NMR and 13C NMR much clearer and defined for a full 

characterisation. Figure 4.2.9. shows as example 1H NMR, 13C NMR and 19F NMR 

spectra of compound 2. 

Coupling between H and F and between C and F are very strong, and characteristic, and 

this typical feature can be exploited for an easier characterisation of the 1H NMR and 

13C NMR spectra. Thus, C-F couplings, slightly vary for ortho-, meta- or para-

substituted fluorobenzenes, but typically 1JC-F is of 245 Hz, 2JC-F of 21 Hz and 3JC-F of 5 

Hz. Hence, typical C-F couplings, as those shown in Figure 4.2.9., together with 2D 

HSQC studies can help the correct assignment of the molecule.  
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Figure 4.2.9. Details of 1H NMR, 13C NMR, 19F NMR and HSQC spectra for 

compound 2. 

 

 

4.3. Synthesis of 3-amino- or 3-amido-4’-guanidino phenyloxybenzene 

derivatives: exploring the link 

4.3.1. General aspects 

From the previously mentioned molecular modelling studies anticipated in the 

Objectives section, it was evident that these molecules were under conformational 

strain to fulfill both the guanidinium-phosphate and lipophilic interactions. Thus, 

shorter molecules would relieve this strain and fit better into the binding site of the 

biological target. For this reason, and in order to provide different structure 

combinations to be able to deduce a proper structure-activity relationship (SAR), we 

have prepared two new series of derivatives of lead compound 1: arylamino 27-31 and 

arylamido 32 and 33 diphenyl mono-guanidines (Figure 4.3.1.). 
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Figure 4.3.1. Lead compound 1 and proposed changing to obtain arylamino diaromatic 

mono-guanidines 27-31 and arylamido diaromatic mono-guanidines 32 and 33. 

 

To check the effect of the total length in the interactions with the target, the –NH- and –

CONH- links that replaces the guanidinium cation in the arylamino or arylamido 

diaromatic mono-guanidines, were also combined with different hydrophobic moieties. 

Thus, a systematic approach was introduced to try to understand the requirement at the 

hydrophobic moiety. If compounds 28 and 33 explores just changing at the link of the 

molecule maintaining the (3-CF3, 4-Cl)Ph moiety in ring A, other derivatives maintain 

only either the 4-chlorine as in compound 27 or the 3-trifluoromethyl as in compound 

29.  

The -SF5 group has been often referred to as a ‘supertrifluoromethyl group’ due to its 

similarity with the –CF3 group.47 The two groups share very similar features such as 

high electronegativity, steric bulk, thermal and chemical stability and lipophilicity, with 

the SF5-group slightly prevailing over the CF3 in all of these aspects.47 Different 

studies, however, have shown how they are not biologically equivalent and SF5 peculiar 
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characteristics make it very interesting for drug discovery/development applications.47-

49 Hence, we aimed to replace the –CF3 moiety in compound 29 with a –SF5 substituent 

as in compound 30, in order to probe perturbations of the electron density on the aryl 

ring and help to investigate the size of the hydrophobic pocket of the target. 

Quite often, fluorine is used in medicinal chemistry and many marketed compounds 

contain this halogen.50 The introduction of fluorine into a molecule can influence 

conformation, pKa, intrinsic potency, membrane permeability, metabolic pathways and 

pharmacokinetic properties.51 Moreover, theoretical and experimental studies have 

presented several examples of what it is known as fluorine bonding, which has 

importance in protein-ligand interaction.52 There are different examples in which the 

introduction of a fluorine substituent leads to a slight enhancement of the binding 

affinity due to an increased lipophilicity of the molecule50 and among these examples 

are some MEK inhibitors.53 With these considerations in mind we synthesized 

compound 31. 

 

4.3.2. Synthesis 

4.3.2.1. Synthesis of arylamino diaromatic mono-guanidines 

The retrosynthetic approach for the synthesis of arylamino diaromatic mono-guanidines 

27-30 is reported in Figure 4.3.2. 

Starting diphenyl amine 34 was prepared by reaction of 3-aminophenol 35 and 1-

fluoro-4-nitrobenzene 36 via a nucleophilic aromatic substitution (SNAr). Selective 

Buchwald-Hartwig reaction between diphenyl amine 34 and different bromine sources, 

allowed to obtain nitro derivatives 37-40 which were subjected to nitro reduction to 

yield the free amino derivatives. Next, these compounds were guanidylated using N,N’-

bis-(tert-butoxycarbonyl)-S-methylisothiourea and followed by Boc deprotection which 

afforded the aimed compounds 27-30. 
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Figure 4.3.2. Retrosynthesis of arylamino diaromatic mono-guanidines 27-30. 

 

As mentioned, compound 34 was synthesised by a SNAr reaction between 

commercially available 3-aminophenol 35 and the commercially available halo-aryl 

derivative 1-fluoro-4-nitrobenzene 36 (Scheme 4.3.1.).54  

 

Scheme 4.3.1. 

 

 

An anion-stabilizing (electron-withdrawing) group, such as  fluorine, ortho or para to a 

potential leaving group, as the nitro group in 36, can be used to facilitate nucleophilic 

aromatic substitution on an otherwise not reactive benzene ring (Scheme 4.3.1.). The C-
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F bond is the strongest of all the single bonds to carbon and it is difficult to break; 

despite this, fluorine is the halogen of choice for nucleophilic aromatic substitutions 

because it is the most electronegative of the elements and is stabilizes the anionic 

intermediate, assisting the acceptance of the electron by the benzene ring.55  

 

Regarding the synthesis of nitro derivatives 37-40, even though their preparation is not 

accessible through a simple SNAr substitution, the C-N bond formation can be achieved 

by the use of cross-coupling reactions. Palladium-catalysed coupling chemistry has 

gained widespread use in industrial and academic synthetic chemistry as a powerful 

methodology for the formation of C-C and C-heteroatom bonds. From a general 

background mechanism, several coupling reactions have been developed between 

general aryl-halides or triflates with different substrates: Suzuki-Miyaura 

(organoboron), Stille (organostannanes), Negishi (organo-zinc), Kumada (Grignard 

reagents), Hiyama (organosylanes), Sonogashira (aryl- and alkenyl-alkynes), Heck 

(olefins), Buchwald-Hartwig (amine nucleophiles) (Figure 4.3.3.).56 

 

Figure 4.3.3. Most commonly utilized palladium-catalysed cross-coupling reactions. 

 

Compounds 37-40 were synthesized choosing a Buchwald-Hartwig cross-coupling to 

afford the distinguishing C-N bond. The general reaction involves a Pd-catalyzed C-N 

and C-O bond formation between aryl halides (I, Br, Cl) or trifluoromethanesulfonates 
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(OTf) and amines (aromatic or aliphatic) or between aryl halides or triflates and 

alcohols in the presence of a stoichiometric amount of base (Scheme 4.3.2.).57 

 

Scheme 4.3.2.  

 

 

The first step is the oxidative insertion of Pd(0) into the aryl-halogen bond. The Pd(II) 

complex now adds the amine so that both coupling reagents find themselves bonded to 

the same palladium atom. The base eliminates the halogen from the complex and 

reductive elimination forms the Ar-N bond (Scheme 4.3.2.). 

The success of this reaction often depends on different variables and parameters such as 

ligand, Pd source, base and solvent.58 Fortunately, in our particular case the chosen 

starting  conditions [Pd2(dba)3 3 mol%, BINAP 3 mol%, NaOtBu 1.4 eq. in dry toluene 

(2 mL mmol-1) at 90 °C ) afforded aimed compounds 37-40 in high yield (62-87%), 

Scheme 4.3.3. 
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Scheme 4.3.3. 

 

Preparation of compound 41 slightly differs from the previous synthetic scheme. Given 

the limiting price of the starting material 3-amino-5-fluorophenol 42 (€668 per g), we 

chose to use the cheaper 3-bromo-5-fluorophenol 43, which in K2CO3 and DMF reacted 

with 4-fluoronitrobenzene 36, by means of the previously described SNAr, to afford 

compound 44 in quantitative yield (Scheme 4.3.4.). 

 

Scheme 4.3.4. 

 

 

Compound 44, carrying the bromine source, is then used under the same conditions for 

the previously described Buchwald-Hartwig coupling with the commercially available 

4-chloro-3-trifluoromethylamine 45 to afford compound 41 in good yield (Scheme 

4.3.5.). 

 

Scheme 4.3.5. 

 

 



Chapter 4 – Chemical Synthesis 

 

118 

 

All nitro precursors 37-41 were then subjected to selective reduction of the nitro group 

to the amine that will serve as handle for the introduction of the guanidine moiety. 

Organic halides are very important and versatile compounds with many applications as 

starting materials, solvents, reagents, and intermediates in synthetic organic 

chemistry.59 It is well known that organic halides can suffer hydrodehalogenation under 

different conditions such as catalytic hydrogenation, reduction with metals and 

reduction with metal hydrides.59 The ease of reductive hydrodehalogenation follows the 

general order I > Br > Cl >> F and it is related to the dissociation energy of carbon-

halogen bonds (C-I, 53 kcal mol-1; C-Br, 67 kcal mol-1; C-Cl, 81 kcal mol-1; C-F, 109 

kcal mol-1). Due to the strength of the C-F bond, fluorides are rather resistant to 

reduction. 

For these reasons, nitro reduction of compounds 39 and 40 was achieved using catalytic 

hydrogenation with H2 and Pd on carbon (10 mol%) to obtain compounds 46 and 47; 

however, in the case of halo-compounds 37, 38 and 41 selective reduction was achieved 

with the use of tin(II) chloride dihydrate (SnCl2·2H2O) to obtain compounds 48-50 

(Scheme 4.3.6.).60 

 

Scheme 4.3.6.  
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Although the catalytic hydrogenation gave overall better yields (60% and 99%), the 

reduction performed using tin(II) chloride achieved acceptable yields (68-73%) with a 

lower reaction time of three hours, compared with the 24 h for the catalytic 

hydrogenation. 

Utilising previously described conditions, the guanidine moiety was introduced in 

compounds 46-50 using N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51, 

mercury(II) chloride and trimethylamine to afford Boc-protected arylamino diaromatic 

mono-guanidines 52-56. Usual deprotection with 4M HCl/dioxane at 55 °C for 6-8 h 

afforded compounds 27-31 in excellent yields (Scheme 4.3.7.). 

  

Scheme 4.3.7.  

 

 

 

4.3.2.2. Synthesis of arylamido diaromatic mono-guanidines 

Next, we considered the amido functionality as a connector because not only will allow 

to vary the total length of these potential kinase inhibitors, but also could fix the 

orientation of the lipophilic group in a different position compared to the one in 

compound 1 due to the strict conformation of the CO-NH trans arrangement. 

Synthesis of compounds 32 and 33 required the conversion of benzoic acids 57 and 58 

to the corresponding acid chlorides by reaction with oxalyl chloride in the presence of a 
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catalyst (DMF).61 Once the DMF and any remaining oxalyl chloride were removed, 

previously synthesized Boc-protected aniline 17 was added to obtain Boc-protected 

arylamido mono-guanidine derivatives 59 and 60 in good yields (Scheme 4.3.8.). 

 

Scheme 4.3.8. 

 

 

 

Boc-deprotection of compounds 59 and 60 to obtain final hydrochloride salts 32 and 33 

following the procedure typically utilised by Rozas’ group and described in the 

previous sections (HCl 4M solutions in dioxane, 0.2 M final concentration), lead to the 

hydrolysis of the amide bonds (as observed by TLC and confirmed by 1H NMR and 

mass spectroscopy) resulting in the broken salt (Table 4.3.1, entry 1). 

Although heat is often required to cleave amide bonds because they are the least 

reactive among the carboxylic acid derivatives, we believe that the amide link present 

in these compounds is particularly labile due to the electron withdrawing nature of the 

Ph-O-Ph oxygen atom and the electronegative halogen substituents present on the 

adjacent phenyl ring. These two elements lead to a decrease of the electron donating 

capabilities of the nitrogen in the amide bond, leaving the CO carbon atom more open 

to nucleophilic attack.  

With such a labile amide bond in these molecules, alternative strategies were required. 

First, the experiment was repeated decreasing the acid concentration until reaching a 

solution ten times more dilute than the first one (0.02M final concentration); however, 

this did not improve the outcomes of the reaction (Table 4.3.1., entry 2). Dry conditions 

(Table 4.3.1., entry 3) and deprotection with 50:50 TFA/CH2Cl2 were also tried, with 

no success (Table 4.3.1., entry 4).62,63  
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Table 4.3.1. 

 

Entry ‘conditions’ Cleavage Yield (%) 

1 HCl/dioxane, 0.2 M 

55 °C, 6-8 h 
 

yes 0 

2 HCl/dioxane, 0.02 M 

55 °C, 6-8 h 
 

yes 0 

3 HCl/dry dioxane , 0.2 M 

55 °C, 6-8 h 
 

yes 0 

4 TFA/CH2Cl2 50:50 

rt, 6-8 h 
 

yes 0 

5 SnCl4, H2O 

EtOAc, rt , 1 h 

no 

 

54%, 47% 

 

In the search for an alternative procedure, a method described in the literature64 

utilising tin(IV) chloride (SnCl4) was tested (Table 4.3.1, entry 5). Thus, compounds 59 

and 60 were dissolved in EtOAc and then SnCl4 was added. When the reaction was 

considered finished upon observation by TLC, EtOAc and SnCl4 were removed under 

vacuum and the work-up was carried out with H2O and CH2Cl2. The crude product of 

this reaction was analysed using mass spectroscopy and 1H NMR and only the desired 

salts 32 and 33 were found.  

This unusual Boc deprotection with SnCl4 has also recently been used in the mild 

deprotection of Boc protected amino acids by Freeman and Gilon.65 Under neutral 

conditions and using four equivalents of SnCl4, removal of the two Boc groups was 

quickly and  simultaneously achieved at room temperature with good yields and 

without isolation of any  mono-Boc guanidine intermediate or cleaved final salts. 
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4.4. Synthesis of derivatives with modified cationic moieties: exploring 

the polar moiety 

4.4.1. General aspects  

As previously mentioned in the Objectives section of this thesis (Chapter 2), the 

introduction of different cations instead of the guanidinium at the 4’ position of lead 

compound 1 (polar moiety), was considered in order to improve the interactions with 

the target and, hence, the activity (Figure 4.4.1.). Accordingly we proposed the 

synthesis of: 

Pyridinoguanidines: (i) 3,4’-Bis-guanidino phenyloxypyridines, 61-65, that carry a 

pyridinoguanidine instead of a phenylguanidine and in combination with different 

hydrophobic moieties, but maintaining a guanidine at position 3 as a link (Figure 4.4.1., 

a).  

(ii) 3-Amino-4’-guanidino phenyloxypyridine 66 that carries the same 

pyridinoguanidine moiety as in compounds 61-65 and the hydrophobic moiety of the 

lead compound 1 [(3-CF3,4-Cl)Ph], but with an amino group as link instead of the 

guanidine (Figure 4.4.1., b). 

Phenylisouroniums: (i) 3-Guanidino-4'-O-isourea phenyloxybenzene derivative 67, 

which maintains all the features of lead compound 1, but carries an isouronium moiety 

instead of the guanidinium at the 4’ position (Figure 4.4.1., c). 

(ii)  3-Amino-4'-O-isourea phenyloxybenzene 68, which maintains all the features of 

compound 28, but carries an isouronium moiety instead of the guanidinium at the 4’ 

position (Figure 4.4.1., d). 

(iii)  3-Amido-4'-O-isourea phenyloxybenzene 69 that maintains all the features of 

compound 33, but carries an isouronium moiety instead of the guanidinium at the 4’ 

position (Figure 4.4.1., e). 

Phenylsulfamides:  3-Guanidino-4'-sulfonamide phenyloxybenzene  70, which 

maintains all the features of compound 28, but carries a sulfamide moiety instead of the 

guanidine at the 4’ position (Figure 4.4.1., f). 

 



Chapter 4 – Chemical Synthesis 

 

123 

 

 

     Figure 4.4.1. Lead compound 1 and proposed changes of the polar moiety. 
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4.4.2. Synthesis  

4.4.2.1. Synthesis of 3,4’-bis-guanidino and 3-amino-4’-guanidino 

phenyloxypyridines  

Previous studies conducted in our group on 2-pyridinoguanidines46 showed how, 

considering the two possible anti and syn conformers, the Boc-protected derivatives 

exhibit a preference for the anti conformation while the 2-pyridinoguanidinium salts 

exist primarily in the syn conformation due to different intramolecular hydrogen bonds 

(IMHB) (Figure 4.4.2.). Accordingly, we propose that as a modification of the polar 

moiety of lead compound 1, the introduction of a pyridine ring would change the 

orientation of the adjacent guanidinium and this will give indications of the best 

orientation of such group when interacting with the biological target. 

 

 

Figure 4.4.2. Left: anti and syn conformations for Boc-protected  and Boc-deprotected 

2-pyridinoguanidines, Right: Structure of 2-pyridinoguanidinium calculated at the 

B3LYP/6-31G* level of computation. 

 

Accordingly, in this section we describe the preparation of 3,4'-bis-guanidino (61-65) 

and 3-amino-4'-guanidino (66) phenyloxypyridine derivatives to modify the polar 

moiety of the lead compound 1. 

In order to prepare the 3,4’-bis-guanidino phenyloxypyridines, the starting 5-(3-

aminophenoxy)pyridin-2-amine 71 was synthesised by SNAr between 5-bromo-2-

nitropyridine 72 and 3-nitrophenol 73 to obtain intermediate 74. Next, the 

hydrogenation of 74 gave the desired product 71 in good yield (Scheme 4.4.1.).54,66 

Compound 75 was obtained together with 74 by SNAr at the position 2 of the pyridine, 

as already described in the literature for similar starting material.67  
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Scheme 4.4.1. 

  

 

The N atom of the pyridine ring influences the chemical properties of this heterocycle 

to accommodate SNAr. Pyridine has a low electron density at position 2 and 4 of its 

ring, as seen from its resonance forms (Figure 4.4.3.); thus if these electrophilic 

positions are substituted with a potential leaving group, the pyridine ring becomes more 

active towards SNAr. 

 

 

Figure 4.4.3. Resonance forms of pyridine. 

 

Compound 71 was then reacted with N-aryl-N’-Boc-protected thioureas 12-16 

following conditions previously described and in the presence of mercury(II) chloride 

and trimethylamine to obtain a substitution at the meta position in compounds 76-80.13 

Subsequent guanidinylation at position 2 of the pyridine ring to obtain compounds 81-

85 was carried out with commercial N,N’-bis-(tert-butoxycarbonyl)-S-

methylisothiourea 51. As this last step requires reaction times of over 48 hours and 

often a second addition of HgCl2, due to the low reactivity of this position,55 the overall 

yield obtained in this process is low. 
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Removal of Boc protecting groups was achieved following the usual procedure that 

involves stirring of the appropriate Boc-protected compound in 4M HCl/dioxane  (6 eq. 

per Boc group) at 55 °C for 6-8 h, which afforded the final hydrochloride salts 61-65 in 

excellent yields (Scheme 4.4.2.). 

 

Scheme 4.4.2.  

 

 

The isomerism previously reported for the Boc-protected structures of compounds 20-

26 was also present in compounds 76-80 and 81-85; hence the 1H NMR and 13C NMR 

spectra were also highly amorphous, making the assignment of the signals difficult. As 

previously presented in section 4.2.2, removal of Boc group gives much more defined 

spectra, which were then used for characterisation of the final compounds. 

 

Similar to the synthesis of compound 28, the preparation for compound 66 required the 

synthesis of a properly functionalised amine (through a SNAr) to access intermediate 86 

starting from 5-bromo-2-nitropyridine 72 and 3-aminophenol 35. This reaction also 

yielded the by-product of a SNAr at position 2 of the pyridine, compound 87, as 

similarly described for compound 74 (Scheme 4.4.3.). 
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Scheme 4.4.3. 

 

 

Although previous reaction conditions [Pd2(dba)3 3 mol%, BINAP 3 mol%, NaOtBu 

1.4 eq. in dry toluene (2 mL mmol-1) at 90 °C] described for the synthesis of 

compounds 37-41  gave high yields, in the case of the pyridine analogue 88 the yield 

was much lower. This is probably due to the ability of the N atom of the pyridine ring 

to interact with the catalyst metal centre.68,69  In our case, utilisation of a bulky 

bidentate ligand such as Xantphos could prevent interactions between the pyridine N 

atom and the metal centre. The use of Xantphos has been applied for a variety of Pd 

catalysed transformations70-72 given its ability to increase the electron density on the 

metal center (Pd) due to its electron rich phosphine substituents and by its ability to 

align the appropriate molecular orbitals of Pd for the oxidative step insertion into the 

aryl halide. Moreover, a correlation between the different bite angles in diphosphine 

ligands and reaction’s selectivity and efficacy has been observed.73 Xantphos large bite 

angle (107.1° vs. 92.4° of BINAP73) facilitates also the reductive elimination step 

(Figure 4.4.4.).74 

 

 

Figure 4.4.4. Diphosphine ligands BINAP and Xantphos’ bite angles.73 
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In Pd-catalysed reaction coupling of amines with aryl halides, the use of NaOtBu in 

toluene as base remains the most versatile for this type of amination reactions with 

phosphine ligands. Unfortunately, because NaOtBu is a relatively strong base (pKa = 

17.0) it can participate in undesirable side reactions with various electrophilic 

functional groups and some aromatic heterocycles.58 The scope of different bases under 

different reaction conditions has been the subject of different studies75 and it is now 

consolidate that weak inorganic bases (i.e. Cs2CO3, K3PO4 or K2CO3) instead of 

alkoxides, can provide more general conditions for substrates containing electrophilic 

functional groups such as ketones, esters and nitro aromatics.58,76 

After these considerations, the use of Xantphos and Cs2CO3 has expanded the scope of 

the reaction and in that way compound 88 was then achieved in good yield. Previously 

described SnCl2·2H2O reduction conditions afforded compound 89 that was then 

subjected to guanidylation using N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 

51 to obtain compound 90 that was Boc-deprotected under usual conditions to give 

final compound 66 in 93% yield (Scheme 4.4.4.). 

 

Scheme 4.4.4.  
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4.4.2.2. Synthesis of isouronium derivatives 

Guanidine’s high basicity (pKaH in water is 13.63) indicates that at physiological pH, it 

will be protonated forming the guanidinium cation. For this reason, guanidinium 

derivatives are sometimes discounted as useful drugs because of potential 

bioavailability problems, despite this functional group being present in many current 

therapies, as described in section 4.1.1. Regardless of its high basicity, the guanidinium 

cation has important features very useful for target binding such as forming strong HBs 

and ionic interactions.77-79 Interestingly, the related isouronium cation keeps these two 

binding features and, moreover, is less basic (pKaH = 9.83); hence, this cation is very 

promising as a functional substitute of guanidinium derivatives with therapeutic 

potential.80  

Accordingly we have prepared a number of isouronium analogues of the guanidinium 

derivatives already synthesised. In the case of the 3-guanidine-4'-isourea 

phenylozybenzene derivative 67, its synthesis required the preliminary preparation of a 

conveniently functionalised phenol which was introduced by the initial protection of 

iodophenol 91 with pyridinium p-toluenesulfonate (PPTS) and 3,4-dihydro-2H-pyran in 

dry CH2Cl2 to yield compound 92 (Scheme 4.4.5.).81 PPTS is the most common 

catalyst for the tetrahydropyranylation of alcohols, and seems to be superior to other 

catalysts such as hydrochloric acid, phosphoryl chloride, and boron trifluoride 

etherate.82  

 

Scheme 4.4.5. 

 

Compound 93 was accessed through a transition metal-catalysed carbon-heteroatom 

bond-forming reaction between the 3-aminophenol 35 and the halogen substrate 92, as 

the previously described Buchwald-Hartwig coupling in section 4.3.2.1. Because of the 
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difference in acidity of PhOH (pKa ≈ 18 in DMSO) and PhNH2 (pKa ≈ 31 in DMSO), 

either O- or N-arylation will be easily accessible upon variation of the reaction 

conditions. In the particular case of Pd catalysed reactions, the N-arylated product is 

obtained, whereas the Cu catalysed ones afford the O-arylated product (Scheme 

4.4.6.).83  

 

 

 

Scheme 4.4.6. Cu- and Pd-catalysed O- and N-arylation of aminophenol.83  
 

 

 

Therefore, in a Ullmann type of coupling, iodine source 92 was coupled with 

commercially available 3-aminophenol 35, with copper (I) iodide as copper catalyst, 

picolinic acid and K3PO4 in dimethyl sulphoxide at 80 °C to obtain compound 93 

(Scheme 4.4.5.).83  

 

Following the procedure already described by our group13 and previously reported in 

section 4.1.2.1., coupling 93 with the previously synthesized thiourea derivative 15, in 

presence of mercury(II) chloride and triethylamine, afforded 94 in good yield (58%). 

Compound 94 was then deprotected with montmorillonite KSF to obtain the 

corresponding phenol 95. Montmorillonite clays have been extensively used as efficient 

catalysts for a variety of organic reactions and they are a mild and efficient alternative 

procedure for the deprotection of THPEs.84 The OH free phenol derivative was then 

amidylated using standard conditions previously described by us,20,85 using N,N’-bis-

(tert-butoxycarbonyl)-S-methylisothiourea 51, mercury(II) chloride and triethylamine 

to yield the corresponding Boc-protected isouronium 96 (Scheme 4.4.7.). 
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Scheme 4.4.7. 

 

 

The Boc-deprotection for isourea 96 was carried out following standard conditions for 

the deprotection of isouronium derivatives within our group85 to yield the final 

hydrochloride salt 67. Thus, 96 was treated with TFA in dichloromethane, followed by 

chloride anion exchange, to afford the hydrochloride salt 67 in an excellent yield 

(Scheme 4.4.8.). 

 

Scheme 4.4.8. 

 

 

Preparation of the 3-amino-4'-O-isourea phenylozybenzene derivative 68 involved the 

use of the previously synthesised compound 93 as starting material for the synthesis of 

the intermediate 97 through the previously described conditions for a Buchwald-

Hartwig coupling [Pd2(dba)3, Xantphos, Cs2CO3, toluene, 90 °C, 24 h]. Compound 97 

was then deprotected with montmorillonite KSF to obtain the corresponding phenol 98. 

The free phenolic OH of derivative 98 was then amidylated using standard conditions 

previously described by us using N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 

51, mercury(II) chloride and triethylamine to yield the corresponding Boc-protected 

isouronium 99. Based on our experience for the preparation of compounds 32 and 33, 
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the use of HCl or TFA was not considered appropriate for such liable substrate and, 

hence, deprotection of 99 was carried out utilising SnCl4 in EtOAc to yield the final 

hydrochloride salt 68 as previously described (Scheme 4.4.9.). 

 

Scheme 4.4.9. 

 

 

Finally, the synthesis of the 3-amido-4'-O-isourea phenylozybenzene derivative 69 

required the preparation of the amide-linked phenol precursor, which was achieved 

with similar conditions as for the synthesis of the 3-amido-4'-guanidino 

phenylozybenzene derivative 33. Thus, THP-protected compound 93 was reacted with 

benzoic acid 58, properly converted in the acid chloride, to yield compound 100 which 

was deprotected, as previously described, using montmorillonite KSF to obtain 

compound 101. This phenol was subsequently amidylated with N,N’-bis-(tert-

butoxycarbonyl)-S-methylisothiourea 51 to yield compound 102 in a very good yield 

(Scheme 4.4.10.).  
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Scheme 4.4.10.  

  

 

As for the previous syntheses of 32 and 33, the use of HCl or TFA was not considered 

appropriate for such liable substrate and, hence, deprotection of 102 was carried out 

with the use of SnCl4 in EtOAc to obtain final hydrochloride salt 69 as previously 

described in section 4.3.2.2. (Scheme 4.4.11.). 

 

Scheme 4.4.11.  

 

 

4.4.2.3. Synthesis of the sulfamide derivative 

Sulfonamides are an important category of pharmaceutical compounds with a broad 

spectrum of biological activities and they are present in different therapeutic agents 

such as the ultra-broad spectrum antibiotic doripenem (trade name Doribax),86 and 

acetazolamide, an anti-glaucoma agent.87,88 Accordingly, we decided to incorporate this 
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particular functionality instead of the guanidinium group as a structural modification 

aiming at investigate the requirements for a better binding.  

Hence, compound 70 was synthesised to prove the chemical requirement of the 

positively charged guanidinium moiety to exert its biochemical activity at the protein 

binding site. The sulfonamide moiety mimics the guanidinum in terms of geometry, but 

it differs in terms of position of the HBs donors/acceptors and in the charge (Figure 

4.4.5.). 

 

 

Figure 4.4.5. Structural comparison of guanidinium and sulfonamide moieties. 

 

The most typical method for the preparation of sulfonamides, involves the sulfonation 

of alcohols and amines, in a basic environment like pyridine or trimethylamine.89 Other 

typical and recent approaches involve their synthesis directly from sulfonic acids, or 

their sodium salts, under microwave irradiation and through their chloride 

intermediates.90 Direct oxidation of thiol derivatives under combination of H2O2/SOCl2 

also affords a sulfonyl chloride that yields the corresponding sulfonamide upon reaction 

with amines.91 Hydrolysis of chlorosulfonyl isocyanate to give sulfamoyl chloride is 

also an alternative often used in the literature for a sulfonamide bond-forming 

reaction.92,93 Formic acid is used in this case as a gentler reagent for the formation of 

sulfamoyl chloride, given the high reactivity towards water of chlorosulfonyl 

isocyanate. 

Following the last method mentioned, amine 48 was treated with sulfonamide chloride 

103, previously prepared from chlorosulfonyl isocyanate 10492,93 and formic acid, to 

afford compound 70 in good yield (Scheme 4.4.12.). 
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Scheme 4.4.12. 

 

The hydrochloride salt of this compound was not prepared because the electronic 

properties of the sulfonamide moiety do not allow the hosting of a positive charge. 

 

 

4.5. Conclusions 

This chapter presents the synthetic strategies explored in the preparation of novel types 

of potential PKI structurally related to the 3,4’-bis-guanidino phenoxybenzene lead 

compound 1. Based on our previous studies we designed and synthesized new 

compounds by systematically changing the three different moieties identified aiming to 

probe the different target binding sites. 

In order to prepare 3,4’-bis-guanidino phenoxybenzene derivatives 2-8, the appropriate 

Boc-protected amines were synthesised, starting from the commercially available 3-(4-

aminophenoxy)aniline 19 and the in-house prepared N,N’-di-Boc-protected thiourea 9, 

following the Kim and Qian’s procedure that has been further developed by Rozas’ 

group involving the use of HgCl2 and trimethylamine. Substituted thioureas 11-16 

carrying the lipophilic moiety, which consists of phenyl rings differently substituted by 

halogens or trifluoromethyl, were prepared according the well-established procedure 

developed in Rozas’ group and involving NaH/TFAA. Next, these thioureas were 
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reacted with the corresponding mono-guanidine diaromatic systems 17 and 18 to obtain 

Boc-protected compounds 20-24, which were substituted at the 3 position of 3-(4-

aminophenoxy)aniline, and Boc-protected compounds 25-26 substituted at the 4’ 

position of 3-(4-aminophenoxy)aniline, for the sake of comparison. 

Similarly preparation of 3,4’-bis-guanidino phenyloxypyridines 61-65 involved the 

synthesis of starting amine 71, reaction with substituted thioureas 11-16 at its position 

3, followed by the guanidylation at position 2 of the pyridine ring of compound 71. 

Then, 3-amino-4’-guanidino phenyloxybenzenes 27-30 and 3-amido-4’-guanidino 

phenyloxybenzenes 32-33 were synthesised to investigate the combination of changing 

the lipophilic moiety with a different link instead of the guanidinium at the 3 position of 

lead compound 1. 

Synthesis of 3-amino-4’-guanidino phenyloxybenzenes 27-30 required first the 

synthesis of starting aromatic amine 34 to then perform a selective Buchwald-Hartwig 

reaction to obtain derivatives 37-40. Alternatively, synthesis of compound 41 required 

starting with compound 44 carrying the bromine source and prepared by a SNAr 

reaction between 3-bromo-5-fluorophenol 43 and 1-fluoro-4-nitrobenzene 36. Using the 

same conditions as the previously described Buchwald-Hartwig coupling with the 

commercially available 4-chloro-3-trifluormethyl-amine 45 afforded named compound 

41. Nitro intermediates 37-41 were subjected to nitro-group reduction to obtain the free 

amino derivatives 46-50 that were guanidylated using N,N’-bis-(tert-butoxycarbonyl)-

S-methylisothiourea 51 to obtain final Boc-protected compounds 52-56. 

Similar conditions were used for the preparation of compound 66 where the presence of 

the pyridine required starting from the 5-bromo-2-nitropyridine 72 and 3-aminophenol 

35 and slightly different conditions for the following Buchwald-Hartwig coupling.  

Synthesis of 3-amido-4’-guanidino phenyloxybenzenes 32 and 33 required the 

conversion of benzoic acids 57 and 58 to the corresponding acid chlorides by reaction 

with oxalyl chloride, followed by reaction with previously synthesized Boc-protected 

aniline 17 to afford final Boc-protected derivatives 59 and 60. 

In the same way, the synthesis of isouronium derivatives 67-69 required the preliminary 

preparation of the conveniently functionalised iodo-phenol 92 that was converted in 

starting amine 93 using Ullmann coupling type conditions with CuI and picolinic acid. 



Chapter 4 – Chemical Synthesis 

 

137 

 

Compound 93 was then used as a starting point for the preparation of compound 94 

using usual HgCl2/trimethylamine conditions; in the case of compound 97 Buchwald-

Hartwig type conditions were used and for compound 100 proper functionalised acid 

chloride was chosen. Deprotection of the THP protecting group and further amidylation 

afforded final Boc-protected compounds 96, 99 and 102. 

For the synthesis of sulfonamide 70, amine 48 was treated with sulfonamide chloride 

103, previously prepared from chlorosulfonyl isocyanate 104 and formic acid. 

All final Boc-protected compounds were deprotected using HCl 4M/dioxane to obtain 

compounds 2-8, 27-31, 61-66, TFA/CH2Cl2 to obtain compound 67, and SnCl4 to 

obtain compounds 32-33 and 68-69. 

The purity of all of the final hydrochloride salts was determined by HPLC, where a 

minimum purity of 95% was required before proceeding to biological testing.  
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Chapter 5 – Biochemical evaluation 

and Physicochemical Properties 

 

5.1. Introduction 

Previous research in the Rozas’ group found that lead compound 1 has a broad 

spectrum of inhibition of kinases downstream of EGFR (Src, Akt, B-Raf, MEK, ERK). 

Like sorafenib, compound 1 (20 µM) is capable of inhibiting B-Raf in an in vitro assay 

towards a MEK-1 substrate peptide. Moreover, a LanthaScreen assay suggested that 

compound 1, unlike sorafenib could inhibit B-Raf through a type III allosteric 

mechanism, a hypothesis that was supported by docking studies.1,2 Previous studies 

show how compound 1 has an IC50 value of around 10 μM in the HL-60 cancer cell line 

which is a good starting point for a preclinical hit compound, but that still requires 

improvement in order to obtain more potent and active derivatives. Moreover, its 

spectrum of biochemical activity requires further elucidation to unmistakably identify 

the biological target and clearly define its mode of action. 

This chapter describes the biochemical study of the synthesised derivatives of lead 

compound 1 in a wide range of cancer cell lines with the aim of improving the IC50 

values and defining the biochemical pathways by which these compounds execute their 

activity. Hence, in collaboration with Prof. Daniela Zisterer at the School of 

Biochemistry and Immunology at Trinity College Dublin, we have conducted 

cytotoxicity experiments of the novel synthesised compounds and we have studied their 

profile investigating the molecular mechanism(s) underlying this inhibitory activity. 

 

 

5.2. Cytotoxicity Evaluation of the Novel Compounds 

In vitro cell studies are particularly useful to screen large series of compounds in a fast 

and easily accessible way. Thus, in this project cell viability assays were used to 
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evaluate the cytotoxicity of all synthesised compounds in a range of different cancer 

cell lines that comprise both haematological and solid tumours types. Therefore, we 

have used the HL-60 cell line (human promyelocytic leukemia cells) as the starting 

point for the screening of all compounds. We were then able to deduce a provisional 

structure-activity relationship (SAR) that allowed us to define the structural 

requirements for improved binding at the active site. The most successful derivatives 

were further studied in vitro in MCF-7 (breast cancer), HeLa (cervical tumour), 

HCT116 and HKH-2 (colorectal) as well as NCI-H929 and U266B1 (multiple 

myeloma) cancer cell lines. The most promising compound was also chosen for 

apoptotic evaluation and its toxicity against MCF-10A (non-tumorigenic epithelial cell 

line) and human platelets was also studied. 

There are various methods for the evaluation of cell viability like plasma membrane 

integrity, DNA synthesis, DNA content, enzyme activity, presence of ATP and cellular 

reducing condition.3 For the purposes of this project, we have chosen the alamarBlue® 

assay that uses  the reducing power of living cells to quantitatively measure the 

proliferation of human and animal cells after treatment with different concentrations of 

a particular drug. Resazurin, the active component of alamarBlue® reagent, is a non-

toxic, cell permeable compound that is blue in colour and virtually non-fluorescent. 

When cells are alive they maintain a reducing environment within the cytosol of the 

cell and, thus, upon entering cells, resazurin is reduced to resorufin, a red and highly 

fluorescent compound. Viable cells continuously convert resazurin to resorufin, 

increasing the overall fluorescence that is then read on a spectrophotometer (Figure 

5.2.1).4 

 

Figure 5.2.1. Resazurin, the active component of alamarBlue® reagent is reduced to the 

highly fluorescent resorufin. 
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5.2.1. Evaluation of the Cytotoxicity of Compounds in the HL-60 Cell Line 

The HL-60 cell line is a human caucasian promyelocytic leukaemia. Peripheral blood 

leukocytes were first obtained by leukopheresis from a 36-year-old Caucasian female 

with acute promyelocytic leukemia.5 HL-60 cells grow in suspension culture with a 

doubling time that can vary from 20 h to 45 h, depending on the subline. This 

characteristic makes them very easy to handle and a robust cell line to use for 

cytotoxicity studies.6  All sublines display a myeloblastic/promyelocytic easy to 

recognise morphology: large, blast-like cells with characteristic large, rounded nuclei 

containing 2-4 distinct nucleoli (Figure 5.2.2).6 

 

 Figure 5.2.2. Morphology of HL-60 cancer cell line at low (left) and high (right) 

density.5 

 

For these reasons, the Rozas’ group has previously chosen them for a first general 

screen of the compounds synthesised allowing comparison of different families to 

identify active structural features and for the selection of derivatives to be evaluated in 

more resistant cancer cell lines.2 Accordingly, we investigated the cytotoxicity of all the 

new compounds prepared and described in Chapter 4 (Figure 5.2.3) using the 

alamarBlue® viability assay with HL-60 cancer cells (see Experimental section for more 

details) and the results are reported in Table 5.2.1. 
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Figure 5.2.3. Structure of lead 1 and of the derivatives used for the HL-60 cancer cell 

viability study. The discussion in the text follows the legend names displayed in 

compound 1.  
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Table 5.2.1.  The effect of compounds 2-8, 27-33, 61-70, lead compound 1 and 

sorafenib on the alamarBlue® assay for the HL-60 cell line. 

 

Compound HL-60 IC50 ±  

SEM μM (72 h) 

Compound HL-60 IC50 ±  

SEM μM (72 h) 

Sorafenib 2.53 ± 0.68 32 26.70 ±0.35 

1 9.72 ± 0.9 33 26.70 ±0.12 

2 >100 61 11.61 ±0.27 

3 >100 62 8.33 ± 0.32 

4 8.63 ± 0.51 63 9.37 ± 0.54 

5 15.26 ±1.98 64 1.53 ± 0.23 

6 2.07 ± 0.33 65 2.36 ± 0.14 

7 8.85 ± 0.55 66 3.48 ± 0.28 

8 10.99 ±0.64 67 5.49 ±0.10 

27 7.50 ± 0.05 68 4.22 ± 0.04 

28 3.08 ± 0.15 69 35.60 ±1.1 

29 4.64 ± 0.83 70 9.14 ± 0.69 

30 3.23 ± 0.36   

31 4.07 ±  0.10   

Note: Cells were seeded at a density of 2 × 105 cells/ mL in a 96-well plate and treated with different 

concentrations of the compounds dissolved in EtOH or DMSO (1% v/v and 0.1% v/v, respectively). 

Sorafenib was used as a reference and tested in the same manner. Once treated, cells were incubated for 

72 hours at 37 °C after which they were treated with alamarBlue® and left in darkness in an incubator for 

5 h. The resulting fluorescence was read using a plate reader from which percentage viability was 

calculated. IC50 values were calculated using Prism GraphPad Prism software from at least three 

independent experiments performed in triplicate. 

 

The results obtained for the 3,4’-bis-guanidine phenyloxybenzene derivatives 2-8 are, 

in general, better than those obtained for the previously tested compound 1.2 Despite 

that, compounds 2 and 3, which are substituted with 3- and 3-,4- fluorine groups, 

respectively, give IC50 values above 100 μM probably as a consequence of the small 

size of the fluorine atoms. This drop in activity compared to compound 1 is a clear 

indication of the importance of the bulky and lipophilic substituent on the phenyl ring. 

The 2-fluoro-4-iodo phenyl hydrophobic moiety (aryl ring A) is present in the orally 

bioavailable, synthetic organic molecule PD325901 targeting mitogen-activated protein 

kinase MEK kinase with potential antineoplastic activity.7 The presence of such 
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hydrophobic moiety in our derivative 4 maintains a good IC50 value (8.63 μM) 

compared to compound 1, but it did not result in any dramatic increase of activity. 

Substitution of the 4-chloro presents in lead compound 1 with a 4-bromine as in 

compound 6, gave a four-fold increase in activity, suggesting the important role played 

by the halogen in the para position of the phenyl ring at the hydrophobic moiety (aryl 

ring A). Hypothetically, the presence of a halogen-bond between such halogen and a 

Lewis base in the protein binding site could explain the improvement in activity of 

compound 6. Similarly, compound 5 has a drop in activity because of the absence of the 

3-trifluoromethyl substituent; this is an indication that a bigger and more polarized 

halogen atom as bromine in position 4 can result in a beneficial increment in activity 

only when accompanied by a bulky lipophilic substituent at position 3 as 

trifluoromethyl.  

As anticipated in the Introduction chapter (section 1.5. 1.5. Previous Work Leading Up 

to the Present Research), when the guanidinium at the meta position is also substituted 

with the 3-trifluoromethyl-4-chloro phenyl moiety, the activity of the drug improves. 

Hence, and for the sake of comparison, we have prepared compounds 7 and 8 that are 

the equivalents of compounds 4 and 6 but substituted at the guanidinium in the para 

instead of the meta position. Biochemical results show that compound 7 maintains the 

same IC50 of around 8 μM as compound 4; however, compound 8 has a drop in activity 

compared to related compound 6.  

Compound 28 represents the shorter version of compound 1, with an -NH- link instead 

of a guanidinium at the meta position and this shorter derivative showed increased 

cytotoxicity with an IC50 value of 3.08 μM. Similar to what was observed for the 3,4’-

bis-guanidine phenyloxybenzene derivatives, removal of the 3-trifluoromethyl 

substituent in aryl ring A caused a drop in activity in the shorter analogue 27 (7.50 

μM). Interestingly, removal of the halogen at the 4 position did not affect the IC50 value 

of compounds 29 (4.64 μM) and 30 (3.23 μM) compared to the lead analogue 28. This 

could be explained by the compensation of hydrophobicity and bulky lipophilic 

substituents when going from trifluoromethyl (-CF3) to bulkier pentafluorosulphanyl (-

SF5) substitution. 

When the meta guanidinium was replaced with an amide link, the hydrophobic moiety 

(aryl ring A) is forced to a different position compared to lead compound 1. Such a 
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change causes a drop in activity as demonstrated for the larger IC50 value of 26.70 μM 

obtained for both compounds 32 and 33.  Their similar IC50 values, despite their 

different substitution pattern, is a sign of a completely different orientation of aryl ring 

A, and hence, the ideal substitution patterns described so far are not relevant. 

The 3,4’-bis-guanidine phenyloxypyridines 61-66 show, overall, better HL-60 

cytotoxicity than the previously discussed compounds. Compound 65, with a pyridine 

instead of a benzene, as in lead compound 1 (ring C), has an IC50 value of 2.36 μM, 

what represents a five-fold increment compared to compound 1. Similarly, compound 

64 with a 4-bromine instead of the 4-chlorine of compound 65, shows a very good IC50 

of 1.53 μM. Surprisingly, the introduction of a pyridinoguanidinium system as in 

compound 61 (11.61 μM) results in a decrease of the IC50 values of an inactive 

compounds such as 3 (>100 μM). Even though this is not the best compound of the 

series, it is a clear indication of the importance of the pyridinoguanidinium system to 

improve cytotoxic activity. 

Interestingly compound 66, which includes both a shorter –NH- link and the 

pyiridinoguanidinium moiety has a low IC50 value of 3.48 μM. 

Compounds 67 and 68, where an isouronium has been introduced instead of the para 

guanidinium, show similar cell viability as the guanidinium leads 1 and 28 with an IC50 

of 5.49 and 4.22 µM, respectively. Isouronium derivative 69, which is a shorter 

analogue of the lead 1 by means of the amide link, has a drop in activity compared to 1 

showing very similar activity to the also short amide compounds 32 and 33. From these 

results we can deduce that the isouronium moiety has a similar behaviour to the 

guanidium one, with slightly better IC50 values. 

