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1. Protein kinases: an overview 

 
Protein phosphorylation is a post-translational modification involved in the regulation of 

many cellular activities.1 This reaction is catalyzed by the protein kinase enzymes, which 

transfer the γ-phosphate group of adenosine triphosphate (ATP)2 to the appropriate 

hydroxyl bearing side chain on a serine, threonine or tyrosine residue on the target 

protein, as depicted in Fig.1. Protein kinases in mammalians are therefore classified on 

the basis of their substrate preference as serine-threonine kinases, tyrosine kinases or 

dual-function kinases.3,4 Histidine protein kinases, which are widely used in bacteria, 

plants and lower eukaryotes, are not expressed in animals.5 

 

 
 

Figure 1: transfer of the γ-phosphate group of ATP catalyzed by protein kinases. 

 

The phosphorylated proteins resulting from the kinase activity are mainly involved in a 

cellular downstream cascade of reactions, leading to the activation of different signaling 

pathways.6 This effect derives from the capability of phosphorylated residues to act as 

recognition sites for other proteins involved in the signaling cascade, which are therefore 

recruited to eventually lead to the actual response of the cell.7  

Phosphorylation is a reversible modification and the phosphate group can be removed 

by phosphatases, allowing a strict control on cell function.8 

Protein kinases are broadly involved in the amplification and transduction of 

extracellular signals mediating cell growth and survival and it is now well established 

that deregulation of kinase activity inside the cells is one of the possible mechanisms 

concurring in aberrant proliferation.9–13 Genes responsible for the transformation of 
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normal cells into tumor cells, also called oncogenes,14 have been identified starting from 

the 1970s and some of them actually turned out to be responsible for the synthesis of 

protein kinases, such as the virus kinase v-SRC, the epidermal growth factor receptor 

(EGFR) or the fusion protein Bcr-Abl,15 whose activity is somehow escaping the tight 

regulation observed in normal tissues.16–18 Kinases thus represent an interesting target in 

the development of antiproliferative drugs.10,12,19,20 

 

1.1. Classification of protein kinases 

 
Protein kinases can be classified in seven different classes according to their sequence:21 

AGC, including the PKA (protein kinase A), PKG (protein kinase G) and PKC (protein 

kinase C) families, CAMK (calcium calmodulin-dependent kinases), CK1 (casein kinase 

1), CMGC, including the CDK (cyclin-dependent kinase), MAPK (mitogen-activated 

protein kinase), GSK (glycogen synthase kinase) and CLK (CDC-like kinase) families, 

STE (homologs of yeast sterile kinases), TK (tyrosine kinases) and TKL (tyrosine 

kinase-like).22 Among the 518 protein kinases encoded by the human genome, 58 

proteins belonging to the tyrosine kinase class are endowed with receptor activity.21 

Among them, the Epidermal Growth Factor Receptor (EGFR)23–26 and, more recently, 

the Fibroblast Growth Factor Receptor (FGFR)27–31 have been investigated as possible 

targets for anticancer drugs. To date, four small-molecule inhibitors of EGFR, namely 

gefitinib, erlotinib, afatinib and osimertinib, are approved for the treatment of various 

cancer types, as well as three monoclonal antibodies, cetuximab, panitumumab and 

necitumumab, while no selective agent targeting the FGF/FGFR axis has been approved 

yet.  

 

1.2. Structure and activity of protein kinases 

 
Sequence similarities among protein kinases result in a conserved structure of the 

catalytic domain. Nevertheless, the catalytic activity of this class of proteins can be 
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regulated according to different mechanisms:32 kinases can switch from an inactive state 

to an active one,33 they can include a regulatory domain covalently bound to the catalytic 

one (e.g., Src)34 or they can require an additional subunit to be activated (e.g., cyclin-

dependent protein kinases, CDKs).35 Receptor tyrosine kinases (e.g., EGFR) recognize 

their ligands through interaction with the extracellular domain and are consequently 

activated following a dimerization process.36 The activity of kinases can also be 

regulated by post-translational modifications, such as phosphorylation by an upstream 

kinase or myristoylation (e.g., Abl).37–39 

The catalytic portion of kinases 

includes about 300 amino acid 

residues and 12 conserved 

subdomains.40 Its tertiary structure 

features two distinct lobes (Fig.2), 

which exert different functions during 

regulation and catalysis.41 The N- 

terminal lobe (N-lobe) of about 80 

residues mainly consists of β-sheets, 

but also includes an α-helix (C-helix), 

whereas the C-terminal lobe (C-lobe) 

of about 200 residues is mainly α-

helical, with only some short β-sheet 

strands. The lobes are connected by a 

hinge region and the ATP-binding site 

is located in the cleft between the two 

substructures.42,43  

The catalytic domain of kinases includes some conserved structural elements, which are 

involved in the accommodation of the ATP molecule and in the phosphate transfer 

process (Fig.3). The relative spatial position of some of these substructures allows to 

distinguish two different conformations of the domain, which are usually described as 

“open” and “close” state.42 

Figure 2: structure of the conserved catalytic domain 

of protein kinases. N-terminal lobe is shown in blue, 

C-terminal lobe is shown in red (picture adapted from 

ref.48). 
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A peculiar, widely conserved motif embedded in the structure of the N-lobe is the 

“glycine-rich loop” (GxGxfG, with f usually being tyrosine or phenylalanine) or “P-

loop”, which is located between b1 and b2 and interacts with the g-phosphate of ATP, 

positioning it for catalysis.7 In the absence of ATP this loop exhibits high flexibility, 

allowing small molecule inhibitors to be accommodated into the binding cleft.44  

 

 
 
Figure 3: conserved structural elements in the catalytic domain of protein kinases. Structure of EGFR kinase 

domain: C-helix is colored in red, P-loop in green, activation loop in yellow. The salt-bridge between the 

conserved lysine and glutamate residue is highlighted as blue dotted line. Picture adapted from ref.45. 

 

The C-helix is the only helical element included in the N-lobe and it is a dynamic 

structure,7 located at the interface between the two lobes of the kinase. C-helix interfaces 

the N-terminal region of the “activation loop”, a segment included between the DFG 

(aspartate-phenylalanine-glycine) and APE (alanine-proline-glutamate) motifs, the 
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conformation of which is crucial for the correct accommodation of the kinase substrate.46 

In many kinases, the activation loop is phosphorylated when the kinase is in the active 

state.47 After activation of the kinase via phosphorylation on the activation loop, the 

position and total number of the phosphate groups are responsible for the substrate 

selectivity.48 

The relative position of C-helix and the activation loop is fundamental in determining 

the efficiency of the catalysis. A conserved acidic residue in C-helix interacts with a 

lysine residue belonging to the b3-strand in the active conformation of the kinase:33 the 

salt-bridge between these two residues is only maintained when the C-helix in a suitable 

position allowing catalysis (open state). The conserved lysine residue is buried into the 

interlobe cleft and interacts with the a- and b-phosphates of the ATP molecule.44 The 

first three amino acid residues belonging to the activation loop represent the conserved 

DFG motif, which is also often used to describe the conformation of the domain and 

therefore its activity (the DFG “in” conformation corresponds to the open, active state 

of the kinase, while the DFG “out” conformer is closed and inactive).45,49 The aspartate 

residue in the DFG motif contacts a magnesium ion, which is required to stabilize the 

triphosphate group of ATP.50,51 

A further conserved motif in the structure of kinases is the catalytic loop HRD-motif, 

which is located at the N-terminus of the b7-strand. The aspartate residue serves as a 

weak catalytic base, required for the orientation of the substrate hydroxyl group and to 

trap the proton that is released during phosphorylation, while the arginine residue 

interacts with the phosphorylated activation loop, in order to allow its correct 

positioning.52 

The active conformation of the kinase is achieved by interactions among the F-helix (C-

lobe) and spatially conserved hydrophobic motifs (i.e., hydrophobic spines), as well as 

by correct orientation of the N-lobe.7 The latter is only obtained when the P-loop is 

positioned to shield the ATP and steer the g-phosphate for transfer and the C-helix is 

interacting with the activation loop in a way that allows the cleft to open and close. In 

some cases, C-helix can be properly positioned thanks to the interaction of a suitable 

peptide with two spatially conserved pockets on the surface of the kinase core. This has 
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been shown for instance for CDKs, which require the docking of the cyclin to one of the 

pockets to achieve the active conformation.44 In other kinases, such as Fes, C-helix is 

oriented by the binding of a SH2 domain that also provides a priming site for docking of 

the substrate protein.53 Kinases such as PKA and PKC in their active and fully 

phosphorylated conformation are inhibited by regulatory domains and require activation 

by second messengers.54,55  

  



 19 

1.3. Receptor Tyrosine Kinases 

 
1.3.1. Regulation of the activity of Receptor Tyrosine Kinases 
Receptor Tyrosine Kinases (RTKs) represent a large family of membrane receptors 

endowed with protein kinase activity. RTKs play a crucial role in the regulation of 

cellular processes including proliferation, migration, metabolism, survival and 

differentiation.56 The structure of these proteins includes an extracellular ligand binding 

domain, which is usually glycosylated, a single transmembrane domain and a 

cytoplasmic kinase domain. RTKs are autoinhibited by diverse mechanisms in the 

absence of their ligand.36 Ligand binding induces dimerization of the receptor and 

phosphorylation of the cytoplasmic domain.57,58 Different ligands can induce 

dimerization via different mechanisms: ligands can be bivalent, and in this case one 

molecule of ligand binds simultaneously to two receptor molecules,59,60 or they can bind 

in a 1:1 ratio to the receptor on the membrane.61  

Dimerization of the receptor causes conformational rearrangements including the 

rotation of the major axis of the protein and of the N- and C-lobes. The consequent 

movement of the activation loop enables ATP to reach its binding pocket, resulting in 

the phosphorylation of tyrosine residues located on the partner of dimerization.62 The 

trans-phosphorylation of residues belonging to the activation loop is essential for the 

stabilization of the open conformation.  

Tyrosine phosphorylation is fundamental for the recruitment and activation of 

intracellular signaling proteins.56 Phosphorylated tyrosine residues are mainly located in 

noncatalytic regions and serve as docking sites for Src homology (SH2 or SH3) or PTB 

(phosphotyrosine binding) domains of different proteins. Every RTK can therefore be 

described as a platform for the recognition of a specific set of signaling proteins.56  

The signaling pathways activated by RTKs autophosphorylation are well understood and 

mostly shared by different receptors: they include the MAPK (mitogen-activated protein 

kinase) pathway, which plays a crucial role in the regulation of metabolic processes, cell 
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proliferation, migration and differentiation,63 as well as the PI3K-Akt,64 the JAK/STAT 

and the PLC-g pathways.65 

The tight regulation of the cellular processes activated by RTKs requires a variety of 

mechanisms to terminate the signal, including, among others, inactivation of the RTK 

by protein tyrosine phosphatases (PTPs)66 and receptor endocytosis.67 

 

1.3.2. Targeting Receptor Tyrosine Kinases 
As RTKs are deeply involved in cellular processes including proliferation and 

differentiation, the scientific community has spent great efforts in the development of 

molecules able to interfere with the aberrant activity of RTKs in tumor tissues. 

To date, three approaches have been proposed to target overexpressed or mutated RTKs 

in neoplastic diseases (Fig.4), namely Tyrosine Kinase Inhibitors (TKIs), monoclonal 

antibodies (mAbs) and extracellular agents targeting the ligand (ligand-targeting mAbs68 

or peptides69 or small molecules,70 discussed in Chapter 3). 

 

 
 
Figure 4: overview of three approaches developed to target RTKs. Monoclonal antibodies bind to the 

extracellular domain of the receptor, whereas ligand traps prevent ligand binding to the receptor in the 

extracellular environment. Tyrosine kinase inhibitors interact with the intracellular catalytic domain of 

RTKs.  
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Monoclonal antibodies bind to the extracellular domain of RTKs, thus avoiding both the 

binding of the natural ligand and the conformational rearrangement that is required for 

the receptor to activate the intracellular signaling pathways.71 Approved mAbs available 

for the treatment of various cancer types are the anti-HER2 antibodies trastuzumab 

(HerceptinÒ, Genentech)72 and pertuzumab (PerjetaÒ, Genentech),73 the anti-EGFR 

antibodies cetuximab (ErbituxÒ, Imclone Systems),74,75 panitumumab (VectibixÒ, 

Amgen)74,76 and necitumumab (PortrazzaÒ, Eli Lilly),77 and the anti-PDGFRa antibody 

olaratumab (LartruvoÒ, Eli Lilly).78 

Tyrosine Kinase Inhibitors are small molecules that enter the cells and inhibit the 

signaling cascade initiated by RTKs by binding to the catalytic domain and hampering 

the autophosphorylation process.13 To date, 23 TKIs have been approved by FDA 

(Food&Drug Administration) for the treatment of a plethora of cancer types, ranging 

from leukemia to lung, liver, breast and kidney neoplasms.79 The first strategy exploited 

to obtain TKIs was to develop ATP mimicking molecules. This strategy led to the 

development of a first generation of compounds binding to the open (active) 

conformation of the kinase, which are generally called type I inhibitors.80 Type I 

inhibitors bind to the ATP-binding pocket and form one to three hydrogen bonds with 

the backbone residues of the hinge region. The type I kinase pharmacophore includes a 

hydrogen bond acceptor, two hydrogen bond donors and a hydrophobic portion.81 The 

main drawback of type I inhibitor is that they target a conformation in which RTKs share 

a high degree of structural similarity. This is linked to a higher possibility to obtain non-

selective compounds. Nevertheless, extensive medicinal chemistry optimization efforts 

have allowed the development of really potent and selective compounds, as in the case 

of EGFR inhibitors.82 An example of type I inhibitor, even if targeting a non-receptor 

kinase, is Bcr-Abl inhibitor PD173955 (1), reported in Fig.5. 

The inactive conformation of the kinase is targeted by type II inhibitors: these 

compounds bind to the ATP-binding pocket and exploit additional interaction with an 

allosteric pocket resulting from the displacement of the DFG residues in the DFG “out” 

conformation. Therefore, the type II pharmacophore includes the same structural  
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Figure 5: ribbon representation of the structure of the Abl kinase domain in complex with type I inhibitor 

PD173955 (1) and type II inhibitor imatinib (2). The activation loops and the van der Waals surfaces 

corresponding to the inhibitors are colored red for PD173955 and blue for imatinib. The structures of the 

inhibitors are highlighted on the right. Hydrogen bonds are indicated as dotted lines. The position of the 

gatekeeper residue, Thr315, is indicated. Type II inhibitor imatinib establishes additional interactions with 

the allosteric pocket in the inactive conformation of the kinase (picture adapted from ref.83). 
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elements already described for the type I pharmacophore, with the addition of a linker 

and a portion responsible for the interaction with the allosteric cavity. This moiety can 

establish hydrogen bonds with a conserved glutamate residue from the C-helix and with 

the aspartate residue from the DFG motif.84 An example of a successful type II kinase 

inhibitor is the Bcr-Abl kinase inhibitor imatinib (2, GleevecÒ, Novartis) (Fig.5), which 

is approved for the treatment of chronic myeloid leukemia.32,85 

A promising field in the development of effective inhibitors is represented by 

irreversible, covalent agents, which interact with a nucleophilic residue in the ATP-

binding pocket leading to the formation of a covalent bond. This class of compounds has 

demonstrated to be particularly useful in the treatment of acquired resistance to 

reversible drugs.86–93 
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2. Epidermal Growth Factor Receptor 

 
2.1. Biology 

 
2.1.1. The ErbB family 
The Epidermal Growth Factor Receptor (EGFR) was the first receptor tyrosine kinase 

(RTK) to be discovered94 and studies on this protein have led to the establishment of the 

general features of receptor tyrosine kinases as a class.56 After the discovery of EGFR 

(also known as ErbB1 or HER1), three further members of its family have been 

described, namely ErbB2 (also known as HER2), ErbB3 (HER3), and ErbB4 (HER4).95 

The structure of these proteins, consistently with that of receptor tyrosine kinase family, 

includes an extracellular ligand binding domain, a single transmembrane domain and a 

cytoplasmic tail, which is endowed with catalytic activity. The absence of fundamental 

amino acid residues in the intracellular domain of ErbB3 renders the receptor devoid of 

catalytic activity.96 

The extracellular domains of the EGFR family members are constituted of four 

subdomains (I to IV or L1, S1, L2, and S2), with subdomains I and III forming the ligand 

binding domain (Fig.6). The remaining portions of the extracellular structure are 

involved in receptor dimerization and interaction with other membrane proteins.97 

Intracellularly, the kinase domain includes the amino domain (also called N-lobe) and 

the carboxy domain (C-lobe) and all the structural features of kinases: the glycine-rich 

nucleotide phosphate binding loop (Gly719-Gly724 in EGFR), the DFG motif (Asp855-

Gly857 in EGFR), the catalytic base (Asp837 in EGFR), the catalytic loop (Arg836-

Asn842 in EGFR) and the A-loop (Asp855-Val876 in EGFR).98  

Besides the epidermal growth factor (EGF), ErbB receptors bind to a variety of 

extracellular soluble ligands, including the transforming growth factor-α (TGFα), 

amphiregulin (AR), epiregulin (EREG), β-cellulin (BTC), and heparin-binding EGF 

(HB-EGF).99  
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Figure 6: schematic representation of EGFR, including the extracellular domain (subdomains I, II, III and 

IV), the transmembrane domain and the intracellular domain (TK: Tyrosine Kinase). The ligand binding 

domain is formed by subdomains I and III.100 

 

Ligand binding results in the formation of receptor homo- and heterodimers. The 

dimerization process for the ErbB receptor family has been deeply investigated. 