Finally, compound 70, where the para guanidinium is replaced by a sulfamide, shows a 

drop in activity to 9.14 μM, indicating the importance of the guanidinium or 

isouronium positive charge for  better cytotoxic activity.  

Sorafenib was used as a positive control in the alamarBlue® viability assay and as 

expected from previous literature,2 showed a low IC50 of 2.53 μM in HL-60; however, 

it was encouraging to see that some of our compounds have better IC50 values than lead 

compound 1 and very similar or better than sorafenib, a compound that has been 

through several structural optimisations during development. 
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A graph representing the viability results of a translational comparison between 

compound 1 and its most similar derivatives is shown in Figure 5.2.4. 
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Figure 5.2.4. Compounds 66, 33, 28, 67, 70, 65, lead compound 1 and sorafenib reduce 

the viability of HL-60 cell line in a dose-dependent manner (same experimental details 

as described in legend from Table 5.2.1). 

 

Furthermore, several SAR conclusions can be drawn from these cytotoxicity results and 

a graphical summary is reported in Figure 5.2.5. 
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Figure 5.2.5. Structure Activity Relationship (SAR) deduced from the analysis of the 

HL-60 cytotoxicity results. 

As represented in Figure 5.2.5: (i) the hydrophobic moiety (aryl ring A) present in lead 

compound 1 is necessary for the activity of new molecules. Particularly, bulky and 

lipophilic substituents improve the cytotoxicity of the compounds and I- or Br- 

substitution at the 4 position of ring A are better for the activity than Cl- substitution. 

This pattern of substitution has to coexist with a substituent at the 3 position of aryl ring 

A to maintain its efficacy. Particularly, the bulkier pentafluorosulphanyl group seems to 

increase the cytotoxic effect of the substituted derivatives.  

(ii) The substitution of the meta guanidinium present in lead compound 1 with a shorter 

NH link results in compounds with better cytotoxicity. On the other side, amide 

substitution causes loss of activity.  

(iii) A para guanidinium group as in lead compound 1 still results in the best cytotoxic 

derivatives, with similar results achieved for para isouronium derivatives. Moreover, 

insertion of a pyridine at aromatic ring C that helps to form an IMHB with the 

guanidinium cation, seems to affect positively the cytotoxicity potential of the 

synthesised derivatives. 

 

5.2.2. Evaluation of the Cytotoxicity of Selected Compounds in the MCF-7 Cell 

Line 

The MCF-7 (Michigan Cancer Foundation) cancer cell line was originally derived from 

a pleural effusion of a 69-year old patient with metastatic breast cancer.8 As previously 

described in the Introduction section, breast cancer has a major impact on the health of 

the population and its characteristics require further research in order to define its 

biochemical profile. The MCF-7 (Figure 5.2.6) line retains several characteristics of 

differentiated mammary epithelium including ability to process estradiol via 

cytoplasmic estrogen receptors.5 For this reason the MCF-7 cell line has been widely 

used as an in vitro model of breast cancer and is useful for the study of tumour response 

to endocrine therapy. 

 



Chapter 5 – Biochemical evaluation and Physicochemical Properties 

 

152 

 

 

Figure 5.2.6. Morphology of MCF-7 cancer cell line at low (left) and high (right) 

density.5 

 

Given the demonstrated cytotoxic effects of previously synthesised compounds in the 

Rozas’ group against the MCF-7 cancer cell line,2 we decided to investigate the effect 

of some of our most potent and significantly diverse compounds, in the MCF-7 cell 

line. Table 5.2.2 shows the compounds chosen for testing as well as the alamarBlue® 

viability assay results in terms of IC50. 
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Table 5.2.2. The effect of compounds 67, 28, 68, 65, 66, 33, 69, lead compound 1 and 

sorafenib on the alamarBlue® assay for the MCF-7 cell line. 

 

 

Compound MCF-7 IC50 ±  

SEM μM (72 h) 

Sorafenib 3.07 ±0.10 

1 9.30 ± 1.87 

28 2.02 ±0.27 

33 20.75 ±2.3 

65 4.91 ± 1.04 

66 3.73 ±0.35 

67 4.68 ±0.20 

68 7.32 ± 0.35 

69 28.72 ±1.40 

Note: Cells were seeded at a density of 25 × 103 cells/mL in a 96-well plate and treated with different 

concentrations of the compounds dissolved in EtOH or DMSO (1% v/v and 0.1% v/v, respectively). 

Sorafenib was used as a reference and tested in the same manner. Once treated, cells were incubated for 

72 hours at 37 °C after which they were treated with alamarBlue® and left in darkness in an incubator for 

5 h. The resulting fluorescence was read using a plate reader from which percentage viability was 

calculated. IC50 values were calculated using Prism GraphPad Prism software from at least three 

independent experiments performed in triplicate. 
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The IC50 values obtained for the chosen compounds were very satisfactory as they were 

all in the low μM range, and, with few exceptions, highly resembled the results 

obtained for the HL-60 cell line. Compounds 28 and 66 with IC50 = 2.02 and 3.73, 

respectively, are still the best compared to compound 1, which maintains its IC50 at 

around 9.30 μM. The pyridine ring present in compounds 66 and 65 (4.91 μM), still 

appears responsible for a gain in activity compared to compound 1, even though if less 

accentuated than in the HL-60 cell line. Likewise, the isouronium derivative 67 

maintains a similar IC50 of 4.68 μM. Instead, the isouronium version of compound 28, 

compound 68, has a larger IC50 of 7.32 μM than the previous value for HL-60 (4.22 

μM). As previously described for the HL-60 assays, the amide linked compounds 33 

and 69 show large  IC50 values of 20.75 and 28.72 μM, respectively. 

A graph representing the viability results of a translational comparison between 

compound 1 and its most similar derivatives is shown in Figure 5.2.7. 

MCF-7

-1 0 1 2 3

0

20

40

60

80

100

120

Sorafenib

28
1

66

65

67

33

Log. of  Conc. [µM]

%
 C

e
ll

 V
ia

b
il

it
y

 

Figure 5.2.7. Compounds 28, 66, 65, 67, 33, lead compound 1 and sorafenib reduce the 

viability of MCF-7 cell line in a dose-dependent manner (same experimental details as 

described in legend from Table 5.2.2). 
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5.2.3. Evaluation of the Cytotoxicity of Selected Compounds in the HeLa Cell Line 

To further explore the biological profile of some chosen compounds, we decided to 

determine their cytotoxic effect in HeLa cell line. The HeLa (Henrietta Lacks) cell line 

is a cancer cell line derived from cervical cancer cells of Henrietta Lacks, a patient who 

died of her cancer on 1951.9 As for the MCF-7, the HeLa line is an adherent type of 

cancer cells (Figure 5.2.8), is the first immortal cell line used in scientific research and 

it was found to be remarkably durable and prolific which explains its extensive use in 

scientific research. 

 

Figure 5.2.8. Morphology of HeLa cancer cell line at low (left) and high (right) 

density.5 

 

The cytotoxicity of sorafenib had been determined previously in several publications 

using the HeLa cancer cell line.10 Thus, we have used sorafenib as a positive control, 

and evaluated the cytotoxicity of compounds 28, 33, 65, 66, 67, 69 and lead compound 

1 using the alamarBlue® viability assay and the results are reported in Table 5.2.3.  
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Table 5.2.3. The effect of compounds 28, 33, 65, 66, 67, 69, lead compound 1 and 

sorafenib on the alamarBlue® assay for HeLa cell line. 

 

 

Compound HeLa IC50 ±  

SEM μM (72 h) 

 

Sorafenib 4.59 ± 0.45 

1 9.48 ± 0.16 

28 4.33 ± 0.54 

33 11.28 ±0.40 

65 4.87 ± 0.27 

66 1.33 ± 0.08 

67 3.35 ±0.30 

69 83.57 ±8.3 

Note: Cells were seeded at a density of 25 × 103 cells/ mL in a 96-well plate and treated with different 

concentrations of the compounds dissolved in EtOH or DMSO (1% v/v and 0.1% v/v, respectively). 

Sorafenib was used as a reference and tested in the same manner. Once treated, cells were incubated for 

72 hours at 37 °C after which they were treated with alamarBlue® and left in darkness in an incubator for 

5 h. The resulting fluorescence was read using a plate reader from which percentage viability was 

calculated. IC50 values were calculated using Prism GraphPad Prism software from at least three 

independent experiments performed in triplicate. 

 

Analysis of the above results demonstrated that compound 66 distinguished itself from 

the others as having the lowest IC50 value of 1.33 μM. The rest of the compounds 

maintained similar IC50 values as those shown with HL-60 and MCF-7 cell lines, with 

the exception of compound 69 that loses its activity in HeLa cells with an IC50 of above 

80 μM and a cell viability of slightly below 40 μM even at 100 μM concentration. The 

dose-response curves of the compounds in HeLa cell line are illustrated in Figure 5.2.9. 
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Figure 5.2.9. Compounds 65, 28, 66, 67, 33, 69, lead compound 1 and sorafenib reduce 

the viability of HeLa cell line in a dose-dependent manner (same experimental details 

as described in legend from Table 5.2.3). 

 

5.2.4. Evaluation of the Cytotoxicity of Selected Compounds in the HKH-2 and 

HCT116 Cell Lines 

Given the demonstrated cytotoxic effects of previously synthesised compounds in the 

Rozas’ group against the RKO colorectal cancer cell line,2 we decided to investigate the 

effect of compounds 28, 65, 66, lead compound 1 and sorafenib in the HCT116 and 

HKH-2 cell lines, which are two different types of colorectal cancer (CRC). HCT116 

cell line derives from a 48-year old male suffering from colorectal carcinoma 

originating in the ascending colon .11 HCT116 is an adherent KRAS-G13D mutant 

cancer cell line and HKH-2 is its isogenic form with no KRAS-G13D mutantion (Figure 

5.2.10). 
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Figure 5.2.10. Morphology of HCT116 cancer cell line at low (left) and high (right) 

density.5 

 

The three RAS genes (HRAS, NRAS and KRAS) constitute the most frequently mutated 

oncogene family in human cancers and generally RAS mutations are genetic events that 

occur early in tumour progression, defining the biology of the tumour.12 In particular 

KRAS mutation is the dominant mutation in both colorectal adenocarcinoma (44.7%) 

and pancreatic ductal adenocarcinoma (97.7%).12  

As previously described in the Introduction, sorafenib was originally developed as an 

inhibitor of the Ras effector Raf, and there are studies that show how Sorafenib 

enhances the therapeutic efficacy of rapamycin in colorectal cancers harbouring 

oncogenic KRAS and PIK3CA.13 Moreover the combination of Sorafenib with 

radiation14,15 or with 5-fluorouracil/leucovorin16 has demonstrated efficacy in solid 

tumours like CRC. Paradoxical activation of Ras effectors’ pathway is very common 

when RAF inhibitors are evaluated in Ras-mutant cancer cells, but progress has been 

made recently on the development of small molecules that directly target RAS and 

decrease the viability of the KRAS-G13D mutant cancer cell line HCT116.17 Table 5.2.4 

shows the compounds chosen for testing and alamarBlue® viability assay results on 

such cell line. 
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Table 5.2.4. The effect of compounds 28, 65, 66, lead compound 1 and sorafenib on the 

alamarBlue® assay for HCT116 and HKH2 cell lines. 

 

 

Compound HCT116 IC50 ±  

SEM μM (72 h) 

 

HKH-2 IC50 ±  

SEM μM (72 h) 

Sorafenib 6.79 ± 0.18 4.43 ± 0.39 

1 9.96 ± 0.60 19.18 ± 0.84 

28 15.88 ± 2.73 10.34 ± 0.74 

65 7.29 ± 0.53 8.09 ± 0.78 

66 4.59 ± 0.40 2.88 ± 0.15 

Note: Cells were seeded at a density of 1 × 105 cells/ mL in a 96-well plate and treated with different 

concentrations of the compounds dissolved in EtOH (1% v/v). Sorafenib was used as a reference and 

tested in the same manner. Once treated, cells were incubated for 72 hours at 37 °C after which they were 

treated with alamarBlue® and left in darkness in an incubator for 5 h. The resulting fluorescence was read 

using a plate reader from which percentage viability was calculated. IC50 values were calculated using 

Prism GraphPad Prism software from at least three independent experiments performed in triplicate. 

 

The results in Table 5.2.4 show that lead compound 1 has more potency in the HCT116 

KRAS mutated cancer cell line (IC50 = 9.96 μM) than in HKH-2 isogenic form (IC50 = 

19.18 μM). Remarkably, its cytotoxic effect is similar to that of sorafenib in HCT116 

(6.79 μM), but not in HKH-2, where sorfanib has a much lower IC50 of 4.43 μM. 

Similar activity in both cell lines is reached with compound 65 (around 7-8 μM) and 

compound 66 revealed to be the best one of the series with IC50 of 4.59 μM in HCT116 

and 2.88 μM in HKH-2. Interestingly, compound 28, with a benzene instead of the 

pyridine of compounds 65 and 66, loses activity with an IC50 of 15.88 μM in HCT116 

and 10.34 μM in HKH-2. 

The dose-response curves of compounds in both HCT116 and HKH-2 cell lines are 

illustrated in Figure 5.2.11 where the good activity of compound 66 (red curve) is 

clearly showed.  



Chapter 5 – Biochemical evaluation and Physicochemical Properties 

 

160 

 

HCT116

-1 0 1 2 3

0

20

40

60

80

100

120
66

28

Sorafenib

1

65

Log. of  Conc. [µM]

%
 C

e
ll

 V
ia

b
il

it
y

 

HKH2

-1 0 1 2 3

0

20

40

60

80

100

120
Sorafenib

28

66

1

65

Log. of  Conc. [µM]

%
 C

e
ll

 V
ia

b
il

it
y

 

Figure 5.2.11. Compounds 28, 65, 66, lead compound 1 and sorafenib reduce the 

viability of HCT116 (above) and HKH2 (below) cell lines in a dose-dependent manner 

(same experimental details as described in legend from Table 5.2.4). 
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5.2.5. Evaluation of the Cytotoxicity of Compounds 1 and 66 in the NCI-H929 and 

U266B1 Cell Line  

Following the exciting results for the inhibition of HCT116 and HKH-2 CRC cell lines 

and in collaboration with Prof. Daniela Zisterer at the School of Biochemistry and 

Immunology and Prof. Tony McElligott at the School of |Medicine Trinity College 

Dublin, we continued the investigation of compound 66 and lead compound 1 in NCI-

H929 and U266B1 cancer cell lines. NCI-H929 is a suspension cell line derived from 

bone marrow of type B lymphocytes that was established from a malignant effusion in 

a Caucasian female 62 years-old patient with myeloma (Figure 5.2.12).5 NCI-H929 also 

has an activated Ras allele.5 

 

 

Figure 5.2.12. Morphology of NCI-H929 cancer cell line at low (left) and high (right) 

density.5 

 

U266B1 is also a suspension cell line derived from peripheral blood of type B 

lymphocytes that was established from a malignant effusion in a 53 years-old male 

patient with myeloma (Figure 5.2.13)5 
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Figure 5.2.13. Morphology of U266B1 cancer cell line at low (left) and high (right) 

density. 

 

Multiple myeloma (MM) is a haematological neoplastic plasma-cell disorder that is 

characterised by malignant proliferation of plasma cells in the bone marrow 

microenvironment.18 MM is an extremely genetically complex cancer type and there 

are a lot of subsequent mutations that contribute to disease aggression and 

progression.19 Multiple myeloma is the third type of cancer for which KRAS mutations 

account for the 22.8%12 and   NRAS and BRAF mutations are detectable in up to 50% of 

newly diagnosed MM patients.20 As a consequence, the Ras effector pathways Ras-

RAF-MEK-ERK21 and the PI3K-mTOR-Akt22 pathways are frequently activated in 

MM through Ras mutations. Many of the survival factors that contribute to MM 

progression and resistance are downstream of key signalling molecules and also involve  

the NF-kB23 and the JAK-STAT24 pathways. 

Over the past decade, the use of targeted therapy alone or in combination with 

proteasome inhibitors (e.g. bortezomib, carfilzomib), immunomodulatory drugs (e.g. 

lenalidomide, thalidomide, pomalidomide) and corticosteroids (e.g. prednisone and 

dexamethasone) have improved the outcomes for patients with MM, but more targeted 

and specific therapies still need to be developed.25,26 In 2015, panobinostat (pan-histone 

deacetylase inhibitor) and mono-clonal antibodies have been approved for the treatment 

of MM.26 Sorafenib has shown anti-myeloma activity in both in vitro and in vivo model 

systems and is being investigated in combination with current MM therapies in 

preliminary studies.27 



Chapter 5 – Biochemical evaluation and Physicochemical Properties 

 

163 

 

Data in Table 5.2.5 show the alamarBlue® viability assay results for compounds 1 and 

66. This particular study was carried out by PhD student Rebecca Amet, in Prof. 

Daniela Zisterers’ group at TCD. 

 

Table 5.2.5. The effect of compounds 1 and 66 on the alamarBlue® assay for NCI-

H929 and U266B1 cell lines. 

 

 

Compound NCI-H929 IC50 ±  

SEM μM (72 h) 

 

U266B1 IC50 ±  

SEM μM (72 h) 

1 4.85 ± 0.29 20.50 ± 3.33 

66 3.04 ± 0.23 5.01 ± 0.36 

Note: Cells were seeded at a density of 2.5 × 105 cells/mL in a 96-well plate and treated with different 

concentrations of the compounds dissolved in EtOH (1% v/v). Once treated, cells were incubated for 72 

hours at 37 °C after which they were treated with alamarBlue® and left in darkness in an incubator for 5 

h. The resulting fluorescence was read using a plate reader from which percentage viability was 

calculated. IC50 values were calculated using Prism GraphPad Prism software from at least three 

independent experiments performed in triplicate. 

 

Both compounds 1 and 66 showed  good activity of 3-4 μM in the NCI-H929 cell line. 

Surprisingly, in the U266B1 cell line compound 1 lost efficacy with an IC50 value of 

20.50 μM; however compound 66 maintained an IC50 value of 5.01 μM as in previously 

discussed cell lines. 

The dose-response curves of compounds in both NCI-H929 and U266B1 cell lines are 

illustrated in Figure 5.2.14 where the increased activity of compound 66 (red curve) 

compared to lead compound 1 is clearly showed. 
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Figure 5.2.14. Compound 66 and lead compound 1 reduce the viability of NIC-H929 

(above) and U266B1 (below) cell lines in a dose-dependent manner (same experimental 

details as described in legend from Table 5.2.5). 
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5.2.6. Flow cytometry  

Flow cytometry is a technology that can quantitatively analyse physical and chemical 

characteristics of single cells and is being employed at all stages of the drug 

development process.28 Current flow cytometers are rapid, use multiple lasers and can 

detect many different fluorochrome tags. Stained cells in suspension pass through a 

sheath fluid and they are hit by laser light sources of different choices, fluorescence is 

then emitted from stained cells, detected and analysed by a connected computer. This 

detection system measures cell size (forward scatter), cell complexity/granularity (side 

scatter) and fluorescence.28 A variety of flow cytometric methods to analyse the cell 

cycle progression have been developed. Fluorescent stains such as propidium iodide are 

used to distinguished the cell cycle stage of a certain sample by quantitation of DNA 

content in a stoichiometric way, i.e. they bind in proportion to the amount of DNA 

present in the cell.  

A cell cycle profile is a histogram representation of the distribution of DNA content of 

individual cells in a growing cell population. Figure 5.2.15 shows a typical cell cycle 

(left) and the related major subpopulations found in a standard DNA profile determined 

by the DNA content (right). 

 

 

Figure 5.2.15.  Cell-cycle representation (left) and DNA content found in each cell-

cycle phase (right).29 
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The pink peak in Figure 5.2.15 represents cells at rest (G0 phase) and/or cells preparing 

to engage in division (G1 phase), both of which have the same DNA content (2N, where 

N represents the haploid chromosome number). The second population (yellow peak, S 

phase) represents cells that have engaged in DNA replication and thus have a higher 

DNA content than the G0/G1 peak (higher than 2N and lower than 4N). Finally, the 

third population includes cells that have doubled the DNA content but not engaged in 

mitosis (4N, green peak, G2 phase) and cells already engaged in the preliminary steps 

of mitosis (4N, green peak, M phase). The group of cells in Figure 5.2.15 identified 

with a blue peak (Sub-G1) are the apoptotic cells, with a DNA content lower than 2N (< 

2N). 

Propidium iodide (PI) is a popular red-fluorescent nuclear and chromosome 

counterstain that intercalates between the double strand of DNA. As PI cannot pass the 

cellular membrane, it will only reach the DNA if the cellular membrane is damaged, as 

in dead or dying cells. When bound to nucleic acids, it works as a dye with distinctive 

excitation wavelengths of 536 and 617 nm.30 In addition, annexin V (AnV) is a cellular 

protein that binds to phosphatidylserine (PS), a phospholipid, which in normal viable 

cells, is located on the inner bilayer of the cell membrane. However, in the intermediate 

stages of apoptosis, PS is translocated from the inner to the outer leaflet of the 

membrane, exposing PS to the external cellular environment where it can be detected. 

Highly fluorescent AnV conjugates provide quick and reliable detection methods for 

studying the externalization of PS.30 

AnV staining combined with PI staining, allows quantitative data to be obtained on the 

level of apoptosis undergone in a cellular fraction: high levels of PI but low AnV 

indicates degraded and necrotic cells, low PI but high AnV indicates early apoptosis 

and high levels of both PI and AnV indicates late stage apoptosis. 

Thus, given its good activity across all the previously discussed cancer cell lines, 

compound 66 was chosen for flow cytometry studies to assess its apoptotic inducing 

ability. BD Accuri C6 software was used to carry out the AnV staining analysis in NCI-

H929 and U266B1 cell lines (multiple myeloma) after 24 h treatment with a range of 

concentrations (0.1 - 1 - 2.5 - 5- 7.5 - 10 μM) of compound 66 (see Experimental 

section for more details) and the results are reported in Figure 5.2.16 (above NCI-H929 
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and bottom U266B1). This particular study was carried out by PhD student Rebecca 

Amet, in Prof. Daniela Zisterers’ group at TCD. 
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Figure 5.2.16. Compounds 66 induces apoptosis in multiple myeloma cells. NCI-H929  

and U266B1 cells were seeded at 3 × 105  cells/mL in a total volume of 2 mL per well 

in a 12-well plate, untreated, treated with vehicle EtOH (0.5% v/v), or treated with a 

range of concentration of compound 66 (2.5 – 10 μM). Cells were incubated for 24 h at 

37 °C and 5% CO2. Samples were stained with AnV and PI, held on ice and in the dark, 

and analysed immediately. Data was gated to exclude cell debris and doublets. 10,000 

cells were analysed using BD Accuri C6 software through the 630/22 nm band pass 

filter. Graphs were prepared using GraphPad Prism. Data represent the mean ± SEM for 

three separate experiments. 
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The early apoptotic events increased in a concentration dependent manner after 

treatment of both NCI-H929 and U266B1 cell lines with compound 66 for 24 h as can 

be observed in Figure 5.2.16. In particular, for the NCI-H929 cell line, 7.5 μM seems to 

be the threshold where cell viability, early and late apoptosis meet. At a higher 

concentration of compound 66 (10 μM), the cell viability is highly reduced and the late 

apoptosis events overcome the early apoptosis ones, resulting in cell damage and cell 

death. In the case of the U266B1 cell line, at 10 μM the cell viability is only slightly 

reduced from 60% and the early apoptotic events prevail over the late apoptosis ones, 

indicating the need of a higher concentration of around 10 μM to induce apoptosis. 

AnV and PI staining analysis clearly indicated the ability of compound 66 to induce 

apoptotic cell death in NCI-H929 and U266 cancer cell lines at a concentration of 

around 8-10 μM after only 24 h. 

 

5.2.7. Effect of compound 66 on the expression levels of the anti-apoptotic MCL-1 

protein in NCI-H929 and U266 cancer cell lines 

Flow cytometry results reported in the previous section demonstrate the ability of 

compound 66 to induce apoptosis. To further examine the biological mechanism behind 

this event, western blots were performed to probe for the anti-apoptotic Myeloid cell 

leukemia-1 (Mcl-1) protein.  

As previously described in the Introduction section, Mcl-1 is a member of the Bcl-2 

family of proteins responsible for the regulation of programmed cell death.31 Mcl-1 is 

an anti-apoptotic protein that functions by sequestering pro-apoptotic proteins to 

prevent apoptosis; hence, drug-induced inhibition of the Mcl-1 protein levels is a sign 

of induced apoptosis.32 For example, sorafenib induces apoptosis in HL-60 cells by 

inhibiting STAT3 phosphorylation, and by decreasing the expression of the anti-

apoptotic proteins Mcl-1 and Bcl-2, (associated with increased apoptosis in HL-60 

cells).33  

The biochemical technique used to probe for Mcl-1 levels was western blotting, which 

is one of the most common methods for protein detection in molecular biology. 
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Western blotting uses the high affinity relationship between certain antigens expressed 

on the proteins of interest and commercially available primary antibodies to detect 

down-regulation or up-regulation of those proteins. It is a multistep process consisting 

of protein extraction, quantification, separation, western blot analysis and protein 

detection in a qualitative or semi-quantitative way (see Experimental section for 

details).  

Accordingly, NCI-H929 and U266B1 cancer cell lines were treated for 16 h with 10 

µM of compound 66 and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as loading control. Figure 5.2.17 shows how in both cell lines compound 66 

completely reduces the Mcl-1 protein levels, with  similar effects to sorafenib for NCI-

H929, but more effective than sorafenib in U266B1. 

 

 

Figure 5.2.17. Compound 66 dramatically reduces Mcl-1 expression as determined by 

western blotting. NCI-H929 and U266B1 cells were treated with either vehicle (0.5% 

EtOH), sorafenib (10 µM) or compound 66 (10µM) for 16 hours. Cells were lysed and 

20 µg protein was loaded and separated on 12% SDS-page gel. Membrane was probed 

with anti-Mcl-1 [1:1000] and anti-rabbit secondary antibody. Anti-GAPDH [1:2500] 

was used as a loading control. Results are representative of three separate experiments. 

 

These western blot results correlates with the ability of compound 66 to efficiently 

induce cell death through apoptosis after only 16 h of treatment. 

 

5.2.8. Thermal Shift analysis in B-RafV600E protein 

The thermal shift assay is a biophysical method used to assess inhibitor’s binding to 

protein. It operates on the principle that ligand binding alters thermal stability of 

proteins. A fluorescent dye based probe, which preferentially binds the hydrophobic 
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regions of a protein increasingly exposed during protein denaturation, is used. 

Fluorescent-based detection allows one  to monitor protein denaturation upon heating. 

A ligand bound to a protein, e.g. to its active site, has the propensity to increase its 

thermal stability (and hence its melting, Tm) through newly formed ligand-protein 

interactions.34-36 

In collaboration with Prof. Stefan Knapp at the University of Frankfurt, we employed a 

Tm shift assay to screen if lead compound 1 and chosen compounds 28 and 66 would 

bind to B-RafV600E (see Experimental Section for details). The results of the study are 

showed in Figure 5.2.18. 

 

Figure 5.2.18. Thermal shift analysis in B-RafV600E for lead compound 1 (blue curve) 

and compounds 28 (green curve) and 66 (red curve) indicating the corresponding 

protein-ligand Tm. Dabrafenib (purple curve) was used as a positive control. 

 

Surprisingly, none of the chosen inhibitors at a 20 μM concentration were shown to 

induce any melting temperature shift (Figure 5.2.18, green, red and blue curves) 

indicating no binding to the protein. Dabrafenib (commercially available inhibitor of B-

RafV600E) was used as a positive control at the same concentration (Figure 5.2.18, 

purple curve) and showed as expected a pronounced melting temperature shift (26 °C). 
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These results came as a surprise given the fact that previous studies found compound 1 

to inhibit B-Raf activity.1 The negative results may be due to the fact the B-Raf chosen 

for the thermal shift assay is a mutated-type and previous results were conducted in 

wild-type B-Raf. Moreover, our hypothesis is that our compounds act as type III 

allosteric inhibitors. In principle, even though Tm shifts are expected to detect all 

binders including those that bind to cavities other than the active site, this has yet to be 

further investigated,36 and this could be another reason for the negative results. 

 

5.2.9. Investigation of the Cytotoxicity of compounds 1 and 66 on Healthy Cells 

and Human Platelets 

Given the promising results for compound 66 as a potential anticancer agent and due to 

its higher cytotoxicity profile in cancer cell lines when compared to the lead compound 

1, the potential toxic effect of both compounds on a human breast epithelial cell line 

(MCF10A) and human platelets was also investigated. 

 

5.2.9.1. Evaluation of the Cytotoxicity of compound 66 in MCF10A Cell Line 

The MCF10A human mammary epithelial cell line is a widely used in vitro model to 

study normal breast cell function.37 Given the promising IC50 values in the low 

micromolar range that we obtained with compound 66 against MCF-7 breast cancer cell 

line, we tested the cytotoxicity of this compound in the corresponding ‘normal’ cell 

line, MCF10A. Different concentrations (100, 10 and 1 μM) of compound 66 were 

incubated for 24 h in a 96 well plate and then treated with alamarBlue®. Three 

experiments were performed in triplicate and average results are represented in Figure 

5.2.19;  due to lack of time, cell viability values and cytotoxicity percentage could not 

be properly determined, but, as shown in Figure 5.2.19, compound 66 only shows 

toxicity towards MCF10A at a high concentration of 100 μM (blue dye). At lower 

concentrations of 10 and 1 μM the compound does not appear to affect in any way cell 

viability (pink dye). This result is very promising and given that compound 66 has an 

IC50 value of 3.73 μM in the previously tested MCF-7 cancer cell line, there is a wide 

therapeutic window available for this compound at which it may cause antiproliferative 

effects in breast tumour cells without significant toxicity to non-tumorigenic cells. 
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Figure 5.2.19. A 96 well plate, where an increase of compound 

concentration/cytotoxicity is observed due to the colour change of the alamarBlue® dye 

(blue-pink). Cells were seeded at a density of 25 × 103 cells/mL in a 96-well plate and 

treated with different concentrations of the compounds dissolved in EtOH (1% v/v). 

Once treated, cells were incubated for 24 hours at 37 °C after which they were treated 

with alamarBlue® and left in darkness in an incubator for 5 h.  

 

5.2.9.2. Investigation of the Effect of compounds 1 and 66 on Platelet Function 

The effect of compounds 1 and 66 on human platelet cytotoxicity and aggregation was 

investigated in collaboration with Prof. Maria Santos-Martinez’s group from the School 

of Pharmacy & Pharmaceutical Sciences at Trinity College Dublin.  

The administration of drugs represents one of the most common causes of platelet 

dysfunction in our society. While some drugs, like acetylsalicylic acid (aspirin) or 

adenosine diphosphate receptor antagonists (clopidogrel and prasugrel), are 

therapeutically used due to their antiplatelet effect, some others like nonsteroidal anti-

inflammatory drugs, some antibiotics, lipid-lowering drugs or selective serotonin 

reuptake inhibitors, can impair platelet function.38 In fact, it is well-known and reported 

in the literature that drug administration can affect platelet function leading to both, 

pro-thrombotic39,40 or thrombocytopenic41,42 states.  

Drug-induced thrombocytopenia (DIT) or drug-induced thrombosis can be caused by 

different factors and different mechanisms, including those affecting the vessel wall, 

the blood flow, and/or different blood constituents.39 Therefore, a direct evaluation of 

the potential effect of preclinical compounds on platelet function can be a starting point 

to avoid complications and side effects in future drug development. 
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5.2.9.2.1. Platelet Cytotoxicity 

The cytotoxicity of compounds 1 and 66 on human platelets was assessed using the 

CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega). Compounds were 

incubated with washed platelets (WP) from three different blood donors at increasing 

concentrations (see Experimental Section for details). The lysates from platelets from 

the same donors were taken as 100% of cytotoxicity for comparison. None of the 

compounds resulted in toxicity to platelets at the IC50 range values calculated in 

previous experiments for cancer cells (9-10 μM for compound 1 and 2-3 μM for 

compound 66).  Even at higher concentrations (up to 200 μM for compound 1 and 80 

μM for compound 66) the drugs did not show any cytotoxic effect. In fact, excluding 

500 and 250 μM for compound 66, the values from all the remaining concentrations 

tested were statistically significant when compared to the lysate and similar to the 

resting platelets (Figure 5.2.20).  
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(A) 

 
(B) 

 

 
Figure 5.2.20. Statistical Analysis of the effect of compound 66 (A) and compound 1 

(B) in human platelets. Bars represent mean ± Standard Deviation (SD). One-way 

analysis of variance (ANOVA) and Tukey post-test. ***p < 0.001 vs. lysate. The effect 

of ethanol on platelet function was also tested in three donors to prove that the vehicle 

did not interfere with the results obtained. 

 

5.2.9.2.2. Platelet Aggregation 

Light Transmission Aggregometry (LTA) was employed to investigate the potential 

pro-aggregatory effect of the compounds on human platelets and their effect 
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corroborated by optical microscopy (see Experimental Section for details). Human 

platelet-rich plasma (PRP) was incubated under continuous stirring in the presence or 

absence of the compounds at increasing concentrations. The normal function of 

platelets was verified for every donor using a platelet agonist (collagen 2 µg mL-1) and 

corresponding aggregometry traces and microscopy pictures are reported in Figure 

5.2.21. None of the compounds induced platelet aggregation at any of the 

concentrations tested when compared to stirred platelets. In fact, the statistical analysis 

(n= 3) resulted in a p-value of 0.6213 for compound 66 and of 0.7924 for compound 1, 

when one-way analysis of variance was applied (Figure 5.2.22).  

(A)  

 

(B)   

 

Figure 5.2.21. (A) Representative traces for PRP + collagene (trace 1 – red) and PRP 

alone (trace 2 – green). (B) Photomicrographic evidence of normal PRP (left, 10x) and 

PRP + collagene (right, 10x), with large aggregates shown in black.  
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Figure 5.2.22. Statistical analysis of the effect for compound 66 (A) and lead 

compound 1 (B) at different concentrations on platelet aggregation (PRP). The normal 

function of platelets was verified for every donor using a platelet agonist (collagen 2 µg 

mL-1).Bars represent mean ± Standard Deviation (SD). One-way analysis of variance 

(ANOVA) and Tukey post-test (n= 3). The effect of ethanol on platelet function was 

also tested in three donors to prove that the vehicle did not interfere with the results 

obtained. 
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5.3. Physicochemical Properties 

Good activity and low toxicity are a necessary starting point in drug-development, but 

additionally, particular attention to the physicochemical properties of active molecules 

should be given if the end point for these molecules is the drug industry or further 

development. Different fundamental physicochemical properties are most often used in 

defining compound quality but, of these, log P, pKa, log D7.4, together with solubility 

and hydrogen bonding descriptors (HB donors and HB acceptors) are of critical 

importance.43 The physicochemical properties of a molecule influences its solubility, 

binding, absorption, distribution, metabolism and excretion (ADME properties); they 

are therefore of big importance in determining the destiny of a drug. There is a large 

variety of in silico methods for predicting the ADME parameters from molecular 

structure44 and certainly the pioneer work can be attributed to Lipinsky, who examined 

orally active compounds’ characteristics to define physicochemical ranges for high 

probability of a compound to be an oral drug and gave the known Rule-of-five (Ro5) as 

a general guidance for drug-likeness.45 

We have chosen the freeware available tools SwissADME46 and ChemAxon’s Marvin47 

to computationally evaluate the physicochemical properties of our derivatives and the 

calculated results are reported in Table A.3.1. in the Appendix. Both SwissADME and 

Marvin are computer-aided drug design (CADD) tools that rely on several models, both 

physics based or statistical empirical models as the QSAR models.43 CADD has been a 

pioneer field for the application of machine learning48 technologies and QSAR analysis 

uses various machine learning statistical tools to predict correlations.43 

Next, we discuss the most relevant physicochemical properties and correlations found 

(for a complete list see Table A.3.1. in the Appendix), together with the related 

references for the computational methods used for the calculations, a thorough 

explanation of which is beyond the scope of this section. All synthesised molecules 

have a molecular weight (MW) of less than (but close to) 500 Da, except for 3,4’-bis-

guanidine phenyloxybenzenes 4, 6, 7 and 8 or pyridine derivatives 62 and 64 which 

MW exceeds by only 7-10 units this threshold due to the presence of heavier bromine 

and iodines substitutents (values calculated with OpenBabel,49 version 2.3.0). Such 

small exceptions are considered acceptable, moreover considering that an analysis of 
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the FDA approved 31-small molecules protein kinases inhibitors on the market 

(SMKIs) showed that >30% of these approved SMKIs have a MW exceeding 500 Da.50 

SwissADME allows the calculation of the lipophilicity of molecules according to 

different methods, and in Table A.3.1. (Appendix) the consensus log Po/w for all 

synthesised compounds is reported. This consensus value is an average of all the values 

obtained with all the appropriate methods used (Figure 5.3.1).46 Overall, all of the 

synthesised compounds have a log P < 5. In particular, 3,4’-bis-guanidine 

phenyloxypyridines 61-65 have the lowest values for log P (around 1.87 – 2.80). On the 

contrary, arylamino linked derivatives have the largest values of log P (around 4). 

Particularly, compounds 28, 31 and 70 reach log P values of 4.44, 4.56 and 4.43, 

respectively. Interestingly, isouronium derivatives 67, 68 and 69 have higher log P 

values than the corresponding guanidinium derivatives (3.69 for 67 vs. 3.31 for lead 

compound 1; 4.65 for 68 vs. 4.44 for 28; 4.23 for 69 vs. 3.90 for 33); this is probably 

due to the exchange of the –NH of the para guanidinium (which is a HBD) for an 

oxygen in the isouronium moiety (which is a HBA). 

 

 

Figure 5.3.1. SwissADME calculated log P values of all synthesised compounds, lead 

compound 1 and sorafenib.46 

 

The scatter graph in Figure 5.3.2 represents a correlation between the calculated log P 

(x-axis) and the IC50 values (y-axis) in the HL-60 cell line for all synthesised 

compounds with the exception of the inactive ones (2 and 3, IC50 > 100 μM). The 

binding site in enzymes and receptors is often of hydrophobic nature and it has been 

shown that hydrophobic molecules prefer to minimise the amount of surface area 
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exposed to water favouring instead to self-associate or adopt appropriate 

conformations.43 This phenomenon is known as the hydrophobic effect and it is 

entropically driven.43 A similar type of correlation has also been found in our set of 

molecules, where a trend indicating how the IC50 decreases with the increase of the 

calculated log P of the molecules was found. This could also support our hypothesis 

that the hydrophobic moiety of our molecules could interact with a particular allosteric 

pocket in protein kinases, justifying bulkier and more lipophilic substituents (larger log 

P) for a better affinity (smaller IC50). 

 

 

Figure 5.3.2. Scatter correlation found between the calculated log P (x-axis) and the 

IC50 values (y-axis) in the HL-60 cancer cell line for all of the synthesised compounds 

with the exception of the inactive ones (2 and 3, IC50 > 100 μM). 

 

Topological Polar Surface Area (TPSA), which is an indicator of HB formation and a 

commonly used metric for the optimisation of a drug’s ability to permeate cells, was 

also calculated for all the synthesised molecules. Compounds with a TPSA >140 Å2 

tend to be poor at permeating cell membranes.51 All the synthesised molecules have a 

TPSA < 140 Å, which is the limit value suggested in the literature (values calculated 

using the fragmental technique reported in reference 50).43 Specifically, shorter amino-

linked derivatives have much lower TPSA (80-100 Å) than derivatives 3,4’-bis-

guanidinium or isouronium and 3,4’-bis-phenyloxypyridine guanidinium derivatives 

(120-135 Å). 
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An intuitive graphical classification model, also known as the BOILED egg 

representation, is shown in Figure 5.3.3. This representation consists of a correlation 

between calculated log P (y-axis) for lipophilicity and calculated topological polar 

surface area (TPSA) for apparent polarity and it is an intuitive method to predict 

simultaneously two key ADME parameters, i.e. the passive gastrointestinal absorption 

(human intestinal absorption, HIA) and brain access (blood brain barrier, BBB).46,52 

Compounds that fall into the white part of the graph are likely to go through GI 

absorption and those that fall into the yellow part of the graph are likely to be brain 

permeant. Ultimately, all of our derivatives (except containing pentafluorosulphanyl 

compound 30 and sulfamide 70) could have a passive gastrointestinal absorption, but 

none of them can pass the BBB (Figure 5.3.3).  

Moreover, SwissADME enables the estimation for a chemical to be a substrate of the 

permeability glycoprotein (P-gp) applying the statistical method support vector 

machine algorithm (SVM) on large data-sets of known substrates/non-substrates or 

inhibitors/non-inhibitors.46,53  P-gp is suggested to be the most important member 

among ATP-binding cassette transporters or ABC-transporters and is responsible for an 

active efflux through biological membranes, for instance from the gastrointestinal wall 

to the lumen or exiting the brain.46,54 Thus, as reported in the legend of Figure 5.3.3, red 

dots indicate that all of our compounds, except compounds 61-63 (blue dots), are non-

substrate of P-gp.  
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Figure 5.3.3. Legend: the white region is for high probability of passive absorption by 

the gastrointestinal tract, and the yellow region (yolk) is for high probability of brain 

penetration; the points are coloured in blue if predicted as actively effluxed by P-gp 

(PGP+) and in red if predicted as non-substrate of P-gp (PGP−). 

 

The program Marvin was also used to calculate the pKaH of the guanidinium or 

isouronium moieties at the para or meta position of all the synthesised compounds and 

calculated results are reported in Table A.3.1. in the Appendix. The table shows how 

changing the para guanidinium with an isouronium moiety results in a pKaH decrease 

(less basic molecules). Compound 67 has a pKaH of 8.34 compared to 8.71 for 

compound 1, compound 68 has a pKaH of 8.32 compared to 8.86 for compound 28 and 

compound 69 has a pKaH of 8.32 compared to 8.71 for compound 33. Interestingly, the 

pyridine derivatives 61-66 show lower pKaH values (around 7.35 – 7.71), probably due 

to the IMHB formed between the para guanidinium and the pyridine ring. 

Having a soluble molecule largely facilitates drug development and one of the main 

drawbacks of our molecules is their poor solubility in water.43 Solubility is not an easy 

parameter to model in silico, but SwissADME gives an estimation of the solubility 

class based on three predictors, two topological and one fragmental method.46 

According to this program, all of our molecules are poorly soluble in aqueous medium. 

For a preclinical evaluation of our molecules, their solubility in EtOH/DMSO is still 

acceptable, but future work will have to be carried out to achieve full water solubility. 
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Alongside molecular weight and the mentioned physicochemical descriptors, many 

numeric descriptors are used including the number of HB acceptor and donor (HBA 

and HBD) groups or the number of rotatable bonds (RotB).43 

According to the Lipinski’s Ro5, an orally active drug usually contains no more than 5 

HBDs (the total number of nitrogen–hydrogen and oxygen–hydrogen bonds) and no 

more than 10 HBAs (all nitrogen or oxygen atoms) and many extensions to the Ro5 

involve also 10 or less rotatable bonds.55 The bar-graph presented in Figure 5.3.4 shows 

the number of rotatable bonds (blue), the number of HBAs (red) and the number of 

HBDs (green) for all the synthesised compounds plus the commercially available 

sorafenib and lead compound 1. All compounds fulfil these requisites, expect the 

number of HBDs (green), that lead compound 1 and 3,4-bis-guanidine 

phenyloxybenzene 2-8 or pyridine derivatives 61-65 exceed for one unit. 

 

 

Figure 5.3.4. Graphical representation of the number of rotatable bonds (blue), HBAs 

(red), HBDs (green), calculated for all synthesised compounds, lead compound 1 and 

sorafenib. 

 

 

5.4. Cancer Cell Cytotoxicity and Physicochemical Properties of 

Compound 66 

Compound 66 (structure shown in Table 5.4.1) has proven to be the best among the all 

synthesised derivatives in terms of cancer cell cytotoxicity and structural properties. 
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Table 5.4.1 shows a summary of all the results reported in the previous sections in 

terms of IC50 values and cytotoxicity in ‘healthy’ cells for compound 66. 

Table 5.4.1. Summary of biochemical properties of compound 66 

 

IC50 ± SEM(µM) 

HL-60 MCF-7 HeLa NCI-H929 U266B1 HCT116 HKH2 

3.48 ±0.28 3.73 ±0.35 1.33±0.08 3.04±0.23 5.01±0.36 4.59 ±0.40 2.88 ±0.15 

cytotoxicity in human platelets cytotoxicity in MCF10A 

none (at active concentration) none (at active concentration) 

 

Compound 66 shows an IC50 constant range of around 1-5 μM in all the cancer cell 

lines used for testing. The compound has shown activity in leukaemia, breast and 

cervical cancer cell lines. Moreover, it displays activity also in a colorectal KRAS 

mutated cancer cell line (and its isogenic form lacking the oncogenic KRAS) and in 

multiple myeloma RAS allele activated cancer cell line (and its isogenic form). Also, 

compound 66 was proven to be safe against ‘normal’ cell line MCF10A and human 

platelets. 

Compound 66 was also proven to be a very strong apoptotic inducer as shown by 

Annexin V - PI analysis and confirmed by the inhibition of the anti-apoptotic Mcl-1 

protein identified through western blot. 