Dimerization of EGFR requires the binding of two molecules of monomeric EGF (or 

another ligand) to two EGFR molecules,101 which causes a conformational change that 

exposes receptor-receptor interaction sites.102–104  

While the preference of ErbB3 and ErbB4 for their ligands has been described, no natural 

ligand for ErbB2 has been identified. It has been proposed that ErbB2 is constitutively 

present in an active conformation in the absence of a ligand and that it acts as a preferred 

partner for heterodimerization with all members of the EGFR family.105  

 

2.1.2. Activation of EGFR 
Crystallographic data regarding the kinase domain of EGFR furnished a deeper insight 

into the activation mechanism of this receptor and highlighted its unusual behavior if 

compared to other RTKs.106 The first crystallographic view of the EGFR TKD (Tyrosine 
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Kinase Domain) described by Stamos et al. confirmed that activation-loop 

phosphorylation is not required for it to adopt an active-like structure,98 as already 

proposed by others.107 Some years after this finding, the activation mechanism of the 

kinase domain was fully described by Zhang et al.108 In EGFR dimer, one subunit acts 

as “activator”, contacting the amino lobe of the other monomer, the “receiver”. The 

interaction between the kinase domains results in the rotation of the C-helix of the 

“receiver”, leading to its rotation from the “out” to the “in” position seen in active 

kinases. The disruption of key interactions resulting from this conformational change 

enables the activation loop to adopt the typical conformation seen in active kinases and 

brings the side chain of Glu762 in proximity of the side chain of Lys745, allowing the 

formation of a salt bridge. It has been suggested that the two monomers dissociate and 

reassociate rapidly enough to allow each of them to act as both “activator” and “receiver” 

and consequently to be trans-autophosphorylated. 

 

2.1.3. Activation of the signaling cascades 
 

 
Figure 7: schematic representation of the downstream signaling pathways activated by EGFR upon 

dimerization.100 
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Phosphorylation of tyrosine residues leads to recruitment of proteins containing Src-

homology 2 domains (SH2) such as Grb-2, SHC and PLC-γ, which in turn activate 

downstream signaling cascades, causing transduction of the extracellular signal to the 

nucleus. 

The actual response is determined by the nature of the homo- or heterodimer formed by 

the receptors and of the specific intracellular signaling molecule recruited to the 

phosphorylated residues after dimerization. More precisely, different phosphorylation 

patterns promote the activation of different pathways through the interaction with a 

plethora of adaptors (for instance, pY1068 (pY: phospho-tyrosine) and pY1086 bind 

Grb-2 while pY992 and pY1173 interact with PLC-γ).109 Intracellular pathways 

activated by ErbB receptors are the Ras-Raf-MEK-ERK1/2, STAT3 and STAT5 

pathways mainly controlling proliferation and differentiation and the PI3K-Akt-mTOR 

cascade acting as a pro-survival and anti-apoptotic pathway (Fig.7).53,95,110 
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2.2. EGFR and cancer 

 
2.2.1. Deregulated activity of EGFR 
The tight regulation of EGFR expression and activity allows to strictly control 

proliferation and motility in healthy tissues. However, several diverse mechanisms can 

lead to aberrant activity of the system and eventually to the insurgence and progression 

of different cancer types, including overexpression of EGFR and/or its ligands, defective 

downregulation, activating mutations on the receptor.100 

The production of EGFR ligands has been found to be increased in various neoplastic 

diseases.111–114 Growth factors can act in both an autocrine or paracrine manner to 

activate EGFR. Moreover, it has been proposed that the co-expression of EGFR and 

TGF-a could serve as an independent prognostic indicator in patients affected by breast 

cancer.111 

Overexpression of EGFR has been found to correlate with decreased survival in patients 

with head and neck, bladder, ovarian, cervical and esophageal cancer.115 The 

transforming ability of EGFR overexpression is due to the tendency of the receptor to 

spontaneously form dimers at high concentrations, leading to constitutive activation of 

the intracellular signaling cascades.116,117 EGFR overexpression can derive from EGFR 

gene amplification,25 increased activity of the EGFR promoter26,118 or deregulation at the 

post-translational level.119 

Mutations of the EGFR structure can affect the extracellular domain, the intracellular 

portion and, in particular, the catalytic domain. Mutations in the extracellular domain of 

EGFR are frequently found in glioblastomas and usually result from the deletion of 

specific exons. For instance, the EGFRvIII mutant derives from an in-frame deletion of 

exons 2-7 and lacks most of the ligand-binding domain, but it is nonetheless 

constitutively phosphorylated and able to activate downstream effector pathways.120,121  

The most common mutations affecting the kinase domain are small deletions in exon 19, 

missense mutations L858R in exon 21 and G719A/C in exon 18 and small duplications 

or insertions in exon 20.122 The general result of this kind of mutations is the stabilization 
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of the active conformation of EGFR, which inevitably leads to a sustained stimulation 

of proliferation.82,123  

 

2.2.2. Targeting EGFR with Tyrosine Kinase Inhibitors 
Compounds targeting the EGFR kinase domain are generally classified as first, second 

or third generation inhibitors, according to their structure and their activity towards 

different EGFR mutants. 

 

2.2.2.1. First-generation inhibitors 

 

The first generation includes the approved drugs gefitinib (3) and erlotinib (4) (Fig.8), 

which are reversible inhibitors featuring a 4-anilinoquinazoline scaffold. 

  

 
 
Figure 8: reversible, first-generation EGFR inhibitors. 

 

The structure-activity relationships (SARs) for this class of compounds were established 

in the 1990s.15,124,125 The publication of the crystal structure of EGFR kinase domain in 

complex with erlotinib allowed to better understand the interactions occurring among 

the inhibitor and the ATP-binding pocket residues.98 In particular, N1 of the quinazoline 

ring is involved in a hydrogen bond with Met793 amide nitrogen, while N3 interacts 

with Thr790 side chain through a water molecule. The aniline in position 4 occupies a 

hydrophobic pocket in proximity of Thr790, which is not involved in the binding of 

ATP.126 Finally, the groups linked to C6 and C7 on the quinazoline are projected into the 

solvent (Fig.9). 
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Figure 9: crystal structure of erlotinib in complex with wtEGFR complex (PDB ID 1M17). The EGFR 

kinase is shown in a ribbon representation (light blue) with the bound inhibitor in yellow. Side-chain and 

main-chain atoms of Thr790 and Met793 are shown. Hydrogen bonds are indicated by dashed lines. Water 

molecule is represented as a red dot. 

 

Both gefitinib and erlotinib were firstly approved for the treatment of locally advanced 

or metastatic non-small cell lung cancer (NSCLC) in patients with tumors progressed 

upon previous chemotherapy treatment, but their use was later restricted to patients 

whose tumors present EGFR alterations, such as exon 19 deletions or exon 21 

(L858R) substitution, which lead to constitutive activity of the receptor.79  

Correlation between the presence of mutations in the kinase domain of EGFR and 

activity of gefitinib and erlotinib was described in 2004.82,127,128 Notably, it was also 

noticed that these alterations are more frequently observed in patients affected by 

adenocarcinomas, in never-smokers, in women and in patients from East Asia. These 

mutations are located in the P-loop and in the activation loop of the kinase domain and 

result in a lower affinity of EGFR for ATP129 and in an enhanced ligand-independent 

activation of mutated EGFR82,130 if compared to the wild-type protein (wtEGFR). 

Clinical efficacy of reversible inhibitors is limited by the development of acquired 

resistance, which is most frequently due to the “gatekeeper” mutation, T790M.131,132 The 

gatekeeper residue is the first amino acid residue of the hinge region: the steric hindrance 
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of its side chain controls the access to a small, hydrophobic cavity, which is not occupied 

by ATP but accommodates the aniline ring of first-generation inhibitors.80 Replacement 

of Thr790 with a methionine residue seems to be associated with the restoration of ATP 

affinity for its binding site:133 given the high concentration of the nucleotide in the cell, 

if compared to that of the drug, the overall consequence of T790M acquisition is the loss 

of activity of first-generation compounds. Recent data suggest that T790M is present in 

about 80% of naïve NSCLC samples: mutated clones are thus selected by the therapy.134 

 

2.2.2.2. Second-generation inhibitors 

 
Second generation inhibitors were developed with the straightforward aim of 

circumventing acquired resistance to reversible agents.86 These compounds feature the 

4-anilinoquinazoline scaffold (the “driving portion” responsible for target affinity) 

equipped with an acrylamide moiety on the 6-position of the quinazoline ring: the 

electrophilic group, usually called “warhead”, engages a hetero-Michael addition 

reaction with a cysteine residue (Cys797) in the binding cleft, allowing to irreversibly 

inhibit EGFR kinase activity.126,135,136 Covalent inhibitors effectiveness has been 

demonstrated in a series of clinical trials,137–139 resulting in FDA-approval of afatinib 

(Fig.10) in 2013, for the treatment of locally advanced and/or metastatic NSCLC.  

 

 
 
Figure 10: irreversible, second-generation EGFR inhibitor afatinib (5). 

 

Nevertheless, clinical trials on both afatinib and other acrylamide-bearing compounds 

highlighted the high frequency of dose-limiting toxicities, mainly diarrhea, nausea, rash 
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and fatigue.140,141 These adverse effects have been related to the inhibition of wtEGFR 

(Fig.11) and are therefore due to the lack of selectivity of second-generation inhibitors 

towards different isoforms of the kinase.93 
 

 
 

Figure 11: cell viability assays on Ba/F3 cells harboring wtEGFR or EGFR L858R, treated with different 

EGFR inhibitors (picture adapted from ref.142).  

 

2.2.2.3. Third-generation inhibitors 

 
Lessons learnt from these covalent inhibitors have been applied to the development of 

third-generation compounds: this latter class includes molecules bearing an acrylamide 

group, thus able to interact with Cys797 and to prolong the occupancy of the binding 

site, but the scaffold has been modified in order to allow selective targeting of mutated 

EGFR.143  

 

 
 

Figure 12: third-generation EGFR inhibitor WZ4002 (6), rociletinib (7) and osimertinib (8). 
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The driving portion of mutant-selective inhibitors features a 2-aminopyrimidine core 

(Fig.12), which is decorated with additional rings and a hydrophilic group enhancing 

solubility. The favored U-shaped conformation adopted by these molecules seems to be 

responsible for their preferential binding to EGFR T790M.24 The crystal structure of the 

WZ4002/EGFR T790M complex (Fig.13) reveals the formation of a bidentate hydrogen 

bond between the aminopyrimidine nitrogen atoms and Met793, a residue belonging to 

the hinge region. Moreover, a contact has been highlighted between the chlorine atom 

on the pyrimidine ring of the inhibitor and the side chain of Met790, which is most likely 

contributing to the selectivity towards the mutated isoform of the kinase. The phenyl 

ring carrying the acrylamide group lies roughly orthogonal to the rest of the molecule, 

enabling to juxtapose the warhead with the side chain of Cys797.143  

 

 
 
Figure 13: crystal structure of WZ4002/EGFR T790M complex as determined by Zhou et al.143 

 

To date, only one third-generation EGFR inhibitor, namely osimertinib (8, Tagrissoâ, 

AstraZeneca), has been approved for first-line treatment of patients with metastatic 

NSCLC harboring EGFR activating mutations.144  

Third-generation inhibitors are actually able to prevent cell proliferation in vitro and to 

promote tumor regression in vivo (Fig.14), but, as for first-generation inhibitors, their 
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efficacy is limited by the insurgence of mutations.90,145,146 Among them, the replacement 

of Lys718 with a glutamine residue results in the stabilization of a non-reactive 

conformation of the kinase,147 while mutation of Cys797 to serine directly affects the 

capability of the residue to act as a nucleophile and therefore to engage a covalent 

interaction with the inhibitor (Fig.15). 
 

 
 
Figure 14: serial computed tomography scans of the chest from a patient highlights tumor shrinkage as a 

result of treatment with osimertinib (phase I AURA-trial).148  

 

 
 
Figure 15: cell viability assay on Ba/F3 cells harboring double or triple mutated EGFR, treated with 

osimertinib (AZD9291) or rociletinib (CO-1686).145 

 

Different strategies might be exploited to overcome acquired resistance to third-

generation inhibitors: i) the use of drug combinations could prevent the emergence of 
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resistant clones,149,150 ii) allosteric inhibitors could stabilize inactive conformations of 

the kinase,151 iii) compounds bearing serine-reactive warheads could target EGFR 

C797S and restore the ability to covalently bind to the ATP-binding site (however, the 

detection of a C797G mutation152 strongly discourages the latter hypothesis), iv) residues 

other than C797 or S797 could be targeted by covalent inhibitors bearing different 

warheads. 
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2.3. Synthesis of EGFR inhibitors: aim of the work 

 
Two classes of EGFR tyrosine kinase inhibitors are presented in the framework of this 

Ph.D. thesis, which were synthesized pursuing two different aims.  

 

2.3.1. Anilinoquinazoline-based inhibitors 
The first class includes anilinoquinazoline-based inhibitors carrying non-acrylamide 

warheads. These compounds have been designed and synthesized to investigate the 

possibility to target Cys797 with selective, moderately reactive compounds, enabling 

long-term inhibition of EGFR. Approved covalent inhibitors of EGFR, afatinib and 

osimertinib, as well as other approved covalent TKIs, such as neratinib (ErbB2) and 

ibrutinib (BTK), include an acrylamide-based reactive portion and target a non-

conserved, non-catalytic cysteine residue located in the ATP-binding site.  

 

 
 
Figure 16: Covalent interaction between afatinib (5, Fig.10) and Cys797 in the ATP-binding site of EGFR. 

Panel A: crystal structure of wtEGFR in complex with afatinib, close-up of the hinge region. Panel B: crystal 

structure of wtEGFR in complex with afatinib, structure of the kinase domain. Panel C: generally accepted 

mechanism of the hetero-Michael addition reaction (picture adapted from ref.153) 
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This covalent interaction is expected to occur via a hetero-Michael addition of the 

cysteine thiol on the b-carbon of the acrylamide portion (Fig.16, panel C). 

 

Despite the growing interest in the field of covalent inhibition of RTKs,89,154–158 attempts 

to replace the acrylamide group are still rare in the literature, and the bulk of 

experimental data about new covalent compounds mainly relies on scaffold 

modifications.90,159–166 

Acrylamide has proven to be a well-tolerated group in the structure of drugs, 

nevertheless its reactivity167 and possible metabolic inactivation168 suggest the usefulness 

of building an armory of alternative warheads to be evaluated as potential substitutes to 

the acrylamide function.91 

 

A series of compounds bearing reactive functionalities other than acrylamide has been 

previously synthesized at the Department of Food and Drug of the University of Parma, 

where I spent my Ph.D. research period (Table 1). These agents have been tested in A431 

intact cells harboring wtEGFR and the percentage of autophosphorylation inhibition and 

IC50 values of each molecule have been measured after 1 h of incubation and 8 h after 

the removal of the inhibitors from the medium.169 In the series of 2-aryloxy-substituted 

acetamides, the compound bearing the 2-(pentafluorophenoxy)-acetamide warhead (11) 

resulted able to irreversibly inhibit EGFR, as suggested by the high percentage of 

inhibition displayed in the 8 h test (Table 1). According to Smaill et al., an inhibitor can 

be described as “irreversible” if the target activity is inhibited by more than 80% 8 h 

after the removal of the inhibitor from the medium.136 The measured effect could 

reasonably be ascribed to a covalent interaction of the warhead with Cys797. On the 

other hand, persistent inactivation of the target protein could also derive from compound 

accumulation inside the cell.170 From a chemical point of view, alkylation of Cys797 can 

be speculated to occur via a substitution reaction, with the thiol acting as a nucleophile 

and pentafluorophenolate being released as the leaving group. 
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Table 1: summary of biological data obtained for 2-substituted acetamide inhibitors. 

 

 

Compound      R 
IC50 (nM)a 

%inhibition 

EGFR autophosphorylationb 

1 h 8 h 1 h 8 h 

9  76 292 94 71 

10  31 291 97 78 

11 

 

84 78 92 91 

 
a Inhibition of EGFR autophosphorylation in A431 intact cells, values determined by Western blot analysis. 
b Percent inhibition of EGFR autophosphorylation determined at 1 µM concentration of the tested 

compounds. In both assays, values were measured immediately after 1 h of incubation and 8 h after removal 

of the compound from the medium. Data reported from ref.169. 