Given the good biological activity and safety profile for compound 66, we have decided 

to summarise its more relevant pharmacokinetics properties in Table 5.4.2 as obtained 

with the previously mentioned SwissADME tool available online.  
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Table 5.4.2. Summary of physicochemical and pharmacokinetic properties of 

compound 66 

Physicochemical Properties Pharmacokinetics 

Formula C19H16ClF3N5O GI absorption  High 

Molecular weight 422.81 g/mol BBB permeant  No 

pKaH* 7.62 P-gp substrate  No 

Num. heavy atoms 29 CYP1A2 inhibitor  Yes 

Num. arom. heavy atoms 18 CYP2C19inhibitor  No 

Fraction Csp3 0.05 CYP2C9 inhibitor  No 

Num. rotatable bonds 7 CYP2D6 inhibitor  Yes 

Num. H-bond acceptors 5 CYP3A4 inhibitor  Yes 

Num. H-bond donors 4 Druglikeness 

TPSA  97.79 Å² Lipinski  Yes; 0 violation 

Lipophilicity PAINS  0 alert 

Consensus Log Po/w  3.71   

Water Solubility   

Class  Poorly soluble   
Properties calculated with SwissADME46, except for *,calculated using ChemAxon’s Marvin.47 

 

Moreover Figure 5.4.1 displays a graphical representation of compound 66 drug-

likeness properties based on the data provided in Table 5.4.2. 

 

Figure 5.4.1. Graphical representation of compound 66 drug-likeness properties 

obtained with SwissADME tool. 
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The calculated bioavailability radar graph represents in the pink area the optimal range 

for some of the reported properties. Lipophilicity: XLOGP3 between − 0.7 and + 5.0, 

size: MW between 150 and 500 Da, polarity: TPSA between 20 and 130 Å2, solubility: 

log S not higher than 6, saturation: fraction of carbons in the sp3 hybridization not less 

than 0.25, and flexibility: no more than 9 rotatable bonds.46 In our case compound 66 

falls inside the Lipinski rule of five with 0 violations and also inside the range of 

rotatable bonds and polar surface area. Compound 66 has a poor solubility in water and 

a low fraction of Csp3 of 0.05, but it has estimated high GI absorption and even though 

it is not BBB permeant, it is estimated not to be a substrate of P-gp glycoprotein. 

SwissADME enables the estimation of a chemical to be an inhibitor of cytochrome 

P450 (CYP) through the previously mentioned support vector machine-learning 

algorithm (SVM). The knowledge about interaction of molecules with cytochrome 

P450 (CYP) a key superfamily of isoenzymes in drug elimination through metabolic 

biotransformation, is essential for pre-clinical studies.56 Five major isoforms can be 

identified (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4)46,57 and compound 66 

was found to be a possible inhibitor of three of them, CYP1A2, CYP2D6, CYP3A4.  

PAINS (pan assay interference compounds, known as frequent hitters or promiscuous 

compounds) are molecules containing substructures showing potent response in 

biological assays irrespective of the protein target;46 compound 66 contains zero PAINS 

alerts, meaning that the biological results are trustable and attributable to the 

biochemical activity of the compound itself. 

In conclusion compound 66 represents our new lead compound, with up to nine fold-

increase in cytotoxicity towards cancer cell lines compared to compound 1, with ideal 

physicochemical properties and with a modifiable scaffold for a hit-optimisation 

process. 

 

 

5.5. Conclusions 

In this chapter we have described the biochemical evaluation of the synthesised 

compounds as potential anti-cancer agents. This evaluation involved the study of their 

effects on cell viability and proliferation in a wide variety of cancer cell lines, their 



Chapter 5 – Biochemical evaluation and Physicochemical Properties 

 

186 

 

apoptosis-inducing abilities, as well as the study of their molecular targets as potential 

protein kinase inhibitors. 

Cell viability studies revealed that our compounds are able to inhibit cell proliferation 

of a variety of cancer cell lines in the low μM range of concentration, showing up to a 

nine fold increase in cytotoxicity compared to the previously prepared lead compound 

1. In particular, it can be concluded that our compounds are able to inhibit cell 

proliferation of leukaemia, breast cancer, cervical cancer, colorectal cancer and 

multiple myeloma.  

Several conclusions can be made regarding SAR information from the evaluation of the 

cytotoxicity of all compounds in the HL-60 cell line. Bulky and lipophilic substituents 

are crucial to achieve high cancer cell cytotoxic activity. Compounds containing the 

guanidinium moiety show higher cancer cell cytotoxicity when this feature is in the 

presence of a pyridine ring with which  an IMHB can be formed. The isouronium 

moiety provides similar cancer cell cytotoxicity as guanidinium, but with improved 

physicochemical properties. Moreover, shorter molecules (amino-linked) result in 

increased cancer cell cytotoxicity. 

The potential toxic effect of both compound 66 and compound 1 on a human breast 

epithelial cell line (MCF10A) and human platelets was also investigated. Both 

compounds were proven to be safe in preliminary study against MCF10A cells and 

human platelets and to cause antiproliferative effects in tumorigenic cancer cell lines 

without any toxicity to non-tumorigenic cells or platelets. 

In silico analysis of the physicochemical properties of all our derivatives helped to 

correlate optimal SAR information with drug-likeness requirements.   

Compound 66, which represents all the conclusions that can be drawn from the SAR 

analysis and physicochemical properties, was found to be the best compound in terms 

of cytotoxicity across all the cell lines tested. Specifically, it is effective in inducing cell 

cytotoxicity also in HCT116 colorectal cancer cell line, harbouring a KRAS mutated 

gene and resulting in a very promising agent for new possible therapies in poorly 

treated RAS mutated cancers. Moreover, compound 66 was also found to have IC50 

values in the low μM range in multiple myeloma cell lines, a type of cancer that is 

poorly treatable.  
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Compound 66 was chosen as the lead compound and is representative of the new 

generation of molecules and it was used to investigate the cause of cell death induced 

by our compounds. Flow cytometry analysis (Annexin V analysis and PI staining) and 

Mcl-1 inhibition in NCI-H929 and U266B1 cell lines were performed to investigate its 

pro-apoptotic ability. Compound 66 is able to induce early apoptotic events only after 

24 h incubation and at a low concentration of 10 μM. 

Due to previous studies that showed how the previously synthesised compounds could 

inhibit B-Raf protein kinases in a type III allosteric mechanism, we investigated if some 

of our derivatives could bind to B-RafV600E through thermal melting assays. The 

negative results of this study indicate that the target of our molecule is not the mutated 

B-RafV600E. Further investigations need to be made to explore the binding of our 

molecules in wild-type B-Raf through different binding assays that could discriminate 

for allosteric molecules. 

Even though the exact molecular target(s) of our molecules still needs to be identified, 

the biological results obtained are very encouraging and our molecules, in particular 

compound 66, can be considered excellent starting points for a phenotypic screening 

searching for new protein kinases inhibitors. 
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Chapter 6 – Conclusions and Future 

Work 

 

6.1. Conclusions 

During this project, computational modelling studies, such as MD and QM, have been 

performed to better understand the more likely mechanism of action of lead compound 

1 and other proposed type III kinase inhibitors. Moreover, several novel derivatives 

were successfully synthesised and fully characterised. Additionally, several assays were 

conducted in vitro, involving the study of the effects of the compounds prepared on cell 

viability and proliferation in a wide variety of cancer cell lines, their apoptosis-inducing 

abilities, and the study of their molecular targets as potential protein kinase inhibitors. 

Particularly, 3-amino-4’-guanidino phenyloxypyridine 66 was selected as the new lead 

candidate given the improved overall biological activity and optimal pharmacokinetic 

profile. Based on the results obtained, some conclusions can be made. 

 

6.1.1. Computational Modelling 

A variety of modelling techniques have been utilised to understand and investigate the 

interactions between our derivatives and their biological target. Particularly, we have 

computationally studied and investigated the interactions between lead compound 1 and 

both an active wild type ATP-containing B-Raf protein kinase and ATP molecule. 

Considering that no crystal structure is available for an ATP containing active B-Raf 

protein, thus hindering the possibility of structure-based drug design, a model of such a 

system has been computationally developed through molecular dynamics (MD). The 

final structure achieved represents the first model reported for a phosphorylated, active, 

ATP-containing B-Raf kinase and it would facilitate structure-based drug design of 

future allosteric inhibitors of this particular kinase. Next, the model has been used for 

molecular docking studies at semiempirical level of theory with our previously 

developed lead compound 1. Ths study found a suitable docking pose that sees, among 
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others, the interaction of the ATP’s γ-phosphate with the mono-substituted guanidinium 

of compound 1, supporting previously hypothesis of type III allosteric inhibition. 

Additionally, we have also theoretically studied more in-depth the interaction of 4-

phenyloxyphenyl-N-guanidinium and –O-isouronium (as mimics of compound 1) and 

ATP molecule by means of DFT calculations. Both amidinium derivatives are able to 

form strong HB interactions not only with the O atoms of an isolated phosphate anion, 

but also with the different phosphate groups of the ATP molecule, where parallel HB 

interactions were found. Binding energies and AIM analysis found the complexes 

formed between ATP γ-phosphate and both guanidinium and isouronium to be the most 

stable ones. The formation of these interactions and their characterisation, indicate the 

suitability of guanidinium (or isoruonium) derivatives as potential type III kinase’s 

inhibitors. 

 

6.1.2. Synthesis 

Based on our previous computational studies, different changes were introduced to 

formerly synthesised lead compound 1, to systematically investigate the role of its three 

identified moieties: i) hydrophobic moiety; ii) link (meta guanidinium), which controls 

overall charge and length of the molecule; and iii) polar moiety (para guanidinium).  

Synthesis of substituted thioureas 11-16 carrying different lipophilic moieties 

consisting in diverse halogens substitution and bulky trifluoromethyl substituent, were 

prepared according the well-established procedure developed in Rozas’ group,1 and, 

next, following the procedure described by Kim and Qian and developed by Rozas’ 

group (HgCl2 and trimethylamine),2 they were utilised to obtain 3,4’-bis-guanidino 

phenyloxybenzene derivatives 2-8 and 3,4’-bis-guanidino phenoxypyridines 61-65.  

Amino-linked diaromatic mono-guanidines (27-30 and 66) and amido-linked 

diaromatic mono-guanidines (32-33) were synthesised through Buchwald-Hartwig 

coupling and acyl chloride and amine reaction, respectively, to investigate the effect of 

different links in the orientation of a variety of lipophilic moieties in lead compound 1. 

When exploring the polar moiety, same conditions were used for the synthesis of 

isouronium derivatives (67-69), which required the preliminary preparation of the 
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conveniently functionalised starting phenol. Moreover, the synthesis of sulfonamide 70, 

required the reaction of amine 48 with sulfonamide chloride 103, previously prepared 

from chlorosulfonyl isocyanate and formic acid. 

All final Boc protected guanidines or isoureas derivatives were synthesised through the 

methodology previously described by Kim and Qian, and posteriorly explored by Rozas 

and co-workers, using mercury (II) chloride, triethylamine and N,N′-bis-(tert-

butoxycarbonyl)-S-methylisothiourea 51. All final Boc-protected compounds were 

deprotected using HCl 4M/dioxane to obtain compounds 2-8, 27-31, 61-66, 

TFA/CH2Cl2 to obtain compound 67, and SnCl4 to obtain compounds 32-33 and 68-69. 

The signals in the 1H and 13C NMR of Boc-protected 3,4’-bis-guanidino 

phenyloxybenzene and 3,4’-bis-guanidino phenyloxypyridines derivatives, were highly 

broad and amorphous due to the presence of isomerism of these tri-substituted 

guanidine derivatives. Significantly, when these Boc groups were removed, this 

isomerism disappeared and the 1H and 13C NMR spectra of the hydrochloride salts 

could be resolved. 

The purity of all of the final hydrochloride salts was determined by HPLC, where a 

minimum purity of 95% was required before proceeding to biological testing.  

All modifications introduced to lead compound 1 generated SAR information which 

were used to understand in more detail the structural requirements for a more potent 

binding of the compounds to the biological target.  

 

6.1.3. Biochemistry and physicochemical properties 

A screening of the cytotoxicity of all compounds was performed in the promyelocytic 

leukaemia HL-60 cell line and the compounds with more potent activity in these assays 

were selected for further biological evaluation in several other tumour cell lines, such 

as MCF-7 (breast), HeLa (cervical), HCT116 and HKH-2 (colorectal) and NCI929 and 

U266B1 (multiple myeloma). The corresponding cell viability studies revealed that our 

compounds are able to inhibit cell proliferation of these cancer cell lines in the low μM 

range of concentration, showing up to a nine-fold increase in cytotoxicity compared to 

lead compound 1. Thus, it can be concluded that our compounds are able to inhibit cell 
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proliferation of leukaemia, breast cancer, cervical cancer, colorectal cancer and 

multiple myeloma.  

Several conclusions can be achieved regarding SAR information from the evaluation of 

the cytotoxicity of all compounds in HL-60 cell line. In the hydrophobic moiety, bulky 

and lipophilic substituents are crucial to achieve high cytotoxic activity. Regarding the 

polar moiety, positively charged guanidinium is essential for activity and it shows 

higher cytotoxicity when in the 2 position of a pyridine ring with which it can form an 

intra-molecular hydrogen bond. Moreover, the isouronium cation results in similar 

cytotoxicity as guanidinium, but with improved physicochemical properties. Finally, in 

terms of the link shorter molecules (amino-linked) increased the cytotoxicity of these 

derivatives.  

Flow cytometry analysis (Annexin V analysis and PI staining) and Mcl-1 inhibition in 

NCI-H929 and U266B1 cell line were performed to investigate the pro-apoptotic ability 

of our new lead compound 66. Compound 66 is able to induce early apoptotic events 

only after 24 h incubation and at a low concentration of 10 μM. Cytotoxicity of 

compound 66 was also evaluated against human platelets and non-tumorigenic 

MCF10A and the results show that, at active concentration, compound 66 can cause 

antiproliferative effects in tumorigenic cancer cell lines without any toxicity to non-

tumorigenic cells or platelets.   

In silico physicochemical analysis of the properties of all our derivatives helped us in 

correlating optimal SAR information with drug-likeness requirements and even though 

the exact molecular target(s) of our molecules still needs to be confirmed, the biological 

results obtained are very encouraging and, in particular, compound 66 can be 

considered an excellent hit molecule in searching for new protein kinases’ inhibitors. 
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6.2. Future Work 

Throughout this project, some very interesting and promising results were obtained, 

which deserves further investigation. 

 

6.2.1. Future Computational Modelling 

The model of a phosphorylated ATP-containing active B-Raf protein kinase that has 

been theoretically obtained through MD simulations is a useful tool that can be used for 

further structure-based drug design studies with new derivatives. Moreover, the 

docking pose that was obtained using such model and compound 1, deserves further 

investigation through MD simulations to assess the stability of such pose and its 

binding energy. 

  

6.2.2. Future Protein Kinase Inhibitors 

Considering the SAR conclusions found after the modelling, synthesis and biochemical 

evaluation of the compounds performed in this work and considering that compound 66 

was selected to be the new lead compound, several ideas can be proposed to try to 

improve even further its potency.  

During this work we identified how bulkier and more lipophilic substituents at the 

hydrophobic moiety, are responsible for a better cytotoxicity activity. Mortenson et al. 

have published an interesting paper in 2011 to shade a light of awareness of molecular 

efficiency.3 In their publication, they present a new ligand lipophilicity index (LLEAT) 

that enables to estimate whether or not an initial hit is likely to be optimisable to a 

potent, drug-like lead combining lipophilicity, size and potency. To maintain the 

threshold value for LLEAT of 0.3 kcal mol-1 per heavy atom, the required fold 

improvement in binding energy for a range of common substituents will be different 

(Figure 6.2.1.). The green box of Figure 6.2.1. shows the best balance of required 

potency improvements and lipophilicity for common aromatic substituents. 
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Figure 6.2.1. Fold improvements in potency required to maintain an LLEAT of 0.3 for 

some common substituents, when attached to an aromatic carbon.3 

 

Consequently, the (3-CF3-4-Cl)-Ph substituent of compound 66 can be substituted with 

(3-CF3-4-Br)-Ph, which bromine lies in the green box of Figure 6.2.1. and has already 

been proven to increase the activity of 3,4’-bis-guanidino phenyloxybenzenes 5,6 and 8 

and 3,4’-bis-guanidino phenyoxypyridines 63 and 64 (Figure 6.2.2.). Further hypothetic 

modifications could consist in the introduction of morpholine, oxazole or thiazole 

substituents (Figure 6.2.2.). 

 

 

Figure 6.2.2. Suggested future compounds with modified lipophilic moiety. 

 

Better cytotoxic activity of compound 66 and 3,4’-bis-guanidino phenyloxypyridines 

61-65 is postulated to be caused by intramolecular hydrogen bonding between the N of 

the pyridine ring and the positively charged guanidinium in position 2 of the ring, 

forcing the cationic moiety in a more specific conformation. Then, the synthesis of 
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conformationally restricted derivatives and its effect on cancer cell cytotoxicity could 

be an interesting feature to investigate (Figure 6.2.3.). 

 

 

Figure 6.2.3. Suggested future compounds with modified polar moiety. 

 

6.2.3. Future Biological Studies of our Compounds  

Compound 66 was identified as the best compound among all the synthesised 

derivatives. Even though its cytotoxic activity is in the low micromolar range against 

all the studied cancer cell lines, its biological target has still to be identified. Compound 

66 is a derivative of compound 1, which was proven to be a B-Raf allosteric inhibitor. 

Even though such a behaviour is likely to be reproduced for compound 66, this still has 

to be confirmed. The choice of the right cell line for such investigation is of extreme 

importance. For this reason, we have an ongoing collaboration with Prof. Walter 

Kolch’s group (UCD, Ireland) to investigate the cell signalling pathways’ inhibition 

pattern of compound 66 in the RKO T29 (B-Raf wild type) cancer cell line, a colorectal 

cancer cell line that was previously and positively used to investigate compound 1. This 

investigation will be conducted through an enzyme-linked immunosorbent assay 

(ELISA) that allows to detect the presence of an antibody or an antigen in a cellular 

sample. 

Compound 66 was found to induce apoptosis through the inhibition of anti-apoptotic 

protein Mcl-1 in multiple myeloma cell line. Signal transducer and activator of 
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transcription 3 (STAT3) is a transcription factor that controls, among others, the 

production of Mcl-1. Then, in collaboration with Prof. Daniela Zisterer’s group (School 

of Biochemistry and Immunology, TCD, Ireland), we will investigate the effect of 

compound 66 against STAT3 and more in general the JAK/STAT pathway and its 

interconnections. 

Compound 66 and compound 1 were proven to be safe in preliminary studies against 

MCF10A cells and human platelets. Besides further investigation in normal cell lines, 

the study of the effect of compound 66 in Tumour Cell-Induced Platelet Aggregation 

(TCIPA) should be considered. The formation of tumour cell-platelet aggregates 

facilitates metastasis and increased tumour survival.4 While a compound’s effect on 

platelets is important to help establishing its toxic profile, investigating any potential 

application of a compound in the inhibition of TCIPA is of vast therapeutic interest. 

Then, in a collaboration with Prof. Maria Jose Santos-Martinez (School of Pharmacy, 

TCD, Ireland), we will continue investigating the effect of compound 66 and of other 

new compounds in the inhibition of TCIPA. 
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Chapter 7 - Experimental 

 

7.1. Molecular Modelling 

7.1.1. Modelling of the target and ligand-target interaction study 

7.1.1.1. Starting B-Raf structures preparation 

Initial conformations for the molecular dynamics (MD) simulations were based on the 

PDB structure 3Q4C corresponding to the wild type B-Raf. The initial coordinates of 

the missing residues (601-612) were added using the program MODELLER 9.18.1,2 

Next, we added an ATP molecule in the nucleotide-binding pocket of that B-Raf model. 

For ATP to fit in this 3D structure, we performed the superposition of the original B-

Raf model on the structure of a very similar protein kinase containing ATP (PDB entry: 

1ATP). Although 1ATP and 3Q4C have a low sequence homology (17%), the 

substituted structural homology is much larger (57%) facilitating the positioning of the 

ATP molecule inside the nucleotide pocket of 3Q4C by superimposing both structures. 

 

7.1.1.2. Molecular Dynamics simulation 

The preparation of the protein was achieved using the same protocol as in a previously 

reported study.3 We employed the program xLeap within the AMBER11 package4 to 

add the hydrogen atoms to the protein structure. The ff99SB force field was used for 

the protein. AMBER force field parameters to describe the phosphorylated state of 

threonine Thr599 (Thp599) were taken from Homeyer et al.5 Concerning the ATP 

molecule, force field and atomic charges parameters to be utilised with AMBER were 

taken from the R.E.DD.B repository.6 Each of these systems was fully explicitly 

solvated in a truncated octahedral box using TIP3P water molecules with a buffer 

distance of 7.0 Å and under periodic boundary conditions. Counterions (Cl-) were 

added to neutralize the unit system. The entire system consists of about 25,000 atoms 

(depending on the presence or not of ATP and/or threonine phosphorylation).  
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The MD simulations employed a 2 fs integration time step. The programs sander 

(preparation) and pmemd (for the production stage) of the AMBER11 package were 

employed. The particle mesh Ewald procedure was utilised to handle long-range 

electrostatic interactions. The value of 9.0 Å for the non-bonded cut-off was set to 

calculate van der Waals (vdW) and electrostatic energies. No switching function was 

used for vdW interactions. The system was then carefully prepared by first minimizing 

the energy of the entire system with 8,000 cycles of steepest descent followed by 500 

cycles of conjugate gradient minimization. This process was repeated twice. Classical 

Langevin NVT simulations were then carried out with collision frequency of 2 ps-1 and 

bonds involving hydrogen atoms were constrained. Firstly, the water molecules were 

heated from 0 to 300 K during 20 ps and then equilibrated for 20 ps. A force constant of 

100 kcal mol-1 Å-2 was applied to restrain all other atoms during these steps. After 

cooling the solvent molecules to 0 K during 20 ps, this heating-equilibrating-cooling 

procedure was run for a second time for the entire system with no constraint at all. 

After a last heating-equilibrating process (20 + 20 ps), prior to production, our system 

was equilibrated using the NPT ensemble (isothermal-isobaric ensemble) at 300 K and 

1 atm for 40 ps. A production final stage followed with 800 ns of data collection. 

Coordinates of the system were written every 1 ps. 

For each of the four B-Raf models, to measure protein conformational changes during 

the simulation, a root mean squared deviation (RMSD) was computed between each 

successive trajectory structure (backbone selection) and the first structure taken as 

reference, and plotted as a function of time.  In addition, the root mean square 

fluctuation (RMSF) of the protein was computed as a measure of the average atomic 

mobility and calculated on a residue basis using the fluctuations of the positions of the 

Cα atoms of the protein during the last 200 ns of each simulation. 

 

7.1.1.3. 1D Free Energy Landscapes (1D-FEL) 

In order to analyse the influence of ATP-binding and Thr phosphorylation on the local 

conformational changes of the B-Raf protein backbone, we constructed Free Energy 

Landscapes (FEL)7,8 along the so-called Coarse-Grained Dihedral Angles (CGDA). 

Each CGDA is formed by 4 bonds joining 4 successive C atoms along the main chain 

of the B-Raf protein and acts as a local probe of the FEL along the primary sequence. 
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The 276-residues of the B-Raf model have 273 CGDA (i). From each of our 4 

simulations we extracted the “trajectory” of each CGDA, i(t). The 1D effective free-

energy potential for each i is then defined by the logarithmic relation: ΔG = -RT ln 

P(i), (at T = 300 K) using the one-dimensional probability distribution function P(i) 

derived from the simulations (R being the gas constant). It is to be noticed that this 

analysis was carried out on the last 200 ns of each trajectory. In order to identify which 

residues of the protein are influenced by phosphorylation and ATP binding, we 

compared each 1D-FEL G(i) between trajectory pairs thanks to a similarity index that 

varies from 1 (similar) to 0 (dissimilar).9 

 

7.1.1.4. NCI calculations 

Calculations have been performed to describe non-covalent interactions (NCI) in 

ligand-protein complexes. The NCI method is based on the knowledge of the electron 

density () and its derivatives (gradient) to enable the identification of NCI in real 

space based on the peaks that appear at low  values in the reduced density gradient 

(RDG) plot s() (see reference NCI10 for detailed information). RDG isosurfaces 

provide a 3D representation of interaction regions. The sign of the second eigenvalue of 

the  Hessian matrix is used to differentiate repulsive (λ2> 0) from attractive (λ2< 0) 

interactions. In the NCI pictures presented in this research, the nature of the interaction 

is colour-coded: blue for attractive interactions (e.g. HB), green for weakly repulsive 

attractive (e.g. vdW interactions) or red for repulsive situations (e.g. steric repulsion). 

The GPU version (cuNCI)11 of the original program NCIPLOT12 was employed 

throughout this study.  

As a complement to this analysis, we performed IGM calculations,13 which utilize a 

new description (δg) that confers a quantitative aspect to the initial NCI approach. A 

very attractive feature of the IGM model is to provide an uncoupling scheme that 

automatically extracts interactions present between user selected fragments. In addition 

to the standard inter-fragment uncoupling scheme, an atomic decomposition scheme 

was used in the present study to estimate the relative contribution of atoms to the NCI 

regions and, accordingly, the program IGMPlot was employed 

(http://www.lct.jussieu.fr/pagesperso/contrera/jcg-programs.html). Furthermore, the 

http://www.lct.jussieu.fr/pagesperso/contrera/jcg-programs.html


Chapter 7 - Experimental 

 

202 

 

program LIGPLOT,14 which is a program to generate schematic diagrams of protein-

ligand interactions, was used to obtain 2D schematic diagrams for the interactions 

between B-Raf and ATP. 

 

7.1.1.5. Molecular Docking 

Because strong electrostatic interactions are expected between the positively charged 

ligand (lead compound 1) and the negatively charged ATP, the novel software 

AlgoGen15 was employed instead of standard molecular docking software like 

Autodock/Vina (based on molecular mechanics methods). AlgoGen combines a 

classical mechanics level of theory and quantum chemistry (QM): after exploring the 

best orientations of a ligand binding to a host, the best poses (as per classical mechanics 

methods) are automatically fully refined at the QM level of theory (i.e. semiempirical 

method PM716 combined with the MOZYME linear-scaling algorithm17 proposed in the 

MOPAC2016 program18). First, a QM rigid relaxation is performed; then, on the best 

pose for B-Raf binding, the geometry is refined by relaxing all valence and dihedral 

angles of the ligand (flexible docking) as well as the protein. 

 

7.1.2. Quantum Chemistry studies 

7.1.2.1. Optimized geometries and binding energies 

Regarding the ATP molecule, the starting conformation utilized in this study is that 

found for this molecule within the MEK-1 kinase crystal structure (3PP1). Moreover, 

the ionic state for the molecule of ATP (ATP4−) is chosen considering that the pKa of 

ATP is 6.5,19 at physiological pH (7.4) and, hence, almost 90% of ATP would be in this 

ionic form.  

For the phosphate-guanidinium ligand dimers, the geometry of the monomers and the 

complexes was fully optimized at second-order Møller–Plesset (MP2)20 level with 6-

311+G(d,p) basis set.21 For the ATP-guanidinium ligand dimers, the geometry of the 

monomers and the complexes was fully optimized at DFT level (ωB97XD functional) 

with the 6-31+G(d,p) basis set and the binding energies were obtained from a single 

point calculation using MP2 with the 6-311+G(d,p) basis set. All of these calculations 
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were carried out using the Gaussian09 program.22 Frequency calculations were 

performed at the same computational level to confirm that the resulting optimized 

structures (monomers and dimers) were energetic minima. Binding (interaction) 

energies, Ei, were calculated as the difference between the total energy of the complex 

and the sum of the total energy of the isolated monomers. All the calculations were 

carried out in a solvent model (water) in order to obtain more realistic guanidinium 

binding energies because it is well known that these energies are over estimated when 

calculated in vacuum and that this is corrected in aqueous environment.23,24 The effect 

of water solvation was then accounted using the SCRF-PCM (Polarizable Continuum 

Model) approach implemented in the Gaussian09 package including dispersing, 

repulsing and cavitation energy terms of the solvent in the optimization. Considering 

that all the calculations were performed using PCM (which locates the molecules 

within a cavity) to model water solvent effects and that the inherent basis set 

superposition error (BSSE) cannot be calculated in this model, the interaction energy 

values were not BSSE corrected. 

 

7.1.2.2. Bonding characteristics and electron density 

The characteristics of the interactions established in the different complexes studied 

were analysed. Thus an accurate quantum chemical topology (QCT) technique such as 

the Atoms in Molecules (AIM) theory25, was employed and by means of the AIMAll 

program26 the most relevant bond critical points (BCP) were located and their electron 

density evaluated. Regarding the arylguanidinium: phosphate complexes, the natural 

bond orbital (NBO) theory was employed to evaluate atomic charges using the NBO-3 

program.27 

 

 

7.2. Synthetic Chemistry 

7.2.1. Materials and Methods 

Reagents were purchased at the highest commercial quality and used without further 

purification, unless otherwise stated. Dry solvents were obtained from PureSolvTM 
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solvent purification system (Innovative Technology, Inc.) or otherwise purchased from 

Sigma-Aldrich.Solvents for synthesis purposes were used at GPR grade. Yields refer to 

chromatographically and spectroscopically (1H NMR) homogeneous materials, unless 

otherwise stated. Reactions were monitored by thin layer chromatography (TLC) using 

Merck Kieselgel 60 F254 silica gel or aluminium oxide plates. Visualisation was 

achieved by UV light (254 nm) and basic aqueous potassium permanganate (KMnO4) 

or ninhydrin and heat as developing agents. Concentration of organic solvents was 

performed on a rotary evaporator under reduced pressure followed by further 

evacuation using a two-stage mechanical pump.  

Deuterated solvents for NMR use were purchased from Apollo and Euriso-top. 

Chromatographic columns were run using silica gel 60 (230–400 mesh ASTM). NMR 

spectra were recorded on Bruker DPX-600 and Bruker DPX-400 instruments operating 

at 400.13 MHz and 600.1 MHz for 1H NMR and at 100.6 MHz and 150.9 MHz for 13C 

NMR and they were calibrated using residual undeuterated solvent as an internal 

reference (CHCl3 at δ 7.26 and 77.16 ppm for 1H NMR and 13C NMR, respectively; 

CH3OH at δ 3.31 and 49.00 ppm for 1H NMR and 13C NMR, respectively; DMSO at δ 

2.50 and 39.52 ppm for 1H NMR and 13C NMR, respectively). NMR data were 

processed using MestreNova software. The following abbreviations (or combinations 

thereof) were used in NMR characterisation: s = singlet, d = doublet, t = triplet, q = 

quartet, p = pentaplet, m = multiplet, bs = broad singlet, H = proton, CH Ar, aromatic 

carbon, qC = quaternary carbon. Compounds are assigned arbitrary numbers for 

assignment of the NMR spectrum and these numbers do not correspond to the naming 

of the compound.  

High-resolution mass spectra (HRMS) were measured on a Micromass LCT 

electrospray TOF instrument with a WATERS 2690 autosampler and HPLC grade 

methanol as carrier solvent. Melting points were determined using a Stuart Scientific 

Melting Point SMP1 apparatus and are uncorrected. Infrared spectra were recorded on a 

Perkin Elmer Spectrum One FT-IR Spectrometer equipped with a Universal ATR 

sampling accessory. 
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7.2.2. Purity Assessment of Hydrochloride Salts 

HPLC purity analysis was carried out using a Varian ProStar system equipped with a 

Varian Prostar 335 diode array detector and a manual injector (20 μL). For purity 

assessment, UV detection was performed at 254 nm and peak purity was confirmed 

using a purity channel. The stationary phase consisted of an ACE 5 C18-AR column 

(150 × 4.6 mm), and the mobile phase used the following gradient system, eluting at 1 

mL/min: aqueous formate buffer (30 mM, pH 3.0) for 10 min, linear ramp to 85% 

methanol buffered with the same system over 25 min, hold at 85% buffered methanol 

for 10 min. Minimum requirement for purity was set at 95.0%. 

 

 

7.2.3. General Procedures 

 

Method A: General procedure for the deprotection of N-Boc protected guanidines 

using hydrochloric acid.28 

To a solution of the corresponding Boc protected guanidine (1 eq.) in 1,4-dioxane, 4 M 

HCl in 1,4-dioxane (6 eq. per Boc group) was added to reach a guanidine final 

concentration of 0.2 M. The mixture was stirred at 55 °C until the reaction was 

complete (typically 6-8 h, adjudged by TLC). At the reaction endpoint, solvent and HCl 

were evaporated under vacuum and the crude salt was dissolved in the minimum 

volume of CHCl3. It was then purified by flash chromatography (silica gel, 

CHCl3:MeOH). The purified fractions were evaporated until dry to afford the pure 

hydrochloride salt. 

 

Method B: General procedure for the synthesis of N-aryl-N’-Boc-protected thiourea 

derivatives.28 

To a solution of N,N’-bis-(tert-butoxycarbonyl)thiourea (1 eq.) in dry tetrahydrofuran 

(0.12 M) under argon at 0 °C, sodium hydride as a 60% suspension in mineral oil (1.5 

eq.) were added. The reaction mixture was stirred at the same temperature for 1 h and 
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30 min, then trifluoroacetic anhydride (1.1 eq.) was added and the stirring continued for 

an additional 30 min. The corresponding aniline (1.15 eq.) was added and the reaction 

was stirred at 0 °C for 5 h. The reaction was cooled again to 0 °C and dropwise H2O 

was added to quench the reaction, followed by extraction with EtOAc. The combined 

organic phases were washed with 80% brine and dried using anhydrous MgSO4, 

followed by removal of solvents under vacuum. The compounds were purified by silica 

gel chromatography and/or recrystallization (as specified for each compound) to afford 

the desired product. 

 

Method C: General procedure for the synthesis of the asymmetric Boc-protected 3,4’-

bis-guanidine derivatives.28 

Mercury(II) chloride (HgCl2) (1.2 eq.) was added to a solution of the corresponding 

mono Boc-protected guanidine (1 eq.), the corresponding thiourea (1.2 eq.) and 

triethylamine (3.1 eq.) in CH2Cl2 (0.19 M). The resulting mixture was stirred at 0 °C 

for 1 h and then at room temperature for 6-8 h or overnight depending (as specified for 

each compound). The crude was then diluted with EtOAc and filtered through a pad of 

Celite® in order to remove the mercury sulfide precipitate formed and the filter cake 

was rinsed with EtOAc. The organic phase was extracted with water, washed with 

brine, dried over anhydrous MgSO4, and concentrated under vacuum to give a crude 

residue that was purified by flash chromatography on silica gel (eluting with a gradient 

of hexane:EtOAc). 

 

Method D: General procedure for N-Arylation.29 

An oven-dried round bottom flask was charged with a magnetic stir bar, Pd2(dba)3 (3 

mol%), organophosphorus ligand (3-5 mol%), aniline derivative (1 eq.), base (1.4 eq.) 

and bromine source (1 eq.). The flask was evacuated and refilled with argon (three 

times). In case of liquid bromine source, it was added by syringe under a counterflow of 

argon, followed by syringe addition of toluene (2 mL/mmol). The mixture was placed 

in a preheated oil bath at 90 °C and let it stirring for 24 h. The reaction mixture was 

then cooled to room temperature, diluted with EtOAc, filtered through a pad of Celite®, 

and washed with water. The organic layer was washed with brine, dried over MgSO4, 



Chapter 7 - Experimental 

 

207 

 

concentrated under vacuum and purified by silica gel chromatography (hexanes:EtOAc) 

to obtain the desired product. 

 

Method E: General procedure for nitroreduction using Palladium on carbon (Pd/C). 

To a solution of appropriate nitro derivative (1 eq.) in specified solvent, was added 10% 

Pd/C mixture (10 mol%), and the reaction mixture was stirred at room temperature 

under hydrogen atmosphere (1.0 atm) for 24 h. The reaction mixture was filtered off, 

and the filtrate was concentrated in vacuo. The residue was purified by silica gel 

chromatography (hexanes:EtOAc), and the desired fractions were concentrated under 

reduced pressure to obtain the desired product. 

 

Method F: General procedure for nitroreduction using SnCl2·2H2O.30 

A mixture of appropriate nitro derivative (1 eq.) dissolved in absolute ethanol and 

SnCl2·2H2O (6 eq.) was stirred at 70 °C until the reaction was adjudged complete 

(typically 3 h, adjudged by TLC as specified for each compound). The solution was 

allowed to cool down and then poured into ice. The pH was made slightly basic (pH 7-

8) by addition of 5% aqueous NaHCO3. The solution was washed with water, the 

organic layer extracted with EtOAc, washed with brine, dried over MgSO4, 

concentrated under vacuum and purified by silica gel chromatography (hexanes:EtOAc) 

to obtain the desired product. 

 

Method G: General procedure for the synthesis of 1-aryl-2,3-di(tert 

butoxycarbonyl)guanidines derivatives.31 

Mercury(II) chloride (HgCl2) (1.04 eq.) was added to a solution of the corresponding 

aromatic amine (1 eq.), N,N′-bis-(tert-butoxycarbonyl)-S-methylisothiourea (1.04 eq.) 

and triethylamine (NEt3) (3.5 eq.) in CH2Cl2 (0.19 M). The resulting mixture was 

stirred at 0 °C for 1 h and then 24 h or 48 h (as specified for each compound) at room 

temperature (reaction progress adjudged by TLC). The crude was then diluted with with 

EtOAc and filtered through a pad of Celite® in order to remove the mercury sulfide 
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precipitate formed. The filter cake was rinsed with EtOAc. The organic phase was 

extracted with water, washed with brine, dried over anhydrous MgSO4, and 

concentrated under vacuum to give a residue that was purified by flash chromatography 

on silica gel as specified. 

 

Method H: General procedure for the synthesis of arylamido derivatives.32 

The appropriate benzoic acid derivative (1.2 eq.) was placed under nitrogen atmosphere 

and dissolved in a 0.3 M solution of dry dichloromethane (CH2Cl2). Oxalyl chloride (2 

eq.) was added, followed by dimethylformamide (DMF) (3 drops approx.). The solution 

was stirred overnight. Any remaining oxalyl chloride and DMF was removed under 

vacuum to obtain a yellow residue that was dissolved in CH2Cl2 (0.6 M) and cooled to 

0 ºC. Corresponding aniline (1 eq.) and triethylamine (NEt3) (2.4 eq.) was also 

dissolved in CH2Cl2 and added dropwise to the cooled solution. After 12 h the solution 

was warmed to room temperature. The organic layer was extracted using water, washed 

with brine, dried over MgSO4 and concentrated under vacuum to give a residue that 

was purified by silica gel chromatography (eluting with a gradient of hexane:EtOAc) to 

yield final compound. 
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7.2.4. Synthesis and Characterisation 

1-(4-Fluorophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine dihydrochloride 

(2) 

 

Following Method A, 20 (80 mg, 0.12 mmol) was dissolved in 4M HCl in dioxane 

(0.54 mL, 2.16 mmol) and in additional dioxane (0.07 mL) until a final concentration of 

0.2 M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

(CH3Cl:MeOH) chromatography to afford the pure hydrochloride salt a white-yellow 

solid (35 mg, 76%). Mp: decomp. > 180 °C. 

δH (400 MHz, CD3OD): 7.00 (dd, J = 8.3, 2.4, 1H, H-4), 7.04 (t, J = 2.1 Hz, 1H, H-2), 

7.13 - 7.17 (m, 3H, H-8 and H-8’ and H-6), 7.19 – 7.24 (m, 2H, H-13 and H-13’), 7.31 

(d, J = 8.9 Hz, 2H, H-9 and H-9’), 7.36 – 7.39 (m, 2H, H-12 and H-12’), 7.47 (t, J = 8.1 

Hz, 1H, H-5). 

δC (100 MHz, CD3OD): 116.5 (CH Ar, C-2), 117.8 (d, J = 23.3 Hz, 2 CH Ar, C-13 and 

C-13’), 118.6 (CH Ar, C-4), 121.1 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and C-8’), 

129.95 (d, J = 8.8 Hz, 2 CH Ar, C-12 and C-12’), 128.96 (2 CH Ar, C-9 and C-9’), 

131.6 (qC), 132.3 (d, J = 3.1 Hz, qC, C-11), 132.4 (CH Ar, C-5), 138.0 (qC), 156.6 

(qC), 157.4 (qC), 158.4 (qC), 159.5 (qC), 163.2 (d, J = 246.1 Hz, qC, C-14). 

δF (376 MHz, CD3OD): – 115.93 (m). 

HRMS (m/z ESI+): Found: 379.1687 (M+ + H), C20H20N6OF Requires: 379.1683. 

νmax (ATR)/cm-1: 3110 (NH), 3052 (NH), 2922, 2330, 2134, 1655 (C=N), 1582 (C=N), 

1505 (C-N), 1486, 1404, 1212 (C-O), 1066 (C-F), 834, 792, 552. 

HPLC: 99.7% (tR: 22.9 min). 
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1-(3,4-Di-fluorophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine 

dihydrochloride (3) 

 

Following Method A, 21 (53 mg, 0.08 mmol) was dissolved in 4M HCl in dioxane 

(0.36 mL, 1.37 mmol) and in additional dioxane (0.06 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt a white solid (34 

mg, 90%). Mp: 158-160 °C 

δH (400 MHz, CD3OD): 7.00 (dd, J = 8.3, 2.4 Hz, 1H, H-4), 7.05 (t, J = 2.2 Hz, 1H, H-

2), 7.13 – 7.20 (m, 4H, H-8 and H-8’, H-6 and H-16), 7.32 (d, J = 8.9 Hz, 2H, H-9 and 

H-9’), 7.34 – 7.41 (m, 2H, H-12 and H-15), 7.47 (t, J = 8.1 Hz, 1H, H-5). 

δC (100 MHz, CD3OD): 116.3 (d, J = 19.7 Hz, C-12 or C-15), 116.5 (CH Ar, C-2), 

118.6 (CH Ar, C-4), 119.5 (d, J = 18.8 Hz, C-12 or C-15), 121.1 (CH Ar, C-6), 121.5 (2 

CH Ar, C-8 and C-8’), 123.4 (dd, J = 6.7, 3.7 Hz, C-16), 129.0 (2 CH Ar, C-9 and C-

9’), 131.6 (qC), 132.4 (CH Ar, C-5), 133.0 (dd, J = 8.3, 3.6 Hz, qC, C-11), 137.9 (qC), 

150.8 (dd, J = 247.8, 12.6 Hz, qC, C-13 or C-14), 151.8 (dd, J = 248.7, 13.7 Hz, qC, C-

13 or C-14), 156.5 (qC), 157.4 (qC), 158.3 (qC), 159.5 (qC). 

δF (376 MHz, CD3OD): - 137.23 (m), - 141.12 (m). 

HRMS (m/z ESI+): Found: 397.1598 (M++ H), C20H19N6OF2  Requires: 397.1588. 

νmax (ATR)/cm-1: 3228 (NH), 3040 (NH), 2923, 2853, 1655 (C=N), 1579 (C=N), 1505, 

1485, 1401, 1259, 1211 (C-F), 1149, 972, 825, 771, 694, 649, 609, 587. 

HPLC: 96.8% (tR: 23.2 min). 
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1-(2-Fluoro-4-iodophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine 

dihydrochloride (4) 

 

Following Method A, 22 (357 mg, 0.44 mmol) was dissolved in 4M HCl in dioxane (2 

mL, 7.92 mmol) and in additional dioxane (0.2 mL) until a final concentration of 0.2M 

was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete (TLC), 

solvents were evaporated and the residue was purified by silica gel chromatography 

(CH3Cl:MeOH) to afford the pure hydrochloride salt as an white solid (210 mg, 83%). 

Mp: decomp. > 180 °C. 

δH (400 MHz, CD3OD): 6.99 – 7.01 (m, 2H, H-2 and H-4), 7.11 – 7.14 (m, 1H, H-6), 

7.15 (d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.20 (t, J = 8.2 Hz, 1H, H-5), 7.33 (d, J = 8.9 

Hz, 2H, H-9 and H-9’), 7.44 – 7.49 (m, 1H, H-15), 7.64 – 7-66 (m, 1H, H-16), 7.69 (dd, 

J = 9.6, 1.8 Hz, 1H, H-13). 

δC (100 MHz, CD3OD): 93.4 (d, J = 7.5 Hz, qC, C-14), 116.4 (CH Ar, C-2), 118.6 (CH 

Ar, C-4), 121.0 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and C-8’), 124.1 (d, J = 12.4 Hz, 

qC, C-11), 127.3 (d, J = 22.2 Hz, CH Ar, C-13), 128.9 (2 CH Ar, C-9 and C-9’), 130.9 

(CH Ar, C-5), 131.5 (qC), 132.4 (CH Ar, C-15), 136.0 (d, J = 3.9 Hz, CH Ar, C-16), 

137.9 (qC), 156.4 (qC), 158.0 (d, J = 254.4 Hz, qC, C-12), 157.3 (qC), 158.3 (qC), 

159.5 (qC). 

δF (376, CD3OD): - 121.10 (t, J = 8.9 Hz). 

HRMS (m/z ESI+): Found 505.0646 (M+ + H), C20H19N6OFI Requires: 505.0649. 

νmax (ATR)/cm-1: 3318 (NH), 3098 (NH), 2958, 1661 (C=N), 1620, 1579, 1485, 1214 

(C-F), 1149, 625, 609, 576 (C-I), 566. 

HPLC: 99.2% (tR 25.3 min). 
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1-(4-Bromophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine dihydrochloride 

(5) 

 

Following Method A, 23 (212 mg, 0.29 mmol) was dissolved in 4M HCl in dioxane 

(1.30 mL, 5.22 mmol) and in additional dioxane (0.12 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by flash chromatography 

to afford the pure hydrochloride salt as a white-yellow solid (128 mg, 87%). Mp: 

decomp. > 110 °C. 

δH (400 MHz, CD3OD): 6.99 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 7.03 (t, J = 2.2 Hz, 1H, H-

2), 7.12 – 7.16 (m, 3H, H-6 and H-8 and H-8’), 7.27 (d, J = 8.7 Hz, 2H, H-12 and H-12’ 

or H-13 and H-13’), 7.31 (d, J = 8.8 Hz, 2H, H-9 and H-9’), 7.46 (t, J = 8.1 Hz, 1H, H-

5), 7.61 (d, J = 8.7 Hz, 2H, H-12 and H-12’ or H-13 and H-13’). 

δC (100 MHz, CD3OD): 116.3 (CH Ar, C-2), 118.5 (CH Ar, C-4), 120.9 (CH Ar, C-6), 

121.5 (2 CH Ar, C-8 and C-8’), 121.7 (qC, C-14), 127.9 (2 CH Ar, C-12 and C-12’ or 

C-13 and C-13’), 128.9 (2 CH Ar, C-9 and C-9’), 131.5 (qC), 132.4 (CH Ar, C-5), 

134.1 (CH Ar, C-12 and C-12’ or C-13 and C-13’), 135.8 (qC), 138.0 (qC), 156.2 (qC), 

157.4 (qC), 158.3 (qC), 159.5 (qC). 

HRMS (m/z APCI+): Found: 439.0857 (M+ + H), C20H20BrN6O Requires: 439.0876. 

νmax (ATR)/cm-1: 3124 (NH), 3044 (NH), 1655, 1571 (C=N), 1504 (C=N), 1484, 1405, 

1213 (C-O), 1070 (C-Br), 1010, 617-567. 

HPLC: 99.8% (tR 24.8 min). 
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1-(4-Bromo-3-(trifluoromethyl)phenyl)-2-(3-(4-

guanidinophenoxy)phenyl)guanidine dihydrochloride (6) 

 

Following Method A, 24 (566 mg, 0.70 mmol) was dissolved in 4M HCl in dioxane 

(3.15 mL, 12.6 mmol) and in additional dioxane (0.35 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as a white solid 

(361 mg, 89%). Mp: decomp. > 136 °C. 

δH (400 MHz, CD3OD): 6.99 (dd, J = 8.0, 1.9 Hz, 1H, H-4), 7.06 (t, J = 2.1 Hz, 1H, H-

2), 7.14 – 7.16 (m, 3H, H-8 and H-8’ and H-6), 7.32 (d, J = 8.9 Hz, 2H, H-9 and H-9’), 

7.46 (t, J = 8.1 Hz, 1H, H-5), 7.51 (dd, J = 8.6, 2.4 Hz, 1H, H-16), 7.74 (d, J = 2.4 Hz, 

1H, H-12), 7.88 (d, J = 8.6 Hz, 1H, H-15). 

δC (100 MHz, CD3OD): 116.2 (CH Ar, C-2), 118.3 (qC, C-14), 118.5 (CH Ar, C-4), 

120.8 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and C-8’), 123.9 (d, J = 260.3 Hz, qCF3), 

125.3 (m, CH Ar, C-12), 128.9 (2 CH Ar, C-9 and C-9’), 130.5 (CH Ar, C-16), 131.6 

(qC), 132.3 (d, J = 31.7 Hz, qC, C-13), 132.4 (CH Ar, C-5), 136.9 (qC), 137.8 (CH Ar, 

C-15), 138.0 (qC), 156.1 (qC), 157.3 (qC), 158.3 (qC), 159.6 (qC).  

δF (376 MHz, CD3OD): - 64.73 (s). 

HRMS (m/z ESI+): Found 507.0766 (M+ + H), C21H19N6OF3Br Requires: 507.0756. 

νmax (ATR)/cm-1: 3119 (NH), 3053 (NH), 1663 (C=O), 1584 (C=N), 1478, 1412, 1320 

(C-F), 1238, 1214, 1174, 1129 (CF3), 1099 (C-Br), 1023, 828, 581 – 558. 

HPLC: 99.9 % (tR: 26.3 min). 
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1-(2-Fluoro-4-iodophenyl)-2-(4-(3-guanidinophenoxy)phenyl)guanidine 

dihydrochloride (7) 

 

Following Method A, 25 (310 mg, 0.39 mmol) was dissolved in 4M HCl in dioxane 

(1.73 mL, 6.93 mmol) and in additional dioxane (0.17 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by flash chromatography 

to afford the pure hydrochloride salt as a white solid (198 mg, 88%). Mp: decomp. > 

150 °C. 

δH (400 MHz, CD3OD): 6.97 (t, J = 2.1 Hz, 1H, H-2), 7.00 (dd, J = 8.2, 2.3 Hz, 1H, H-

4), 7.08 (dd, J = 7.6, 1.5 Hz, 1H, H-6), 7.16 (d, J = 8.8 Hz, 2H, H-8 and H-8’), 7.22 (t, J 

= 8.2 Hz, 1H, H-5 or H-15), 7.36 (d, J = 8.8 Hz, 2H, H-9 and H-9’), 7.47 (t, J = 8.1 Hz, 

1H, H-5 or H-15), 7.66 (d, J = 9.1 Hz, 1H, H-16), 7.70 (dd, J = 9.6, 1.7 Hz, 1H, H-13). 

δC (100 MHz, CD3OD): 93.5 (d, J = 7.5 Hz, qC, C-14), 116.6 (CH Ar, C-2), 118.6 (CH 

Ar, C-4), 121.3 (CH Ar, C-6), 121.6 (2 CH Ar, C-8 and C-8’), 124.0 (d, J = 12.5 Hz, 

qC, C-11), 127.3 (d, J = 22.2 Hz, C-13), 128.7 (2 CH Ar, C-9 and C-9’), 131.1 (CH Ar, 

C-5 or C-15), 131.6 (qC), 132.4 (CH Ar, C-5 or C-15), 136.0 (d, J = 3.9 Hz, C-16), 

137.7 (qC), 156.8 (qC), 157.3 (qC), 157.9 (qC), 158.2 (d, J = 254.5 Hz, qC, C-12), 

159.5 (qC). 

δF(376 MHz, CD3OD): -121.04 (t, J = 8.8 Hz). 

HRMS (m/z ESI+): Found: 505.0645 (M+ + H), C20H19N6OFI Requires: 505.0649. 

νmax (ATR)/cm-1: 3335 (NH), 3265 (NH), 3180 (NH), 3052, 2868, 2325, 1616 (C=N), 

1560 (C=N), 1504, 1400, 1226 (C-F), 1162, 1109, 971, 875, 789, 684 – 573 (C-I). 

HPLC: 99.9% (tR: 25.9 min). 
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1-(4-Bromo-3-(trifluoromethyl)phenyl)-2-(4-(3-

guanidinophenoxy)phenyl)guanidine dihydrochloride (8) 

 

Following Method A, 26 (148 mg, 0.18 mmol) was dissolved in 4M HCl in dioxane 

(0.81 mL, 3.24 mmol) and in additional dioxane (0.10 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by flash chromatography 

to afford the pure hydrochloride salt as a white solid (100 mg, 94%). Mp: decomp. > 95 

°C. 

δH (400 MHz, CD3OD): 6.98 – 7.02 (m, 2H, H-2 and H-4), 7.09 (ddd, 1H, J = 8.0, 1.9, 

0.9 Hz, H-6), 7.17 (d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.41 (d, J = 9.0 Hz, 2H, H-9 and 

H-9’), 7.49 (t, J = 8.0 Hz, 1H, H-5), 7.55 (dd, J = 8.5, 2.6 Hz, 1H, H-16), 7.77 (d, J = 

2.6 Hz, 1H, H-12), 7.91 (d, J = 8.6 Hz, 1H, H-15). 

δC (100 MHz, CD3OD): 116.6 (CH Ar, C-2 or C-4), 118.5 (qC, C-14), 118.6 (CH Ar, 

C-2 or C-4), 121.3 (CH Ar, C-6), 121.6 (2 CH Ar, C-8 and C-8’), 123.9 (d, J = 272.8 

Hz, qCF3), 125.5 (q, J = 5.6 Hz, CH Ar, C-12), 128.5 (2 CH Ar, C-9 and C-9’), 130.8 

(CH Ar, C-16), 131.7 (qC), 132.3 (q, J = 31.6 Hz, qC, C-13), 132.4 (CH Ar, C-5), 136.7 

(qC), 137.7 (qC), 137.8 (CH Ar, C-15), 156.5 (qC), 157.3 (qC), 157.9 (qC), 159.6 (qC). 

δF (376 MHz, CD3OD): - 64.30 (s). 

HRMS (m/z ESI+): Found: 507.0750 (M+ + H), C21H19N6OBrF3  Requires: 507.0756. 

νmax (ATR)/cm-1: 3309 (NH), 3116 (NH), 3053 (NH), 2837, 2280, 1663 (C=N), 1577 

(C=N), 1505, 1486, 1405, 1320, 1258 (C-O), 1214 (CF3), 1129, 1023 (C-Br), 829, 595 - 

575. 

HPLC: 99.9% (tR: 26.6 min). 
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N,N’-Bis-(tert-butoxycarbonyl)thiourea (9)33  

 

 

 

To a cooled solution of thiourea 10 (2.21 g, 24.04 mmol, 1 eq.) in dry tetrahydrofuran 

(600 mL) under argon, sodium hydride as a 60% suspension in mineral oil (8.12 g, 

203.28 mmol, 7 eq.) was added. After 5 min, the ice-bath was removed and the reaction 

was stirred for 10 min at room temperature. The reaction mixture was again cooled to 0 

°C and di-tert-butyldicarbonate (13.31 g, 60.98 mmol, 2.1 eq.) was added. After 30 

min, the ice-bath was removed and the reaction mixture was stirred overnight at room 

temperature. The reaction was quenched by the dropwise addition of saturated NaHCO3 

solution and extracted with EtOAc. The organic phase was washed with brine, dried 

over MgSO4, filtered, and concentrated under vacuum. The crude product was purified 

by silica gel chromatography (hexane:EtOAc) to afford 9 as a white solid (3.65 g, 55% 

yield). Mp: 136-139 °C (lit. 136-138 °C).33 

 

δH(400 MHz, CDCl3): 1.51 (s, 18H, CH3).  
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N-(tert-Butoxycarbonyl)-N’-(4-fluorobenzene)thiourea (11) 

 

Following Method B, to a solution of 9 (422 mg, 1.53 mmol) in dry THF (12 mL) under 

argon at 0 °C, NaH as a 60% suspension in mineral oil (91 mg, 2.30 mmol) was added. 

The reaction mixture was stirred at the same temperature for 1.5 h, then 1.1 eq. of 

trifluoroacetic anhydride (0.20 mL, 1.68 mmol) were added, and the stirring continue 

for an additional 30 min. 1.15 eq. of 4-fluoroaniline (196 mg, 1.76 mmol) were then 

added and the reaction was stirred at 0 °C for 5 h. Usual work-up followed by silica gel 

chromatography (hexane:Et2O) afforded the desired product as a white solid (173 mg, 

42%). Mp: 132-134 °C.  

δH (400 MHz, CDCl3): 1.53 (s, 9H, (CH3)3), 7.04 – 7.12 (m, 2H, H-2 and H-2’), 7.54 – 

7.61 (m, 2H, H-3 and H-3’), 7.97 (bs, 1H, NH), 11.42 (s, 1H, NH). 

δC (100 MHz, CDCl3): 28.0 ((CH3)3), 84.5 (qC, C(CH3)3), 115.7 (d, J = 22.9 Hz, 2 CH 

Ar, C-3 and C-3'), 126.5 (d, J = 8.2 Hz, 2 CH Ar, C-2 and C-2'), 133.7 (d, J = 2.9 Hz, 

qC, C-1), 151.9 (qC), 160.9 (d,  J = 246.7 Hz, qC, C-4), 178.9 (qC). 

HRMS (m/z ESI-): Found: 269.0756 ( M- - H), C12H14FN2O2S Requires: 269.0766. 

νmax (ATR)/cm-1: 3168 (NH), 2983, 2931, 1715 (C=O), 1525-1507 (C-F), 1249, 1146 

(C=S), 838, 727. 
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N-(tert-Butoxycarbonyl)-N’-(3,4-difluoromethylphenyl)thiourea (12) 

 

Following Method B, to a solution of 9 (1000 mg, 3.6 mmol) in dry THF (27 mL) under 

argon at 0 °C, NaH as a 60% suspension in mineral oil (216 mg, 5.4 mmol) was added. 

The reaction mixture was stirred at the same temperature for 1.5 h, then 1.1 eq. of 

trifluoroacetic anhydride (0.55 mL, 3.96 mmol) were added, and the stirring continue 

for an additional 30 min. 1.15 eq. of 3,4-difluoroaniline (0.41 mg, 4.14 mmol) were 

then added and the reaction was stirred at 0 °C for 5 h. Usual work-up followed by 

silica gel chromatography (hexane:Et2O) afforded the desired product as a white solid 

(592 mg, 57%). Mp: 116-118 °C.  

δH (400 MHz, CDCl3): 1.53 (s, 9H, (CH3)3), 7.16 (dd, 1H, J = 18.1, 9.0 Hz, H-2), 7.25 

- 7.27 (m, 1H, H-6), 7.71 - 7.76 (m, 1H, H-5), 7.96 (s, 1H, NH), 11.52 (s, 1H, NH). 

δC (150 MHz, CDCl3): 28.0 ((CH3)3), 84.7 (qC, C(CH3)3), 114.0 (d, J = 20.8 Hz, CH 

Ar, C-5), 117.1 (d, J = 18.3 Hz, CH Ar, C-2), 120.3 (dd, J = 6.1, 3.6 Hz, CH Ar, C-6), 

134.1 (dd, J = 8.3, 3.4 Hz, qC, C-1), 148.5 (d, J = 248.6, 13.0 Hz, qC, C-3 or C-4), 

149.82 (d, J = 248.6 , 13.4 Hz , qC, C-3 or C-4) 151.9 (qC), 178.6 (qC). 

HRMS (m/z ESI-): Found: 287.0661 (M-- H), C12H13F2N2O2S  Requires: 287.0671. 

νmax (ATR)/cm-1: 3183 (NH), 3081, 2978, 1713 (C=O), 1514 (C-F), 1251, 1112 (C=S), 

1139, 723. 
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N-(tert-Butoxycarbonyl)-N’-(4-iodo-2-fluoromethylphenyl)thiourea (13) 

 

Following Method B, to a solution of 9 (1350 mg, 4.88 mmol) in dry THF (40 mL) 

under argon at 0 °C, NaH as a 60% suspension in mineral oil (293 mg, 7.32 mmol) was 

added. The reaction mixture was stirred at the same temperature for 1.5 h, then 1.1 eq. 

of trifluoroacetic anhydride (0.75 mL, 5.37 mmol) were added, and the stirring continue 

for an additional 30 min. 1.15 eq. of 2-fluoro-4-iodoaniline (1531 mg, 5.61 mmol) were 

then added and the reaction was stirred at 0 °C for 5 h. Usual work-up followed by 

silica gel chromatography (hexane:Et2O) and recrystallization from boiling CH2Cl2, 

afforded the desired product as a white solid (1109 mg, 57%). Mp: 156-158 °C.  

δH (400 MHz, CDCl3): 1.54 (s, 9H, (CH3)3), 7.49 – 7.51 (m, 2H, H-3 and H-6), 8.02 (bs, 

1H, NH), 8.17 – 8.21 (m, 1H, H-5), 11.63 (bs, 1H, NH). 

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 84.9 (qC, C(CH3)), 89.6(d, J = 7.5 Hz, qC, C-4), 

124.9 (d, J = 21.8 Hz, CH Ar, C-3), 126.3 (d, J = 10.5 Hz, qC, C-1),  126.7 (CH Ar, C-

5), 133.4 (d, J = 3.8 Hz, CH Ar, C-6), 151.9 (qC), 154.6 (d, J = 253.5 Hz, qC, C-2), 

178.4 (qC). 

HRMS (m/z ESI-): Found: 394.9703 (M- - H), C12H13FIN2O2S Requires: 394.9732. 

νmax (ATR)/cm-1: 3339 (NH), 2975, 1719 (C=O), 1587 (C-F), 1505, 1481, 1342, 1243, 

1206, 1133 (C=S), 949, 853, 728 (C-I). 
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N-(tert-Butoxycarbonyl)-N’-(4-bromophenyl)thiourea (14) 

 

Following Method B, to a solution of 9 (2000 mg, 7.24 mmol) in dry THF (59 mL) 

under argon at 0 °C, NaH as a 60% suspension in mineral oil (434 mg, 10.86 mmol) 

was added. The reaction mixture was stirred at the same temperature for 1.5 h, then 1.1 

eq. of trifluoroacetic anhydride (1.11 mL, 7.96 mmol) were added, and the stirring 

continue for an additional 30 min. 1.15 eq. of 4-bromoaniline(1432 mg, 8.33 mmol) 

were then added and the reaction was stirred at 0 °C for 5 h. Usual work-up followed by 

silica gel chromatography (hexane:Et2O) and recrystallization from boiling CH2Cl2, 

afforded the desired product as a white solid (1031 mg, 43%). Mp: 150 - 153 °C. 

δH (400 MHz, CDCl3): 1.53 (s, 9H, CH3), 7.50 (d, J = 8.8 Hz, 2H, H-2 and H-2’), 7.56 

(d, J = 8.8 Hz, 2H, H-3 and H-3’), 7.96 (s, 1H, NH), 11.51 (s, 1H, NH). 

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 84.7 (qC, C(CH3)), 119.9 (qC, C-4), 125.9 (2 CH 

Ar, C-2 and C-2’), 132.0 (2 CH Ar, C-3 and C-3’), 136.9 (qC, C-1), 152.0 (q), 178.4 

(qC). 

HRMS (m/z ESI-): Found: 328.9967 (M- - H), C12H14BrN2O2S  Requires: 328.9965. 

νmax (ATR)/cm-1: 3415 (NH), 3200, 2982, 1715 (C=O), 1524, 1487, 1137 (C=S), 905 

(C-Br), 726. 
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N-(tert-Butoxycarbonyl)-N’-[4-chloro-3-(trifluoromethyl)phenyl]thiourea (15)28 

 

Following Method B, to a solution of 9 (2000 mg, 7.25 mmol) in dry THF (58 mL) 

under argon at 0 °C, NaH as a 60% suspension in mineral oil (435 mg, 10.9 mmol) was 

added. The reaction mixture was stirred at the same temperature for 1.5 h, then 1.1 eq. 

of trifluoroacetic anhydride (1.11 mL, 8.0 mmol), and the stirring continue for an 

additional 30 min. Then, 1.15 eq. of 4-chloro-3-(trifluoromethyl)aniline (1.63 g, 8.34 

mmol) were added and the reaction was stirred at 0 °C for 5 h. Usual work-up followed 

by silica gel chromatography (eluting with a gradient of hexane:EtOAc) and 

recrystallization from boiling hexane, to afford the desired product as a white solid 

(1414 mg, 55%). Mp: 138 – 140 ºC. (lit. 140-142 ºC).28 

δH (400 MHz, CDCl3): 1.54 (s, 9H, CH3), 7.51 (d, 1H, J = 8.7 Hz, H-5), 7.91 (d, 1H, J 

= 8.6, 2.3 Hz, H-6), 7.96 – 8.00 (m, 2H, NH, H-2), 11.67 (bs, 1H, NH). 
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N-(tert-Butoxycarbonyl)-N’-[4-bromo-3-(trifluoromethyl)phenyl]thiourea (16) 

 

Following Method B, to a solution of 9 (925 mg, 3.38 mmol) in dry THF (27 mL) under 

argon at 0 °C, NaH as a 60% suspension in mineral oil (202 mg, 5.07 mmol) was added. 

The reaction mixture was stirred at the same temperature for 1.5 h, then 1.1 eq. of 

trifluoroacetic anhydride (0.52 mL, 3.72 mmol) were added, and the stirring continue 

for an additional 30 min. 1.15 eq. of 4-bromo-3-(trifluoromethyl)aniline(933 mg, 3.89 

mmol) were then added and the reaction was stirred at 0 °C for 5 h. Usual work-up 

followed by silica gel chromatography (hexane:Et2O) and recrystallization from boiling 

CH2Cl2, to afford the desired product as a white solid (500 mg, 37%). Mp: 132 - 134 

°C. 

δH (600 MHz, CDCl3): 1.54 (s, 9H, CH3), 7.71 (d, 1H, J = 8.6 Hz, H-5), 7.84 (dd, 1H, J 

= 8.6, 1.8 Hz, H-6), 7.98 – 8.02 (m, 2H, NH and H-2), 11.68 (bs, 1H, NH). 

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 85.1 (qC, C(CH3)), 117.0 (qC, C-4), 123.5 (q, J = 

11.1 Hz, CH Ar, C-2), 124.5 (d, J = 273.6 Hz, qCF3), 128.3 (CH Ar, C-6), 130.8 (d, J = 

31.9 Hz, qC, C-3), 135.4 (CH Ar, C-5), 137.3 (qC), 152.1 (qC), 178.6 (qC). 

HRMS (m/z ESI-): Found: 396.9832 (M- - H),  C13H13N2O2BrF3S  Requires: 396.9839. 

νmax (ATR)/cm-1: 3159 (NH), 1706 (C=O), 1592, 1533, 1474, 1324, 1237 (C=S), 1128 

(C-F), 1016 (C-Br), 818, 688. 
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2,3-(di-tert-butoxycarbonyl)-1-(4-(3-aminophenoxy)phenyl)guanidine (17)28 

 

HgCl2 (1200 mg, 4.42 mmol, 1.2 eq.) was added over a solution of 19 (2170 mg, 10.86 

mmol, 3 eq.), 9 (1000 mg, 3.62 mmol, 1 eq.) and triethylamine (1.56 mL, 11.22 mmol, 

3.1 eq.) in CH2Cl2 (18 mL) at 0 °C. The resulting mixture was stirred at 0 °C for 1 h and 

then overnight at room temperature. When the reaction was adjudged complete by TLC, 

the organic phase was washed with brine, dried over MgSO4, filtered, and concentrated 

under vacuum. The crude product was purified by silica gel chromatography 

(hexane:EtOAc) to afford the title product as a whitesolid (1201 mg, 75%). Mp: 78-79 

°C (lit. 78-79 °C).28 

δH (400 MHz, CDCl3): 1.50 (s, 9H, (CH3)3), 1.55 (s, 9H, (CH3)3), 3.68 (bs, 2H, NH2), 

6.30 (s, 1H, H-2), 6.38 – 6.40 (m, 2H, H-4 and H-6), 6.99 (d, 2H, J= 8.9, H-8 and H-8’), 

7.08 (t, 1H,  J = 8.0 Hz, H-5), 7.55 (d, 2H,  J = 8.9 Hz, H-9 and H-9’), 10.28 (bs, 1H, 

NH), 11.64 (bs, 1H, NH). 
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2,3-(di-tert-butoxycarbonyl)-1-(3-(4-aminophenoxy)phenyl)guanidine (18) 

 

HgCl2 (1200 mg, 4.42 mmol, 1.2 eq.) was added over a solution of 19 (2170 mg, 10.86 

mmol, 3 eq.), 9 (1000 mg, 3.62 mmol, 1 eq.) and triethylamine (1.56 mL, 11.22 mmol, 

3.1 eq.) in CH2Cl2 (18 mL) at 0 °C. The resulting mixture was stirred at 0 °C for 1 h and 

then overnight at room temperature. When the reaction was adjudged complete by TLC, 

the organic phase was washed with brine, dried over MgSO4, filtered, and concentrated 

under vacuum. The crude product was purifiedby silica gel chromatography 

(hexane:EtOAc) to afford the title product as a yellow oil (400 mg, 25%). 

δH (400 MHz, CDCl3): 1.49 (s, 9H, (CH3)3), 1.52 (s, 9H, (CH3)3), 3.58 (bs, 2H, NH2), 

6.65 - 6.69 (m, 3H, H-9 and H-9’ and H-4), 6.88 (d, 2H, J= 8.6, H-8 and H-8’), 7.17 - 

7.24 (m, 3H,H-5, H-6 and H-2), 10.25 (bs, 1H, NH), 11.59 (bs, 1H, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 79.7 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 111.4 (CH Ar, C-2), 113.5 (CH Ar, C-4), 116.1 (CH Ar, C-6), 116.4 (2 CH 

Ar, C-9 and C-9’), 121.5 (2 CH Ar, C-8 and C-8’), 129.7 (CH Ar, C-5), 138.1 (qC), 

142.9 (qC), 148.4 (qC), 153.4 (qC), 153.6 (qC), 159.4 (qC), 163.6 (qC). 

HRMS (m/z - ESI+): Found: 443.2295 (M+ + H), C23H31N4O5 Requires: 443.2289. 

νmax (ATR)/cm-1: 3474 (NH), 2976, 1719 (C=O), 1632 (C=N), 1507, 1410, 1213, 1145 

(C-O). 
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1-(4-Fluorophenyl)-2-(tert-butoxycarbonyl)-3-{3-[4-(1’,2’-di-tert-butoxycarbonyl) 

guanidinophenoxy]phenyl}guanidine (20) 

 

Following Method C, HgCl2 (92 mg, 0.34 mmol) was added over a solution of 17 (124 

mg, 0.28 mmol), thioureaderivative 11 (93 mg, 0.34 mmol) and NEt3 (0.12 mL, 0.87 

mmol) in CH2Cl2 (1.5 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 20 as a yellow oil (108 mg, 57%). 

δH (400 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 1.49 ((s, 9H, (CH3)3), 1.53 (s, 9H, (CH3)3), 

6.55-6.70 (m, 3H, CH Ar), 6.84 (bs, 1H, CH Ar), 6.98-6.70 (m, 4H, CH Ar), 7.24 (bs, 

1H, CH Ar), 7.32-7.47 (bs, 1H, CH Ar), 7.56 (m, 2H, CH Ar), 9.50-9.55 (m, NH), 

10.29 (bs, NH), 11.64 (bs, NH). 

δC (100 MHz, CDCl3): 28.2 (2(CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.5 (qC, 

C(CH3)3), 83.9 (qC, C(CH3)3), 112.7 (CH Ar), 113.0 (CH Ar), 115.6 (CH Ar), 116.3 

(CH Ar), 119.9 (CH Ar), 123.9 (CH Ar), 129.8 (CH Ar), 130.8 (CH Ar), 132.6 (qC), 

140.5 (qC), 153.0 (qC), 153.5 (qC), 153.7 (qC), 157.9 (qC), 158.9 (qC), 163.7 (qC). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 679.3253 (M+ + H), C35H44N6O7F  Requires: 679.3256. 

νmax (ATR)/cm-1: 3412 (NH), 3308 (NH), 3263, 2979, 2931, 1719 (C=O), 1628, 1596 

(C=N), 1234 (C-N), 1210, 1121 (C-O), 1145 (C-F), 1095, 832, 804, 771, 731, 687. 
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1-(3,4-Difluorophenyl)-2-(tert-butoxycarbonyl)-3-{3-[4-(1’,2’-di-tert-

butoxycarbonyl) guanidinophenoxy]phenyl}guanidine (21) 

 

Following Method C, HgCl2 (92 mg, 0.34 mmol) was added over a solution of 17 (124 

mg, 0.28 mmol), thioureaderivative 12 (98 mg, 0.34 mmol) and NEt3 (0.12 mL, 0.87 

mmol) in CH2Cl2 (1.5 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 21 as a white-yellow amorphous solid (120 mg, 

61%). Mp: 125 – 127 °C 

δH (400 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 1.49 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 

6.54 - 6.71 (m, 4H, CH Ar and NH), 7.00 (bs, 2H,CH Ar), 7.07 - 7.18 (m, 2H, CH Ar), 

7.28 – 7.44 (bs, 1H, CH Ar), 7.56 - 7.58 (bs, 2H, CH Ar), 7.82 (bs, 1H, CH Ar), 9.62 

(bs,  NH), 10.30 (bs, NH), 11.64 (bs, NH). 

δC (100 MHz, CDCl3): 28.2 (2(CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.8 (qC, 

C(CH3)3), 84.0 (qC, C(CH3)3), 109.7 (CH Ar), 112.5 (CH Ar), 113.3 (CH Ar), 115.6 

(CH Ar), 117.1 (CH Ar), 118.2 (CH Ar), 119.9 (2 CH Ar), 123.9 (2 CH Ar), 130.9 (CH 

Ar), 132.7 (qC), 140.1 (qC), 148.1 (qC), 153.0 (qC), 153.5 (qC), 153.7 (qC), 159.1 

(qC), 163.7 (qC). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found:  697.3157 (M+ + H), C35H43F2N6O7 Requires: 697.3161. 

νmax(ATR)/cm-1: 3413 (NH), 3304, 3264 (NH), 2979, 2928, 2856, 1719 (C=O), 1627, 

1596 (C=N), 1565, 1505, 1480, 1461, 1233 (C-N), 1210 (C-O), 1145 (C-F), 803, 773, 

731. 
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1-(2-Fluoro-4-iodophenyl)-2-(tert-butoxycarbonyl)-3-{3-[4-(1’,2’-di-tert-

butoxycarbonyl) guanidinophenoxy]phenyl}guanidine (22) 

 

Following Method C, HgCl2 (147 mg, 0.54 mmol) was added over a solution of 17 (200 

mg, 0.45 mmol), thioureaderivative 13 (214 mg, 0.54 mmol) and NEt3 (0.19 mL, 1.40 

mmol) in CH2Cl2 (2.5 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 22 as a white-pale yellow amorphous solid (220 

mg, 61%). Mp: 79-81 °C 

δH (400 MHz, CDCl3): 1.49 (s, 18H, (CH3)3), 1.54 (s, 9H, (CH3)3), 6.54 - 6.71 (m, 3H, 

CH Ar), 6.99 (bs, 2H, CH Ar), 7.22 - 7.28 (bs, 2H, CH Ar), 7.38 - 7.42 (m, 1H, CH Ar), 

7.56 - 7.58 (m, 2H, CH Ar), 8.32 (bs, 1H, CH Ar), 9.69 (m, NH), 9.90 (m, NH), 10.30 

(bs, NH), 11.64 (bs, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 112.4 (CH Ar), 113.3 (CH Ar), 116.9 (CH Ar), 120.0 (2 CH Ar), 123.1 (CH 

Ar), 123.9 (2 CH Ar), 130.0 (CH Ar), 131.0 (CH Ar), 133.5 (CH Ar), 134.1 (qC), 152.9 

(qC), 153.5 (qC), 153.7 (qC), 159.2 (qC), 163.7 (qC). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 805.2213 (M+ + H), C35H43FIN6O7 Requires: 805.2216. 

νmax (ATR)/cm-1: 3450 (NH), 2977, 2935, 1718 (C=O), 1591 (C=N), 1407, 1367, 1234 

(C-N), 1144 (C-F), 1112 (C-O), 1056, 772 (C-I). 
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1-(4-Bromophenyl)-2-(tert-butoxycarbonyl)-3-{3-[4-(1’,2’-di-tert-butoxycarbonyl) 

guanidinophenoxy]phenyl}guanidine (23) 

 

Following Method C, HgCl2 (209 mg, 0.77 mmol) was added over a solution of 17 (283 

mg, 0.64 mmol), thioureaderivative 14 (255 mg, 0.77 mmol) and NEt3 (0.27 mL, 1.98 

mmol) in CH2Cl2 (3.5 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 23 as a white amorphous solid (170 mg, 36%). 

Mp: 116 - 119 °C 

δH (600 MHz, CDCl3): 1.48 (bs, 9H, (CH3)3), 1.49 (bs, 9H, (CH3)3), 1.54 (bs, 9H, 

(CH3)3), 6.55 - 6.78 (m, 4H, CH Ar), 6.99 – 7.01 (m, 2H, CH Ar), 7.39 – 7.43 (m, 3H, 

CH Ar), 7.57 (bs, 3H, CH Ar), 9.60 (bs, 1H, NH), 10.29 (bs, 1H, NH), 11.64 (bs, 1H, 

NH). 

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 112.6 (CH Ar), 113.2 (CH Ar), 117.2 (CH Ar), 119.6 (CH Ar), 119.9 (CH 

Ar), 121.7 (CH Ar), 121.8 (CH Ar), 124.0 (CH Ar), 124.5 (CH Ar), 131.8 (CH Ar), 

132.1 (CH Ar), 132.8 (CH Ar), 140.2 (qC), 145.7 (qC), 153.2 (qC), 153.5 (qC), 158.8 

(qC), 163.4 (qC). 

Note: Aromatic protons and carbons and quaternary carbons peaks could not be fully 

assigned and characterised because the peaks were very broad. 

νmax (ATR)/cm-1: 3412, 3260 (NH), 2980, 2933, 1719 (C=O), 1625, 1599 (C=N), 1551, 

1481, 1459, 1481, 1408, 1368, 136, 1304, 1231, 1211, 1145 (C-O), 1113 (C-Br), 1097, 

1057, 909, 731. 

HRMS (m/z ESI+): Found: 739.2458 (M+ + H), C35H44N6O7Br Requires: 739.2455. 
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1-[4-Bromo-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-{3-[4-(1’,2’-di-

tert-butoxycarbonyl)guanidinophenoxy]phenyl}guanidine (24) 

 

Following Method C, HgCl2 (147 mg, 0.54 mmol) was added over a solution of 17 (200 

mg, 0.45 mmol), thioureaderivative 16 (217 mg, 0.54 mmol) and NEt3 (0.19 mL, 1.40 

mmol) in CH2Cl2 (3 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 24 as a white-pale yellow amorphous solid (207 

mg, 57%). Mp: 92-94 °C 

δH (400 MHz, CDCl3): 1.49 (s, 18H, (CH3)3), 1.54 (s, 9H, (CH3)3), 6.54-6-72 (m, 3H, 

CH Ar and NH), 7.01 (bs, 3H, CH Ar), 7.26 – 7.29 (m, 2H, CH Ar), 7.57 - 7-59 (m, 3H, 

CH Ar), 7.87-7.92 (m, 1H, CH Ar), 9.67-9.83 (bs, NH), 10.31 (bs, NH), 11.64 (bs, NH). 

δC (100 MHz, CDCl3): 28.3 (3 (CH3)3), 79.8 (qC, C(CH3)3), 83.9 (qC, C(CH3)3), 84.1 

(qC, C(CH3)3), 112.3 (CH Ar), 113.3 (CH Ar), 117.0 (CH Ar), 119.7 (CH Ar), 120.0 

(CH Ar),123.9 (2 CH Ar), 124.1 (CH Ar), 124.3 (qC), 127.0 (CH Ar), 130.0 (CH Ar), 

130.1 (CH Ar), 132.8 (qC), 135.2 (qC), 136.1 (qC), 138.5 (qC), 140.0 (qC), 147.9 (qC), 

153.1 (qC), 153.5 (qC), 153.7 (qC), 158.1 (qC), 159.2 (qC), 163.7 (qC). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 807.2333  (M+ + H), C36H43BrF3N6O7 Requires: 807.2323. 

νmax (ATR)/cm-1: 3410 (NH), 3305 (NH), 2980, 2940, 1720 (C=O), 1589 (C=N), 1554 

(C=N), 1477, 1407, 1236 (C-N), 1211 (C-O), 1144 (CF3), 1112, 1094 (C-Br), 771, 832. 
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1-(4-Iodo-2-fluorophenyl)-2-(tert-butoxycarbonyl)-3-{4-[3-(1’,2’-di-tert-

butoxycarbonyl) guanidinophenoxy]phenyl}guanidine (25) 

 

Following Method C, HgCl2 (206 mg, 0.76 mmol) was added over a solution of 18 (278 

mg, 0.63 mmol), thioureaderivative 13 (300 mg, 0.76 mmol) and NEt3 (0.27 mL, 1.95 

mmol) in CH2Cl2 (4 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 25 as a yellow amorphous solid (299 mg, 59%). 

Mp: 87 – 88 °C 

δH (400 MHz, CDCl3): 1.50 (bs, 18H, (CH3)3), 1.53 (bs, 9H, (CH3)3), 6.71 – 6.75 (m, 

1H, CH Ar), 6.88 – 6.90 (m, 1H, CH Ar), 7.00 – 7.07 (m, 2H, CH Ar), 7.22 – 7.24 (m, 

1H, CH Ar), 7.28 – 7.32 (m, 1H, CH Ar), 7.37 – 7.46 (m, 2H, CH Ar), 7.52 – 7.65 (m, 

1H, CH Ar), 7.97 – 8.01 (m, 1H, CH Ar), 8.36 – 8.40 (m, 1H, CH Ar), 9.64 (bs, 1H, 

NH), 9.91 (bs, 1H, NH), 10.31 (bs, 1H, NH), 11.60 (bs, 1H, NH).  

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 84.1 (qC, C(CH3)3), 112.3, 114.4, 116.8, 120.1, 121.2, 123.0, 123.6, 124.1, 

129.9, 133.8, 134.1, 138.3, 150.1, 153.4, 153.6, 158.4, 163.6. 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z – ESI+): Found: 805.2226 (M+ + H), C35H43N6O7FI Requires: 805.2222. 

νmax (ATR)/cm-1: 3411 (NH), 2976, 1719 (C=O), 1638, 1599 (C=N), 1535 (C=N), 1499, 

1466, 1411, 1367, 1240 (C-O), 1153 (C-F), 1140, 1110, 1058, 816, 762 (C-I). 
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1-[4-Bromo-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-{4-[3-(1’,2’-di-

tert-butoxycarbonyl)guanidinophenoxy]phenyl}guanidine (26) 

 

Following Method C, HgCl2 (152 mg, 0.56 mmol) was added over a solution of 18 (207 

mg, 0.47 mmol), thioureaderivative 16 (224 mg, 0.56 mmol) and NEt3 (0.20 mL, 1.46 

mmol) in CH2Cl2 (3 mL). After 12 h workup and silica gel chromatography 

(hexanes:EtOAc) afforded compound 26 as a yellow oil (250 mg, 66%). 

δH (400 MHz, CDCl3): 1.49 (bs, 9H, (CH3)3), 1.53 (bs, 9H, (CH3)3), 6.71 – 6.76 (m, 1H, 

CH Ar), 6.88 – 6.90 (m, 1H, CH Ar), 7.00 – 7.08 (m, 2H, CH Ar), 7.22 – 7.38 (m, 3H, 

CH Ar), 7.57 – 7.63 (m, 2H, CH Ar), 7.88 – 7-90 (m, 1H, CH Ar), 8.00 (bs, 1H, CH 

Ar), 9.65 (bs, 1H NH), 9.83 (bs, 1H NH), 10.30 (bs, 1H NH), 11.60 (bs, 1H NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 86.2 (qC, C(CH3)3), 112.4 (CH 

Ar), 114.0 (CH Ar), 114.4 (CH Ar), 116.8 (CH Ar), 118.0 (CH Ar), 120.1 (CH Ar), 

121.1 (CH Ar), 123.9 (CH Ar), 130.0 (CH Ar), 134.5 (qC), 135.2 (qC), 135.0 (qC), 

136.5 (qC), 137.9 (qC), 138.0 (qC), 138.3 (qC), 152.7 (qC), 152.8 (qC), 153.6 (qC). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z – ESI+): Found: 807.2329 (M+ + H), C36H43BrF3N6O7  Requires: 807.2323. 

νmax (ATR)/cm-1: 3260 (NH), 2980, 2929, 1718 (C=O), 1630, 1595 (C=N), 1555, 1238, 

1140 (CF3), 1105, 1055 (C-Br), 835, 773. 
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1-{4-[3-(4-Chlorophenylamino)phenoxy]phenyl}guanidine hydrochloride (27) 

 

Following Method A, 55 (97 mg, 0.18 mmol) was dissolved in 4M HCl in dioxane 

(0.53 mL, 2.10 mmol) and in additional dioxane (0.9 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as a purple solid 

(69 mg, 99%). Mp: 50 - 52 °C 

δH (400 MHz, CD3OD): 6.51 (dd, J = 8.3, 1.9 Hz, 1H, H-4), 6.73 (t, J = 2.2 Hz, 1H, H-

2), 6.85 (dd, J = 7.8, 1.8 Hz, 1H, H-6), 7.05 (d, J = 8.9 Hz, 2H, H-12 and H-12’), 7.08 

(d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.18 (d, J = 8.9 Hz, 2H, H-13 and H-13’), 7.22 (t, J = 

8.2 Hz, 1H, H-5), 7.27 (d, J = 8.9 Hz, 2H, H-9 and H-9’). 

δC (100 MHz, CD3OD): 108.6 (CH Ar, C-2), 111.8 (CH Ar, C-4), 113.7 (CH Ar, C-6), 

120.0 (2 CH Ar, C-12 and C-12’), 120.7 (2 CH Ar, C-8 and C-8’), 126.1 (qC, C-14), 

128.8 (2 CH Ar, C-9 and C-9’), 130.1 (2 CH Ar, C-13 and C-13’), 130.6 (qC), 131.5 

(CH Ar, C-5), 143.4 (qC), 146.7 (qC), 158.4 (qC), 158.5 (qC), 158.9 (qC). 

HRMS (m/z ESI+): Found 353.1177 (M+ + H), C19H18N4OCl Requires: 353.1169. 

νmax (ATR)/cm-1: 3297 (N-H), 3126 (N-H), 1688, 1586 (C=N), 1502, 1485 (C-N), 1325, 

1216 (C-O), 1142 (C-Cl), 997, 972, 823, 770, 689, 604, 588, 570. 

HPLC: 98.0 % (tR: 32.3 min). 
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1-(4-{3-[4-Chloro-3-(trifluoromethyl)phenylamino]phenoxy}phenyl)guanidine 

hydrochloride (28) 

 

Following Method A, 54 (112 mg, 0.18 mmol) was dissolved in 4M HCl in dioxane 

(0.54 mL, 2.16 mmol) and in additional dioxane (0.36 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by flash chromatography 

to afford the pure hydrochloride salt as an white-brown solid (59 mg, 80%). Mp: 58 - 

60 °C 

δH (400 MHz, CD3OD): 6.62 (dd, J = 8.7, 2.3 Hz, 1H, H-4), 6.78 (t, J = 2.2 Hz, 1H, H-

2), 6.90 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 7.11 (d, J = 8.9 Hz, 2H, H-8 and H-8'), 7.24 (dd, 

J = 8.8, 2.8 Hz, 1H, H-16), 7.27 - 7.31 (m, 3H, H-9, H-9' and H-5) 7.36 – 7.39 (m, 2H, 

H-12, H-15). 

δC (100 MHz, CD3OD): 109.8 (CH Ar, C-2), 113.1 (CH Ar, C-4), 114.8 (CH Ar, C-6), 

116.1 (q, J = 5.6 Hz, CH Ar, C-12), 121.0 (2 CH Ar, C-8 and C-8'), 121.5 (CH Ar, C-

16), 122.1 (qC, C-14), 124.4 (d, J = 272.5 Hz, qCF3), 129.0 (2 CH Ar, C-9 and C-9'), 

129.6 (q, J = 31.0, qC, C-13), 131.0 (qC), 131.8 (CH Ar, C-5), 133.4 (CH Ar, C-15), 

144.4 (qC), 145.3 (qC), 158.2 (qC), 158.4 (qC), 159.2 (qC). 

δF (376 MHz, CD3OD): - 64.18 (s). 

HRMS (m/z ESI+): Found 421.1044 (M+ + H), C20H17ClF3N4O Requires: 421.1043. 

νmax (ATR)/cm-1: 3295 (NH), 3163, 2923, 2853, 2400, 1664 (C=O), 1595 (C=N), 1504, 

1482, 1441,1333, 1258, 1217 (CF3), 1127, 1112 (C-Cl), 1027, 999, 977, 825. 

HPLC: 97.8% (tR 32.9 min). 
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1-(4-{3-[3-(Trifluoromethyl)phenylamino]phenoxy}phenyl)guanidine 

hydrochloride (29) 

 

Following Method A, 52 (371 mg, 0.63 mmol) was dissolved in 4M HCl in dioxane 

(1.90 mL, 7.56 mmol) and in additional dioxane (1.25 mL) until a final concentration of 

0.2M was reached. After 6 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by flash chromatography 

to afford the pure hydrochloride salt as an white solid (242 mg, 90%). Mp: 93 - 95 °C 

δH (400 MHz, CD3OD): 6.59 (dd, J = 8.1, 2.3 Hz, 1H, H-4), 6.78 (t, J = 2.2 Hz, 1H, H-

2), 6.90 (dd, J = 7.9, 1.9 Hz, 1H, H-6), 7.07 – 7.13 (m, 3H, H-8 and 8’ and H-12 or H-

14), 7.26 – 7.30 (m, 5H, H-9 and 9’, H-12 or H-14, H-16 and H-5 or H-15), 7.37 (t, J = 

8.3 Hz, 1H, H-5 or H-15). 

δC (100 MHz, CD3OD): 109.4 (CH Ar, C-2), 112.6 (CH Ar, C-4), 113.9 (q, J = 4.0 Hz, 

CH Ar, C-12 or C-14), 114.6 (CH Ar, C-6), 117.3 (q, J = 4.0 Hz, CH Ar, C-12 or C-

14), 119.9 (d, J = 280.7 Hz, qCF3), 120.9 (2 CH Ar, C-8 and C-8’), 121.2 (CH Ar, C-

16), 128.9 (2 CH Ar, C-9 and C-9’), 130.8 (qC),131.1 (CH Ar, C-5 or C-15), 131.7 (CH 

Ar, C-5 or C-15), 132.6 (d, J = 31.9 Hz, qC, C-13), 145.7 (qC), 145.9 (qC), 158.3 (qC), 

158.4 (qC), 159.1 (qC). 

δF (376 MHz, CD3OD): – 64.42 (s). 

HRMS (m/z ESI+): Found 387.1438 (M+ + H), C20H18N4OF3 Requires: 387.1433. 

νmax (ATR)/cm-1: 3301 (NH), 3135 (NH), 1665, 1587 (C=N), 1490, 1486, 1335 (C-N), 

1216 (C-O), 1161, 1116 (CF3), 1067 (C-Cl), 976, 836, 785, 689. 