 

Moving from the encouraging data obtained from biological assays and from the 

stimulating possibility of exploring a wide range of substituents to be inserted on the 

acetamide moiety, a series of compounds bearing a functionalized acetamide group have 

been synthesized (Table 2). The anilinoquinazoline scaffold was chosen as the driving 

portion for this class as it displays two main advantages: i) the affinity and selectivity of 

this core structure for EGFR has been largely documented in the literature,124,125,171 

allowing to only focus the analysis of biological results on the effect of the warheads, 

without fearing a loss of activity due to inappropriate binding to the target; ii) its 

synthesis has already been described, and minor optimization was thus required to obtain 

the desired precursors in gram-scale. 
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Table 2: summary of the structure of the synthesized compounds. 

 

 
 

The first compound to be designed and synthesized was UPR1303, which carries a 2-

chloroacetamide warhead: such a group has proven able to react with glutathione in 

solution172, to react with cysteine residues in the binding site of kinases173 and also to 

irreversibly inhibit EGFR when inserted on a 4-anilinoquinazoline scaffold similar to the 

one presented in this thesis.174 The reactivity of the acetamide warhead has been 

consequently modulated by replacing the chlorine atom with heterocyclic thiols or 

carboxylate esters, in order to build a series of analogues carrying substituents with 

different steric and electronic features.  

 

2.3.2. Diaminopyrimidine-based inhibitors 
The second class of compounds presented in this thesis includes 2,4-diaminopyrimidine-

based inhibitors of EGFR, which were designed with the aim of targeting EGFR with 

the C797S mutation. Replacement of the cysteine residue with a serine in the triple 

mutant isoform of EGFR (L858R/T790M/C797S) results in the loss of the anchor point 

required for covalent interaction and, consequently, in the acquisition of resistance 
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towards acrylamide-based inhibitor osimertinib. Development of covalent inhibitors 

targeting the ATP-binding site in the presence of this mutation necessarily requires the 

design of new warheads, in order to target Ser797 or to address other amino acid 

residues. Unfortunately, mutation of the residue in the 797-position from cysteine to 

glycine has already been detected in patients:152 Ser797 is therefore not a reasonable 

target in the development of new inhibitors, as continuous selection of surviving clones 

in the tumor could rapidly result in the acquisition of resistance. For this reason, selection 

of a different residue within the ATP-binding pocket appears as the most promising 

approach. The strategy pursued in this work features the design and synthesis of 

compounds carrying a reactive portion that could lead to covalent modification of 

conserved Lys745. This residue has been chosen considering its essential role in the 

kinase catalytic activity: the formation of a salt bridge between the side chain of lysine 

and Glu762 is fundamental in maintaining the active conformation of the cytoplasmic 

domain of EGFR, and mutation of Lys745 can be therefore considered an unlikely event. 

On the other hand, this lysine residue is conserved across the kinome and a suitable 

driving portion is therefore required to confer the inhibitors a good selectivity profile. 
The scaffold of the newly synthesized compounds (Fig.17) closely resembles the one of 

rociletinib (7, Fig.12), having higher affinity for T790M mutants over wtEGFR. It has 

been selected according to computational observations and synthetic reasons. Modelling 

studies suggest that the flexible core structure of rociletinib could be directly adapted to 

the development of molecules targeting a residue other than Cys797. Indeed, accessible 

conformations allow a favorable positioning of the reactive portion of rociletinib with 

respect to Lys745 (Fig.18). 

This aspect is particularly favorable at the beginning of a new synthetic project, as it 

enables to maintain the warhead in the same position occupied in the structure of the 

parent compound, thus allowing the exploitation of the synthetic strategy set up for the 

latter. Adoption of the scaffold of osimertinib (8, Fig.12) has also been considered, but 

soon abandoned due to the necessity of heavily modifying the structure and the synthetic 

plan in order to target Lys745. 
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From a chemical point of view, the nucleus of rociletinib has been slightly modified by 

replacing 5-trifluoromethylpyrimidine ring with 5-chloropyrimidine, which is actually 

included in the structure of WZ4002 (6, Fig.12). Details about the rationale for this 

replacement are given in Paragraph 2.4.2.  

 

 
 
Figure 17: structure of the synthesized inhibitors.  

 

 
 
Figure 18: superimposition of crystal structure of rociletinib in complex with EGFR T790M mutant (PDB 

ID 5XDK) and docked pose of UPR1424 (Fig.17). Kinase is shown in a ribbon representation (light blue). 

Rociletinib is colored light blue and UPR1424 yellow. Side-chain atoms of Lys745, Met790 and Cys797 

are shown. 
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Strongly reactive warheads have been inserted in the structure of the inhibitors: targeting 

Lys745 is indeed a new approach in the field of anti-EGFR TKIs and a proof of concept 

is required to assure that this innovative strategy can actually lead to inactivation of 

C797S mutant. Chloroacetamide (UPR1424, Fig.17) has been chosen on the basis of its 

high reactivity, which could actually lead to the formation of a covalent bond with the 

primary amine of lysine side chain. Given the flexibility of the scaffold, interaction 

between chloroacetamide and Ser797 cannot be excluded. The warhead of UPR1425 

(Fig.17) has been designed based on the wide use of sulfonyl fluorides (SFs) in chemical 

biology and molecular pharmacology, where they have been exploited to obtain probes 

targeting various amino acid residues, including lysine, thanks to their electrophilicity. 

Improved stability of SFs compared to sulfonyl chlorides renders the former an 

interesting functionality to be inserted in the structure of covalent inhibitors.175 

Usefulness of SFs in targeting lysine residues has been corroborated by the recent 

publication of the crystal structure of XO44 (12), a multi-kinase inhibitor with a SF 

warhead in complex with Src and EGFR (Fig.19).176  

 

 
 
Figure 19: structure of pan-kinase inhibitor XO44 (12). Overlay of covalent complex of XO44 with Src 

(inhibitor: yellow, Lys295: blue) and EGFR (inhibitor: magenta, Lys745: pink) is reported (picture adapted 

from ref.176).  
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In both kinases, covalent interaction results from the loss of the fluorine atom from the 

inhibitor and modification of the conserved lysine, Lys745 in EGFR and Lys295 in Src. 

The flexible alkyl linker separating the sulfonyl fluoride and the aniline portion in 

UPR1425 has been inserted based on modelling studies, in order to enable the warhead 

to reach a distance and form a suitable angle to react with the lysine side chain. A third 

compound has been synthesized as a negative control for biological assays: UPR1423 

(Fig.17) lacks a reactive portion and its engagement in a covalent interaction with any 

amino acid residue is therefore unfeasible. 
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2.4. Synthesis of EGFR inhibitors: chemistry 

 
2.4.1. Anilinoquinazoline-based inhibitors 
The synthesis of 4-anilinoquinazoline scaffold (Scheme 1) has been performed by 

adapting literature procedures.177,178 The initial step in the synthesis featured a 

regioselective nitration of ethyl 4-hydroxybenzoate (13) in acetic acid/nitric acid 

mixture, affording ethyl 4-hydroxy-3-nitrobenzoate (14) in excellent yield. Reduction of 

the nitro group via catalytic hydrogenation and acetylation of the amino group afforded 

ethyl 3-acetamido-4-hydroxybenzoate (15). Ethyl 5-acetamido-2-amino-4-

ethoxybenzoate (18) was then obtained through SN reaction with ethyl bromide, 

regioselective nitration of compound 16 and reduction of the nitro group. Ring closure 

was performed by reacting compound 18 with methyl orthoformate and ammonium 

chloride.179  

 

 
 
Scheme 1: synthesis of the quinazoline-based inhibitors scaffold. Reagents and conditions: a) AcOH, 

HNO3, 40 °C, 2 h, 96% yield; b) Pd(OAc)2, charcoal, Et3SiH, HCOOLi, THF, r.t., 1 h; then Ac2O, AcOH, 

60 °C, 10 min, 93% yield; c) EtBr, K2CO3, DMF, 60 °C, 4 h, 92% yield; d) fuming HNO3, Ac2O, AcOH, 0 

°C, 15 min, 98% yield; e) Fe0, EtOH:AcOH:H2O = 70:15:15, r.t., 15 min, 79% yield; f) NH4AcO, 

HC(OMe)3, diglyme, reflux, 90 min, 84% yield; g) POCl3, reflux, 45 min, 86% yield; h) 3-chloro-4-

fluoroaniline, HCl, i-PrOH, reflux, 45 min, 96% yield; i) KOH, n-PrOH, reflux, 2 h, 73% yield. 
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The obtained 6-acetamido-7-ethoxyquinazolin-4-one (19) was reacted with neat 

trichlorophosphate, leading to the 4-chloro derivative 20. Substitution of the chlorine 

atom with 3-chloro-4-fluoroaniline was catalyzed by hydrochloric acid, obtaining 4-

anilinoquinazoline 21. Once the scaffold was completed, the aniline function on the 6-

position (22) was easily restored by hydrolysis of the acetamide in basic conditions. 