HPLC: 97.5 % (tR: 31.7 min). 
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1-(4-{3-[3-(Pentafluorosulphanyl)phenylamino]phenoxy}phenyl)guanidine 

hydrochloride (30) 

 

Following Method A, 53 (272 mg, 0.42 mmol) was dissolved in 4M HCl in dioxane 

(1.27 mL, 5.06 mmol) and in additional dioxane (0.83 mL) until a final concentration of 

0.2M was reached. After 6 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as an orange 

solid (127 mg, 62%). Mp: 104-106 °C 

δH (400 MHz, CD3OD): 6.61 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 6.78 (t, J = 2.2. Hz, 1H, H-

2), 6.90 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 7.11 (d, J = 8.9 Hz, H-8 and H-8’), 7.22 – 7.31 

(m, 5H, H-9 and H-9’, H-5 or H-15, H-14 and H-16), 7.34 – 7.38 (m, 1H, H-5 or H-15), 

7.44 (t, J = 2.2 Hz, 1H, H-12). 

δC (100 MHz, CD3OD): 109.6 (CH Ar, C-2), 112.9 (CH Ar, C-4), 114.6 (CH Ar, C-6), 

114.9 (p, J = 4.6 Hz, CH Ar, C-12), 118.0 (p, J = 4.7 Hz, CH Ar, C-14), 120.8 (CH Ar, 

C-16), 120.9 (2 CH Ar, C-8 and C-8’), 128.8 (2 CH Ar, C-9 and C-9’), 130.6 (CH Ar, 

C-5 or C-15), 130.8 (qC), 131.8 (CH Ar, C-5 or C-15), 145.6 (qC), 145.7 (qC), 155.9 

(p, J = 16.4 Hz, qC, C-13), 158.2 (qC), 158.3 (qC), 159.2 (qC). 

δF (376 MHz, CD3OD): – 64.34 (s). 

HRMS (m/z ESI+): Found 445.1124 (M+ + H), C19H18N4OSF5 Requires: 445.1121. 

νmax (ATR)/cm-1: 3273 (NH), 3150 (NH), 1669, 1593 (C=N), 1487 (C-N), 1218 (C-O), 

834 (SF5), 567. 

HPLC: 95.4 % (tR: 32.3 min). 
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1-(4-{3-[4-Chloro-3-(trifluoromethyl)phenylamino]-5-

fluorophenoxy}phenyl)guanidine hydrochloride (31) 

 

Following Method A, 56 (166 mg, 0.26 mmol) was dissolved in 4M HCl in dioxane 

(0.78 mL, 3.12 mmol) and in additional dioxane (0.51 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as an white-

brown solid (114 mg, 92%). Mp: 92-94 °C 

δH (600 MHz, CD3OD): 6.31 (dt, J = 9.9, 2.1 Hz, 1H, H-4), 6.55 (s, 1H, H-2), 6.58 (dt, 

J = 10.7, 2.0 Hz, 1H, H-6), 7.16 (d, J = 8.8 Hz, 2H, H-8 and H-8’), 7.29 (dd, J = 8.8, 2.7 

Hz, 1H, H-16), 7.32 (d, J = 8.8 Hz, 2H, H-9 and H-9’), 7.40 (d, J = 2.6 Hz, 1H, H-12), 

7.43 (d, J = 8.7 Hz, 1H, H-15).    

δC (150 MHz, CD3OD): 99.4 (d, J = 25.7 Hz, CH Ar, C-4), 100.3 (d, J = 25.5 Hz, CH 

Ar, C-6), 103.8 (d, J = 2.6 Hz, CH Ar, C-2), 117.4 (q, J = 5.5 Hz, CH Ar, C-12), 121.8 

(2 CH Ar, C-8 and C-8’), 122.7 (CH Ar, C-16), 123.4 (qC, C-14), 124.3 (d, J = 272.2 

Hz, qCF3), 128.9 (2 CH Ar, C-9 and C-9’), 129.8 (q, J = 31.0, qC, C-13), 131.7 (qC), 

133.5 (CH Ar, C-15), 143.4 (qC), 146.7 (d, J = 13.2 Hz, qC, C-1 or C-3), 157.1 (qC), 

158.4 (qC), 160.7 (d, J = 13.7 Hz, qC, C-1 or C-3), 165.8 (d, J = 243.4 Hz, qC, C-5). 

δF (376 MHz, CD3OD): - 64.67 (s), - 112.53 (s). 

HRMS (m/z ESI+): Found 439.0945 (M+ + H), C20H16N4OF4Cl Requires: 439.0943. 

νmax (ATR)/cm-1: 3285 (NH), 3139 (NH), 1666, 1601 (C=N), 1504, 1476, 1323 (CF3), 

1216 (C-O), 1112 (C-F), 1020 (C-Cl), 994, 823, 660. 

HPLC: 95.7 % (tR: 33.1 min). 
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1-{4-[3-(4-bromobenzamido)phenoxy]phenyl}guanidine hydrochloride (32)34 

 

To a stirred solution of 59 (100 mg, 0.16 mmol) in EtOAc was added SnCl4 (0.07 mL, 

0.64 mmol). After 1 h of stirring at room temperature, the solvent and the excess of 

SnCl4 were evaporated in vacuo. The product was purified by flash chromatography and 

the purified fraction was then dissolved in MeOH and recrystallized from Et2O to 

obtain 32 as a pale yellow/white solid (40 mg, 54%). Mp: decomp. > 200 °C 

δH (400 MHz, CD3OD): 6.79 (d, J=7.0 Hz, 1H, H-4), 7.07 (d, J = 8.2 Hz, 2H, H-8 and 

H-8'), 7.18 (s, 1H, NH), 7.25 (d, J = 8.3 Hz, 2H, H-9 and H-9'), 7.30 – 7.38 (m, 2H, H-

5, H-6), 7.55 (s, 1H, H-2), 7.62(d, J = 8.2 Hz, 2H, H-13 and H-13'), 7.79 (d, J = 8.2 Hz, 

2H, H-12 and H-12'), 9.31 (bs, 1H, NH), 10.16 (bs, 1H, NH). 

δC (100 MHz, CD3OD): 112.8 (CH Ar,C-2), 116.0 (CH Ar, C-4), 117.2 (CH Ar, C-6), 

121.0 (2 CH Ar, C-8 and C-8'), 127.3 (qC), 128.8 (2 CH Ar, C-9 and C-9'), 130.5 (2 CH 

Ar, C-12 and C-12'), 131.0 (CH Ar, C-5), 132.8 (2 CH Ar, C-13 and C-13'), 134.2 (qC), 

135.0 (qC), 136.4 (qC), 147.6 (qC), 158.0 (qC), 158.3 (qC), 162.5 (qC). 

HRMS (m/z ESI+): Found 425.0613 (M+ + H), C20H18N4O2Br Requires 425.0613. 

νmax (ATR)/cm-1:3432 (NH), 3332 (NH), 2508, 1658 (C=O), 1589 (C=N), 1565, 1547, 

1507, 1486, 1250,1218 (C-O), 1008 (C-Br), 838, 743.  

HPLC: 99.9 % (tR 31.08 min). 
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1-(4-{3-[4-Chloro-3-(trifluoromethyl)benzamido]phenoxy}phenyl)guanidine 

hydrochloride (33)34 

 

To a stirred solution of 60 (90 mg, 0.14 mmol) in EtOAc was added SnCl4 (0.06 mL, 

0.56 mmol). After 1 h of stirring at room temperature, the solvent and the excess of 

SnCl4 were evaporated in vacuo. The product was purified by flash chromatography 

(CHCl3:MeOH) and the purified fraction was then dissolved in MeOH and 

recrystallized from Et2O to obtain 33 as a white solid (32 mg, 47%). Mp: decomp. over 

120 °C.  

δH (400 MHz, CD3OD): 6.86 (d, J = 7.8 Hz, 1H, H-4), 7.12 (d, J = 8.6 Hz, 2H, H-8 and 

H-8’), 7.30 (d, J = 8.7 Hz, 2H, H-9 and H-9’), 7.35 – 7.43 (m, 2H, H-5 and H-6), 7.62 

(s, 1H, H-2), 7.77 (d, J = 8.3 Hz, 1H, H-15), 8.16 (dd, J = 8.3, 1.5 Hz, 1H, H-16), 8.32 

(d, J = 1.2 Hz, 1H, H-12).  

δC (100 MHz, CD3OD): 112.9 (CH Ar, C-2), 116.3 (CH Ar, C-4), 117.3 (CH Ar, C-6), 

121.0 (2 CH Ar, C-8 and C-8’), 124.0 (d, J = 272.5 Hz, qCF3), 128.2 (q, J = 5.5 Hz, CH 

Ar, C-12), 128.9 (2 CH Ar, C-9 and C-9’), 129.4 (d, J = 31.6, qC, C-13), 130.9 (qC, C-

14), 131.2 (CH Ar, C-5), 133.1 (CH Ar, C-15), 133.6 (CH Ar, C-16), 135.3 (qC), 136.5 

(qC), 141.2 (qC), 158.1 (qC), 158.3 (qC), 158.4 (qC), 166.0 (qC).  

δF (376 MHz, CD3OD): – 64.11 (s).  

HRMS (m/z ESI+): Found 449.0987  (M+ + H), C21H17N4O2ClF3 Requires: 449.0992. 

νmax (ATR)/cm-1: 3413 (NH), 3343 (NH), 1602 (C=O), 1504 (C=N), 1450, 1412, 1261 

(C-N), 1216 (C-O), 1134 (CF3), 1035 (C-Cl), 924, 845.  

HPLC: 98.9% (tR 32.25 min). 
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3-(4-Nitrophenoxy)aniline (34)35 

 

1-Fluoro-4-nitrobenzene 36 (100 mg, 0.71 mmol, 1 eq.), 3-aminophenol 35 (117 mg, 

1.07 mmol, 1.5 eq.) and K2CO3 (1148 mg, 1.07 mmol, 1.5 eq.) were dissolved in  DMF 

(1.5 mL) and stirred at 80 ˚C for 12 h. The mixture was cooled to room temperature, 

washed with water and the organic layer extracted with EtOAc, washed with brine, 

dried over MgSO4, concentrated under vacuum and purified by flash chromatography 

(silica gel, hexanes:EtOAc) to get 34 as a yellow solid (98 mg, 60%). Mp: 76-79 °C (lit. 

79 °C)35 

δH (400 MHz, CDCl3): 3.79 (bs, 2H, NH2), 6.39 (app. t, J = 2.2 Hz, 1H, H-2), 6.45 (dd, 

J = 8.0, 2.2 Hz, 1H, H-4 or H-6), 6.55 (dd, J = 8.1, 2.2 Hz, 1H, H-4 or H-6), 7.02 (d, J = 

9.2, 2H, H-8 and H-8’), 7.18 (t, J = 8.0 Hz, 1H, H-5), 8.19 (d, J = 9.2, 1H, H-9 and H-

9’). 
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4-Chloro-N-[3-(4-nitrophenoxy)phenyl]aniline (37) 

 

Following Method D, Pd2(dba)3 (3 mol%, 55 mg), BINAP (3 mol%, 37 mg), compound 

34 (460 mg, 2 mmol), NaOtBu (269 mg, 2.8 mmol) and remaining 1-bromo-4-

chlorobenzene (383 mg, 2 mmol) were mixed, followed syringe addition of toluene (4 

mL). The mixture was heated at 90 °C for 24 h and usual work up and flash 

chromatography afforded 37 as a yellow-brown oil (457 mg, 67%).  

 

δH (400 MHz, CDCl3): 5.80 (s, 1H, NH), 6.60 (dd, J = 8.1, 1.8 Hz, 1H, H-4), 6.74 (t, J 

= 2.2 Hz, 1H, H-2), 6.87 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 7.02 – 7.05 (m, 4H, H-8 and H-

8’, H-12 and H-12’), 7.23 – 7.30 (m, 3H, H-13, H-13’ and H-5), 8.20 (d, J = 9.2 Hz, 

2H, H-9 and H-9’).  

δC (100 MHz, CDCl3): 108.8 (CH Ar, C-2), 112.6 (CH Ar, C-4), 114.0 (CH Ar, C-6), 

117.3 (2 CH Ar, C-8 and C-8’ or C-12 and C-12’), 120.3 (2 CH Ar, C-8 and C-8’ or C-

12 and C-12’), 126.1 (2 CH Ar, C-9 and C-9’), 127.0 (qC, C-14), 129.6 (2 CH Ar, C-13 

and C-13’), 131.2 (CH Ar, C-5), 140.7 (qC), 142.8 (qC), 145.4 (qC), 156.0 (qC), 163.3 

(qC). 

HRMS (m/z ESI-): Found: 339.0544 (M- - H), C18H12ClN2O3 Requires: 339.0536. 

νmax (ATR)/cm-1: 3386 (NH), 3078, 2924, 2853, 1724, 1578, 1511, 1482 (NO2), 1339 

(NO2), 1234 (CF3), 1164, 1141, 1110, 1091 (C-Cl), 998, 847, 749. 
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4-Chloro-N-[3-(4-nitrophenoxy)phenyl]-3-(trifluoromethyl)aniline (38) 

 

Following Method D, Pd2(dba)3 (3mol%, 55 mg), BINAP (3 mol%, 37 mg), compound 

34 (460 mg, 2 mmol), NaOtBu (269 mg, 2.8 mmol) and remaining liquid  4-bromo-1-

chloro-2-(trifluoromethyl)benzene (0.28 mL, 2 mmol) were mixed, followed syringe 

addition of toluene (4 mL). The mixture was heated at 90 °C for 24 h and usual work up 

and flash chromatography afforded 38 as a yellow solid (713 mg, 87%). Mp: 103-105 

°C 

 

δH (600 MHz, CDCl3): 5.99 (s, 1H, NH),  6.70 (dd, J = 8.1, 2.1 Hz, 1H, H-4), 6.77 (s, 

1H, H-2), 6.92 (dd, J = 8.1, 1.5 Hz, 1H, H-6), 7.05 (d, J = 9.3 Hz, 2H, H-8 and H-8’), 

7.16 (dd, J = 8.7, 2.6 Hz, 1H, H-16), 7.33 (t, J = 8.1 Hz, 1H, H-5), 7.35 – 7.37 (m, 2H, 

H-12 and H-15), 8.21 (d, J = 9.3 Hz, 2H, H-9 and H-9’). 

δC (150 MHz, CDCl3): 109.8 (CH Ar, C-2), 113.7 (CH Ar, C-4), 114.8 (CH Ar, C-6), 

116.7 (q, J = 5.5 Hz, CH Ar, C-12), 117.4 (2 CH Ar, C-8 and C-8’), 121.5 (CH Ar, C-

16), 122.6 (d, J = 273.2 Hz, qCF3), 123.6 (qC, C-14), 126.0 (2 CH Ar, C-9 and C-9’), 

129.2 (d, J = 31.2 Hz, qC, C-13), 131.3 (CH Ar, C-5), 132.4 (CH Ar, C-15), 141.3 (qC), 

142.9 (qC), 143.9 (qC), 156.1 (qC), 162.9 (qC). 

HRMS (m/z ESI-): Found: 407.0422 (M- - H), C19H11ClF3N2O3 Requires: 407.0416. 

νmax (ATR)/cm-1: 3381 (NH), 1481 (NO2), 1338, 1328, 1236 (C-O), 1131 (CF3), 1110 

(C-N), 847 (C-Cl),749. 
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N-[3-(4-Nitrophenoxy)phenyl]-3-(trifluoromethyl)aniline (39) 

 

Following Method D, Pd2(dba)3 (3 mol%, 55 mg), BINAP (3 mol%, 37 mg), compound 

34 (460 mg, 2 mmol), NaOtBu (269 mg, 2.8 mmol) and remaining liquid 1-bromo-3-

(trifluoromethyl)benzene (0.28 mL, 2 mmol) were mixed, followed syringe addition of 

toluene (4 mL). The mixture was heated at 90 °C for 24 h and usual work up and flash 

chromatography afforded 39 as an orange solid (464 mg, 62%). Mp: 111-113 °C 

 

δH (600 MHz, CDCl3): 5.93 (bs, 1H, NH), 6.69 (dd, J = 8.1, 2.1 Hz, 1H, H-4), 6.80 (s, 

1H, H-2), 6.94 (dd, J = 8.1, 1.8, 1H, H-6), 7.06 (d, J = 9.1 Hz, 2H, H-8 and H-8’), 7.19 

(d, J = 7.8 Hz, 1H, H-14), 7.24 (d, J = 8.0 Hz, 1H, H-16), 7.30 (s, 1H, H-12), 7.33 (t, J 

= 8.1 Hz, 1H, H-5 or H-15), 7.38 (t, J = 7.9 Hz, 1H, H-5 or H-15), 8.21 (d, J = 9.1 Hz, 

H-9 and H-9’). 

δC (150 MHz, CDCl3): 109.8 (CH Ar, C-2), 113.4 (CH Ar, C-4), 114.6 (q, J = 7.6 Hz, 

CH Ar, C-12), 114.8 (CH Ar, C-6), 117.5 (2 CH Ar, C-8 and C-8’), 118.3 (q, J = 7.5 

Hz, CH Ar, C-14), 121.2 (CH Ar, C-16), 124.1 (d, J = 272.4 Hz, qCF3), 126.1 (2 CH 

Ar, C-9 and C-9’), 130.2 (CH Ar, C-5 or C-15), 131.3 (CH Ar, C-5 or C-15), 132.1 (q, J 

= 32.2 Hz, qC, C-13), 142.96 (qC), 142.97 (qC), 144.4 (qC), 156.2 (qC), 163.2 (qC).  

HRMS (m/z ESI-): Found 373.0816 (M- - H), C19H12F3N2O3 Requires: 373.0806. 

νmax (ATR)/cm-1: 3377 (NH), 1598 (NO2), 1528, 1476 (NO2), 1413, 1340 (CF3), 1243 

(C-O), 1165, 1122 (C-N), 978, 848, 793. 
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N-[3-(4-Nitrophenoxy)phenyl]-3-(pentafluorosulfanyl)aniline (40) 

 

Following Method D, Pd2(dba)3 (3 mol%, 14 mg), BINAP (3 mol%, 9 mg), compound 

34 (115 mg, 0.5 mmol), NaOtBu (67 mg, 0.7 mmol) and remaining liquid (3-

bromophenyl)sulfur pentafluoride (0.08 mL, 0.5 mmol)  were mixed, followed syringe 

addition of toluene (1 mL). The mixture was heated at 90 °C for 24 h and usual work up 

and  flash chromatography afforded 40 as a yellow solid (151 mg, 70%). Mp: 114-116 

°C 

 

δH (400 MHz, CDCl3): 6.00 (s, 1H, NH), 6.70 (dd, J = 8.1, 2.3, Hz, 1H, H-4), 6.79 (t, J 

= 2.2 Hz, 1H, H-2), 6.93 (dd, J = 8.1, 2.1 Hz 1H, H-6), 7.06 (d, J = 9.3 Hz, 2H, H-8 and 

H-8’), 7.18 – 7.22 (m, 1H, H-16), 7.29 – 7.37 (m, 3H, H-5, H-15 and H-14) 7.44 (t, 1H, 

H-12), 8.21 (d, J = 9.3 Hz, 2H, H-9 and H-9’). 

δC (100 MHz, CDCl3): 109.8 (CH Ar, C-2), 113.7 (CH Ar, C-4), 114.8 (CH Ar, C-6), 

115.6 (p, J = 4.8 Hz, CH Ar, C-12), 117.5 (2 CH Ar, C-8 and C-8’), 118.9 (p, J = 4.5 

Hz, CH Ar, C-14), 120.8 (CH Ar, C-16), 126.1 (2 CH Ar, C-9 and C-9’), 129.7 (CH Ar, 

C-15 or C-5), 131.4 (CH Ar, C-15 or C-5), 142.93 (qC), 142.95 (qC), 144.2 (qC), 155.0 

(m, qC, C-13), 156.2 (qC), 163.1 (qC). 

HRMS (m/z ESI-): Found 431.0488 (M- - H), C18H12F5N2O3S Requires: 431.0489. 

νmax (ATR)/cm-1: 3383 (NH), 3079, 2927, 1597 (NO2), 1580 (NO2), 1483, 1340 (C-N), 

1236 (C-O), 821 (SF5), 833 (SF5), 804 (SF5). 
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4-Chloro-N-[3-fluoro-5-(4-nitrophenoxy)phenyl]-3-(trifluoromethyl)aniline (41) 

 

Following a modification of Method D, an oven-dried round bottom flask was charged 

with a magnetic stir bar, Pd2(dba)3 (3 mol%, 14 mg), BINAP (3 mol%, 9 mg), 4-chloro-

3-(trifluoromethyl)aniline 45 (98 mg, 0.5 mmol, 1 eq.) and NaOtBu (67 mg, 0.7 mmol, 

1.4 eq.). The tube was evacuated and refilled with argon (three times). Under a 

counterflow of argon, remaining 44 (156 g, 0.5 mmol, 1 eq.) in toluene (1 mL) was 

added dropwise to the mixture, followed by additional toluene (1 mL) by syringe. The 

tube was placed in a preheated oil bath at 90 °C and stirred overnight. The reaction 

mixture was then cooled to room temperature, diluted with EtOAc, filtered through a 

pad of Celite®, and washed with water. The organic layer was washed with brine, dried 

over MgSO4, concentrated under vacuum and purified by flash chromatography (silica 

gel, hexanes:EtOAc) to obtain 41 as a yellow solid (139 mg, 65%). Mp: 133-137 °C 

 

δH (400 MHz, CDCl3): 5.93 (bs, 1H NH), 6.39 (dt, J = 9.2, 2.1 Hz, 1H, H-4), 6.50 (s, 

1H, H-2), 6.60 (dt, J = 10.2, 2.1 Hz, 1H, H-6), 7.10 (d, J = 9.2 Hz, 2H, H-8 and H-8’), 

7.21 (dd, J = 8.6, 2.7 Hz, 1H, H-16), 7.39 (d, J = 2.6 Hz, 1H, H-12), 7.41 (d, J = 8.6 Hz, 

H-15), 8.24 (d, J = 9.2 Hz, 2H, H-9 and H-9’). 

δC (100 MHz, CDCl3): 100.9 (d, J = 25.0 Hz, CH Ar, C-4), 100.91 (d, J = 25.0 Hz, CH 

Ar, C-6), 104.4 (d, J = 3.0 Hz, CH Ar, C-2), 118.1 (2 CH Ar, C-8 and C-8’), 118.2 (q, J 

= 5.5 Hz, CH Ar, C-12), 122.7 (d, J = 273.7, qCF3), 123.0 (CH Ar, C-16), 125.1 (qC, 

C-14), 126.2 (2 CH Ar, C-9 and C-9’), 132.7 (CH Ar, C-15), 140.3 (qC), 143.5 (qC), 

145.3 (d, J = 12.6 Hz, qC, C-1 or C-3), 157.4 (d, J = 13.4 Hz, qC, C-1 or C-3), 162.2 

(qC), 164.6 (d, J = 247.1 Hz, qC, C-5). 

HRMS (m/z ESI-): Found: 425.0319 (M- - H), C19H10N2O3ClF4 Requires: 425.0316. 

νmax (ATR)/cm-1: 3359 (NH), 3085, 1592 (NO2), 1480 (NO2), 1340 (C-F), 1238 (CF3), 

1180 (C-O), 1156, 1143, 1131 (C-N), 1128, 1020 (C-Cl), 845, 828, 661. 
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1-Bromo-3-fluoro-5-(4-nitrophenoxy)benzene (44) 

 

1-Fluoro-4-nitrobenzene 36 (2.00 g, 14.17 mmol, 1 eq.), 3-bromo-5-fluorophenol 43 

(2.71 g, 14.17 mmol, 1 eq.) and K2CO3 (2.35 g, 17.00 mmol, 1.2 eq.) were dissolved in 

DMF (30 mL) and stirred at 80 ºC for 12 h. The mixture was cooled to room 

temperature, washed with water and the organic layer extracted with EtOAc, washed 

with brine, dried over MgSO4, concentrated under vacuum and purified by flash 

chromatography (hexanes:EtOAc) to get 44 as a yellow solid (4.42 g, 100%). Mp: 65-

67 °C 

δH (400 MHz, CDCl3): 6.77 (dt, 1H, J = 9.2, 2.2, H-4), 7.04 (dd, 1H, J = 2.9, 1.8, H-6), 

7.07-7.11 (d, J = 9.2 Hz, 2H, H-8 and H-8’), 7.12 – 7.15 (m, 1H, H-2), 8.26 (d, J = 9.2 

Hz, 2H, H-9’ and H-9’). 

δC (100 MHz, CDCl3): 107.3 (d, J = 24.4, CH Ar, C-4), 116.1 (d, J = 24.4, CH Ar, C-

2), 118.4 (2 CH Ar, C-8 and C-8’), 119.3 (d, J = 3.6, CH Ar, C-6), 123.6 (d, J = 11.7, 

qC, C-1), 126.3(2 CH Ar, C-9 and C-9’), 143.9 (qC, C-7), 156.9 (d, J = 11.7, qC, C-5), 

161.6 (qC, C-10), 163.3 (d, J = 252.8, qC, C-3). 

HRMS (m/z APCI-): Found: 309.9526 (M- - H), C12H6BrFNO3 Requires: 309.9521. 

νmax (ATR)/cm-1: 3080, 2922, 1580 (NO2), 1342 (NO2), 1237 (C-F), 1221 (C-O), 1122 

(C-Br), 838, 848. 
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N-[3-(4-Aminophenoxy)phenyl]-3-(trifluoromethyl)aniline (46) 

 

Following Method E, to a solution of nitro derivative 39 (409 mg, 1.1 mmol) in 

absolute ethanol (20 mL) was added 10% Pd/C mixture (10 mol%, 117 mg). After 24 h, 

usual work up followed by silica gel chromatography afforded 46 as brown oil (375 mg, 

99 %).  

 

δH (400 MHz, CDCl3): 3.61 (bs, NH2, 2H), 5.84 (bs, 1H, NH), 6.57 (dd, J = 8.0, 1.9 Hz, 

1H, H-4), 6.64 (t , J = 2.2 Hz, 1H, H-2), 6.68 (d, J = 8.7, 2H, H-9 and H-9’), 6.73 (dd, J 

= 8.0, 1.5 Hz, 1H, H-6), 6.89 (d, J = 8.7 Hz, 2H, H-8 and H-8’), 7.11 – 7.21 (m, 3H, H-

5 or H-15, H-14 and H-16), 7.25 (s, 1H, H-12), 7.32 (t, J = 7.9 Hz, H-5 or H-15). 

δC (100 MHz, CDCl3): 107.2 (CH Ar, C-2), 110.9 (CH Ar, C-4), 112.2 (CH Ar, C-6), 

113.7 (q, J = 3.9 Hz, CH Ar, C-12), 116.4 (2 CH Ar, C-9 and C-9’), 117.3 (q, J = 3.9 

Hz, CH Ar, C-14), 120.4 (CH Ar, C-16), 121.5 (2 CH Ar, C-8 and C-8’), 124.2 (d,  J = 

272.6 Hz, qCF3), 130.0 (CH Ar, C-5 or C-15), 130.5 (CH Ar, C-5 or C-15), 131.8 (d, J 

= 32 Hz, qC, C-13), 143.1 (qC), 143.3 (qC), 143.7 (qC), 148.2 (qC), 160.4 (qC).  

HRMS (m/z ESI+): Found 345.1211 (M+ + H), C19H16F3N2O Requires: 345.1209. 

νmax (ATR)/cm-1: 3316 (NH), 1594 (C-C), 1505, 1333 (C-O), 1217, 1173 (C-N), 1124 

(C-Cl), 702. 
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N-[3-(4-Aminophenoxy)phenyl]-3-(pentafluorosulfanyl)aniline (47) 

 

Following Method E, to a solution of nitro derivative 40 (75 mg, 0.17 mmol) in 

absolute ethanol (6 mL) was added 10% Pd/C mixture (10 mol%, 18 mg). After 24 h, 

usual work up followed by silica gel chromatography afforded 47 as a brown oil (41 

mg, 60%). 

 

δH (400 MHz, CDCl3): 3.60 (s, 2H, NH2), 5.86 (s, 1H, NH), 6.58 (dd, J = 8.2, 2.2 Hz, 

1H, H-4), 6.62 (t, J = 2.2 Hz, 1H, H-2), 6.68 (d, J = 8.7 Hz, 1H, H-9 and H-9’), 6.72 

(dd, J = 8.0, 1.9 Hz, 1H, H-6), 6.89 (d, J = 8.7 Hz, 2H, H-8 and H-8’), 7-12 – 7.15 (m, 

1H, H-16), 7.19 (t, J = 8.1 Hz, 1H, H-5 or H-15), 7.23 – 7.31 (m, 2H, H-15 or H-5, and 

H-14), 7.39 (t,  J = 2.0 Hz, 1H, H-12). 

δC (100 MHz, CDCl3): 107.3 (CH Ar, C-2), 111.2 (CH Ar, C-4), 112.2 (CH Ar, C-6), 

114.7 (m, CH Ar, C-12), 116.4 (2 CH Ar, C-9 and C-9’), 118.0 (m, CH Ar, C-14), 

120.0 (CH Ar, C-16), 121.5 (2 CH Ar, C-8 and C-8’), 129.5 (CH Ar, C-15 or C-5), 

130.6 (CH Ar, C-15 or C-5), 143.1 (qC), 143.2 (qC), 143.7 (qC), 148.2 (qC), 155.1 (m, 

qC, C-13), 160.5 (qC). 

HRMS (m/z ESI+): Found 403.0909 (M+ + H), C18H16F5N2OS Requires: 403.0904. 

νmax (ATR)/cm-1: 3491 (NH2), 3404 (NH2), 2924, 1595, 1488 (C-N), 1212 (C-O), 829 

(SF5), 806 (SF5), 769, 681, 667. 
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N-[3-(4-Aminophenoxy)phenyl]-4-chloro-3-(trifluoromethyl)aniline (48) 

 

Following Method F, a mixture of 38 (570 mg, 1.32mmol) and SnCl2·2H2O (1890 mg, 

8.37 mmol) in 3 mL of absolute ethanol and few drops of EtOAc to increase solubility, 

were heated at 70 °C for 3 h. Usual work up and flash chromatography afforded 48 as a 

brown solid (340 mg, 68%). Mp: 102-104 °C 

δH (600 MHz, CDCl3): 3.58 (s, 2H, NH2), 5.80 (s, 1H, NH), 6.58 – 6.61 (m, 2H, H-4 

and H-2), 6.67 – 6.71 (m, 3H, H-9, H-9’ and H-6), 6.89 (d, J = 8.7 Hz, 2H, H-8 and H-

8’), 7.09 (dd, J = 8.6, 2.6 Hz, 1H, H-16), 7.20 (t, J = 8.1 Hz, 1H, H-5), 7.30 – 7.32 (m, 

2H, H-12 and H-15). 

δC (150 MHz, CDCl3): 107.4 (CH Ar, C-2), 111.3 (CH Ar, C-4), 112.4 (CH Ar, C-6), 

116.0 (q, J = 5.4 Hz, CH Ar, C-12), 116.4 (2 CH Ar, C-9 and C-9’), 120.9 (CH Ar, C-

16), 122.0 (2 CH Ar, C-8 and C-8’), 122.7 (qC C-14), 122.9 (q,  J = 273.4 Hz, qCF3), 

129.1 (q, J = 31.2 Hz, qC, C-13), 130.7 (CH Ar, C-5), 132.4 (CH Ar, C-15), 142.2 (qC, 

C-11), 142.9 (qC, C-1), 143.2 (qC, C-10), 148.1 (qC, C-7), 160.5 (qC, C-3). 

HRMS (m/z ESI+): Found: 379.0824 (M+ + H), C19H15ClF3N2O Requires: 379.0820. 

νmax (ATR)/cm-1: 3383 (NH), 2926, 1725, 1594, 1504 (C-N), 1482 (C-N), 1329, 1250, 

1172 (C-Cl), 1130 (C-O), 1112 (CF3), 825, 681, 666. 
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N-[3-(4-Aminophenoxy)phenyl]-4-chloroaniline (49) 

 

Following Method F, a mixture of 37 (208 mg, 0.61 mmol) and SnCl2·2H2O (826 mg, 

3.7 mmol) in 2 mL of absolute ethanol were heated at 70 °C for 3 h. Usual work up and 

flash chromatography afforded 49 as a brown solid (139 mg, 73%). Mp: 119-121 °C 

δH (400 MHz, CDCl3): 3.58 (bs, 2H, NH2), 5.65 (bs, 1H, NH), 6.48 (dd, J = 8.2, 2.3 Hz, 

1H, H-4), 6.61 (t, J = 2.2 Hz, 1H, H-2), 6.66 – 6.70 (m, 3H, H-6, H-9 and H-9’), 6.88 

(d, J = 8.8 Hz, 2H, H-8 and H-8’), 6.98 (d, J = 8.8 Hz, 2H, H-12 and H-12’), 7.15 (t, J = 

8.1 Hz, 1H, H-5), 7.20 (d, J = 8.8 Hz, 2H, H-13 and H-13’). 

δC (100 MHz, CDCl3): 106.6 (CH Ar, C-2), 110.0 (CH Ar, C-4), 111.4 (CH Ar, C-6), 

116.3 (2 CH Ar, C-9 and C-9’), 119.4 (2 CH Ar, C-12 and C-12’), 121.4 (2 CH Ar, C-8 

and C-8’), 126.0 (qC, C-14), 129.4 (2 CH Ar, C-13 and C-13’), 130.4 (CH Ar, C-5), 

141.5 (qC), 143.0 (qC), 144.3 (qC), 148.4 (qC), 160.3 (qC). 

HRMS (m/z ESI+): Found 311.0954 (M+ + H), C18H16ClN2O Requires: 311.0946. 

νmax (ATR)/cm-1: 3409 (NH), 3286 (NH), 3377 (NH), 1588, 1527, 1484 (C-O), 1324 

(C-N), 1250, 1206, 1139 (C-Cl), 994, 972, 760. 
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N-(3-(4-Aminophenoxy)-5-fluorophenyl)-4-chloro-3-(trifluoromethyl)aniline (50) 

 

Following Method F, a mixture of 41 (139 mg, 0.33 mmol) and SnCl2·2H2O (441 mg, 

1.95 mmol) in 3 mL of absolute ethanol, were heated at 70 °C for 3 h. Usual work up 

and flash chromatography afforded 50 as a brown solid (92 mg, 70%). Mp: 113-115 °C 

δH (400 MHz, CDCl3): 3.63 (bs, 1H, NH2), 5.83 (bs, 1H, NH), 6.25 (dt, J = 10.2, 2.1 

Hz, 1H, H-4), 6.34 (s, 1H, H-2), 6.39 (dt, J = 10.2, 2.0 Hz, 1H, H-6), 6.69 (d, J = 8.7 

Hz, 2H, H-9 and H-9’), 6.88 (d, J = 8.7 Hz, 2H, H-8 and H-8’), 7.14 (dd, J = 8.6, 2.7 

Hz, 1H, H-16), 7.33 (d, J = 2.6 Hz, 1H, H-12), 7.35 (d, J = 8.7 Hz, H-15). 

δC (100 MHz, CDCl3): 98.2 (d, J = 25.6 Hz, CH Ar, C-4), 98.5 (d, J = 25.4 Hz, CH Ar, 

C-6), 101.8 (d, J = 2.1 Hz, CH Ar, C-2), 116.4 (2 CH Ar, C-9 and C-9’), 117.2 (q, J = 

5.4 Hz, CH Ar, C-12), 121.8 (2 CH Ar, C-8 and C-8’), 122.0 (CH Ar, C-16), 122.8 (d, J 

= 273.3 Hz, qCF3), 123.9 (qC, C-14), 129.3 (q, J = 31.2 Hz, qC, C-13), 132.5 (CH Ar, 

C-15), 141.2 (qC), 143.7 (qC), 144.1 (d, J = 12.7 Hz, qC, C-1 or C-3), 147.4 (qC), 

161.8 (d, J = 13.3 Hz, qC, C-1 or C-3), 164.5 (d, J = 244.3 Hz, qC, C-5). 

HRMS (m/z ESI-): Found: 395.0573 (M- - H), C19H12N2OClF4 Requires: 395.0574. 

νmax (ATR)/cm-1: 3361 (NH), 3256 (NH), 1629, 1601, 1578, 1505, 1474, 1322 (CF3), 

1259, 1110 (C-F), 1004 (C-Cl), 822, 748, 670. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[3-

(trifuoromethyl)phenylamino]phenoxy}phenyl) guanidine (52) 

 

Following Method G, HgCl2 (22 mg, 0.08 mmol) was added over a solution of 46 (25 

mg, 0.07 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (23 mg, 0.08 

mmol), and NEt3 (0.03 mL, 0.25 mmol) in CH2Cl2 (1 mL). The reaction was stirred at 

room temperature for 24 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 52 as a yellow solid (30 mg, 73%). Mp: 60-63 °C 

 

δH (400 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 5.99 (bs, 1H, NH), 

6.58 (dd, J = 8.1, 2.3 Hz, 1H, H-4), 6.67 (t, J = 2.2 Hz, 1H, H-2), 6.80 (dd, J = 8.0, 1.4 

Hz, 1H, H-6), 6.98 (d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.12 (d, J = 7.6 Hz, 1H, H-14), 

7.18 – 7.22 (m, 2H, H-5 or H-15 and H-16), 7.25 (s, 1H, H-12), 7.33 (t, J = 7.9 Hz, 1H, 

H-5 or H-15), 7.54 (d, J = 8.9 Hz, 2H, H-9 and H-9’), 10.28 (bs, NH), 11.64 (bs, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 108.4 (CH Ar, C-2), 111.8 (CH Ar, C-4), 112.8 (CH Ar, C-6), 114.0 (q,  J = 

3.9 Hz, CH Ar, C-12), 117.4 (q,  J = 3.8 Hz, CH Ar, C-14), 119.8 (2 CH Ar, C-8 and C-

8’), 120.4 (CH Ar, C-16), 124.1 (2 CH Ar, C-9 and C-9’),  124.2 (d, J = 272.4 Hz, 

qCF3), 129.9 (CH Ar, C-5 or C-15), 130.6 (CH Ar, C-5 or C-15), 131.9 (q, J = 32.1 Hz, 

qC, C-13), 132.6 (qC), 143.6 (qC), 143.7 (qC), 153.5 (qC), 153.6 (qC), 153.8 (qC), 

159.0 (qC), 163.6 (qC). 

HRMS (m/z ESI+): Found 587.2485 (M+ + H), C30H34N4O5F3 Requires: 587.2481. 

νmax(ATR)/cm-1:3295 (NH), 3261 (NH), 2979, 1719 (C=O), 1594 (C=N), 1407, 1325, 

1304, 1231, 1145 (CF3), 1110 (C-O), 1056 (C-Cl), 1028, 998, 978, 774, 656. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[3-

(pentafluorosulphanylmethyl)phenylamino] phenoxy}phenyl)guanidine (53) 

 

Following Method G, HgCl2 (28 mg, 0.11 mmol) was added over a solution of 47 (40 

mg, 0.1 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (30 mg, 0.11 

mmol), and NEt3 (0.05 mL, 0.35 mmol) in CH2Cl2 (1 mL). The reaction was stirred at 

room temperature for 24 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 53 as a yellow solid (48 mg, 75%). Mp: 70-73 °C 

 

δH (600 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 6.03 (bs, 1H, NH), 

6.60 (dd, J = 8.1, 2.1 Hz, 1H, H-4), 6.66 (t, J = 1.9 Hz, 1H, 1H, H-2), 6.79 (dd, J = 7.9, 

1.7 Hz, 1H, H-6), 6.97 (d, J = 8.8 Hz, 2H, H-8 and H-8’), 7.16 (d, J = 7.6 Hz, 1H, H-

16), 7.21 (t, J = 8.1 Hz, 1H, H-5 or H-15), 7.24 – 7.26 (m, 1H, H-14), 7.30 (t, J = 8.1 

Hz, H-5 or H-15), 7.39 (s, 1H, H-12), 7.54 (d, J = 8.8 Hz, 2H, H-9 and H-9’), 10.28 (bs, 

NH), 11.63 (bs, NH). 

δC (150 MHz, CDCl3): 28.0 ((CH3)3), 28.3 ((CH3)3), 80.0 (q, C(CH3)3), 83.9 (q, 

C(CH3)3), 108.5 (CH Ar, C-2), 112.1 (CH Ar, C-4), 112.8 (CH Ar, C-6), 115.1 (m, CH 

Ar, C-12), 118.1 (m, CH Ar, C-14), 119.9 (2 CH Ar, C-8 and C-8’), 120.0 (CH Ar, C-

16), 124.2 (2 CH Ar, C-9 and C-9’), 129.5 (CH Ar, C-5 or C-15), 130.7 (CH Ar, C-5 or 

C-15), 132.6 (qC), 143.5 (qC), 143.6 (qC), 153.5 (qC), 153.7 (qC), 153.9 (qC), 155.1 

(m, qC, C-13), 159.0 (qC), 163.6 (qC). 

HRMS (m/z ESI+): Found 645.2171 (M+ + H), C29H34F5N4O5S Requires: 645.2165. 

νmax (ATR)/cm-1: 3303 (NH), 2979, 1719 (C=O), 1594 (C=N), 1486, 1486, 1407, 1303, 

1293, 1213, 1146 (C-N), 1110 (C-O), 839 (SF5), 806 (SF5), 772 (SF5). 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[4-chloro-3-

(trifuoromethyl)phenylamino]phenoxy} phenyl)guanidine (54) 

 

Following Method G, HgCl2 (206 mg, 0.76 mmol) was added over a solution of 48 (277 

mg, 0.73 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (221 mg, 0.76 

mmol) and NEt3 (0.35 mL, 2.56 mmol) in CH2Cl2 (4 mL). The reaction was stirred at 

room temperature for 24 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 54 (363 mg, 80%) as a white solid. Mp: 92-94 °C 

δH (600 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 6.01 (s, 1H, NH), 

6.61 (dd, J = 8.2, 1.5 Hz , 1H, H-4), 6.65 (s, 1H, H-2), 6.78 (dd, J = 8.0, 1.2 Hz, 1H, H-

6), 6.98 (d, J = 8.8 Hz, 2H, H-8 and H-8’), 7.12 (dd, J = 8.6, 2.5 Hz, 1H, H-16), 7.22 (t, 

J = 8.1 Hz, 1H, H-5), 7.31-7.33 (m, 2H, H-12 and H-15), 7.54 (d, J = 8.7 Hz, 2H, H-9 

and H-9’), 10.29 (s, 1H, NH), 11.65 (s, 1H, NH). 

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 28.3 (((CH3)3), 78.0 (qC, C(CH3)3), 84.0 (qC, 

C(CH3)3), 108.6 (CH Ar, C-2), 112.3 (CH Ar, C-4), 113.0 (CH Ar, C-6), 116.3 (d, J = 

5.1 Hz, CH Ar, C-12), 120.0 (2 CH Ar, C-8 and C-8’), 120.9 (CH Ar, C-16), 122.8 (CH 

Ar, C-14), 122.9 (q, J = 273.6 Hz, qCF3), 124.1 (2 CH Ar, C-9 and C-9’), 129.2 (q, J = 

31.2, qC, C-13), 130.7 (CH Ar, C-5), 132.4 (CH Ar, C-15), 132.6 (qC), 142.1 (qC), 

143.3 (qC), 153.5 (qC), 153.6 (qC), 153.8 (qC), 159.1 (qC), 163.4 (qC). 

HRMS (m/z ESI+): Found: 621.2102 (M+ + H), C30H33ClF3N4O5 Requires: 621.2086. 

νmax (ATR)/cm-1: 3260 (NH), 2979, 2930, 1719 (C=O), 1596 (C=N), 1482, 1406, 1304, 

1233 (C-O), 1213, 1141 (CF3), 1109 (C-Cl), 1027, 818, 772. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[4-

chlorophenylamino]phenoxy}phenyl)guanidine  (55) 

 

Following Method G, HgCl2 (41 mg, 0.15 mmol) was added over a solution of 49 (45 

mg, 0.14 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (44 mg, 0.15 

mmol), and NEt3 (0.07 mL, 0.49 mmol) in CH2Cl2 (2 mL). The reaction was stirred at 

room temperature for 24 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 55 as an orange solid (95 mg, 86%). Mp: 120 °C 

 

δH (400 MHz, CDCl3): 1.49 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 5.73 (bs, 1H, NH), 

6.54 (dd, J = 8.1, 2.3 Hz, 1H, H-4), 6.65 (t, J = 2.2 Hz, 1H, H-2), 6.75 (dd, J = 8.1, 2.1 

Hz, 1H, H-6), 6.98 – 7.01 (m, 4H, H-12, H-12’, H-8 and H-8’), 7.16 – 7.22 (m, 3H, H-

13, H-13’ and H-5), 7.56 (d, J = 9.0 Hz, 2H, H-9and H-9’), 10.29 (bs, 1H, NH), 11.64 

(bs, 1H, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 79.8 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 107.6 (CH Ar, C-2), 111.1 (CH Ar, C-4), 112.0 (CH Ar, C-6), 119.6 (2 CH 

Ar, C-12 and C-12’ or C-8 and C-8’), 119.8 (2 CH Ar, C-12 and C-12’ or C-8 and C-

8’), 123.9 (2 CH Ar, C-9 and C-9’), 126.2 (qC, C-14), 129.5 (2 CH Ar, C-13 and C-

13’), 130.5 (CH Ar, C-5), 132.5 (qC), 141.3 (qC), 144.6 (qC), 153.5 (qC), 153.73 (qC), 

153.74 (qC), 158.9 (qC), 163.7 (qC). 

HRMS (m/z ESI+): Found 553.2190 (M+ + H), C29H34ClN4O5 Requires: 553.2212. 

νmax (ATR)/cm-1: 3296 (NH), 2925, 1718 (C=O), 1649, 1628 (C=O), 1589 (C=N), 1485, 

1390, 1367, 1330, 1310, 1258, 1148 (C-O), 1113 (C-N), 1096 (C-Cl), 829, 765. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[4-chloro-3-(trifuoromethyl)phenylamino]-5-

fluorophenoxy}phenyl)guanidine (56) 

 

Following Method G, HgCl2 (429 mg, 1.58 mmol) was added over a solution of 50 (604 

mg, 1.52 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (460 mg, 1.58 

mmol), and NEt3 (0.74 mL, 5.32 mmol) in CH2Cl2 (8 mL). The reaction was stirred at 

room temperature for 24 h, then work up and silica gel chromatography 

(hexanes:EtOAc), afforded 56 as a yellow solid (680 mg, 70%). Mp: 75 - 77 °C 

 

δH (400 MHz, CDCl3): 1.47 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 6.09 (s, 1H, NH), 

6.27 (dt, J = 9.9, 2.1 Hz, 1H, H-4), 6.36 (s, 1H, H-2), 6.44 (dt, J = 10.3, 2.1 Hz, 1H, H-

6), 6.92 (d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.14 (dd, J = 8.7, 2.7 Hz, 1H, H-16), 7.31 (d, 

J = 2.7 Hz, 1H, H-12), 7.35 (d, J = 8.7 Hz, 1H, H-15), 7.56 (d, J = 8.9 Hz, 2H, H-9 and 

H-9’), 10.32 (s, 1H, NH), 11.65 (s, 1H, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 80.0 (qC, C(CH3)3), 84.0 (qC, 

C(CH3)3), 98.9 (CH Ar, d, J = 25.5 Hz, C-4), 99.0 (CH Ar, d, J = 25.5 Hz, C-6), 102.8 

(CH Ar, d, J = 2.7 Hz, C-2), 117.3 (q, J = 5.5 Hz, CH Ar, C-12), 120.4 (2 CH Ar, C-8 

and C-8’), 122.0 (CH Ar, C-16), 122.8 (d, J = 273.6 Hz, qCF3), 123.9 (qC, C-14), 124.4 

(2 CH Ar, C-9 and C-9’), 129.3 (q, J = 31.2 Hz, qC, C-13), 132.5 (CH Ar, C-15), 133.2 

(qC), 141.0 (qC), 144.4 (d, J = 12.9 Hz, qC, C-1 or C-3), 152.7 (qC), 153.5 (qC), 153.9 

(qC), 160.3 (d, J = 13.5 Hz, qC, C-1 or C-3), 164.4 (d, J = 244.8 Hz, qC, C-5), 163.6 

(qC). 

HRMS (m/z ESI+): Found: 639.1996 (M+ + H), C30H32N4O5ClF4 Requires: 639.1997. 

νmax (ATR)/cm-1: 3257 (NH), 2978, 1719 (C=O), 1598 (C=O), 1476, 1401, 1368, 1320 

(CF3), 1145 (C-F), 1109 (C-Cl), 808, 768. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[4-

bromobenzamido]phenoxy}phenyl)guanidine (59) 

 

Following Method H, to a solution of 4-bromobenzoic acid 57 (217 mg, 1.08 mmol) in 

CH2Cl2 (3 mL), oxalyl chloride (0.15 mL, 1.81 mmol) and DMF (3 drops) were added 

and the reaction was stirred overnight. Any remaining oxalyl chloride and DMF were 

removed under vacuum to obtain a yellow residue that was dissolved in CH2Cl2 and 

cooled to 0 °C. Following, compound 17 (400 mg, 0.90 mmol) in CH2Cl2 (1.5 mL) and 

NEt3 (0.30 mL, 2.16 mmol) were added dropwise. After 12 h, workup and silica gel 

chromatography afforded 59 (389 mg, 69%) as a white solid. Mp: 218 - 223 °C. 

δH (600 MHz, CDCl3): 1.55 (s, 9H, (CH3)3), 1.56 (s, 9H, (CH3)3), 6.81 (dd, J = 8.2, 2.2 

Hz, 1H, H-4), 6.96 (d, J = 8.8 Hz, 2H, H-8 and H-8'), 7.03 (s, 1H, H-2), 7.30 (t, J = 8.2 

Hz, 1H, H-5), 7.50 (d, J = 8.8 Hz, 2H, H-9 and H-9'), 7.55 (d, J = 7.9 Hz, 1H, H-6), 

7.60 (d, J = 8.5 Hz, 2H, H-13 and H-13'), 7.75 (d, J = 8.4 Hz, 2H, H-12 and H-12'), 

8.10 (s, 1H, NH), 10.26 (s, 1H, NH), 11.64 (s, NH). 

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 80.0 (qC, C(CH3)3), 84.0 (qC, 

C(CH3)3), 109.8 (CH Ar, C-2), 114.7 (CH Ar, C-4), 115.0 (CH Ar, C-6),  120.2 (2 CH 

Ar, C-8 and C-8'), 124.4 (2 CH Ar, C-9 and C-9'), 126.8 (qC), 129.0 (2 CH Ar, C-12 

and C-12'), 130.4 (CH Ar, C-5), 132.1 (2 CH Ar, C-13 and C-13'), 132.6 (qC), 133.8 

(qC), 139.3 (qC), 153.5 (qC), 153.6 (qC), 154.0 (qC), 158.5 (qC), 163.6 (qC), 164.9 

(qC). 

HRMS (m/z ESI-): Found 623.1497 (M- - H), C30H32BrN4O6 Requires: 623.1505. 

νmax (ATR)/cm-1: 3304 (NH), 3258 (NH), 2980, 2927, 2854, 1719, 1641 (C=O), 1596 

(C=N), 1542, 1505, 1487, 1408, 1302, 1146 (C-O), 1108 (C-Br), 1058, 729. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[4-chloro-3-

(trifluoromethyl)benzamido]phenoxy} phenyl)guanidine (60) 

 

Following Method H, to a solution of 4-chloro-3-trifluoromethylbenzoic acid 58 (183 

mg, 0.82 mmol) in CH2Cl2 (3 mL), oxalyl chloride (0.1 mL, 1.36 mmol) and DMF (3 

drops) were added and the reaction was stirred overnight. Any remaining oxalyl 

chloride and DMF were removed under vacuum to obtain a yellow residue that was 

dissolved in CH2Cl2 and cooled to 0 °C. Following, compound 17 (300 mg, 0.68 mmol) 

dissolved in CH2Cl2 (1.13 mL) and NEt3 (0.23 mL, 1.63 mmol) were added dropwise. 

After 12 h, workup and silica gel chromatography afforded 60 (225 mg, 51%) as a 

yellow oil.  

δH (600 MHz, CDCl3): 1.55 (s, 9H, (CH3)3), 1.57 (s, 9H, (CH3)3), 6.81 (dd, J = 8.2, 1.7 

Hz, 1H, H-4), 6.86 (d, J = 8.8 Hz, 2H, H-8 and H-8' or H-9 and H-9’), 6.96 (s, 1H, H-

2), 7.28 (t, J = 8.2 Hz, 1H, H-5), 7.36 (d, J = 8.8 Hz, 2H, H-8 and H-8' or H-9 and H-

9'), 7.55 - 7.58 (m, 2H, H-15, H-6), 7.98 (dd, J = 8.3, 1.8 Hz, H-16), 8.25 (d, J = 1.6 Hz, 

1H, H-12), 8.74 (s, 1H, NH), 10.19 (s, 1H, NH), 11.62 (s, 1H, NH). 

δC (150 MHz, CDCl3): 28.2 (2(CH3)3), 84.4 (qC, 2 C(CH3)3), 109.9 (CH Ar, C-2), 114.9 

(CH Ar, C-4), 115.2 (CH Ar, C-6), 120.6 (2 CH Ar, C-8 and C-8' or C-9 and C-9’), 

122.7 (d, J = 273.9 Hz, qCF3), 124.3(qC), 125.1 (2 CH Ar, C-8 and C-8' or C-9 and  C-

9'), 127.1 (m, CH Ar, C-12), 130.4 (CH Ar, C-5), 131.91 (CH Ar, C-15), 131.95 (CH 

Ar, C-16), 132.0 (qC), 133.7 (qC), 136.0 (qC), 139.3 (qC), 153.3 (qC), 154.2 (qC), 

154.3 (qC), 158.4 (qC), 158.5 (qC), 163.7 (qC). 

HRMS (m/z ESI+): Found 649.2042 (M+ + H), C31H33ClF3N4O6 Requires: 649.2041. 

νmax (ATR)/cm-1: 3253 (NH), 2979, 2932, 1720 (C=O), 1648 (C=O), 1598, 1406, 1324, 

1240, 1213, 1143 (CF3), 1108 (C-Cl), 1056, 1035, 909, 730. 
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1-(3,4-Di-fluorophenyl)-2-[3-(4-guanidinopyridin-3-yloxy)phenyl]guanidine 

dihydrochloride (61) 

 

Following Method A, 81 (176 mg, 0.25 mmol) was dissolved in 4M HCl in dioxane 

(1.14 mL, 4.54 mmol) and in additional dioxane (0.11 mL) until a final concentration of 

0.2 M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as a white solid 

(101 mg, 84%). Mp: decomp. > 110 °C 

δH (400 MHz, CD3OD): 6.62 (dd, J = 7.5, 2.4 Hz, 1H, H-4), 6.77 – 6.81 (m, 1H, H-17), 

6.93 (dd, J = 8.0, 1.8 Hz, 1H, H-6), 6.99 (d, J = 8.9 Hz, 1H, H-9), 7.00 – 7.13 (m, 3H, 

H-2, H-13 and H-16), 7.25 (t, J = 8.1 Hz, 1H, H-5), 7.49 (dd, J = 8.9, 2.9 Hz, 1H, H-8), 

8.05 (d, J = 2.9 Hz, 1H, H-11).  

δC (100 MHz, CD3OD): 112.0 (d, J = 18.8 Hz, CH Ar, C-13 or C-16), 112.4 (CH Ar, C-

2), 113.0 (CH Ar, C-4), 116.4 (CH Ar, C-9), 118.0 (CH Ar, C-6), 118.1 (d, J = 17.9 Hz, 

CH Ar, C-13 or C-16), 119.1 (dd, J = 5.6, 3.1 Hz, CH Ar, C-17), 131.3 (CH Ar, C-5), 

131.4 (CH Ar, C-8), 138.5 (CH Ar, C-11), 143.9 (dd, J = 7.4, 2.2 Hz, qC, C-12), 146.6 

(qC), 147.2 (dd, J = 240.4, 12.9 Hz, qC, C-14 or C-15), 150.1 (qC), 151.1 (qC), 151.4 

(dd, J = 245.1, 13.4 Hz, qC, C-14 or C-15), 152.5 (qC), 157.4 (qC), 159.0 (qC). 

δF (376 MHz, CD3OD): – 139.72 (m), - 149.19 (m). 

HRMS (m/z ESI+): Found 398.1548 (M+ + H), C19H18N7OF2 Requires: 398.1541. 

νmax (ATR)/cm-1: 3313 (NH), 3154 (NH), 2922, 2861, 1682, 1625 (C=N), 1507, 1473 

(C-F), 1375, 1228 (C-F), 1166, 1146 (C-O), 866, 830, 770, 570, 557. 

HPLC: 99.8% (tR 23.6 min). 
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1-(2-Fluoro-4-iodophenyl)-2-[3-(4-guanidinopyridin-3-yloxy)phenyl]guanidine 

dihydrochloride (62) 

 

Following Method A, 82 (104 mg, 0.13 mmol) was dissolved in 4M HCl in dioxane 

(0.58 mL, 2.32 mmol) and in additional dioxane (0.10 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as a white solid 

(67 mg, 89%). Mp: decomp. > 120 °C 

δH (400 MHz, CD3OD): 6.98 (ddd, J = 8.3, 2.4, 0.7 Hz, 1H, H-4), 7.02 (t, J = 2.2 Hz, 

1H, H-2), 7.11 – 7.18 (m, 3H, H-5 or H-16, H-6 and H-9), 7.46 (t, J = 8.1 Hz, 1H, H-5 

or H-16), 7.61 – 7.64 (m, 2H, H-17 and H-8), 7.67 (dd, J = 9.7, 1.8 Hz, 1H, H-14), 8.16 

(d, J = 2.9 Hz, 1H, H-11).  

δC(100 MHz, CD3OD): 92.7 (qC, C-15), 115.5 (CH Ar, C-2), 115.6 (CH Ar, C-9), 

117.6 (CH Ar, C-4), 120.9 (CH Ar, C-6), 127.2 (d, J = 22.2 Hz, CH Ar, C-14), 127.3 

(d, J = 14.1 Hz, qC, C-12), 130.6 (CH Ar, C-5 or C-16), 132.1 (CH Ar, C-8), 132.5 (CH 

Ar, C-5 or C-16), 136.0 (CH Ar, J = 3.9 Hz, C-17), 138.7 (qC), 139.1 (CH Ar, C-11), 

149.2 (qC), 151.2 (qC), 156.2 (qC), 156.9 (qC), 157.9 (qAr, J = 253.9 Hz, C-13), 159.4 

(qC). 

δF (376 MHz CD3OD): - 121.55 (t, J = 8.3 Hz). 

HRMS (m/z ESI+): Found 506.0609 (M+ + H), C19H18N7OFI Requires: 506.0602. 

νmax (ATR)/cm-1: 3277 (NH), 3122 (NH), 2923, 2849, 1680, 1660, 1623 – 1570 (C=N), 

1474 (C-F), 1227 (C-O), 1160, 1026, 945, 600 (C-I). 

HPLC: 98.1% (tR 25.7 min). 
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1-(4-Bromophenyl)-2-[3-(4-guanidinopyridin-3-yloxy)phenyl]guanidine 

dihydrochloride  (63) 

 

Following Method A, 83 (184 mg, 0.24 mmol) was dissolved in 4M HCl in dioxane 

(1.08 mL, 4.4 mmol) and in additional dioxane (0.12 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as a white solid 

(113 mg, 92%). Mp: decomp. > 124 °C 

δH (400 MHz, CD3OD): 6.99 – 7.01 (m, 1H, H-4), 7.04 (bs, 1H, H-2), 7.14 – 7.16 (m, 

2H, H-6 and H-9), 7.28 (d, J = 8.5 Hz, 2H, H-13 and H-13’ or H-14 and H-14’), 7.48 (t, 

J = 8.1 Hz, 1H, H-5), 7.60 – 7.63 (m, 3H, H-13 and H-13’ or H-14 and H-14’and H-8), 

8.16 (d, J = 2.6 Hz, 1H, H-11). 

δC (100 MHz, CD3OD): 115.6 (CH Ar, C-6 or C-9), 115.8 (CH Ar, C-2), 118.0 (CH Ar, 

C-4), 121.1 (CH Ar, C-6 or C-9), 121.7 (qC, C-15), 127.9 (CH Ar, C-13 and C-13’ or 

C-14 and C-14’), 132.1 (CH Ar, C-8), 132.5 (CH Ar, C-5), 134.1 (CH Ar, C-13 and C-

13’ or C-14 and C-14’), 135.7 (qC), 138.2 (qC), 139.0 (CH Ar, C-11), 149.2  (qC), 

151.2 (qC), 156.1 (qC), 156.8 (qC), 159.4 (qC). 

HRMS (m/z ESI+): Found 440.0837 (M+ + H), C19H19N7OBr Requires: 440.0834. 

νmax(ATR)/cm-1: 3256 (NH), 3114 (NH), 2971, 1680, 1660, 1619 (C=N), 1566 (C=N), 

1474, 1376 (C-N), 1226 (C-O), 1069 (C-Br), 1010, 832, 637 – 584. 

HPLC: 97.5% (tR 25.2 min). 
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1-[4-Bromo-3-(trifluoromethyl)phenyl]-2-[3-(4-guanidinopyridin-3-

yloxy)phenyl]guanidine dihydrochloride (64) 

 

Following Method A, 84 (358 mg, 0.44 mmol) was dissolved in 4M HCl in dioxane (2 

mL, 7.97 mmol) and in additional dioxane (0.2 mL) until a final concentration of 0.2M 

was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete (TLC), 

solvents were evaporated and the residue was purified by silica gel chromatography 

(CHCl3:MeOH) to afford the pure hydrochloride salt as a white solid (225 mg, 88%). 

Mp: decomp. > 170 °C 

δH (400 MHz, CD3OD): 6.66 (dd, J = 8.1, 2.4 Hz, 1H, H-4), 6.96 (dd, J = 8.0, 1.9 Hz, 

1H, H-6), 7.04 (d, J = 8.9 Hz, 1H, H-9), 7.08 (t, J = 2.1 Hz, 1H, H-2), 7.20 (dd, J = 8.6, 

2.5 Hz, 1H, H-17), 7.28 (t, J = 8.1 Hz, 1H, H-5), 7.48 (d, J = 2.5, 1H, H-13), 7.56 (dd, J 

= 8.9, 2.9 Hz, 1H, H-8), 7.60 (d, J = 8.6 Hz, 1H, H-16), 8.10 (d, J = 2.7 Hz, 1H, H-11).  

δC (100 MHz, CD3OD): 111.8  (d, J = 1.8 Hz, qC, C-15), 112.4 (CH Ar, C-2), 113.3 

(CH Ar, C-4), 115.5 (CH Ar, C-9), 117.8 (CH Ar, C-6), 122.4 (q, J = 5.5 Hz, CH Ar, C-

13), 124.4 (d, J = 272.6 Hz, qCF3), 127.7 (CH Ar, C-17), 130.9 (d, J = 30.8 Hz, qC, C-

14), 131.4 (CH Ar, C-5), 131.6 (CH Ar, C-8), 136.6 (CH Ar, C-16), 138.6 (CH Ar, C-

11), 146.1 (qC), 147.2 (qC), 148.9 (qC), 151.8 (qC), 152.4 (qC), 156.9 (qC), 159.0 

(qC). 

δF (376 MHz, CD3OD): - 63.96 (s). 

HRMS (m/z ESI+): Found 508.0710 (M+ + H), C20H18N7OF3Br Requires: 508.0708. 

νmax (ATR)/cm-1: 3281 (NH), 3142 (NH), 2922, 2849, 1680, 1625 (C=N), 1566 (C=N), 

1473, 1319, 1227 (CF3), 1129 (C-Br), 1023, 832, 592-583. 

HPLC: 99.8% (tR 27.5 min). 
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1-[4-Chloro-3-(trifluoromethyl)phenyl]-2-[3-(4-guanidinopyridin-3-

yloxy)phenyl]guanidine dihydrochloride (65) 

 

Following Method A, 85 (113 mg, 0.15 mmol) was dissolved in 4M HCl in dioxane 

(0.67 mL, 2.70 mmol) and in additional dioxane (0.10 mL) until a final concentration of 

0.2M was reached. After 6 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by flash chromatography 

to afford the pure hydrochloride salt as a white solid (63 mg, 79%). Mp: 169 – 171 °C 

δH (400 MHz, CD3OD): 6.93 (dd, J = 8.3, 2.3 Hz, 1H, H-4), 7.06 (t, J = 2.1 Hz, 1H, H-

2), 7.11 – 7.13 (m, 2H, H-6 and H-9), 7.44 (t, J = 8.2 Hz, 1H, H-5), 7.53 (dd, J = 8.6, 

2.5 Hz, 1H, H-17), 7.60 – 7.65 (m, 2H, H-16 and H-8), 7.69 (d, J = 2.4 Hz, 1H, H-13), 

8.15 (d, J = 2.9 Hz, 1H, H-11). 

δC (100 MHz, CD3OD): 115.1 (CH Ar, C-2), 115.6 (CH Ar, C-9), 117.1 (CH Ar, C-4), 

120.5 (CH Ar, C-6), 123.9 (d, J = 272.5 Hz, qCF3) 124.5 (q, J = 5.5 Hz, CH Ar, C-13), 

129.9 (qC, C-15), 130.1 (CH Ar, C-17), 130.2 (d, J = 34.7 Hz, qC, C-14), 132.0 (CH 

Ar, C-8 or C-16), 132.3 (CH Ar, C-5), 134.0 (CH Ar, C-8 or C-16), 138.3 (qC), 139.0 

(CH Ar, C-11), 139.7 (qC), 149.1 (qC), 151.3 (qC), 155.5 (qC), 156.9 (qC), 159.3 (qC). 

δF (376 MHz, CD3OD): - 64.24 (s). 

HRMS (m/z ESI+): Found: 464.1222 (M+ + H), C20H18N7OF3Cl  Requires: 464.1213. 

νmax (ATR)/cm-1: 3297 (NH), 3121 (NH), 2923, 2854, 1625 (C=N), 1581 (C=N), 1474 

(CF3), 1320, 1227 (C-O), 1130 (C-Cl), 1032, 832, 589, 557. 

HPLC: 96.9% (tR: 26.8 min). 
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1-(4-{3-[4-Chloro-3-(trifluoromethyl)phenylamino]phenoxy}pyridin-2-

yl)guanidine hydrochloride (66) 

 

Following Method A, 90 (200 mg, 0.32 mmol) was dissolved in 4M HCl in dioxane 

(0.96 mL, 3.86 mmol) and in additional dioxane (0.65 mL) until a final concentration of 

0.2M was reached. After 8 h stirring at 55 °C, the reaction was adjudged complete 

(TLC), solvents were evaporated and the residue was purified by silica gel 

chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt as a white solid 

(136 mg, 93%). Mp: 89 - 91 °C 

δH (400 MHz, CD3OD): 6.60 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 6.75 (t, J = 2.2 Hz,1H, H-

2), 6.90 (dd, J = 8.1, 2.0 Hz, 1H, H-6), 7.08 (d, J = 8.9 Hz, 1H, H-9), 7.24 (dd, J = 8.7, 

2.7 Hz, 1H, H-17), 7.29 (t, J = 8.1 Hz, 1H, H-5), 7.37 – 7.39 (m, 2H, H-13 and H-16), 

7.59 (dd, J = 8.9, 2.9 Hz, 1H, H-8), 8.13 (d, J = 2.9 Hz, 1H, H-11). 

δC (100 MHz, CD3OD): 108.7 (CH Ar, C-2), 112.2 (CH Ar, C-4), 114.7 (CH Ar, C-6), 

115.5 (CH Ar, C-9), 116.2 (q, J = 5.5 Hz, CH Ar, C-13), 121.8 (CH Ar, C-17), 122.4 

(qC, C-15), 124.3 (d, J = 272.4 Hz, qCF3), 129.6 (d, J = 31.0 Hz, qC, C-14), 131.8 (CH 

Ar, C-8), 132.0 (CH Ar, C-5), 133.4 (CH Ar, C-16), 138.7 (CH Ar, C-11), 144.2 (qC), 

145.6 (qC), 148.8 (qC), 151.8 (qC), 156.9 (qC), 159.4 (qC).  

δF (376 MHz, CD3OD): – 64.15 (s). 

HRMS (m/z ESI+): Found 422.0987 (M+ + H), C19H16N5OClF3 Requires: 422.0995. 

νmax (ATR)/cm-1: 3264 (NH), 2923, 2863, 1684, 1629, 1595, 1474 (C=N), 1400, 1332, 

1229 (C-O), 1129 (CF3), 1115 (C-Cl), 977, 998. 

HPLC: 98.6% (tR: 33.3 min). 
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O-(4-{3-[4-Chloro-3-

(trifluoromethyl)phenylguanidino]phenoxy}phenyl)carbamimidate 

dihydrochloride (67)36  

 

A solution of the corresponding Boc-protected precursor 96 (100 mg, 0.13 mmol) in 10 

mL of a 50% v/v solution of TFA and CH2Cl2 was stirred at room temperature. Once 

disappearance of starting material was observed by TLC (3 h), the excess of TFA and 

CH2Cl2 were removed under vacuum to generate the trifluoroacetate salt. The residue 

was dissolved in water (10 mL) and 500 mg of IRA400 Amberlite resin in its chloride-

activated form was added, allowing the reaction to proceed overnight. The resin was 

then removed by filtration and the aqueous solution washed with CH2Cl2. Removal of 

water under vacuum yielded the final isouronium hydrochloride 67 as a white/yellow 

solid (67 mg, 95%). Absence of the trifluoroacetate salt was confirmed by 19F NMR. 

Mp: decomp. > 120 °C.  

δH (400 MHz, CD3OD): 7.02 (dd, J = 8.2, 2.0 Hz, 1H, H-4), 7.09 (t, J = 2.1 Hz, 1H, H-

2), 7.17 (dd, J = 8.0, 1.3 Hz, 1H, H-6), 7.20 (d, J = 9.0 Hz, 2H, H-8 and H-8’ or H-9 

and H-9’), 7.35 (d, J = 9.0 Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 7.47 (t, J = 8.1 Hz, 

1H, H-5), 7.60 (dd, J = 8.6, 2.4 Hz, 1H, H-16), 7.70 (d, J = 8.6 Hz, 1H, H-15), 7.75 (d, 

J =2.3 Hz, 1H, H-12). 

δC (100 MHz, CD3OD): 116.5 (CH Ar, C-2), 118.6 (CH Ar, C-4), 121.1 (CH Ar, C-6), 

122.2 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 123.8 (d, J = 271.0 Hz, qCF3), 124.0 (2 

CH Ar, C-8 and C-8’ or C-9 and C-9’), 125.3 (q, J = 4.3 Hz, CH Ar, CH Ar, C-12), 

130.5 (d, J = 31.8 Hz, qC, C-13), 130.8 (CH Ar, C-16), 131.3 (qC, C-14), 132.5 (CH 

Ar, C-5), 134.3 (CH Ar, C-15), 136.1 (qC), 137.9 (qC), 146.8 (qC), 156.3 (qC), 157.5 

(qC), 159.5 (qC), 163.3 (qC). 

δF (376 MHz, CD3OD): -64.33 (s).  

HRMS (m/z ESI+): Found: 464.1101 (M+ + H), C21H18N5O2ClF3 Requires: 464.1101. 
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νmax (ATR)/cm-1: 3183 (NH), 2963 (CH), 1574 (C=N), 1477, 1250 (CF3), 1096, 1030 

(C-O), 1012 (C-Cl), 785, 667.  

HPLC: 98.4% (tR 27.01 min). 

 

O-(4-{3-[4-Chloro-3-

(trifluoromethyl)phenylamino]phenoxy}phenyl)carbamimidate hydrochloride 

(68)34 

 

To a stirred solution of 99 (205 mg, 0.33 mmol, 1eq) in EtOAc was added SnCl4 (0.15 

mL, 1.32 mmol, 4 eq). After 2 h of stirring at room temperature, the solvent and the 

excess of SnCl4 were evaporated in vacuo. The remaining liquid was purified by silica 

gel chromatography (CHCl3:Acetone) to afford the pure hydrochloride salt (130 mg, 

86%) as a colourless gum. 

δH (400 MHz, DMSO-d6): 6.61 (dd, J = 7.6, 2.3 Hz, 1H, H-4), 6.76 (t, J = 2.2 Hz, 1H, 

H-2), 6.92 (dd, J = 7.8, 1.7 Hz, 1H, H-6), 7.16 (d, J = 9.1 Hz, 2H, H-8 and H-8’ or H-9 

and H-9’), 7.30 – 7.34 (m, 2H, H-5 and H-16), 7.37 (d, J = 9.0 Hz, 2H, H-8 and H-8’ or 

H-9 and H-9’), 7.40 (d, J = 2.7 Hz, 1H, H-12), 7.50 (d, J = 8.8 Hz, 1H, H-15), 8.61 (bs, 

4H, NH), 8.88 (bs, NH amide). 

δC (100 MHz, DMSO-d6): 117.3 (CH Ar, C-2), 120.7 (CH Ar, C-4), 122.6 (CH Ar, C-

6), 124.2 (q, J = 5.5 Hz, CH Ar, C-12), 128.8 (qC, C-14), 129.8 (CH Ar, C-5 or C-16), 

130.0 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 131.5 (d, J = 227.5 Hz, qCF3), 132.6 (2 

CH Ar, C-8 and C-8’ or C-9 and C-9’), 136.6 (d, J = 30.7 Hz, qC, C-13), 140.4 (CH Ar, 

C-5 or C-16), 141.9 (CH Ar, C-15), 152.2 (qC), 152.4 (qC), 153.0 (qC), 154.7 (qC), 

164.7 (qC), 167.1 (qC). 

δF (376 MHz, CD3OD): – 61.59 (s). 

HRMS (m/z ESI+): Found: 422.0883 (M+ + H), C20H16N3O2ClF3 Requires: 422.0883. 

νmax (ATR)/cm-1: 3285 (NH), 2924, 2854, 1693, 1655, 1593 (C=N), 1481 (C-N), 1400, 

1258, 1231, 1195, 1175 (C-O), 1128 (CF3), 1111 (C-Cl), 1027, 824, 681, 665. 
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HPLC: 96.2% (tR 32.2 min). 

 

O-(4-{3-[4-Chloro-3-(trifluoromethyl)benzamido]phenoxy}phenyl)carbamimidate 

hydrochloride (69)34 

 

To a stirred solution of 102 (47 mg, 0.07 mmol) in EtOAc was added SnCl4 (0.033 mL, 

0.28 mmol). After 1h of stirring at room temperature, the solvent and the excess of 

SnCl4 were evaporated in vacuo. The product was purified by flash chromatography 

(CHCl3:Acetone) to afford the final hydrochloride salt 69 (17 mg, 51%) as a 

white/yellow gum.  

δH (400 MHz, CD3OD): 6.84 (dd, J = 8.0, 1.8 Hz, 1H, H-4), 7.13 (d, J = 8.8 Hz, 2H, H-

8 and H-8’ or H-9 and H-9’), 7.30 (d, J = 8.9 Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 

7.35 (t, J = 8.1 Hz, 1H, H-5), 7.44 (d, J = 8.0 Hz, 1H, H-6), 7.60 (s, 1H, H-2), 7.74 (d, J 

= 8.3 Hz, 1H, H-15), 8.17 (dd, J = 8.3, 1.6 Hz, 1H, H-16), 8.29 (d, J = 1.5 Hz, 1H, H-

12), 8.63 (bs, NH).  

δC (150 MHz, CD3OD): 113.0 (CH Ar, C-2), 116.3 (CH Ar, C-4); 117.5 (CH Ar, C-6), 

121.6 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 122.2 (qC, C-14), 124.1 (q, J = 272.5 

Hz, qCF3), 123.8 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 128.2 (q, J = 5.4 Hz, CH 

Ar, C-12), 129.5 (q, J = 31.7 Hz, qC, C-13), 131.3 (CH Ar, C-5), 133.1 (CH Ar, C-15), 

133.7 (CH Ar, C-16), 135.4 (qC), 136.6 (qC), 141.3 (qC), 146.4 (qC), 158.2 (qC), 158.4 

(qC), 166.1 (qC).  

δF (376 MHz, CD3OD): - 62.22 (s).  

HRMS (m/z ESI+): Found 450.0835 (M+ + H), C21H16N3O3ClF3, Requires: 450.0832. 

νmax (ATR)/cm-1: 3329 (NH), 1695, 1648, 1602 (C=O), 1482 (C=N), 1249 (C-O), 1192 

(CF3), 1131, 1111 (C-Cl), 780, 660. 

HPLC: 97.69% (tR 31.72 min). 
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N-(4-{3-[4-Chloro-3-(trifluoromethyl)phenylamino]phenoxy}phenyl)sulfonamide 

(70)37 

 

Compound 48 (100 mg, 0.26 mmol, 1 eq.), 103 (30 mg, 0.26 mmol, 1 eq.) and NEt3 

(0.05 mL, 0.29 mmol, 1.1 eq.) were dissolved in CH2Cl2 (2 mL) and stirred at overnight 

at room temperature. The mixture was then washed with water and the organic layer 

extracted with EtOAc, washed with brine, dried over MgSO4, concentrated under 

vacuum and purified by silica gel chromatography (hexanes:EtOAc) to get 70 as a light 

brown solid (95 mg, 80%). Mp: 124-126°C 

δH (400 MHz, CD3OD): 6.54 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 6.69 (t, J = 2.2 Hz, 1H, H-

2), 6.84 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 6.99 (d, J = 9.0 Hz, 2H, H-8 and H-8’), 7.21 – 

7.26 (m, 4H, H-9 and H-9’, H-16, H-5), 7.34 – 7.38 (m, 2H, H-12, H-15). 

δC (100 MHz, CD3OD): 109.1 (CH Ar, C-2), 112.2 (CH Ar, C-4), 113.8 (CH Ar, C-6), 

116.1 (q, J = 5.5 Hz, C-12, CH Ar), 121.1 (2 CH Ar, C-8 and C-8’), 121.2 (CH Ar, C-

16), 121.9 (qC, C-14), 123.2 (2 CH Ar, C-9 and C-9’), 124.4 (d, J = 272.5 Hz, qCF3), 

129.7 (d, J = 30.9 Hz, qC, C-13), 131.5 (CH Ar, C-5), 133.3 (CH Ar, C-15), 136.1 (qC), 

144.6 (qC), 145.1 (qC), 154.4 (qC), 160.5 (qC).  

HRMS (m/z ESI-): Found: 456.0397 (M- - H), C19H14N3O3SClF3 Requires: 456.0397. 

νmax (ATR)/cm-1: 3404 (NH), 3279 (NH), 1596 (S=O), 1489 (S=O), 1143 (C-O), 1153 

(CF3), 1125 (C-N), 830 (C-Cl), 821. 
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2-Amino-5-(3-aminophenoxy)pyridine (71)34,37 

 

Following Method E, to a solution of nitro derivative 74 (781 mg, 2.99 mmol) in 

methanol/ tetrahydrofuran/ethyl acetate (5:1:1, 78 mL) was added 10% Pd/C mixture 

(10 mol%, 318 mg). After 24 h, usual work up followed by silica gel chromatography 

afforded 71 as a brown solid (566 mg, 94%). Mp: 80 °C.35,38 

 

δH (400 MHz, CDCl3): 3.68 (s, 2H, NH2), 4.37 (s, 2H, NH2), 6.24 (s, 1H, H-2), 6.30 (d, 

J = 8.1 Hz, 1H, H-4 or H-6),  6.36 (d, J = 7.9 Hz, 1H, H-4 or H-6), 6.51 (d, J = 8.7 Hz, 

1H, H-9), 7.05 (t, J = 8.1 Hz, 1H, H-5), 7.20 (dd, J = 8.8, 2.7 Hz, 1H, H-8), 7.91 (d, J = 

2.4 Hz, 1H, H-11). 

HRMS (m/z ESI+): Found: 202.0964 (M+ + H), C11H12N3O Requires: 202.0975. 
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2-Nitro-5-(3-nitrophenoxy)pyridine (74)35,38 

 

To a mixture of 5-bromo-2-nitropyridine 72 (100 mg, 0.49 mmol, 1 eq.) and Cs2CO3 

(241 mg, 0.74 mmol, 1.5 eq.) in DMF (10 mL) was added dropwise a solution of 3-

nitrophenol 73 (75 mg, 0.54 mmol, 1.1 eq.) in DMF (5 mL) and the reaction mixture 

was stirred at room temperature for 12 h. The reaction was then diluted with water and 

extracted with ethyl acetate. The organic layer was washed with 5% aqueous NaHCO3 

and brine and dried over anhydrous MgSO4. The residue was purified by basic silica gel 

chromatography (hexanes:EtOAc), and the desired fractions were concentrated under 

reduced pressure to give the product 74 as a yellow solid (47 mg, 37%). Mp: 102-103 

°C (lit. 113-114 °C)35,38 

δH (400 MHz, CDCl3): 7.47 (dd, J = 8.1, 2.0 Hz, 1H, H-4), 7.54 (dd, J = 8.9, 2.7 Hz, 

1H, H-8), 7.67 (t, J = 8.2 Hz, 1H, H-5), 7.98 (s, 1H, H-2), 8.16 (d, J = 8.2 Hz, 1H, H-6), 

8.32 (d, J = 8.9 Hz, 1H, H-9), 8.39 (d, J = 2.7 Hz, 1H, H-11). 
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1-(3,4-Di-fluorophenyl)-2-(tert-butoxycarbonyl)-3-[3-(6-aminopyridin-3-

yloxy)phenyl]guanidine (76) 

 

Following a modification of Method C, HgCl2 (404 mg, 1.49 mmol) was added over a 

solution of 71 (250 mg, 1.24 mmol), thioureaderivative 12 (430 mg, 1.49 mmol) and 

NEt3 (0.5 mL, 3.84 mmol) in CH2Cl2 (8 mL). After 6 h workup and silica gel 

chromatography (hexanes:EtOAc) afforded compound 76 as a yellow amorphous solid 

(254 mg, 45%). Mp: 119 - 121 °C 

δH (600 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 4.38 (s, 2H, NH2), 6.47 – 6.67 (m, 4H, CH 

Ar), 7.09 (m, 2H, CH Ar), 7.05 – 7.13 (m, 1H, CH Ar), 7.22 (bs, 1H, CH Ar), 7.43 (bs, 

1H, NH), 7.83 (bs, 1H, CH Ar), 7.92 (bs, 1H, CH Ar), 9.62 (s, 1H, NH). 

δC (150 MHz, CDCl3): 28.2((CH3)3), 83.9 (qC, (CH(CH3)3), 109.4 (CH Ar), 111.1 (CH 

Ar), 111.4 (CH, Ar), 111.9 (CH, Ar), 115.5 (CH, Ar), 116.6 (CH, Ar), 117.0 (CH, Ar), 

118.0 (CH, Ar), 129.9 (CH, Ar), 140.4 (CH Ar), 143.5 (qC), 145.3 (qC), 148.2 (qC), 

149.2 (qC), 151.0 (qC), 153.1 (qC), 155.3 (qC), 159.1 (qC), 160.1 (qC).  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 456.1855 (M+ + H), C23H24F2N5O3 Requires: 456.1842. 

νmax (ATR)/cm-1: 3422 (NH), 3304 (NH), 2978, 2932, 1723 (C=O), 1662, 1560, 1594 

C=N), 1482, 1226 (C-F), 1144 (C-F), 1085. 
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1-(2-Fluoro-4-iodophenyl)-2-(tert-butoxycarbonyl)-3-[3-(6-aminopyridin-3-

yloxy)phenyl]guanidine (77) 

 

Following a modification of Method C, HgCl2 (307 mg, 1.13 mmol) was added over a 

solution of 71 (190 mg, 0.94 mmol), thioureaderivative 13 (448 mg, 1.13 mmol) and 

NEt3 (0.40 mL, 2.9 mmol) in CH2Cl2 (5 mL). After 6 h workup and silica gel 

chromatography (hexanes:EtOAc) afforded compound 77 as a yellow oil (185 mg, 

35%).  

δH (400 MHz, DMSO-d6): 1.27 (s, 9H, (CH3)3), 5.84 (s, 2H, NH2), 6.46 – 6.49 (m, 2H, 

CH Ar and H-9), 6.66 (t, J = 8.5 Hz, 1H, H-5), 7.16 – 7.19 (m, 2H, CH Ar), 7.25 – 7.27 

(m, 2H, CH Ar), 7.36 – 7.38 (m, 1H, CH Ar), 7.46 – 7.49 (m, 1H, H-14), 7.72 (d, J = 

2.4 Hz, 1H, H-11), 9.08 (bs, 1H, NH), 9.31 (bs, 1H, NH).  

δC (150 MHz, DMSO-d6): 27.7 ((CH3)3), 59.7 (qC, C(CH3)3), 80.1 (qAr, C-15),107.3 

(CH Ar), 108.6 (CH Ar, C-9), 110.0 (CH Ar), 113.0 (CH Ar), 124.0 (d, J = 21.5 Hz, CH 

Ar, C-14), 126.1 (CH Ar, C-5), 129.5 (CH Ar), 130.4 (CH Ar), 132.9 (CH Ar), 139.6 

(CH Ar, C-11), 141.3 (qC), 142.7 (qC), 142.9 (qC), 151.9 (qC), 152.7 (d, J = 239.8 Hz, 

qAr, C-13), 156.9 (qC), 158.9 (qC), 170.3 (qC).  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 564.0908 (M+ + H), C23H24FIN5O3 Requires: 564.0902. 

νmax(ATR)/cm-1:3489 (NH), 3413 (NH), 3299, 3203 (NH), 2970, 2931, 1720 (C=O), 

1661 (C=N), 1482 (C-F), 1462, 1224 (C-N), 1147 (C-O), 687 (C-I). 
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1-(4-bromophenyl)-2-(tert-butoxycarbonyl)-3-[3-(6-aminopyridin-3-

yloxy)phenyl]guanidine (78) 

 

Following a modification of Method C, HgCl2 (406 mg, 1.49 mmol) was added over a 

solution of 71 (250 mg, 1.24 mmol), thioureaderivative 14 (493 mg, 1.49 mmol) and 

NEt3 (0.5 mL, 3.84 mmol) in CH2Cl2 (8 mL). After 6 h workup and silica gel 

chromatography (hexanes:EtOAc) afforded compound 78 as a yellow-brown 

amorphous solid (517 mg, 84%). Mp: 141 - 143 °C 

δH (400 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 6.53 – 6.57 (m, 2H, CH Ar and H-9), 6.61 

– 6.68 (m, 2H, CH Ar), 7.20 - 7.24 (m, 3H, CH Ar), 7.37 - 7.42 (m, 3H, CH Ar), 7.87 

(d, J = 2.7 Hz, 1H, H-11).  

δC (150 MHz, CDCl3): 28.2 ((CH3)3), 83.7 (qC, C(CH3)3), 109.4 (CH Ar), 111.1 (CH 

Ar), 111.8 (CH Ar), 114.4 (CH Ar), 115.3 (CH Ar), 116.6 (q), 121.7 (CH Ar), 124.5 

(CH Ar), 131.0 (CH Ar), 131.8 (CH Ar), 132.7 (CH Ar), 138.1(CH Ar), 140.5 (qC), 

145.3 (qC), 148.4 (qC), 153.1 (qC), 155.3 (qC), 159.1 (qC), 160.1 (qC). 

Note: Aromatic protons and carbons and quaternary carbons peaks could not be fully 

assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 498.1141 (M+ + H), C23H25BrN5O3 Requires: 498.1135). 

νmax (ATR)/cm-1: 3477 (NH), 3415 (NH), 3296 (NH), 3166, 2965, 1729 (C=O), 1655 

(C=N), 1592, 1580, 1549, 1477, 1398 (C-N), 1145 (C-Br), 1067 (C-O), 823, 770. 
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1-[4-Bromo-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-[3-(6-

aminopyridin-3-yloxy)phenyl]guanidine (79) 

 

Following a modification of Method C, HgCl2 (988 mg, 3.64 mmol) was added over a 

solution of 71 (610 mg, 3.03 mmol), thiourea derivative 16 (1455 mg, 3.64 mmol) and 

NEt3 (1.30 mL, 9.39 mmol) in CH2Cl2 (16 mL). After 6 h workup and silica gel 

chromatography (hexanes:EtOAc) afforded compound 79 as a yellow oil (789 mg, 

46%).  

δH (600 MHz, DMSO-d6): 1.25 (s, 9H, (CH3)3), 5.84 (s, 2H, NH2), 6.47 – 6.49 (m, 2H, 

CH Ar), 6.94 (bs, 1H, CH Ar), 7.17 – 7.18 (m, 3H, CH Ar), 7.28 (bs, 1H, CH Ar), 7.68 

– 7.83 (m, 3H, CH Ar), 9.12 (bs, 1H, NH), 9.36 (bs, 1H, NH).  

δC (100 MHz, DMSO-d6): 27.7 ((CH3)3), 79.0 (qC, C(CH3)3), 80.3 (qC, C-15), 107.4 

(CH Ar), 108.8 (CH Ar), 110.0 (CH Ar), 113.1 (CH Ar), 124.2 (CH Ar), 126.2 (CH 

Ar), 129.7 (CH Ar), 130.5 (CH Ar), 133.0 (CH Ar), 139.6 (CH Ar), 141.31 (qC), 

141.33 (qC), 142.8 (qC), 143.0 (qC), 152.0 (qC), 157.0 (qC), 159.0 (qC), 170.5 (qC).  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 566.1014 (M+ + H), C24H24BrF3N5O3 Requires: 566.1015. 

νmax (ATR)/cm-1: 3476 (NH), 3413 (NH), 3297, 2981, 2935, 1720 (C=O), 1659 (C=N), 

1588 (C=N), 1553 (C=N), 1476, 1230 (C-O), 1134 (CF3), 1053 (C-Br), 826, 771. 
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1-[4-Chloro-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-[3-(6-

aminopyridin-3-yloxy)phenyl]guanidine (80) 

 

Following a modification of Method C, HgCl2 (548 mg, 2.02 mmol) was added over a 

solution of 71 (338 mg, 1.68 mmol), thioureaderivative 15 (715 mg, 2.02 mmol) and 

NEt3 (0.72 mL, 5.21 mmol) in CH2Cl2 (9 mL). After 6 h workup and silica gel 

chromatography (hexanes:EtOAc) afforded compound 80 as a yellow oil (368 mg, 

42%).  

δH (400 MHz, CDCl3): 1.49 (s, 9H, (CH3)3), 4.38 (bs, 2H, NH2), 6.47 – 6.72 (m, 4H), 

7.20 – 7.22 (m, 2H), 7.38 – 7.52 (m, 1H), 7.92 (bs, 2H), 9.66 (bs, 1H, NH), 9.80 (bs, 

1H, NH). 