Synthesis of the anilino-quinazoline scaffold revealed to be easily scalable and the high 

purity of the intermediates allowed to use the crude product of each reaction into the 

following step, without further purification, with the only exception of the product of 

hydrolysis (22), which was purified by silica gel column chromatography.  

Compound 22 served as starting material for the synthesis of UPR1303, UPR1375 and 

UPR1382. The 2-chloroacetamide group was inserted on the 6-position of the 

quinazoline ring through the mixed anhydride method, which is widely used to activate 

carboxylic acids in acylation reactions.180 The mixed anhydride was prepared by reacting 

the trialkyl ammonium salt of chloroacetic acid with pivaloyl chloride: steric hindrance 

in the pivalic portion of the anhydride proved to be sufficient in order to promote the 

sole formation of the desired amide, which could be easily purified (Scheme 2). 

 

 
 
Scheme 2: synthesis of UPR1303. Reagents and conditions: chloroacetic acid, DIPEA, PivCl, THF, r.t., 30 

min; then compound 22, THF, r.t., 2 h, 83% yield. 

 

UPR1375 was prepared by reacting readily available S-(3-pyridyl)mercaptoacetic 

acid181 with aniline 22, using TBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium tetrafluoroborate) as coupling agent (Scheme 3).  

UPR1382 was prepared by reacting 3-pyridin-3-yl-propionyl chloride with aniline 22. 

The acyl chloride resulted from treatment of 3-pyridin-3-yl-propionic acid with thionyl 

chloride in DCM with a catalytic amount of DMF (Scheme 3). 
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Scheme 3: synthesis of UPR1375 and UPR1382. Reagents and conditions: a) 3-pyridylmercaptoacetic acid, 

TBTU, TEA, DMF, 40° C, 4 h, 25% yield; b) 3-pyridin-3-yl-propionic acid, SOCl2, DMF (cat.), DCM, 

reflux 1 h; then compound 22, pyridine, THF, r.t., 16 h, 39% yield.  

 

All other compounds of the series, with the exception of UPR1394, were prepared by 

reacting the chloroacetamide derivative UPR1303 with the suitable nucleophile under 

basic conditions (Scheme 4). Sodium hydroxide in THF or triethylamine in DMF were 

used according to the solubility of reactants and to the temperature required for the 

reaction to occur. 

 

 
 
Scheme 4: synthesis of inhibitors starting from UPR1303. Reagents and conditions: mercaptoheterocycle 

or carboxylic acid, base: see Experimental Section for details (Paragraph 6.2.1), yield range: 19-89%. 

 

The glycolic derivative UPR1394 was easily obtained from the acetoxy precursor 

UPR1301 through transesterification reaction (Scheme 5).  
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Scheme 5: synthesis of UPR1394. Reagents and conditions: NaOMe, THF/MeOH, r.t., 30 min, 62% yield. 

 

2.4.2. Diaminopyrimidine-based inhibitors 
As anticipated, the scaffold chosen for this series derives from the structure of rociletinib, 

with the sole modification of the group in position 5 on the pyrimidine ring. The 

synthesis of the third-generation inhibitor rociletinib has been previously reported twice 

in patents from two different research groups, following two different strategies.182–185  

 

 
 
Figure 20: synthesis of rociletinib. Substitution reaction on 2,4-dichloro-5-trifluoromethylpyrimidine. 

Route I is reported in ref.182, route II is reported in ref.183–185. 

 

Nonetheless, the first step in both synthetic plans was the substitution on 2,4-dichloro-

5-trifluoromethylpyrimidine (23) (Fig.20), which is supposed to afford the 2- or 4-
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substituted products (25 or 27, respectively) according to the reaction conditions. 

Authors did not comment on the formation of side products, i.e., of the undesired 

regioisomer. 

When the conditions reported in patents were either reproduced or slightly modified, 

mixture of regioisomers were obtained: the compounds exhibited very similar 

physicochemical properties, thus hampering purification of the major product through 

standard techniques on a lab-scale. 

Issues in performing this substitution reaction in a regioselective manner have already 

been reported in the literature: the reaction conditions usually feature the use of a base 

(e.g., TEA or potassium carbonate) in polar aprotic solvents (e.g., THF, acetone, diethyl 

ether, tert-butanol and mixtures thereof).186–190 An improved regioselectivity has been 

reported when a stoichiometric amount of a Lewis acid (generally zinc (II) chloride) is 

added to the mixture,191 favoring the 2-substituted product, which is still not obtained 

exclusively. This regioselectivity issue does not apply to any other 2,4-

dichloropyrimidine reported in the literature. When substituent on the 5-position is 

fluorine, chlorine, bromine, methyl, methoxy or simply a hydrogen, the substitution only 

occurs at the 4-position (Fig.21).190,191 

 

 
 
Figure 21: different behavior of 2,4-dichloro-5-trifluoromethylpyrimidine in substitution reactions if 

compared to 2,4-dichloropyrimidine bearing different substituents on the 5-position. 
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according to the reliable amount of data published by different research groups. 

Moreover, the chloropyrimidine-based nucleus is included in the structure of WZ4002 

(6, Fig.12), which shares most of its structural features with rociletinib, suggesting that 

a chlorine atom in that position is tolerated in EGFR inhibitors that selectively target the 

T790M mutants. 

 

 
 
Scheme 6: synthesis of aniline 35. Reagents and conditions: a) AcOH/Ac2O, NCS, 60 °C, 5 h, 47% yield; 

b) POCl3, 2,6-lutidine, 140 °C, 2 h, 64% yield; c) 3-nitroaniline, DIPEA, i-PrOH, 80 °C, 15 h, 72% yield; 

d) 1-acetylpiperazine, 40 °C, 1 h, 89% yield; e) Zn0, NH4Cl, THF/H2O, 50 °C, 3 h, 98% yield;  f) PTSA, i-

PrOH, 80 °C, 15 h, 50% yield; g) Fe0, HCl, EtOH, reflux, 2 h, 93% yield. 

 

Aniline 35 is the common precursor of compounds UPR1423, UPR1424 and UPR1425. 

Its synthesis was performed as reported in Scheme 6. The key intermediate 2,4,5-

trichloropyrimidine (30) was obtained through the regioselective chlorination of position 

5 of uracil (28), followed by exhaustive chlorination of compound 29. The latter reaction 

was performed according to two different procedures: the use of POCl3/2,6-lutidine192 

proved to be superior to POCl3/PCl5 in terms of reactants handling, ease of product 
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isolation and yield. Substitution on pyrimidine 30 only occurred at the 4-position 

(compound 31): the use of DIPEA and i-PrOH allowed to obtain a good yield in a 

reproducible manner. Aniline 24 was prepared in two steps starting from 5-fluoro-2-

nitroanisole 32. The first step, i.e., the nucleophilic aromatic substitution reaction (SN
Ar) 

on anisole employing acetylpiperazine as nucleophile, has already been reported in the 

literature and is usually performed using a base and a high-boiling point solvent (e.g., 

DIPEA in DMA at 90 °C).193 The strategy presented in this thesis featured a convenient 

solvent-free procedure, affording compound 33 in excellent yield and purity and in a 

reproducible manner. Reduction of the nitro group of 33 to aniline proved to be quite 

straightforward and did not require major optimization. 

In contrast, substitution reaction on chloropyrimidine 31 to afford compound 34 revealed 

to be quite reluctant to optimization. The best results were obtained when compounds 31 

and 24 were heated at reflux in isopropanol in the presence of stoichiometric amounts of 

para-toluenesulfonic acid (PTSA). Replacement of the solvent with n-propanol, n-

butanol, dioxane or dimethylsulfoxide either did not improve the yield or resulted 

detrimental. The yield remained unchanged when PTSA was replaced with 

trifluoroacetic acid (TFA), whereas the reaction did not work at all in basic conditions 

(use of DIPEA and cesium carbonate has been investigated). Reduction of the nitro 

group of compound 34 using iron under slightly acidic conditions afforded compound 

35 in excellent yield and purity. This method proved superior to the use of palladium 

catalyst, RaneyÒ nickel or zinc dust in terms of reaction time, yield and purity of the 

product, which is extremely important at this stage of the synthetic route. 

 

Aniline 35 is finally acylated or alkylated according to different procedures. UPR1423 

was obtained through acetylation of the aniline group under standard conditions, using 

pyridine as a solvent and base and adding acetyl anhydride till completion of the reaction, 

as detected by TLC analysis. UPR1424 was prepared following the same procedure 

reported above for the synthesis of UPR1303, which revealed to be directly applicable 

to the new scaffold without need of optimization (Scheme 7).  