δH (400 MHz, CDCl3): 28.2 ((CH3)3), 84.1 (qC, C(CH3)3), 109.4, 111.0, 111.9, 116.4, 

121.5, 123.9, 124.0, 130.9, 131.0, 132.6, 140.1, 140.4, 140.5, 155.3, 155.4.  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z APCI-): Found: 520.1391 (M- - H), C24H22N5O3ClF3 Requires: 520.1369. 

νmax (ATR)/cm-1: 3406 (NH), 3299 (NH), 3191 (NH), 2981, 2936, 1720 (C=O), 1659 

(C=N), 1590, 1478, 1320, 1231 (C-O), 1135 (CF3), 1088 (C-Cl), 1044, 826, 771, 666. 
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1-(3,4-Di-fluorophenyl)-2-(tert-butoxycarbonyl)-3-{3-[6-(2’,3’-di-tert-

butoxycarbonyl)guanidinopyridin-3-yloxy]phenyl}guanidine (81) 

 

Following Method G, HgCl2 (130 mg, 0.48 mmol, 1.04 eq.) was added over a solution 

of 76 (217 mg, 0.46 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 

(139 mg, 0.48 mmol), and NEt3 (0.22 mL, 1.61 mmol) in CH2Cl2 (2.5 mL). The 

reaction was stirred at room temperature for 48 h, then work up and silica gel 

chromatography (hexanes:EtOAc) afforded 81 (280 mg, 87%) as a white amorphous 

solid. Mp: 135-137 °C. 

δH (400 MHz, CDCl3): 1.48 (s, 9H, ((CH3)3), 1.51 (9H, (s, (CH3)3), 1.53 (9H, ((CH3)3), 

6.52 - 6.72 (m, 3H, CH Ar), 7.04 - 7.14 (m, 2H, CH Ar), 7.29 (bs, 1H, CH Ar), 7.40 – 

7.49 (bs, 1H, CH Ar), 7.80 (bs, 1H, CH Ar), 8.11 (bs, 1H, CH Ar), 8.38 (bs, 1H, CH 

Ar), 9.36 (bs, NH), 9.92 - 10.14 (m, NH), 10.87 (bs, NH), 11.52 (bs, NH). 

δC (100 MHz, CDCl3): 28.16 ((CH3)3),28.2 ((CH3)3), 28.3 ((CH3)3), 80.1 (qC, C(CH3)3), 

83.9 (qC, C(CH3)3), 84.1 (qC, C(CH3)3), 109.8 (CH Ar), 110.4 (CH Ar), 112.1 (CH Ar), 

112.8 (CH Ar), 116.9 (CH Ar), 117.6 (CH Ar), 118.2 (CH Ar), 128.8 (CH Ar), 129.2 

(CH Ar), 130.0 (CH Ar), 131.0 (CH Ar), 140.0 (CH Ar), 145 – 160, 146.3 (qC), 146.6 

(qC), 149.8 (qC), 152.9 (qC), 153.0 (qC), 157.7 (qC), 158.8 (qC), 163.3 (qC). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 698.3110 (M+ + H), C34H42F2N7O7 Requires: 698.3114. 

νmax (ATR)/cm-1: 3412 (NH), 3258 (NH), 2979, 2930, 1720 (C=O), 1624 (C=N), 1596 

(C=N), 1560, 1514, 1463, 1368, 1292, 1224, 1123-1104 (C-F), 771. 
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1-(2-Fluoro-4-iodophenyl)-2-(tert-butoxycarbonyl)-3-{3-[6-(2’,3’-di-tert-

butoxycarbonyl) guanidinopyridin-3-yloxy]phenyl}guanidine (82) 

 

Following Method G, HgCl2 (261 mg, 0.96 mmol) was added over a solution of 77 (520 

mg, 0.92 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (279 mg, 0.96 

mmol), and triethylamine (0.45 mL, 3.22 mmol) in CH2Cl2 (5 mL). The reaction was 

stirred at room temperature for 48 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 82  as a white amorphous solid (500 mg, 67%). Mp: 

decomp. > 116 °C 

δH (400 MHz, CDCl3): 1.35 (s, 9H, (CH3)3), 1.39 (s, 18H, (CH3)3), 6.39 (bs, 1H, CH 

Ar), 6.52 - 6.58 (m, 3H, CH Ar), 7.06 - 7.20 (m, 2H, CH Ar), 7.24 - 7.28 (m, 2H, CH 

Ar), 7.97 (bs, 1H, CH Ar), 8.16 (bs, NH), 8.25 (bs, 1H CH Ar), 9.00 - 9.78 (m, NH), 

10.74 (bs, NH), 11.39 (bs, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 80.0 (qC, C(CH3)3), 83.9 (qC, 

C(CH3)3), 84.1 (qC, C(CH3)3), 112.1 (CH Ar), 112.9 (CH Ar), 116.9 (CH Ar), 117.4 

(CH Ar), 123.1 (CH Ar), 128.9 (CH Ar), 130.0 (CH Ar), 131.1 (CH Ar), 133.5 (CH 

Ar), 139.9 (CH Ar), 145 – 160, 146.5 (qC), 148.3 (qC), 149.8 (qC), 152.8 (qC), 153.0 

(qC), 157.7 (qC), 158.8 (qC), 163.3 (q). 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 806.2176 (M+ + H), C34H42FIN7O7 Requires: 806.2169. 

νmax (ATR)/cm-1: 3257 (NH), 2979, 2930, 1721 (C=O), 1626 (C=N), 1591 (C=N), 1465, 

1368, 1223 (C-O), 1146 – 1104 (C-F), 1056, 852, 770 (C-I). 
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1-(4-Bromophenyl)-2-(tert-butoxycarbonyl)-3-{3-[6-(2’,3’-di-tert-butoxycarbonyl) 

guanidinopyridin-3-yloxy]phenyl}guanidine (83) 

 

Following Method G, HgCl2 (185 mg, 0.68 mmol) was added over a solution of 78 (327 

mg, 0.66 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (197 mg, 0.68 

mmol), and triethylamine (0.32 mL, 2.31 mmol) in CH2Cl2 (4 mL). The reaction was 

stirred at room temperature for 48 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 83 (244, 50%) as a white amorphous solid. Mp: 104-107 °C. 

δH (600 MHz, CDCl3): 1.48 (s, 9H, ((CH3)3), 1.52 (s, 9H, ((CH3)3), 1.54 (9H, ((CH3)3), 

6.53 – 6.78 (m, 4H, CH Ar and NH), 7.34 – 7.42 (m, 4H, CH Ar), 7.51 – 7.55 (m, 1H, 

CH Ar), 8.12 (bs, 1H, CH Ar), 8.39 (bs, 1H, CH Ar), 9.62 (bs, NH), 10.87 (bs, NH), 

11.51 (bs, NH).  

δC (100 MHz, CDCl3): 28.0 ((CH3)3), 28.1 ((CH3)3), 28.2 ((CH3)3), 79.9 (qC, C(CH3)3), 

83.6 (qC, C(CH3)3), 83.9 (qC, C(CH3)3), 112.4 (CH Ar), 116.8 (CH Ar), 117.5 (CH Ar), 

121.5 (CH Ar), 124.3 (CH Ar), 129.0 (CH Ar), 129.8 (CH Ar), 130.8 (CH Ar), 131.6 

(CH Ar), 132.6 (CH Ar), 139.8 (CH Ar), 140 – 152, 152.8 (qC), 163.2 (qC).  

Note: Aromatic protons and carbons and quaternary carbons peaks could not be fully 

assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 740.2402 (M+ + H), C34H43BrN7O7 Requires: 740.2407. 

νmax (ATR)/cm-1: 3253 (NH), 2979, 2932, 1719 (C=O), 1625, 1586 (C=N), 1551 (C=N), 

1387, 1323, 1223 (C-N), 1145 (C-O), 1123 (C-Br), 1103, 806 – 687. 
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1-[4-Bromo-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-{3-[6-(2’,3’-di-

tert-butoxycarbonyl)guanidinopyridin-3-yloxy]phenyl}guanidine (84) 

 

Following Method G, HgCl2 (255 mg, 0.94 mmol) was added over a solution of 79 (507 

mg, 0.90 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (273 mg, 0.94 

mmol), and NEt3 (0.44 mL, 3.15 mmol) in CH2Cl2 (5 mL). The reaction was stirred at 

room temperature for 48 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 84  as a white amorphous solid (324 mg, 45%). Mp: 142-

144 °C 

 

δH (400 MHz, CDCl3): 1.50 (s, 9H, (CH3)3), 1.53 (s, 18H, (CH3)3), 6.52 (bs, 1H, CH 

Ar), 6.66 – 6.69 (bs, 2H, CH Ar), 7.22 (bs, 1H, CH Ar), 7.37 (bs, 2H, CH Ar), 7.58 – 

7.60 (bs, 1H, CH Ar), 7.85 – 7.92 (bs, 1H, CH Ar), 8.10 (bs, 1H, CH Ar), 8.39 (bs, 1H, 

CH Ar), 9.82 (bs, NH), 10.88 (bs, NH), 11.52 (bs, NH).  

δC (100 MHz, CDCl3): 28.19 ((CH3)3), 28.21 ((CH3)3), 80.1 (qC, C(CH3)3), 84.1 (qC, 

C(CH3)3), 84.2 (q, C(CH3)3), 112.0 (CH Ar), 112.9 (CH Ar), 112.94 (CH Ar), 117.0 

(CH Ar), 119.3 (CH Ar), 128.9 (CH Ar), 129.0 (CH Ar), 131.2 (CH Ar), 135.2 (CH 

Ar), 140.0 (CH Ar), 146.6 (qC), 148.1 (qC), 150.1 (qC), 152.9 (qC), 153.1 (qC), 163.3 

(qC).  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 808.2288 (M+ + H), C35H42BrF3N7O7 Requires: 808.2276. 

νmax (ATR)/cm-1: 3410 (NH), 3251 (NH), 2985 (CH), 2921, 1720 (C=O), 1645, 1631, 

1583 (C=N), 1561 (C=N), 1386, 1326, 1233 (C-N), 1144 (C-O), 1128 (CF3), 1108 (C-

Br), 1081, 1059, 1020, 842, 772, 753, 550. 
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1-[4-Chloro-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-{3-[6-(2’,3’-di-

tert-butoxycarbonyl)guanidinopyridin-3-yloxy]phenyl}guanidine (85) 

 

Following Method G, HgCl2 (214 mg, 0.79 mmol) was added over a solution of 80 (398 

mg, 0.76 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (230 mg, 0.79 

mmol), and NEt3 (0.37 mL, 2.66 mmol) in CH2Cl2 (4 mL). The reaction was stirred at 

room temperature for 48 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 85 (354 mg, 61%) as a white-yellow amorphous solid. Mp: 

84 - 86 °C 

δH (400 MHz, CDCl3): 1.49 (s, 9H, (CH3)3), 1.51 (s, 9H, (CH3)3), 1.53 (s, 9H, (CH3)3), 

6.51 – 6.71 (m, 2H, CH Ar), 6.99 (bs, 1H, CH Ar), 7.23 – 7.30 (m, 1H, CH Ar), 7.40 – 

7.63 (m, 3H, CH Ar), 7.83 – 7.92 (m, 1H, CH Ar), 8.11 (bs, 1H, CH Ar), 8.38 – 8.60 

(m, 1H, CH Ar), 9.72 (bs, 1H, NH), 9.81 (bs, 1H, NH), 10.87 (bs, 1H, NH), 11.52 (bs, 

1H, NH). 

δC (100 MHz, CDCl3): 28.1 ((CH3)3), 28.2 ((CH3)3), 80.0 (qC, C(CH3)3), 84.0 (qC, 

C(CH3)3), 112.9, 116.9, 119.5, 121.4, 124.1, 129.1, 130.0, 131.0, 132.5, 139.9, 146.7, 

148.0, 149.7, 150.1, 152.8, 152.9, 157.7, 158.8, 163.2. 

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 764.2784 (M+ + H), C35H42ClF3N7O7 Requires: 764.2786. 

νmax (ATR)/cm-1: 3256 (NH), 2925, 2855, 1720 (C=O), 1628 (C=N), 1592 (C=N), 1557, 

1465, 1412, 1387, 1229 (C-N), 1143 (CF3), 1125, (C-O), 1105 (C-Cl), 1057, 1105, 848, 

804, 772, 688. 
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5-(3-Aminophenyloxy)-2-nitropyridine (86)39 

 

5-Bromo-2-nitropyridine 72 (500 mg, 2.45 mmol, 1eq.), 3-aminophenol 35 (295 mg, 

2.7 mmol, 1.1 eq.) and Cs2CO3 (1.2 mg, 3.7 mmol, 1.5 eq.) were dissolved in DMF (5 

mL) and stirred at 80 °C for 12 h. The mixture was cooled to room temperature, washed 

with water and the organic layer extracted with EtOAc, washed with brine, dried over 

MgSO4, concentrated under vacuum and purified by flash chromatography 

(hexanes:EtOAc) to get 86 as a yellow solid (311 mg, 55 %). Mp: 118-120 °C 

δH (400 MHz, CDCl3): 6.40 (s, 1H, H-2), 6.45 (d, J = 8.0 Hz, H-4), 6.58 (d, J = 8.1 Hz, 

H-6), 7.20 (t, J = 8.1 Hz, H-5), 7.42 ( dd, J = 8.9, 2.8 Hz, H-8), 8.22 (d, J = 8.6 Hz, 1H, 

H-9), 8.32 (d, J = 2.3 Hz, 1H, H-11). 

δC (150 MHz, CDCl3): 106.6 (CH Ar, C-2), 109.7 (CH Ar, C-4), 112.7 (CH Ar, C-6), 

120.0 (CH Ar, C-9), 125.7 (CH Ar, C-8), 131.3 (CH Ar, C-5), 139.0 (CH Ar, C-11), 

149.0 (qC), 155.4 (qC), 159.1 (qC), 171.3 (qC). 

HRMS (m/z – ESI+): Found: 232.0715 (M+ + H), C11H10N3O3 Requires: 232.0717. 

νmax (ATR)/cm-1: 3473 (NH), 3378 (NH), 3219, 3054, 292, 1624, 1604, 1521 (NO2), 

1488, (NO2), 1455, 1344 (C-N), 1298, 1238 (C-O), 1142, 1114, 995, 875, 850, 686, 

674. 
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5-{3-[4-Chloro-3-(trifluoromethyl)phenyl]aminophenyloxy}-2-nitropyridine (88) 

 

Following Method D, Pd2(dba)3 (3 mol%, 6 mg), Xantphos (3 mol%, 4 mg), compound 

86 (50 mg, 0.22 mmol), Cs2CO3 (100 mg, 0.31 mmol) and remaining liquid 4-bromo-1-

chloro-2-(trifluoromethyl)benzene (0.03 mL, 0.22 mmol) were mixed, followed syringe 

addition of toluene (0.5 mL). The mixture was heated at 90 °C for 24 h and usual work 

up and flash chromatography afforded 88 as a yellow oil (82 mg, 91%).  

 

δH (400 MHz, CDCl3): 6.01 (bs, 1H, NH), 6.70 (dd, J = 8.1, 2.2 Hz, 1H, H-4), 6.79 (t, J 

= 2.2 Hz, 1H, H-2), 6.96 (dd, J = 7.9, 1.8 Hz, 1H, H-6), 7.18 (dd, J = 8.5, 2.8 Hz, 1H, 

H-17), 7.34 – 7.39 (m, 3H, H-13, H-16 and H-5), 7.46 (dd, J = 8.9, 2.8 Hz, 1H, H-8), 

8.24 (d, J = 8.9 Hz, 1H, H-9), 8.33 (d, J = 2.8 Hz, 1H, H-11). 

δC (100 MHz, CDCl3): 109.4 (CH Ar, C-2), 113.2 (CH Ar, C-4), 115.3 (CH Ar, C-6), 

117.2 (q, J = 5.5 Hz, CH Ar, C-13), 119.9 (CH Ar, C-9), 122.0 (CH Ar, C-17), 122.7 

(d, J = 273.4 Hz, qCF3), 124.1 (qC, C-15), 126.0 (CH Ar, C-8), 129.4 (d, J = 31.2 Hz, 

qC, C-14), 131.7 (CH Ar, C-5 or C-16), 132.6 (CH Ar, C-5 or C-16), 138.8 (CH Ar, C-

11), 141.1 (qC), 144.5 (qC), 151.3 (qC), 155.5 (qC), 158.8 (qC). 

HRMS (m/z ESI+): Found: 410.0520 (M+ + H), C18H12N3O3ClF3 Requires: 410.0519. 

νmax (ATR)/cm-1: 3385 (NH), 3064, 2924, 1724, 1599, 1567, 1531 (NO2), 1483 (NO2), 

1459, 1347, 1332, 1236 (CF3), 1130 (C-O), 1111 (C-Cl), 1028, 999, 975, 868, 823, 786. 
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2-Amino-5-{3-[4-chloro-3-(trifluoromethyl)phenyl]aminophenyloxy}pyridine (89)  

 

Following Method F, a mixture of 88 (66 mg, 0.16 mmol) and SnCl2·2H2O (218 mg, 

0.97 mmol) in 1 mL of absolute ethanol were heated at 70°C for 3 h. Usual work up and 

flash chromatography afforded 89 as a brown oil (48 mg, 80%).  

δH (400 MHz, CDCl3): 4.41 (s, 2H, NH2), 5.88 (s, 1H, NH), 6.53 (d, J = 8.8 Hz, 1H, H-

9), 6.56 (dd, J = 8.3, 2.2 Hz, 1H, H-4), 6.61 (t, J = 2.0 Hz, 1H, H-2), 6.73 (dd, J = 8.0, 

1.7 Hz, 1H, H-6), 7.11 (dd, J = 8.6, 2.7 Hz, 1H, H-17), 7.19 – 7.23 (m, 2H, H-5 and H-

8), 7.32 – 7.34 (m, 2H, H-13 and H-16), 7.91 (d, J = 2.1 Hz, 1H, H-11). 

 

δC (100 MHz, CDCl3): 107.0 (CH Ar, C-2), 109.4 (CH Ar, C-9), 110.8 (CH Ar, C-4), 

112.6 (CH Ar, C-6), 116.2 (q, J = 5.4 Hz, CH Ar, C-13), 121.1 (CH Ar, C-17), 122.8 

(d, J = 273.3 Hz, qCF3), 123.0 (qC, C-15), 129.2 (d, J = 31.1 Hz, CH Ar, C-14), 130.8 

(CH Ar, C-5 or C-8),131.1 (CH Ar, C-5 or C-8), 132.4 (CH Ar, C-16), 140.5 (CH Ar, 

C-11), 142.0 (qC), 143.2 (qC), 145.1 (qC), 155.4 (qC), 160.1 (qC). 

HRMS (m/z ESI-): Found: 378.0629 (M- - H), C18H12N3OF3Cl Requires: 378.0621. 

νmax (ATR)/cm-1: 3332 (NH), 2923 (C-H), 2847 (C-H), 1595, 1480, 1327, 1258, 1225, 

1172, 1125 (CF3), 1111 (C-Cl), 820, 711, 665. 
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1,2-Di-(tert-butoxycarbonyl)-3-(4-{3-[4-chloro-3-(trifluoromethyl)phenylamino] 

phenoxy}pyridin-2-yl)guanidine (90) 

 

Following Method G, HgCl2 (337 mg, 1.24 mmol) was added over a solution of 89 (451 

mg, 1.19 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea 51 (359 mg, 1.24 

mmol) and NEt3 (0.69 mL, 4.17 mmol) in CH2Cl2 (6 mL). The reaction was stired at 

room temperature for 24 h, then work up and silica gel chromatography 

(hexanes:EtOAc) afforded 90 (525 mg, 71%) as a white solid. Mp: 68-70 °C 

δH (400 MHz, CDCl3): 1.52 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 5.88 (s, 1H, NH), 

6.59 (dd, J = 8.4, 2.1 Hz, 1H, H-4), 6.66 (t, J = 2.1 Hz, 1H, H-2), 6.80 (dd, J = 7.9, 1.8 

Hz, H-6), 7.14 (dd, J = 8.7, 2.7 Hz, 1H, H-17), 7.24 (t, J = 8.1 Hz, 1H, H-5), 7.32 – 7.36 

(m, 2H, H-13 and H-16), 7.40 (dd, J = 9.0, 2.8 Hz, 1H, H-8), 8.11 (d, J = 2.7 Hz, 1H, 

H-11), 8.39 (d, J = 8.6 Hz, 1H, H-9), 10.88 (s, 1H, NH), 11.52 (s, 1H, NH). 

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 28.3 ((CH3)3), 80.1 (qC, C(CH3)3), 84.2 (qC, 

C(CH3)3), 108.1 (CH Ar, C-2), 111.7 (CH Ar, C-4), 113.3 (CH Ar, C-6), 116.6 (q, J = 

5.7 Hz, CH Ar, C-13), 117.1 (CH Ar, C-9), 121.2 (CH Ar, C-17), 122.8 (d, J = 273.4 

Hz, qCF3), 123.3 (qC, C-15), 129.1 (CH Ar, C-8), 129.3 (d, J = 27.0 Hz, qC, C-14), 

131.0 (CH Ar, C-5), 132.5 (CH Ar, C-16), 140.0 (CH Ar, C-11), 141.8 (qC), 143.5 

(qC), 146.6 (qC), 143.8 (qC), 152.3 (qC), 153.1 (qC), 158.8 (qC), 163.3 (qC). 

HRMS (m/z ESI+): Found: 622.2054 (M+ + H), C29H32N5O5ClF3 Requires: 622.2044. 

νmax(ATR)/cm-1:3253 (N-H), 2980 (C-H), 1721 (C=O), 1597 (C=N), 1561, 1477, 1386, 

1368, 1290 (C-O), 1122 (CF3), 1140 (C-N), 1110, 1056 (C-Cl), 1027, 998, 978, 764, 

664. 
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2-(4-Iodophenoxy)tetrahydro-2H-pyrane (92)40 

 

To a solution of 4-iodophenol 91 (1.10 g, 5 mmol, 1 eq.) and pyridinium p-

toluenesulfonate (PPTS) (126 mg, 0.5 mmol, 10 mol%) in dry CH2Cl2 (25 mL) was 

added 3,4- dihydro-2H-pyran (0.7 mL, 7.5 mmol, 1.5 eq.). The resultant mixture was 

stirred for 2.5 h at room temperature. The reaction mixture was diluted with diethyl 

ether and washed once with saturated brine. The organic layer was dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. Purification by 

flash column chromatography over silica gel (hexane-EtOAc) gave the product 92 as a 

white solid (1.2 g, 82%). Mp: 63-64 °C (lit. 64-65 °C).40 

δH (400 MHz, CDCl3): 1.56 – 1.73 (m, 3H, CH2), 1.82 – 1.86 (m, 2H, CH2), 1.92 – 2.03 

(m, 1H, CH2), 3.55 – 3.61 (m, 1H, CH2), 3.82 – 3.88 (m, 1H, CH2), 5.36 (t, J = 3.2 Hz, 

1H, CH), 6.82 (dd, J = 8.4, 3.7 Hz, 2H, H-3 and H-3’), 7.54 (dd, J = 8.4, 3.7 Hz, 2H, H-

2 and H-2’). 
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3-{4-[(Tetrahydro-2H-pyran-2-yl)oxy]phenoxy}aniline (93)41 

 

An oven-dried screw cap test tube was charged with a magnetic stirbar, copper(I) iodide 

(20.8 mg, 0.11 mmol, 5 mol%), 2-picolinic acid (26.8 mg, 0.22 mmol, 10 mol%), aryl 

iodide 92 (661.8 mg, 2.18 mmol), 3-aminophenol 35 (285.9 mg, 2.62 mmol) and K3PO4 

(926 mg, 4.36 mmol). The tube was then evacuated and back-filled with argon (three 

times). Under a counterflow of argon, DMSO (4.0 mL) was added by syringe. The tube 

was placed in a preheated oil bath at 80 ºC and the reaction mixture was stirred 

vigorously for 24 h. The reaction mixture was cooled to room temperature and diluted 

with EtOAc and H2O. The organic layer was separated and the aqueous layer was 

extracted twice more with EtOAc. Combined organic layers were dried over Na2SO4 

and the filtrate was concentrated and the resulting residue was purified via silica gel 

chromatography (hexane-EtOAc) to give 93 (534 mg, 86%) as a yellow liquid. 

δH (400 MHz, CDCl3): 1.58 – 1.73 (m, 3H, CH2), 1.84 – 1.88 (m, 2H, CH2), 1.96 – 2.04 

(m, 1H, CH2), 3.59 – 3.64 (m, 1H, CH2),3.90 – 3.98 (m, 1H, CH2), 5.35 (t, J = 3.4 Hz, 

1H, CH), 6.33 (t, J = 2.2 Hz, 1H, H-2), 6.38 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 6.42 (dd, J = 

7.3, 2.1 Hz, 1H, H-6), 6.96 (d, J = 9.2 Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 7.03 (d, 

J = 9.1 Hz, 2H, H-9 and H-9’ or H-8 and H-8’), 7.07 (t, J = 8.1 Hz, 1H, H-5).   

δC (150 MHz, CDCl3): 19.0 (CH2), 25.4 (CH2), 30.6 (CH2), 62.3 (CH2), 97.4 (CH), 

105.1 (CH Ar, C-2), 108.6 (CH Ar, C-4), 110.0 (CH Ar, C-6), 117.8 (2 CH Ar, C-8 and 

C-8’ or C-9 and C-9’), 121.0 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 130.4 (CH Ar, 

C-5), 147.0 (qC), 150.9 (qC), 153.4 (qC), 159.7 (qC). 

HRMS (m/z ESI+): Found 286.1454 (M+ + H), C17H20NO3, Requires: 286.1443. 

νmax (ATR)/cm-1: 3331 (NH), 2944 (CH), 2872 (CH), 1654, 1601, 1499, 1486, 1242, 

1197 (C-O), 1180, 1034, 961, 835, 776, 660, 685. 
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1-[4-Chloro-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-(3-{4-

[(tetrahydro-2H-pyran-2-yl)oxy]phenyloxy}phenyl)guanidine (94) 

 

Following a modification of Method C, HgCl2 (261 mg, 0.96 mmol) was added over a 

solution of 93 (228 mg, 0.80 mmol), thiourea derivative 15 (341 mg, 0.96 mmol) and 

NEt3 (0.34 mL, 2.48 mmol) in CH2Cl2 (5 mL). After 12 h workup and silica gel 

chromatography (hexanes:EtOAc) afforded compound 94 as a white amorphous solid 

(282 mg, 58%). Mp: 48-51 °C  

δH (400 MHz, CDCl3): 1.72 (s, 9H, (CH3)3), 1.82 – 1.96 (m, 3H, CH2), 2.08 – 2.10 (m, 

2H, CH2), 2.19 – 2.24 (m, 1H, CH2), 3.82 – 3.86 (m, 1H, CH2), 4.13 – 4.19 (m, 1H, 

CH2), 5.58 (s, 1H, CH), 6.74 – 6.99 (m, 4H, CH Ar), 7.20 – 7.28 (m, 4H, CH Ar), 7.48 

– 7.50 (m, 2H, CH Ar), 7.62 – 7.64 (m, 1H, CH Ar), 8.17 (s, 1H, NH), 10.04 (s, 1H, 

NH).  

δC (100 MHz, CDCl3): 19.0 (CH2), 25.3 (CH2), 28.2 ((CH3)3), 30.5 (CH2), 62.2 (CH2), 

83.9 (qC, C(CH3)3), 97.1 (CH), 111.6, 112.8, 116.4, 117.8, 118.8, 120.9, 121.5, 122.1, 

123.9, 124.2, 126.8, 129.9, 130.8, 131.8, 132.5, 137.9, 139.9, 150.6, 153.1, 153.6, 

171.2.  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI-): Found: 604.1823 (M- - H), C30H30N3O5ClF3 Requires: 604.1826. 

νmax (ATR)/cm-1: 3410 (NH),2916 (CH), 2848 (CH), 1722 (C=O), 1664, 1590, 1556, 

1500 (C=N), 1478, 1465, 1322, 1238, 1209, 1198, 1198, 1141 (CF3), 1110 (C-Cl), 906, 

731, 666. 
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1-[4-Chloro-3-(trifluoromethyl)phenyl]-2-(tert-butoxycarbonyl)-3-[3-(4-

hydroxyphenyloxy)phenyl]guanidine (95)42 

 

A mixture of 94 (244 mg, 0.40 mmol), methanol (4 mL) and montmorillonite KSF (230 

mg) was stirred at 50 °C for 4 h. After completion of the reaction, the catalyst was 

removed by filtration and washed with EtOAc.  Evaporation of the solvent gave the 

corresponding crude product that was further purified by silica gel chromatography 

(hexane:EtOAc), to afford the title product as a white amorphous solid (135 mg, 65%). 

Mp: 52-55 °C 

 

δH (400 MHz, CDCl3): 1.48 (s, 9H, (CH3)3), 6.41 – 6.73 (m , 3H, CHAr), 6.79 – 6.81 

(m, 3H, CHAr), 6.91 – 7.00 (m, 3H, CHAr), 7.15 – 7.24 (m, 1H, CHAr), 7.38 – 7.40 

(m, 1H, CHAr), 7.90 (bs), 9.81 (bs).  

δC (100 MHz, CDCl3): 28.2 ((CH3)3), 84.1 (qC, C(CH3)3), 111.5, 112.6, 112.7, 116.5, 

118.7, 119.2, 121.4, 124.2, 126.9, 128.9, 130.2, 130.8, 131.9, 132.2, 137.7, 140.3, 

149.8, 152.3, 153.1, 153.2, 160.1.  

Note: Aromatic protons and carbons, quaternary carbons and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI-): Found: 520.1246 (M- - H), C25H22N3O4ClF3 Requires: 520.1251. 

νmax (ATR)/cm-1: 3407 (NH), 3295 (OH), 2983, 1722 (C=O), 1658, 1589, 1556, 1505, 

1461, 1203, 1140 (CF3), 1092 (C-Cl), 835, 772. 
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N,N’-(Di-tert-butoxycarbonyl)-O-[4-(3-{1-[4-chloro-3-(trifluoromethyl)phenyl]-2-

(di-tert-butoxycarbonyl)guanidino}phenoxy)phenyl]carbamimidate (96) 

 

Following a modification of Method G, HgCl2 (114 mg, 0.42 mmol) was added over a 

solution of 95 (207 mg, 0.40 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-

methylisothiourea 51 (122 mg, 0.42 mmol) and NEt3 (0.20 mL, 1.4 mmol) in CH2Cl2(4 

mL). The reaction was stirred at room temperature for 24 h, then work up and silica gel 

chromatography (hexanes:EtOAc) afforded 96 (168 mg, 55%) as awhite-yellow 

amorphous solid. Mp: 63-65 °C. 

δH (400 MHz, CDCl3): 1.33 – 1.65 (m, 27H, (CH3)3), 6.56 – 6.75 (m, 3H, CH Ar), 6.88 

– 7.02 (m, 3H, CH Ar), 7.14 – 7.23 (m, 2H, CH Ar), 7.39 – 7.49 (m, 2H, CH Ar), 7.84 – 

7.92 (m, 1H, CH Ar), 9.82 (bs, NH), 10.64 (bs, NH), 11.61 (bs, NH).  

δC (100 MHz, CDCl3): 28.1 ((CH3)3), 28.2 ((CH3)3), 84.0 (qC, C(CH3)3), 112.7, 113.6, 

116.5, 117.3, 119.0, 120.0, 121.3, 121.5, 122.1, 123.1, 124.2, 126.9, 130.1, 131.0, 

131.8, 132.3, 132.8, 137.8, 140.1, 146.9, 148.0, 153.1, 154.5, 158.9.  

Note: Aromatic protons and carbons, quaternary carbons  and fluorine peaks could not 

be fully assigned and characterised because the peaks were very broad. 

HRMS (m/z ESI+): Found: 764.2676 (M+ + H), C36H42N5O8ClF3 Requires: 764.2674. 

νmax (ATR)/cm-1: 3415 (NH), 3268 (NH), 2981, 2933, 1769 (C=O), 1722 (C=O), 1659 

(C=N), 1565 (C=N), 1410, 1297, 1238, 1132 (CF3), 1088 (C-Cl), 957, 829 , 770. 
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N-[4-Chloro-3-(trifluoromethyl)phenyl]-3-{4-[(tetrahydro-2H-pyran-2-

yl)oxy]phenoxy}aniline (97) 

 

Following Method D, Pd2(dba)3 (3 mol%, 37 mg), Xantphos (5 mol%, 39 mg), Cs2CO3 

(615.8 mg, 1.89 mmol), compound 93 (385 mg, 1.35 mmol) and remaining liquid 4-

bromo-1-chloro-2-(trifluoromethyl)benzene (0.20 mL, 1.35 mmol) were mixed, 

followed syringe addition of toluene (2.8 mL). The mixture was heated at 90 °C for 24 

h and usual work up and flash chromatography afforded 97 as a yellow oil (532 mg, 

85%). 

 

δH (400 MHz, CDCl3): 1.51 – 1.88 (m, 4H, CH2), 1.96 – 2.05 (m, 2H, CH2), 3.50 – 3.64 

(m, 1H, CH2), 3.86 – 4.04 (m, 1H, CH2), 5.36 (t, J = 3.3 Hz, 1H, CH), 5.83 (s, 1H, NH), 

6.59 (dd, J = 8.1, 1.8 Hz, 1H, H-4), 6.62 (t, J = 2.1 Hz, 1H, H-2), 6.72 (dd, J = 7.9, 1.8 

Hz, 1H, H-6), 6.82 (d, J = 8.9, 2H, H-8 and H-8’ or H-9 and H-9’), 6.94 (d, J = 8.9 Hz, 

2H, H-8 and H-8’ or H-9 and H-9’), 7.09 (dd, J = 8.7, 2.6 Hz, 1H, H-16), 7.21 (t, J = 

8.1, H-5), 7.30 – 7.33 (m, 2H, H-12 and H-15). 

δC (100 MHz,CDCl3): 25.3 (CH2), 30.6 (CH2), 62.2 (CH2), 62.4 (CH2), 97.2 (CH), 

107.6 (CH Ar, C-2), 111.5 (CH Ar, C-4), 112.6 (CH Ar, C-6), 116.0 (q, J = 5.3 Hz, qC, 

C-12), 116.5 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 121.0 (CH Ar, C-16), 121.5 (2 

CH Ar, C-8 and C-8’ or C-9 and C-9’), 122.9 (d, J = 273.3 Hz, qCF3), 129.1 (d, J = 

31.2 Hz, qC, C-13), 130.7 (CH Ar, C-5), 132.4 (CH Ar, C-15), 142.1 (qC), 143.0 (qC), 

149.6 (qC), 152.4 (qC), 160.1 (qC).  

HRMS (m/z ESI-): Found 462.1085 (M- - H), C24H20NO3ClF3 Requires: 462.1084. 

νmax (ATR)/cm-1: 3333 (NH), 3059, 3028, 2928, 1649, 1617, 1593, 1484, 1448, 1336 

(C-N), 1177 (C-O), 1133 (CF3), 1108 (C-Cl), 1133, 977, 764, 694. 
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4-(3-{[4-chloro-3-(trifluoromethyl)phenyl]amino}phenoxy)phenol (98)42 

 

A mixture of 97 (684 mg, 1.47 mmol), methanol (12mL) and montmorillonite KSF (700 

mg) was stirred at 50 °C for 4 h. After completion of the reaction, the catalyst was 

removed by filtration and washed with EtOAc. Evaporation of the solvent gave the 

corresponding crude product that was further purified by silica gel chromatography 

(hexane:EtOAc) to afford the title product as ayellow liquid (558 mg, 99%). 

 

δH (400 MHz, CDCl3): 6.59 (dd, J = 7.9, 2.0 Hz, 1H, H-4), 6.62 (app. t, J = 2.2 Hz, 1H, 

H-2), 6.72 (dd, J = 8.0, 1.5 Hz, 1H, H-6), 6.83 (d, J = 8.9 Hz, 2H, H-9 and H-9’), 6.95 

(d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.09 (dd, J = 8.7, 2.7 Hz, 1H, H-16), 7.21 (t, J = 8.1 

Hz, 1H, H-5), 7.31 – 7.33 (m, 2H, H-12 and H-15).  

δC (100 MHz, CDCl3): 107.6 (CH Ar, C-2), 111.5 (CH Ar, C-4), 112.6 (CH Ar, C-6), 

116.1 (q, J = 5.5 Hz, CH Ar, C-12), 116.5 (2 CH Ar, C-9 and C-9’), 120.9 (CH Ar, C-

16), 121.5 (2 CH Ar, C-8 and C-8’), 122.8 (qC, C-14), 122.9 (d, J = 273.5 Hz, qCF3), 

129.1 (d, J = 31.2 Hz, qC, C-13), 130.7 (CH Ar, C-5), 132.4 (CH Ar, C-15), 140.1 (qC), 

143.0 (qC), 149.6 (qC), 152.4 (qC), 160.1 (qC).  

HRMS (m/z ESI+): Found 380.0661 (M+ + H), C19H14NO2ClF3 Requires: 380.0665. 

νmax (ATR)/cm-1: 3368 (OH), 2984 (C-H), 1704, 1596, 1503, 1484, 1442, 1331 (C-N), 

1258, 1232, 1205 (C-O), 1138 (CF3), 1114 (C-Cl), 1043, 1029, 837, 780, 683. 
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N,N’-(Di-tert-butoxycarbonyl)-O-(4-{3-[4-chloro-3-

(trifluoromethyl)phenylamino]phenoxy} phenyl)carbamimidate (99)  

 

Following a modification of Method G, HgCl2 (251 mg, 0.93 mmol) was added over a 

solution of 98 (338 mg, 0.89 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-

methylisothiourea 51 (269 mg, 0.93 mmol), and NEt3 (0.43 mL, 3.11 mmol) in CH2Cl2 

(5 mL). The reaction was stirred at room temperature for 24 h, then work up and silica 

gel chromatography (hexanes:EtOAc) afforded 99 as a yellow oil (364 mg, 65%). 

 

δH (400 MHz, CDCl3): 1.43 (s, 9H, (CH3)3), 1.54 (s, 9H, (CH3)3), 5.92 (bs, 1H, NH), 

6.62 (dd, J = 8.4, 2.0 Hz, 1H, H-4), 6.67 (t, J = 2.2 Hz, 1H, H-2), 6.78 (dd, J = 7.9, 1.8 

Hz, 1H, H-6), 6.99 (d, J = 9.0 Hz, 1H, H-8 and H-8’ or H-9 and H-9’), 7.11-7.16 (m, 

3H, H-8 and H-8’ or H-9 and H-9’and H-16), 7.23 (t, J = 8.1 Hz, 1H, H-5), 7.30 (d, J = 

2.8 Hz, 1H, H-12), 7.33 (d, J = 8.7 Hz, 1H, H-15), 10.66 (bs, 1H, NH). 

δC (100 MHz, CDCl3): 28.1 ((CH3)3), 28.2 ((CH3)3), 81.4 (qC, C(CH3)3), 83.2 (qC, 

C(CH3)3), 108.9 (CH Ar, C-2), 112.4 (CH Ar, C-4), 113.3 (CH Ar, C-6), 116.3 (q, J = 

5.6 Hz, CH Ar, C-12), 120.0 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 120.8 (qC, C-

14), 120.9 (CH Ar, C-16), 122.9 (d, J = 273.5 Hz, qCF3), 123.1 (2 CH Ar, C-8 and C-8’ 

or C-9 and C-9’), 129.2 (d, J = 31.2 Hz, qC, C-13), 130.8 (CH Ar, C-5), 132.4 (CH Ar, 

C-15), 142.0 (qC), 143.3 (qC), 146.9 (qC), 148.4 (qC), 154.5 (qC), 158.68 (qC), 158.74 

(qC), 162.1 (qC). 

HRMS (m/z ESI+): Found 644.1747 (M+ + Na), C30H31N3O6ClF3 Requires: 644.1751. 

νmax (ATR)/cm-1: 3359(NH), 2934, 1739 (C=O), 1770 (C=O), 1739 (C=O), 1625 

(C=N), 1593 (C=N), 1483 (C-N), 1131 (CF3), 1114, (C-Cl), 1090 (C-O), 876, 853, 818, 

768. 
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4-Chloro-3-trifluoromethyl-N-(3-{4-[(tetrahydro-2H-pyran-2-

yl)oxy]phenoxy}phenyl) benzamide (100) 

 

Following Method H, to a solution of 4-chloro-3-trifluoromethylbenzoic acid 58 (321 

mg, 1.43 mmol) in CH2Cl2 (5 mL), oxalyl chloride (0.1 mL, 2.4 mmol) and DMF (3 

drops) were added and the reaction was stirred overnight. Any remaining oxalyl 

chloride and DMF were removed under vacuum to a yellow residue that was dissolved 

in CH2Cl2 and cooled to 0 °C. Following, compound 93 (340 mg, 1.20 mmol) dissolved 

in CH2Cl2 (2 mL) and NEt3 (0.40 mL, 2.88 mmol) were added dropwise. After 12 h, 

workup and silica gel chromatography afforded 100 (253 mg, 43%) as a white gum.  

δH (400 MHz, CDCl3): 1.64 – 1.70 (m, 3H, CH2), 1.84 – 1.87 (m, 2H, CH2), 1.95 – 2.00 

(m, 1H, CH2), 3.58 – 3.63 (m, 1H, CH2), 3.90 – 3.96 (m, 1H, CH2), 5.33 (t, J = 3.3 Hz, 

1H, CH), 6.77 (dd, J = 8.1, 1.9 Hz, 1H, H-4), 6.95 (d, J = 9.1 Hz, 2H, H-8 and H-8’ or 

H-9 and H-9’), 7.00 (d, J = 9.1 Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 7.14 (s, 1H, H-

2), 7.27 (t, J = 8.1 Hz, 1H, H-5), 7.37 (d, J = 8.2 Hz, 1H, H-6), 7.59 (d, J = 8.3 Hz, 1H, 

H-15), 7.94 (dd, J = 8.3, 1.9 Hz, 1H, H-16), 7.99 (bs, NH), 8.16 (d, J = 1.5 Hz, 1H, H-

12). 

δC (100 MHz,CDCl3): 21.2 (CH2), 25.3 (CH2), 30.6 (CH2), 62.5 (CH2), 64.0 (CH2), 

97.2 (CH), 109.7 (CH Ar, C-2), 114.6 (CH Ar, C-6), 116.6 (CH Ar, C-4), 117.9 (2 CH 

Ar, C-8 and C-8’ or C-9 and C-9’), 121.1 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 

121.5 (qC), 121.54 (d, J = 273.8 Hz, qCF3), 126.6 (m, CH Ar, C-12), 129.1 (d, J = 21.9 

Hz, qC, C-13), 130.3 (CH Ar, C-5), 131.6 (CH Ar, C-16), 132.1 (CH Ar, C-15), 133.7 

(qC), 138.7 (qC), 150.5 (qC), 153.7 (qC), 159.3 (qC), 163.6 (qC). 

HRMS (m/z ESI-): Found 490.1032 (M- - H), C25H20NO4ClF3 Requires: 490.1033. 

νmax (ATR)/cm-1: 3310 (NH), 2945 (CH), 2873 (CH), 1738, 1652, 1601 (C=O), 1545, 

1499, 1485, 1209, 1198 (CF3), 1109 (C-Cl), 963, 919, 838, 871, 778 (C-Cl), 685, 660. 
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4-Chloro-3-trifluoromethyl-N-[3-(4-hydroxyphenoxy)phenyl]benzamide (101)42 

 

A mixture of 100 (240 mg, 0.49 mmol), methanol (4 mL) and montmorillonite KSF 

(250 mg) was stirred at 50 °C for 4 h. After completion of the reaction, the catalyst was 

removed by filtration and washed with EtOAc. Evaporation of the solvent gave the 

corresponding crude product that was further purified by silica gel chromatography 

(hexane:EtOAc) to afford the title product as awhite gum (148 mg, 74%). 

 

δH (400 MHz, CDCl3): 5.10 (bs, 1H, OH), 6.76 – 6.80 (m, 3H, H-8 and H-8’ or H-9 and 

H-9’ and H-4), 6.82 (d, J = 8.9 Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 6.95 (d, J = 8.9 

Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 7.23 (bs, 1H, H-2), 7.28 – 7.31 (m, 2H, H-6 

and H-5), 7.62 (d, J = 8.3 Hz, 1H, H-15), 7.85 (bs, 1H, NH), 7.95 (dd, J = 8.3, 2.1 Hz, 

1H, H-16), 8.14 (d, J = 2.0 Hz, 1H, H-12).  

δC (100 MHz, CDCl3): 109.6 (CH Ar, C-2), 114.4 (CH Ar, C-4 or C-6), 114.5 (CH Ar, 

C-4 or C-6), 116.6 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 119.8 (d, J = 273.7 Hz, 

qCF3),121.5 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 123.9 (qC),126.6 (m,CH Ar, C-

12), 129.2 (d,  J = 32.3 Hz, qC, C-13), 130.3 (CH Ar, C-5), 131.5 (CH Ar, C-16), 132.2 

(CH Ar, C-15), 133.7 (qC), 138.6 (qC), 149.7 (qC), 152.4 (qC), 159.5 (qC), 163.6 (qC). 

HRMS (m/z ESI-): Found 406.0462 (M- - H), C20H12NO3ClF3 Requires: 406.0458. 