 52 

 
Scheme 7: synthesis of UPR1423 and UPR1424. Reagents and conditions: a) Ac2O, pyridine, r.t., 30 min, 

82% yield; b) chloroacetic acid, DIPEA, PivCl, THF, r.t., 20 min; then 35, THF, r.t., 1 h, 54% yield. 

 

Lastly, the alkyl sulfonyl fluoride of UPR1425 resulted from Michael addition on 

ethenesulfonyl fluoride (ESF) (Scheme 8). The synthetic procedure has been adapted 

from the one published by Krutak et al.194 

 
 

Scheme 8: A) formation of 1:1 and 1:2 adducts as reported in ref.194. B) synthesis of UPR1425. Reagents 

and conditions: a) ESF, CHCl3, MeOH, r.t., 3 h, 13% yield. 
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Careful purification was required to separate the desired 1:1 adduct from the 1:2 adduct 

when the reaction was run to completion: this led to lower yields and to the loss of 

starting material. Pure product was easily obtained when the reaction was quenched as 

soon as TLC analysis detected a 40-50% conversion: at that point, the 1:2 adduct was 

still not formed and UPR1425 could be effortlessly purified and the starting aniline 35 

was recovered completely. 
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2.5. Synthesis of EGFR inhibitors: biological data 

 
2.5.1. Anilinoquinazoline-based inhibitors 
Anilinoquinazoline-based inhibitors of EGFR were tested for their reactivity towards 

thiol nucleophiles and for their ability to inhibit cell proliferation and EGFR 

autophosphorylation. 

 

2.5.1.1. Reactivity with cysteine in solution 

 

Reactivity towards thiols was investigated incubating the compounds with a large molar 

excess of cysteine (1:100) at pH 10 at 37 °C. The reaction was monitored by LC-MS.195 

Results for this assay are reported in Table 3. Acrylamide 40 was also included in the 

assay as a benchmark177  and displayed a half-time (t1/2) of 15 min, confirming the high 

reactivity of the typical covalent inhibitor warhead. Analogously to acrylamide, 

chloroacetamide UPR1303 reacted with cysteine following pseudo first-order kinetics, 

with a half-time of nearly 60 min. Both compounds resulted stable in the same 

experimental conditions when cysteine was not added to the medium, suggesting that 

consumption of the starting compounds did not derive from chemical degradation. 

All the other compounds presented in Table 3 displayed a reduced reactivity towards 

cysteine and some of them did not react at all (UPR1375, UPR1382, UPR1394). A 

qualitative ranking of reactivity was built by comparing the area of the peak of the 

cysteine-conjugate obtained for each compound, which was measured by LC-MS after 

24 h of reaction time. The area of the adduct between UPR1303 and cysteine was set at 

the reference value of 10,000 and areas for the adducts from other inhibitors were 

calculated referred to this value. Compounds UPR1360, UPR1364, UPR1381, 

UPR1300 and UPR1367 resulted to be the most reactive of the series, but their reactivity 

was nonetheless 600- to 2000-fold lower than the one of UPR1303. Compounds 

UPR1382 and UPR1394, lacking a reactive portion able to undergo a nucleophilic 
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substitution, did not react with cysteine. No adduct could be detected for UPR1375, 

where the sulfur atom is not in the 2-position of a nitrogen-containing heterocycle.  

 

Table 3: reactivity with cysteine in solution and EGFR autophosphorylation inhibition 

for quinazoline-based EGFR inhibitors. 

 
 

Compound R 

Reactivity Assay EGFR autophosphorylation inhibitionc 

t1/2
a 

(min) 

Peak 

Areab 

 

IC50 (nM)d 
% inhibition (1 µM)e 

 1 h 8 h 

3 - N.T.f N.T.f 60 ± 25 96 ± 4.0 46 ± 5.0 

40  15 ± 3.0 - 15 ± 6.4 96 ± 4.0 99 ± 1.0 

UPR1303  60 ± 25 10000 7.0 ± 5.7 100 ± 0.5 81 ± 2.9 

UPR1360 
 

>1440 6.5 5.0 ± 1.5 100 ± 6.4 75 ± 4.1 

UPR1364 
 

>1440 4.5 11 ± 5.0 97 ± 2.5 95 ± 4.8 

UPR1381 
 

>1440 15 27 ± 3.5 99 ± 0.10 90 ± 4.6 

UPR1361 
 

>1440 0.51 70 ± 21 73 ± 4.3 71 ± 8.1 

UPR1375 
 

>1440 N.D.g 0.60 ± 0.14 96 ± 4.0 89 ± 4.6 

UPR1338 
 

>1440 0.66 27 ± 18 99 ± 1.0 88 ± 16 

UPR1382 
 

>1440 N.D.g 14 ± 1.4 99 ± 0.50 60 ± 2.1 

UPR1374 
 

>1440 0.38 12 ± 0.71 100 ± 1.0 100 ± 1.0 

UPR1365 
 

>1440 0.39 83 ± 28 88 ± 0.90 75 ± 0.50 
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UPR1366 
 

>1440 1.4 197 ± 18.4 63 ± 0.10 93 ± 0.50 

UPR1301 
 

1440 ± 100 0.64 34 ± 11 97 ± 0.40 75 ± 19 

UPR1300 
 

>1440 11 25 ± 12 88 ± 3.1 89 ± 5.7 

UPR1367 
 

>1440 5 44 ± 0.71 97 ± 1.9 97 ± 2.6 

UPR1394  >1440 N.D.g 27 ± 11 90 ± 3.6 77 ± 11 
 

a t1/2 measured at pH 10 and 37 °C by LC-MS. b Area of Cys-adduct formed by compound UPR1303 after 

24 h of incubation was set at the value of 10,000 and all the Cys-conjugate areas for other compounds were 

referred to this value. c Inhibition of EGFR autophosphorylation in A549 cells measured by Western blot 

analysis. d IC50 values determined after 1 h of treatment with EGFR inhibitors. e Percentage of inhibition at 

1 µM concentration was measured after 1 h of treatment and 8 h after removal of the compound from the 

medium. f Not tested. g Not detected. 

 

2.5.1.2. Inhibition of EGFR autophosphorylation 

 
The ability of the newly synthesized compounds to inhibit EGFR autophosphorylation 

was tested in A549 lung cancer cells, harboring wtEGFR. The potency of the compounds 

was evaluated calculating IC50 values, which resulted in the nanomolar range for all the 

compounds (Table 3). These data suggest that the structural modifications introduced by 

the warheads on the 4-anilinoquinazoline nucleus did not reduce the affinity of the parent 

structure.  

The capability of the compounds to maintain long-term inhibition of the target was 

evaluated measuring the percentage of inhibition obtained for each compound at 1 µM 

concentration both 1 h after the addition and 8 h after removal of the compound from the 

extra-cellular medium (1 h of incubation). Most of the compounds inhibited EGFR by 

more than 80% 8 h after washing: this value allowed to characterize them as “irreversible 

inhibitors” according to a generally accepted definition,136 while the percentage of 

inhibition measured for the reversible inhibitor gefitinib was around 50%. Compounds 

UPR1360, UPR1361, UPR1365 and UPR1301 failed to reach the 80% threshold, but 
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were still able to guarantee a good level of inhibition. The persistency of the effect of 

UPR1382 and UPR1394, lacking a reactive portion, could be ascribed to accumulation 

of the inhibitors within the cells, as already reported for reversible inhibitors.170  

 

2.5.1.3. Intracellular dosage of selected compounds 

 
Table 4: intracellular concentration of selected EGFR inhibitors in A549 cells. 

 

 
 

Compound R 
Intracellular concentrationa (µM) 

Ratio 1 h/8 h 
1 h 8 h 

3 - 271 ± 34 2.4 ± 0.2 112 

41 

 

< 0.05b < 0.05b - 

UPR1303  115 ± 10 0.80 ± 0.10 144 

UPR1360 
 

181 ± 2 5.6 ± 0.1 32 

UPR1364 
 

179 ± 6 10.2 ± 2.1 18 

UPR1381 
 

118 ± 10 0.53 ± 0.10 222 

UPR1301 
 

5.8 ± 0.6 <0.05 - 

UPR1394  132 ± 10c 1.1 ± 0.1c 120c 

 

a Intracellular concentration of compounds was determined after 1 h of incubation (1 µM) and 8 h after 

washing (1 h of incubation, 1 µM). Reported µM concentrations were calculated as ratio between compound 

content in each sample (pmol/mg of protein) and average cell volume (4 µL/mg of protein). Cell volume 

was calculated according to Kletzien et al.196 b Data from Vacondio et al.170 c Generated in A549 cell from 

the hydrolysis of compound UPR1301. 
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Intracellular dosages of selected compounds were performed in order to verify whether 

accumulation could effectively account, at least partially, for the persistent inhibitory 

effect (Table 4). 