νmax (ATR)/cm-1: 3322 (OH), 2973 (CH), 1736 (C=O), 1659, 1602, 1505, 1486, 1444, 

1243 (CF3), 1142 (C-Cl), 1038 , 915, 843, 753, 701. 
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N,N’-(Di-tert-butoxycarbonyl)-O-(4-{3-[4-chloro-3-

(trifluoromethyl)benzamido]phenoxy} phenyl)carbamimidate (102) 

 

Following a modification of Method G, HgCl2 (103 mg, 0.38 mmol) was added over a 

solution of 101 (150 mg, 0.37 mmol), N,N’-bis-(tert-butoxycarbonyl)-S-

methylisothiourea 51 (111 mg, 0.38 mmol) and NEt3 (0.18 mL, 1.30 mmol) in CH2Cl2 

(2 mL). The reaction was stirred at room temperature for 24 h, then work up and silica 

gel chromatography (hexanes:EtOAc) afforded 102 (233 mg, 97%) as a white gum.  

δH (400 MHz, CDCl3): 1.43 (bs, 18H, 2(CH3)3)), 6.74 – 6.77 (m, 3H, H-8 and H-8’ or 

H-9 and H-9’ and H-4), 6.90 (d, J = 9.0 Hz, 2H, H-8 and H-8’ or H-9 and H-9’), 6.98 (t, 

J = 2.0, 1H, H-2), 7.24 (t, J = 8.1 Hz, 1H, H-5), 7.50 (dd, J = 8.2, 1.0 Hz, H-6), 7.56 (d, 

J = 8.4 Hz, 1H, H-15), 8.03 (dd, J = 8.4, 1.9 Hz, 1H, H-16), 8.27 (d, J = 1.7 Hz, 1H, H-

12), 9.08 (bs, 1H, NH). 

δC (100 MHz, CDCl3): 28.0 (s, 9H, (CH3)3), 28.1 (s, 9H, (CH3)3), 83.4 (qC, C(CH3)3), 

83.5 (qC, C(CH3)3), 110.9 (CH Ar, C-2), 115.4 (CH Ar, C-4 or C-6), 115.9 (CH Ar, C-4 

or C-6), 119.5 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 122.7 (d, J = 273.7 Hz, qCF3), 

122.9 (2 CH Ar, C-8 and C-8’ or C-9 and C-9’), 126.8 (qC, C-14), 126.9 (q, J = 5.1 Hz, 

CH Ar, C-12), 128.5 (q, J = 31.9 Hz, qC, C-13), 130.3 (CH Ar, C-5), 131.0 (CH Ar, C-

15), 132.5 (CH Ar, C-16), 133.6 (qC), 136.0(qC), 139.5 (qC), 146.3 (qC), 148.9 (qC), 

154.9 (qC), 157.3 (qC), 159.1 (qC), 163.7 (qC). 

HRMS (m/z ESI-): Found 648.1721 (M- - H), C31H30N3O7ClF3, Requires: 648.1724. 

νmax (ATR)/cm-1: 3412 (NH), 3314 (NH), 2981 (CH), 1769 (C=O), 1737, 1663, 1630, 

1620, (C=N)1484, 1369, 1293, 1245, 1131 (CF3), 1089 (C-Cl), 913, 874, 822, 752. 
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Sulfamoyl chloride (103)43 

 

Formic acid (0.93 mL, 24.6 mmol), was added dropwise at 0 °C and under stirring to 

chlorosulfonyl isocyanate 104 (2.14 mL, 24.6 mmol). When the evolution of gases had 

ceased, normally after 1 h, the resulting solid was dissolved in toluene, the mixture was 

filtered and the filtrate evaporated at reduced pressure. Product 103 was obtained 

without any further purification as a brown solid (2.84 g, 100 %). Mp: 33 – 35 °C (lit. 

40 °C).43 

δH (400 MHz, DMSO-d6): 8.45 – 9.67 (bs, NH2).  
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7.3. Biochemical Procedures 

7.3.1. Materials 

All reagents were purchased from Sigma Aldrich or Gibco (Life Technologies) and 

sterile when required. Sorafenib was purchased from LC laboratories. Buffers where 

prepared when needed according to the following recipes: 20X Annexin Binding Buffer 

(pH 7.4 – 50 mL: 2.60 g HEPES 10.9 mM, 8.18 g NaCl 140 mM, 0.28 g CaCl2 2.5 

mM); 1X Annexin Binding Buffer (40 mL: 2 mL 20X Binding Buffer, 38 mL PBS); 

Annexin V (600 μL: 18 μL Annexin V, 582 μL 1X Annexin Binding Buffer); 

Propidium Iodide (3 μL propidium iodide, 6 mL 1X Annexin Binding Buffer); Laemmli 

buffer [Tris-HCl 50 mM (pH 6.7), glycerol 10% (w/v), sodium dodecyl sulphate 2% 

(w/v), bromophenol blue 0.02% (w/v)]; Radioimmunoprecipitation assay buffer (RIPA 

buffer) was purchased from SigmaAldrich and protease inhibitors freshly added before 

use; running buffer 10 X for wester blotting (250 mM Tris base, 2 M glycine, 5% v/v 

SDS); transfer buffer 10 X for wester blotting (250 mM Tris base, 2 M glycine). 

 

7.3.2. General Procedures 

7.3.2.1. Cell Storage/Cryopreservation 

When an aliquot of cells was required, the cells were quickly removed from the liquid 

nitrogen and thawed at 37 °C for 2 min. Just before the samples had fully thawed, their 

contents were gently pipetted into a sterile 20 mL tube containing growing medium. 

The cells were then centrifuged at 300 x g for 5 min. The supernatant was discarded and 

the pellet was resuspended in 5 mL of medium. This solution was then added to a T25 

flask and the cells monitored closely over the next few days. 

The growth medium was stored in the fridge at 4 °C and heated to 37 °C prior to culture 

work. Cells were grown at 37 °C in a humidified environment maintained at 95% O2 

and 5% CO2 and passaged at least twice weekly depending on their levels of 

confluency. When required for sub-culturing, if in suspension, cells were transferred to 

a sterile tube and centrifuged at 300 x g for 5 min. Otherwise, if adherent cells, cells 

were trypsinised and transferred to a sterile tube and centrifuged at 300 x g for 5 min. 
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The supernatant was discarded and the cell pellet was resuspended in 15 mL of fresh 

medium. 

7.3.2.2. Use of Haemocytometer 

A haemocytometer is a modified microscope slide containing an accurately sub-divided 

grid that enables the counting of cells in suspension. Each grid (there are two) consists 

of nine large squares, each measuring 1 mm2. Each of these primary squares contains 16 

medium squares, each measuring 0.04 mm2. When a particular seeding density of cells 

was required, a clean cover slip was placed on the haemocytometer; 10 μL of the cell 

suspension was then pipetted into the groove at the end of the plane. The cell 

suspension was then drawn across the grid by capillary action. The number of cells 

within the four outer primary squares was counted. Those that touched the sides of the 

grid were counted and those that were outside the four squares were not counted. As 

each medium square is 0.04 mm3, the total volume per primary square is 1 × 10-4 mL. 

This implies that the total cell concentration in the original suspension (cells/mL) is = 

average cell count/primary square × 1 × 104. 

 

7.3.2.3. Preparation of the Drugs’ Solutions 

Stock solutions (10 mM) of the compounds were prepared in sterile EtOH or DMSO 

and were then sterile filtered (0.2 µM filters). Required concentration ranges (10-0.01 

mM) of each drug were prepared in sterile EtOH or DMSO/ddH2O and stored at -20 °C 

until required. Sorafenib was purchased from LC laboratories. 

 

 

7.3.3. Growth and Maintenance of the Cell Lines 

7.3.3.1. HL-60 Cell Line 

The HL-60 (human caucasian promyelocytic leukemia) cell line was obtained from 

European Collection of Cell Cultures (Porton Down, Wiltshire, U.K.). It was 

maintained between 200,000 and 2,000,000 cells/mL in Roswell Park Memorial 

Institute (RPMI) 1640 medium with stable glutamate (GlutaMax I) supplemented with 

10% (v/v) fetal bovine serum (FBS) and 1% penicillin/ streptomycin (pen-strep).  
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7.3.3.2. MCF-7 Cell Line 

The MCF-7 (human breast tumour) cell line was obtained from Prof. Mary Meegan, 

School of Pharmacy, TCD. It was maintained in Roswell Park Memorial Institute 

(RPMI) 1640 medium with stable glutamate (GlutaMax I) supplemented with 10% 

(v/v) fetal bovine serum (FBS), 50 µg mL-1 penicillin/ streptomycin (pen-strep) and 2 

mM L-glutamine.  

 

7.3.3.3. HeLa Cell Line 

The HeLa (human epitheloid cervix carcinoma) cell line was obtained from Prof. 

Thorfinnur Gunnlaugsson, School of Chemistry TCD. It was maintainedin Dulbecco's 

Modified Eagle's Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum 

(FBS) and 50 µg mL-1 penicillin/ streptomycin (pen-strep). 

 

7.3.3.4. HCT116 and HKH-2 Cell Lines 

The HCT116and HKH-2 (human colon cancer cells) cell lines were obtained from Prof. 

James Murray, School of Biochemistry and Immunology TCD. They were maintainedin 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (v/v) fetal 

bovine serum (FBS), 1% (v/v) penicillin/ streptomycin (pen-strep), 1% (v/v) sodium 

pyruvate (NaPyr), 1% (v/v) L-glutamine (L-Glu) and, only for HKH-2, 0.6 mg mL-1 

geneticine (G418).  

 

7.3.3.5. NCI-H929 and U266B1 Cell Line 

The NCI-H929 and U266B1 (human bone marrow myelima) cell lines were cultured by 

PhD student Rebecca Amet in Prof. Daniela Zisterer’s group (School of Biochemistry 

and Immunology, TCD).They were maintainedin Roswell Park Memorial Institute 

(RPMI) 1640 medium with stable glutamate (GlutaMax I) supplemented with 10% 

(v/v) fetal bovine serum (FBS) and 1% penicillin/ streptomycin (pen-strep). 
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7.3.3.6. MCF-10A 

MCF-10a (human breast epithelial) cell line wasobtained from Prof. Mary Meegan, 

School of Pharmacy, TCD. It was cultured in Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F12; Gibco) supplemented with 5% horse 

serum (Invitrogen), 20 ng mL-1 epidermal growth factor (Merck Millipore), 0.5 μg mL-1 

hydrocortisone (Sigma),   100 ng mL-1 cholera toxin (Sigma), 10 μg/mL insulin 

(Sigma), and penicillin/streptomycin (1% v/v) (Gibco). 

 

7.3.4. AlamarBlue® Cell Viability Assay 

Cells were counted and seeded at a density of 2 × 105 cells/mL for HL-60, 2.5× 104 

cells/mL  for MCF-7, MCF10A and HeLa, 1 × 105 cells/mL for HCT116 and HKH-2, 

2.5 × 105 cells/mL for NCI-H929 and U266B, all of them in complete medium.The 96 

well plates were then treated with a 1:100 dilution of stock concentrations of drugs or 

EtOH (1% v/v)/DMSO (0.1% v/v) as vehicle control in triplicate. Three blank wells 

containing 200 µL RPMI with no cells were also set-up as blanks. After a 72 h 

incubation, 20 µL of AlamarBlue was added to each well. The plates were incubated in 

darkness at 37 °C for 4-5 h. Using a Molecular Devices microplate reader, the 

fluorescence (F) was then read at an excitation wavelength of 544 nm and an emission 

wavelength of 590 nm. Cell viability was then determined by subtracting the mean 

blank fluorescence (Fb) from the treated sample fluorescence (Fs) and expressing this 

as a percentage of the fluorescence of the blanked vehicle control (Fc). This is 

demonstrated in the equation below. The results were then plotted as a nonlinear 

regression, sigmoidal dose-response curves on Prism, from which the IC50 value for 

each drug was determined. 

 

Fs − Fb

Fc − Fb
 x 100 = % Cell Viability 

 

7.3.5. Effect on Human Platelets 

Platelet evaluation was carried out by Prof. Maria Jose Santos-Martinez’s group 

(School of Pharmacy and Pharmaceutical Sciences, TCD). 
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7.3.5.1. Preparation of Platelets 

This study was approved by the School of Pharmacy and Pharmaceutical Sciences 

Research Ethics Committee (2015-06-01 MS). Signed informed consent was obtained 

from all donors before donation. Blood was collected from healthy volunteers who had 

abstained from taking any medications known to affect platelet function in the 14 days 

prior to testing. Blood was taken from a forearm vein using tubing, a syringe and a 

butterfly needle (21 gauge) with minimal or no venostasis.44 Platelet-rich plasm (PRP) 

and washed platelet (WP) suspensions were prepared as described before and adjusted 

to 2.5 × 108 platelets/mL using Tyrode’s salt solution.45 

 

7.3.5.2. Light Transmission Aggregometry (LTA) 

Platelet function was investigated using an eight channel PAP 8 aggregometer 

(Bio/Data Corporation, Ireland). This technique is based on the principle and technique 

first described by Born.46Briefly, platelet aggregation is determined by the percentage 

of light passing through a suspension of platelets (PRP), where its autologous PPP is 

considered as 100% of aggregation. PRP was incubated under continuous stirring (900 

rpm) at 37°C in the presence or absence of the vehicle (ethanol) and compounds at 

different concentrations and changes in light transmission recorded by the device. 

Platelet aggregation induced by collagen (2µg/mL) was tested in every donor as internal 

control of platelet function. 

 

7.3.5.3.Optical Microscopy 

To corroborate the effect of the compounds on platelet function, samples from LTA 

were taken and studied using an Olympus Microscope (Mason Technology, Ireland). 

Platelet samples were fixed with 2% paraformaldehyde for 30 minutes at 37ºC. 

Afterwards, mounted on slides using a Cytospin™ 4 Cytocentrifuge (Thermo Scientific, 

Ireland) at 1,500 rpm for 30 minutes and visualized under the microscope. 

Photomicrographs were captured with a digital camera attached to the microscope. 
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7.3.5.4. CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega G7890) 

The potential toxic effect of the compounds on platelets was assessed using a 

cytotoxicity assay based on the detection of lactate dehydrogenase (LDH). Lactate 

dehydrogenase is an intracellular enzyme responsible for the conversion of lactate to 

pyruvate. Using this assay, the amount of released LDH from damaged cells, in this 

case platelets, can be measured by fluorescence. The assay was performed in duplicate 

for each compound with at least three different blood donors. 

The percentage of cytotoxicity was calculated following the manufacturer’s instructions 

and using the following equation:  

 

experimental − culture medium backgound

maximal LDH release −  culture medium backgound
 x 100 = % Cytotoxicity 

 

Where the readings obtained corresponded to: Experimental (washed platelets 

incubated in the presence of the compounds to be tested); Culture medium background 

(Tyrode’s salt solution); Maximal LDH release (normalised as 100%, WP in the 

presence of lysis solution supplied with the assay). 

 

7.3.5.5. Statistical analysis 

Data from at least three independent experiments were analyzed using GraphPad Prism 

5 software (GraphPad Software, La Jolla, CA, USA). All means are reported with 

standard deviation. One-way analysis of variance (ANOVA) and Tukey multiple 

comparisons post-test were performed as appropriate. Statistical significance was 

considered at p < 0.05. 

 

7.3.6. Flow Cytometric Analysis 

Flow cytometric analysis was carried out by PhD student Rebecca Amet in Prof. 

Daniela Zisterer’s group (School of Biochemistry and Immunology, TCD). 
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NCI-H929 and U266 cells were seeded at 3 × 105 cells/mL in a total volume of 2 mL in 

a 12-well plate, untreated, treated with the vehicle (EtOH, 0.5% v/v) and with serial 

dilutions of the compound of interest. Cells were incubated for 24 h. Cell suspension 

from each well were then transferred to a 20 mL falcon tubes and adherent cells 

remaining were washed from the base of the wells with 1 mL PBD and added to the cell 

suspension in the falcon tubes. Cells were then centrifuged at 1600 g for 10 min and 

supernatant was removed. Cells pellets were rinsed with 1X Annexin V binding buffer 

(500 μL) and transferred to Eppendorf for centrifugation at 600 g for 10 minutes at 4 

°C. The supernatant was removed leaving pellets for staining. For AnV staining, pellets 

were re-suspended in AnV (50 μL) and vortexed. Samples were then left on ice for 20 

min in darkness. 1X Annexin V binding buffer (500 μL) was added to the samples and 

then centrifuged at 600 g for 5 min. For PI staining, pellets were re-suspended in PI 

(500 μL) and kept in darkness. Following staining, samples were kept on ice and 

analysed immediately. Data was gated to exclude cell debris and doublets. 10,000 cells 

were analysed using BD Accuri C6 software through the 630/22 nm band pass filter. 

Graphs were prepared using GraphPad Prism. 

 

7.3.7. Western Blotting 

Western Blotting study was carried out by PhD student Rebecca Amet in Prof. Daniela 

Zisterer’s group (School of Biochemistry and Immunology, TCD). 

NCI-H929 and U266B1 cells cells were seeded at 3 × 105 cells/mL in a total volume of 

2 mL in a T25 flask. They were then treated with either vehicle (0.5% EtOH), Sorafenib 

(10 µM) or compound of interest (10 µM) for 16 hours. Following incubation, cell 

suspension was transferred to a 20 mL tube and centrifuged at 1200 rpm for 5 min, the 

supernatant was discarded and tubes were inverted to remove remaiming drops. Cells 

pellets were re-suspended in 1 mL of PBS and transferred to an Eppendorf and 

centrifuged at 600 x g for 10 min. Again, supernatant was removed and pellets were 

kept on ice. 

Radioimmunoprecipitation assay buffer (RIPA buffer, 100 μL or 200 μL depending on 

the size of the pellet), supplemented with 1% v/v phosphatase inhibitor cocktail 2 and 3 

and 10% of protease inhibitor, was added to each sample to induce cell lysis while 

preventing protein degradation. Sample were stored on ice for 30 min, and then 
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centrifuged in a fast-cool centrifuge at 12000 x g for 10 min at 4 °C. Supernatant was 

transferred to new Eppendorf and kept on ice and the pellets were discarded.   

The bicinchoninic acid (BCA) assay was then used to determine the amount of protein 

required to make up 100 μL of a 100 mg mL-1 protein sample. Absorbance of protein 

was measured at 562 nm using a Spectramax Plus 384 Microplate Reader. Protein 

concentration for each sample was determined by interpolation from a standard curve 

generated using serial dilutions of known concentrations of bovine serum albumin 

(BSA).  

Following, the appropriate volume of protein was transferred to new Eppendorf. 

Laemmeli sample buffer (20 μL) was added and each sample was made up to 100 μL 

with dH2O. Samples were boiled at 90 °C for 3 min and 50 mM dithiothreitol (DTT) 

was added (5 μL).  

Then, 20 µg protein was loaded and separated on 12% SDS-page gel. Seprarated 

proteins were transferred on apolyvinylidene difluoride (PVDF) membrane and probed 

with anti-Mcl-1[1:1000] and anti-rabbit secondaries. Anti-GAPDH[1:2500] was used as 

a loading control. For protein detection, the membrane was soaked in 

electrochemiluminescence (ECL) mixture for 5 min at room temperature and developed 

in a BioRad Image Gel Doc system. 

 

7.3.8. Thermal Melting B-RafV600E 

Thermal stability-shift assays were carried out by Dr. Apirat Chaikuad in Prof. Stefan 

Knapp’s group at the University of Frankfurtusing, with a Real-Time PCRM × 3005 p 

machine (Stratagene). In brief, B-RafV600E was mixed with 20 μM kinase inhibitors. The 

experiments and data evaluation for the melting temperatures were performed according 

to previously described protocols.47 
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A.1. Computational Modelling 

 

A.1.1. Arylguanidinium – Phosphate Complexes  

The interactions between the phenylguanidinium cation and phosphate have been 

studied by means of MP2/6-311+G(d,p)//6-31+G(d,p) using the PCM-water solvent 

model. In order to analyse the influence in the interactions of different substituents in 

the para position of the phenyl ring, five groups have been chosen, R= COH, NH2, OH, 

OPh and CH3. Since the guanidinium group presents a formal positive charge, 

interactions with anions are expected to be strong and favourable. 

A.1.1.1. Optimized Structures and Interaction Energies 

Optimized structures of the different complexes obtained are represented in Figure 

A.1.1.1 and their structural parameters summarized in Table A.1.1.1 Four different 

complexes have been identified for all the aryl substituents considered, with the 

exception of R= COH which presents five complexes. As shown in Figure A.1.1.1, the 

interaction between both molecules presents two different possible contacts, the first 

one involves the simultaneous interaction between two H atoms of the guanidinium 

moiety (H2 and H3) and two O atoms of the phosphate anion (O1 and O2) and is present 

in complexes Ia,b, II and III (Figure A.1.1.1.). The second complexation pattern 

involves an interaction between the same hydrogens of the guanidinium and a single 

oxygen atom of phosphate and is present in complexes IVa,b (Figure A.1.1.1.). In the 

particular case of R= COH (complex Ib), an additional contact is observed where the 

phosphate moiety forms an extra interaction between the O atom not involved in the 

interactions shown in complexes Ia, II and III and a H atom of the phenyl ring. 
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Ia Ib II 

   

III IVa IVb 

Figure A.1.1.1. Above: schematic description of the interaction between guanidinum 

cation and phosphate anion with labelled atoms. Below: optimized structures of the 

arylguanidinium-phosphate complexes at MP2/6-31+G(d,p) and PCM-water 

computational level for the different substituents, R= COH, NH2, OH, OPh and CH3. 

Complex IVa is obtained in all the cases except for R= COH for which complex IVb 

is found; complex Ib is only found for this COH substituent. 

 

In complex Ia, both hydrogen atoms (H2 and H3) are shared between the guanidinium 

and the oxygen atoms of the phosphate molecule. The extra O…H interaction observed 

in complex Ib only happens because the electro-withdrawing effect of the COH 

substituent deactivates the aromatic ring. Regarding complexes II and III, one of the 

H atoms of the guanidinium cation is attached to one of the nitrogen atoms (N2 or N3), 

while the other one is transferred to an oxygen atom of the phosphate anion. Finally, in 

complexes IVa,b different interactions take place; thus, while in most of the 

complexes structure IVa is found (in which the hydrogen atom H3 is transferred from 

N3 to O2 which also interact with H2), in the system with R= COH only complex IVb 

is obtained, with both hydrogens (H2 and H3) kept in the guanidinium giving rise to a 

three centre interaction with O2 (Figure A.1.1.1.).   
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Table A.1.1.1. Bond length (Å) calculated for all the derivatives at MP2/6-31+G(d,p) 

and PCM-water computational level. 

 N2-H2 N3-H3 

Cmplx. COH NH2 OH OPh CH3 COH NH2 OH OPh CH3 

Ia 1.599 1.583 1.586 1.582 1.574 1.618 1.600 1.603 1.611 1.605 

Ib 1.709 - - - - 1.606 - - - - 

II  1.847 1.817 1.819 1.843 1.826 1.041 1.038 1.038 1.040 1.039 

III 1.038 1.037 1.037 1.037 1.038 1.849 1.832 1.844 1.838 1.834 

IVa-

IVb  

1.058 1.017 1.017 1.017 1.018 1.050 1.904 1.926 1.900 1.936 

 O1-H2 O2(1)-H3 

Cmplx. COH NH2 OH OPh CH3 COH NH2 OH OPh CH3 

Ia 1.034 1.040 1.038 1.039 1.037 1.029 1.034 1.033 1.031 1.034 

Iba 1.012 - - - - 1.031 - - - - 

II  0.990 0.993 0.992 0.990 0.992 1.720 1.747 1.744 1.735 1.742 

III 1.752 1.768 1.768 1.760 1.740 1.030 0.991 0.990 0.990 1.017 

IVa-

IVb  

1.622 2.102 2.062 2.122 2.056 1.655b 0.985b 0.984b 0.985b 0.983b 

            a Extra interaction found O3-H(Ph) 2.319 Å. b These distances are from the O1 

 

It is important to notice that for the complexes with R= NH2, OH, OPh and CH3, the 

intermolecular distances for the different complexes are very similar; indeed, the 

standard deviation of the average for those distances ranges between 0.001 and 0.017. 

In the case of the complexes with the COH substituent more divergence in these 

distances can be found; for instance, complexes I, II and III with the COH substituent 

present the largest N…H distances. 

The interaction energies of all studied complexes range between -115.0 and -29.2 kJ 

mol-1 and are gathered in Table A.1.1.2. The most negative values, considering all the 

different phenylguanidiniums, are those obtained for complexes type Ia in which two H 
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atoms are shared between the guanidinium and phosphate groups, establishing two 

simultaneous interactions. Only an exception occurs with complexes with the COH 

substituent in which adduct IVb has the largest interaction energy. Curiously, for the 

rest of the complexes, dimer type IVa show the smallest interaction energy, maybe 

because the stabilising three centre interaction formed between H2, H3 and a phosphate 

O atom is formed only in complex IVb (see Figure A.1.1.1.). 

 

Table A.1.1.2. Interaction energies (Ei) for the different complexes calculated at 

MP2/6-311+G(d,p) and PCM-water computational level . All values are in kJ mol–1. 

 

 COH NH2 OH OPh CH3 

Ia -90.6 -94.8 -94.6 -94.1 -98.9 

Ib -90.2 - - - - 

II -60.1 -54.4 -54.6 -55.4 -56.4 

III -54.3 -53.1 -52.3 -53.4 -54.3 

IVa-IVb -115.0 -29.3 -29.2 -29.4 -38.3 

 

The fact that, in general, the most stable complexes found (type Ia) are those where two 

H atoms of the guanidinium and two O atoms of the phosphate interact, is in total 

agreement with our previous docking studies of different guanidinium containing 

compounds and a kinase protein in the presence of ATP. In this study it was shown that 

when ATP is present, a guanidinium-phosphate interaction between two guanidinium H 

atoms and two O atoms of ATP is formed.  

 

A.1.1.2. Electron density and molecular orbital analyses 

The electron density of the different phenylguanidinium-phosphate complexes has 

been analysed by means of the Atoms in Molecules (AIM) theory; accordingly 

molecular graphs, showing all the interactions established within the complexes, were 

generated and are shown in Figure A.1.2. In all the 20 complexes considered, HBs 
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have been found as indicated by a Bond Critical Point (BCP) between the interacting 

atoms (N, O and H) (Figure A.1.1.2.). 

 

R= COH 

  

I II 

  

III IVb 

R= NH2 

  

I II 

 
 

III IVa 

R= OH 
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I II 

 
 

III IVa 

R= OPh 

  

I II 

  

III IVa 

R= CH3 

  

I II 

  

III IVa 

Figure A.1.1.2. Molecular graphs showing the interactions formed between 

guanidinium and phosphate. Green and red dots correspond to bond and ring critical 

points, respectively. 
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The electron density on the BCPs (BCP) ranges from 0.019 to 0.071 a.u. and the 

corresponding Laplacian (BCP) give always positive values from 0.056 to 0.157 a.u. 

(Table A.1.1.3.). Based on this data, the interactions established within all these 

complexes correspond to closed-shell interactions, and the BCP and BCP values are 

in agreement with HBs of different strength. 

 

Table A.1.1.3. Electron density at the bond critical points (BCP) and the Laplacian of that 

electron density (BCP) calculated at MP2/6-31+G(d,p) and PCM-water computational level 

for all the complexes studied. 

     N2…H2O1      

 COH NH2 OH OPh CH3 

 BCP BCP BCP BCP BCP BCP BCP BCP BCP BCP

Ia 0.067 0.106 0.069 0.103 0.069 0.103 0.070 0.103 0.071 0.100 

Iba 0.050 0.104 - - - - - - - - 

II 0.036 0.091 0.039 0.096 0.039 0.096 0.037 0.093 0.038 0.094 

     N3…H3O2      

 COH NH2 OH OPh CH3 

 BCP BCP BCP BCP BCP BCP BCP BCP BCP BCP

Ia  0.063 0.109 0.066 0.106 0.066 0.107 0.065 0.107 0.066 0.107 

Ib 0.065 0.108 - - - - - - - - 

III 0.036 0.091 0.037 0.094 0.036 0.092 0.037 0.093 0.037 0.093 

IVa - - 0.032 0.084b 0.031 0.081b 0.032 0.085b 0.030 0.079b 

     O2…H3N3      

 COH NH2 OH OPh CH3 

 BCP BCP BCP BCP BCP BCP BCP BCP BCP BCP

II 0.043 0.126 0.041 0.117 0.040 0.118 0.040 0.114 0.041 0.119 

IVb 0.050 0.152b - - - - - - - - 

     O1…H2N2      
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 COH NH2 OH OPh CH3 

 BCP BCP BCP BCP BCP BCP BCP BCP BCP BCP

III 0.040 0.116 0.039 0.112 0.039 0.111 0.039 0.114 0.041 0.120 

IVa/b 0.055 0.157 0.020 0.058 0.021 0.062 0.019 0.056 0.022 0.063 

a Extra interaction found O3-H(Ph) (BCP = 0.013 and BCP = 0.039). b These distances are from the O1 

 

The largest value of BCP in any of the HB formed has been found in all complexes Ia 

(Table A.1.1.3.). This result is in agreement with the largest interaction energy 

computed for these complexes that was also found in complex Ib. The largest the 

electron density values, the largest the interaction energy, and consequently, complex 

IVa has the lowest value of the density at BCP for the HBs found in this set of 

complexes.  Exponential relationships have been found between the electron density at 

the BCPs and the corresponding interatomic distances in all complexes studied (Figures 

A.1.1.3.); similar relationships have been previously described not only for HBs1,2, but 

also for other weak interactions.2-5 

 

 

Figure A.1.1.3.  Relationship between the interatomic distance (Å) and the value of the 

electron density at BCP (a.u.) for H···X (X=O, N) interactions in all complexes studied.  
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Additionally, electron density shift maps (EDS) have been obtained in order to provide 

with an insight of the changes on the electron density of the monomers upon 

complexation. Only complexes Ia and III have been studied and only for R= OPh and 

CH3. All the EDS maps have been obtained following the procedure reported by 

Sánchez-Sanz et al.6 and the intermolecular HB donor and acceptor density shift pattern 

is shown in Figure A.1.1.4. for the dimers. On the one hand, a blue region is observed 

surrounding the H corresponding to the HB donor, which represents a decrease of the 

electron density on this area. On the other hand, there is an increase in the 

intermolecular density on the area located between that H atom and the N or O atom 

that acts as a HB acceptor. This increase on the density is shown as a positive yellow 

region.  

 

 

 

Ia III 

  

Ia III 

 

Figure A.1.1.4. Electron Density Shifts (EDS) at 0.0005 a.u. calculated for complexes 

Ia and III with arylguanidiniums R= OPh and CH3 at MP2/6-31+g(d,p) and PCM-

water computational level. Yellow and blue areas represent positive (increase) and 

negative (decrease) electron density regions respectively. 

 

NBO analysis has also been used to identify intermolecular charge transfer between 

occupied molecular orbitals to empty ones upon complexation. The results of such 

analysis at B3LYP/6-31+G(d,p) have been summarized in Table A.1.1.4. All the 
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molecular orbital interactions observed are established between the lone pair of an O or 

an N atom (O1, O2, N2 and N3) and an empty N−H or O−H σ-bond (H2−N2, H3−N3, 

H2−O1 and H3−O2), in agreement with HB interactions (Table A.1.1.4.). The largest 

second order orbital energies contribution E(2) is found in type Ia complexes, in 

agreement with the AIM results, since these compounds also present the largest 

electron density at their BCPs.  

 

Table A.1.1.4. NBO E(2) orbital interaction energies (kJ mol–1) calculated at B3LYP/6-

31+G(d,p) and PCM-water computational level for all the complexes studied. 

     

 LP N2 → σ*H2-O1  LP N3 → σ*H3-O2 

Complex COH NH2 OH OPh CH3  COH NH2 OH OPh CH3 

Ia 251.2 267.6 259.7 427.7 435.5  227.1 217.7 209.3 369.3 361.3  

Iba 92.1 - - - -  239.3 - - - - 

II 99.5 112.4 112.1 98.4 119.9  - - - - - 

III - - - - -  91.9 104.3 102.7 98.03 112.3 

IVa/b - - - - -  - 77.4b 70.5b 77.5b 68.9b 

  LP O1 → σ*H2-N2  LP O2 → σ*H3-N3 

Complex COH NH2 OH OPh CH3  COH NH2 OH OPh CH3 

II - - - - -  156.1 143.7 145.8 162.0 152.8 

III 142.1 140.7 132.7 145.1 146.5  - - - - - 

IVa/b 177.4 27.4 35.0 31.9 36.9  121.9b - - - - 

      a Extra interaction found O3-H(Ph) LP O3 → σ*HC 21.6 kJ mol–1.  b These values are from the O1 
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A.1.2. Arylguanidinium – ATP Complexes  

 

V-R[a] 

 

V-R[b] 

 

V-R[a] 



V-R[b] 
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V-L[a] 



V-L[b] 



V-R[a] 
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V-R[b] 

 

V-L[a] 

 

V-L[b] 



Appendix 

xiv 

 

 

V-B[a] 

 

V-B[b]

 

Figure A.1.2.1. Molecular graphs corresponding to complexes V between 

arylguanidinium and ATP molecule. Green dots correspond to bond and ring critical 

points, respectively. 
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A.1.3. Arylisouronium – ATP Complexes  

 

VIIα-R[b] 

 

VIIβ-R[b] 

 

VIIβ-L[a] 
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VIIβ-L[b] 

 

VIIγ-R[a] 

 

 

VIIγ-R[b] 
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VIIγ-L[a] 

 

VIIγ-L[b] 

 

 

VIIγ-B[b] 
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VIIIγ-R[a] 

 

VIIIγ-R[b] 

 

VIIIγ-L[a] 
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VIIIγ-L[b] 

 

Figure A.1.3.1. Molecular graphs corresponding to complexes VII and VIII between 

arylisouronium and the phosphates of the ATP molecule. Green dots correspond to 

bond critical points. 

 

Table A.1.3.1. Electron density at the bond critical points (ρBCP, a.u.), the Laplacian 

of that electron density (2ρBCP, a.u.) and interatomic distances (Å) calculated at 

ωB97XD/6-31+G(d,p) and PCM-water computational level for all complexes VII. 

 

  O1…H2N2  O2…H3N3 

Complex ρBCP 2ρBCP Å  ρBCP 2ρBCP Å 

VIIα-R[a] 0.046 0.133 1.688  0.041 0.121 1.730 

VIIα-R[b] 0.041 0.120 1.733  0.044 0.130 1.701 

VIIβ-R[a] 0.048 0.141 1.661  0.054 0.155 1.612 

VIIβ-R[b] 0.052 0.148 1.632  0.050 0.147 1.644 

VIIβ-L[a] 0.055 0.154 1.612  0.054 0.152 1.615 

VIIβ-L[b] 0.059 0.159 1.582  0.052 0.149 1.631 

VIIγ-R[a] 0.070 0.160 1.527  0.057 0.151 1.604 

VIIγ-R[b] 0.067 0.160 1.542  0.063 0.158 1.569 

VIIγ-L[a] 0.068 0.162 1.532  0.060 0.157 1.583 

VIIγ-L[b] 0.062 0.160 1.567  0.067 0.163 1.537 

VIIγ-B[a] 0.070 0.164 1.525  0.057 0.151 1.608 

VIIγ-B[b] 0.063 0.160 1.562  0.067 0.160 1.542 
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Table A.1.3.2. Electron density at the bond critical points (ρBCP, a.u.), the Laplacian 

of that electron density (2ρBCP, a.u.) calculated at ωB97XD/6-31+G(d,p) and PCM-

water computational level for all complexes VIII. 

 

 PαO…HN PαO…HN PβO…N PβO…N PγO…HN PγO…HN PO…HC 

Complex 
ρBCP 

2ρBCP 

ρBCP 

2ρBCP 

ρBCP 

2ρBCP 

ρBCP 

2ρBCP 

ρBCP 

2ρBCP 

ρBCP 

2ρBCP 

ρBCP 

2ρBCP 

VIIIγ-L[b] 
0.0359 

0.1138 

0.0227 

0.0669 

- 

- 

- 

- 

0.0597 

0.1615 

- 

- 

0.0174 

0.0573 

VIIIγ-R[a] 
0.0469 

0.1446 

0.0057 

0.0241 

0.0302 

0.0886 

0.0078 

0.0267 

0.0542 

0.1488 

- 

- 

0.0167 

0.0473 

VIIIγ-L[a] 
0.0400 

0.1267 

- 

- 

- 

- 

- 

- 

0.0367 

0.1054 

0.1054 

0.1097 

0.0239 

0.0764 

VIIIγ-R[b] 
0.0378 

0.1133 

- 

- 

0.0094 

0.0353 

- 

- 

0.0244 

0.0680 

0.0569 

0.1553 

0.0154 

0.0454 
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A.2. Chemical Synthesis 

 

5-bromo-2-(3-nitrophenoxy)pyridine (75) 

 

Following procedure for the synthesis of 74, side product 75, was obtained as an orange 

solid side product, 23%. Mp: 68 – 70 °C 

δH (400 MHz, CDCl3): 6.95 (d, J = 8.7 Hz, 1H, H-8), 7.48 (dd, J = 8.2, 2.2 Hz, 1H, H-

4), 7.57 (t, J = 8.2 Hz, 1H, H-5), 7.85 (dd, J = 8.7, 2.5 Hz, 1H, H-9), 8.02 (t, J = 8.2, 2.1 

Hz, 1H, H-2), 8.08 (dd, J = 8.2, 2.1 Hz, 1H, H-6), 8.21 (d, J = 2.4 Hz, 1H, H-11) 

δC (100 MHz, CDCl3): 113.8 (CH Ar, C-8), 114.8 (qC, C-10), 116.8 (CH Ar, C-2), 

119.9 (CH Ar, C-6), 127.6 (CH Ar, C-4), 130.3 (CH Ar, C-5), 142.6 (CH Ar, C-9), 

148.4 (CH Ar, C-11), 149.2 (qC), 154.3 (qC), 161.5 (qC). 

HRMS (m/z APCI+): 294.9716 (M+ + H), C11H8N2OBr Requires: 294.9713. 

νmax (ATR)/cm-1: 3105, 2920, 2850, 1580, 1525 (NO2), 1468, 1341 (NO2), 1281, 1264 

(C-O), 1243, 1090 (C-Br), 833, 800, 742, 680. 

 

3-((5-bromopyridin-2-yl)oxy)aniline (87) 

 

Following procedure for the synthesis of 86, side product 87, was obtained as an orange 

brown oil side product, 21%. 

δH (600 MHz, CDCl3): 3.74 (bs, 2H, NH2), 6.44 (t, J = 2.2 Hz, 1H, H-2), 6.49 (dd, J = 

8.1, 1.6 Hz, 1H, H-4 or H-6), 6.52 (dd, J = 8.1, 2.0 Hz, 1H, H-4 or H-6), 6.80 (d, J = 

8.7, 1H, H-8), 7.16 (t, J = 8.0, 1H, H-5), 7.74 (dd, J = 8.7, 2.5 Hz, 1H, H-9), 8.24 (d, J 

= 2.5 Hz, 1H, H-11). 
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δC (150 MHz, CDCl3): 107.8 (CH Ar, C-2), 111.0 (CH Ar, C-4 or C-6), 112.1 (CH Ar, 

C-4 or C-6), 113.1 (CH Ar, C-8), 113.5 (qC), 130.5 (CH Ar, C-5), 142.0 (CH Ar, C-9), 

148.2 (qC), 148.7 (CH Ar, C-11), 155.1 (qC), 162.8 (qC).    

HRMS (m/z ESI+): Found: 264.9979 (M+ + H), C11H10N2OBr Requires: 264.9976. 

νmax (ATR)/cm-1: 3450 (NH), 3349 (NH), 3220, 3052, 1606, 1572, 1450 (CN), 1364, 

1238-1144 (C-O), 1144, 1089, 998, 959, 823 (C-Br), 754. 
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A.3. Pharmacokinetic Properties 

 

Table A.3.1. Calculated physicochemical properties for all synthesised final 

hydrochloride salts. 

Code 

MW 

(g/mol) pKaH* 

#Heavy  

atoms 

Fraction  

Csp3 

#Rotatable  

bonds 

#H-bond  

acceptors 

#H-

bond  

donors 

Sorafenib 464.82 

 

32 0.1 9 7 3 

1 464.87 8.71/ 7.02 32 0.05 9 4 6 

2 380.42 8.72/7.40 28 0 8 2 6 

3 398.41 8.70/6.93 29 0 8 3 6 

4 506.32 8.56/6.29 29 0 8 2 6 

5 441.32 8.72/7.36 28 0 8 1 6 

6 509.32 8.71/7.10 32 0.05 9 4 6 

7 506.32 6.47/8.40 29 0 8 2 6 

8 509.32 7.27/8.55 32 0.05 9 4 6 

27 353.83 8.86 25 0 6 1 4 

28 421.82 8.86 29 0.05 7 4 4 

29 387.38 9 28 0.05 7 4 4 

30 445.43 8.17 30 0 7 6 4 

31 439.81 8.62 30 0.05 7 5 4 

32 426.29 8.71 27 0 7 2 4 

33 449.83 8.71 31 0.05 8 5 4 

61 399.4 7.56/6.79 29 0 8 4 6 

62 507.3 7.35/6.22 29 0 8 3 6 

63 442.31 7.71/7.09 28 0 8 2 6 

64 510.31 7.61/6.92 32 0.05 9 5 6 

65 465.86 7.59/6.86 32 0.05 9 5 6 

66 422.81 7.62 29 0.05 7 5 4 

67 465.86 8.34 / 7.03 32 0.05 9 5 5 

68 422.81 8.32 29 0.05 7 5 3 

69 450.82 8.32 31 0.05 8 6 3 

70 457.85 

 

30 0.05 7 7 3 

 

Properties calculated with SwissADME, except for *, calculated using ChemAxon’s Marvin 

(references in the text).         
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Table A.3.1.  following 

Code 

TPSA 

(Å²) XLOGP3 

Consensus Log P 

(average of all 

methods) 

Ali  

Log 

S 

Ali Sol. 

(mg/mL) 

Ali Sol. 

(µmol/L) Ali Class 

Sorafenib 92.35 4.07 4.11 -5.71 8.98E-04 1.93 Mod. sol. 

1 122.52 4.31 3.31 -6.6 1.18E-04 2.53 Poorly sol. 

2 122.52 2.9 2.13 -5.13 2.80E-03 7.35 Mod. sol. 

3 122.52 3 2.37 -5.24 2.31E-03 5.79 Mod. sol. 

4 122.52 3.55 2.77 -5.81 7.88E-04 1.56 Mod. sol. 

5 122.52 3.49 2.43 -5.75 7.93E-04 1.80 Mod. sol. 

6 122.52 4.37 3.38 -6.66 1.12E-04 2.19 Poorly sol. 

7 122.52 3.55 2.83 -5.81 7.88E-04 1.56 Mod. sol. 

8 122.52 4.37 3.39 -6.66 1.12E-04 2.19 Poorly sol. 

27 84.9 4.31 3.35 -5.81 5.52E-04 1.56 Mod. sol. 

28 84.9 5.2 4.44 -6.73 7.85E-05 1.86 Poorly sol. 

29 84.9 4.57 3.84 -6.08 3.25E-04 8.39 Poorly sol. 

30 110.2 6.96 4.14 -9.09 3.64E-07 8.17 Poorly sol. 

31 84.9 5.3 4.56 -6.83 6.45E-05 1.47 Poorly sol. 

32 101.97 3.67 3.05 -5.5 1.35E-03 3.16 Mod. sol. 

33 101.97 4.49 3.9 -6.35 2.00E-04 4.45 Poorly sol. 

61 135.41 2.26 1.87 -4.74 7.27E-03 1.82 Mod. sol. 

62 135.41 2.81 2.24 -5.31 2.48E-03 4.89 Mod. sol. 

63 135.41 2.75 1.89 -5.25 2.50E-03 5.64 Mod. sol. 

64 135.41 3.63 2.8 -6.16 3.52E-04 6.89 Poorly sol. 

65 135.41 3.57 2.72 -6.1 3.71E-04 7.95 Poorly sol. 

66 97.79 4.46 3.71 -6.23 2.47E-04 5.85 Poorly sol. 

67 119.72 4.88 3.69 -7.13 3.46E-05 7.43 Poorly sol. 

68 82.1 5.77 4.65 -7.26 2.31E-05 5.46 Poorly sol. 

69 99.17 5.07 4.23 -6.89 5.74E-05 1.27 Poorly sol. 

70 101.83 4.8 4.43 -6.67 9.78E-05 2.14 Poorly sol. 

 

Properties calculated with SwissADME, except for *, calculated using ChemAxon’s Marvin 

(references in the text).  
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Table A.3.1.  following 

Code HIA 

BBB 

perm. 

Pgp  

sub. 

CYP1A2  

inh. 

CYP2C19  

inh. 

CYP2C9  

inh. 

CYP2D6  

inh. 

CYP3A4  

inh. 

Sorafenib Low No No Yes Yes Yes Yes Yes 

1 High No No No No No No No 

2 High No No No No No No No 

3 High No No No No No No No 

4 High No No No No No No No 

5 High No No No No No No No 

6 High No No No No No No No 

7 High No No No No No No No 

8 High No No No No No No No 

27 High No No Yes Yes Yes Yes Yes 

28 High No No No Yes Yes Yes No 

29 High No No No No Yes Yes No 

30 Low No No No Yes Yes No No 

31 High No No No Yes Yes Yes No 

32 High No No Yes No Yes Yes Yes 

33 High No No No Yes Yes No Yes 

61 High No Yes Yes No No No No 

62 High No Yes Yes No No No Yes 

63 High No Yes Yes No No No Yes 

64 High No No Yes No No No Yes 

65 High No No Yes No No No Yes 

66 High No No Yes No No Yes Yes 

67 High No No No No No No No 

68 High No No No Yes Yes Yes No 

69 High No No No Yes Yes No No 

70 Low No No No Yes Yes No No 

 

Properties calculated with SwissADME, except for *, calculated using ChemAxon’s Marvin 

(references in the text).  
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