Compounds UPR1303, UPR1360, UPR1381, UPR1364 and UPR1301 were selected 

for this evaluation given their diverse reactivity in the presence of cysteine (Table 3): 

UPR1303 was the most reactive compound, UPR1301 was only weakly reactive, while 

UPR1360, UPR1381 and UPR1364 displayed a moderate reactivity. Intracellular 

concentrations of the compounds were measured by LC-MS after 1 h of incubation at 1 

µM concentration and 8 h after removal of the compound from the extracellular medium. 

Reversible inhibitor gefitinib and highly reactive acrylamide-based inhibitor PD168393 

(41)136 were also tested in the same experimental conditions. Low concentration of 

PD168393 and UPR1301 after 1 h of incubation could be ascribed to high reactivity and 

to hydrolytic instability, respectively. Remarkably, for UPR1303 and UPR1381 a 

significant drop in intracellular concentration was detected 8 h after compound washing. 

For these compounds, decrease in the intracellular concentration did not affect the 

capability to inhibit EGFR autophosphorylation (Table 3). These data suggest that both 

compounds could be covalent inhibitors of the target. 

 

2.5.1.4. Time-resolved fluorescence resonance energy transfer 

 

Further support to the hypothesis of covalent interaction derived from a time-resolved 

fluorescence resonance energy transfer (TR-FRET) assay. The assay required the use of 

recombinant GST-EGFR (a conjugate between recombinant EGFR L858R/T790M and 

glutathione S-transferase), which was incubated with an Eu-labeled anti-GST antibody 

and a fluorescent tracer, in the absence or in the presence of different concentrations of 

EGFR inhibitors. Binding of the tracer and anti-GST antibody to EGFR results in the 

formation of a ternary complex and in the emission of a FRET signal (665 nm), while 

displacement of the tracer by an EGFR inhibitor results in a loss of FRET signal. 

Reduction of the obtained signal in the presence of increasing concentrations of the 

inhibitors is used to calculate IC50 values for the tested compounds. The IC50 values can 
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be determined without pre-incubation of the inhibitor with the target, or after pre-

incubation: in this case, the calculated value is supposed to be independent from the 

incubation time when a reversible inhibitor is tested, while it should decrease after pre-

incubation when covalent inhibitors are tested.197 Variations of the IC50 value for 

covalent inhibitors is dependent on the rate of the covalent reaction. When gefitinib, 

UPR1303 and UPR1381 were tested in this assay, the IC50 value for gefitinib did not 

change after pre-incubation, as expected for reversible inhibitors (Fig.22, panel A). On 

the contrary, IC50 values for both UPR1303 and UPR1381 decreased with pre-

incubation (Fig.22, panel B and C), suggesting that a covalent interaction between the 

compounds and the target actually occurred. 

 

 
 

Figure 22: IC50 values measured by TR-FRET assay for gefitinib (panel A), UPR1303 (panel B), and 

UPR1381 (panel C), without and with pre-incubation. Values are reported as mean ± standard error of the 

mean (n = 5). Statistical significance was set at P<0.05. **: P<0.01; ***: P<0.001. 

 

2.5.1.5. Activity on H1975 gefitinib-resistant cells 

 

Finally, EGFR inhibitors were tested for their ability to interfere with cell proliferation 

and EGFR autophosphorylation in H1975 cell line, harboring EGFR L858R/T790M 



 61 

double mutant and resistant to first-generation inhibitors (Table 5). Among the newly 

synthesized compounds, UPR1303 and UPR1381 were the most potent inhibitors of cell 

proliferation, with UPR1303 resulting more potent than acrylamide 40, which was 

included as a benchmark. Moreover, both UPR1303 and UPR1381 were endowed with 

inhibitory activity in the EGFR autophosphorylation assay, and were the most potent of 

the series at the lowest concentration tested (0.1 µM). 

 

Table 5: inhibition of cell proliferation and EGFR autophosphorylation in H1975 cells. 

 

 
 

Compound R 

Proliferation 

inhibitiona 

IC50 (µM) 

Autophosphorylationb 

% inhibition 

0.1 µM 1 µM 

3 - 9.1 ± 1.1 8.0 ± 4.9 18 ± 4.2 

40  0.70 ± 0.14 93 ± 0.70 95 ± 0.10 

UPR1303  0.06 ± 0.01 100 ± 0.9 100 ± 0.10 

UPR1360 
 

2.1 ± 0.78 16 ± 8.5 96 ± 5.7 

UPR1364 
 

6.9 ± 0.64 45 ± 14 67 ± 8.5 

UPR1381 
 

1.4 ± 0.10 80 ± 7.0 100 ± 0.71 

UPR1361 
 

3.7 ± 0.28 1.5 ± 2.1 42 ± 7.0 

UPR1375 
 

3.0 ± 0.42 29 ± 10 92 ± 9.9 

UPR1338 
 

3.6 ± 1.8 40 ± 12 87 ± 9.8 
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UPR1374 
 

9.1 ± 1.0 6.0 ± 4.2 70 ± 6.8 

UPR1365 
 

9.8 ± 0.14 29 ± 11 24 ± 7.7 

UPR1366 
 

3.2 ± 0.71 30 ± 13 92 ± 0.90 

UPR1301  3.4 ± 0.57 27 ± 8.5 68 ± 13 

UPR1300 
 

8.3 ± 1.8 0.5 ± 0.7 43 ± 4.4 

UPR1367 
 

6.1 ± 1.4 20 ± 3.9 16 ± 8.0 

UPR1394  >10 0.0 ± 0.1 0.0 ± 0.1 

 
a Concentration able to inhibit 50% of cell proliferation as determined by the MTT assay, after 72 h of 

incubation with compounds (dose ranging from 0.1 to 10 µM). Osimertinib displays an IC50 of 0.10 ± 0.1 

µM in these assay conditions. b Inhibition of EGFR autophosphorylation in H1975 cells was evaluated by 

Western blot analysis.  
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3. Fibroblast Growth Factors and their 

Receptors 
 

3.1. Biology 

 
3.1.1. Fibroblast Growth Factors 
Fibroblast Growth Factors (FGFs) represent a family of structurally related peptides. 

Most FGFs share an internal core region, including 28 highly conserved residues and 6 

identical amino acid residues (Fig.23).198  

 

 
 
Figure 23: Three-dimensional structure of FGF2. The heparin-binding region is shown in pink, whereas 

regions contacting FGFR are shown in green, blue and red.198 

 

The FGF family includes 22 members, which are classified in seven subfamilies 

according to the conserved chromosomal location of the encoding genes.199 FGFs are 

also classified as canonical, intracellular and hormone-like FGFs: canonical - or 

paracrine - FGFs (subfamilies FGF1/2/5, FGF3/4/6, FGF7/10/22, FGF8/17/18 and 



 64 

FGF9/16/20) act as local paracrine signaling molecules and bind to FGFRs to stimulate 

cell differentiation, proliferation and migration,200 intracellular - or intracrine - FGFs 

(subfamily FGF11/12/13/14) act as autocrine, receptor-independent factors and regulate 

the function of voltage gated sodium channels,201 while hormone-like - or endocrine - 

FGFs (subfamily FGF19/21/23) act as endocrine factors.202 FGFs generally share a 

strong affinity for the glycosaminoglycan chains of proteoglycans that are expressed on 

the cell surface: heparan sulfate proteoglycans (HSPGs) are a family of highly 

glycosylated proteins expressed on the cell membrane or secreted in the extracellular 

matrix, which are fundamental in protecting FGFs from proteolytic degradation and in 

reducing FGF diffusion through the membranes, forming a sort of “reservoir” of the 

growth factor in the proximity of its receptor.203 Endocrine FGFs only have a reduced 

affinity for HSPGs, which facilitates their diffusion in the systemic circulation. Their 

interaction with FGFRs is allowed by the cofactors a-Klotho and b-Klotho.30 Hormone-

like FGFs are involved in biliary acid metabolism, in the regulation of phosphate blood 

levels and in the metabolism of vitamin D.204  

 

3.1.2. Fibroblast Growth Factor Receptors 

 
 
Figure 24: schematic representation of FGFR dimer in complex with FGF ligands and HSPGs.205 
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Fibroblast Growth Factor Receptors (FGFRs) are a family of Receptor Tyrosine Kinases 

(RTKs) and share most of the structural and functional features typical of this class. The 

receptors are encoded by four genes (FGFR1-4) and their structure includes an 

extracellular domain, a single transmembrane domain and a cytoplasmic domain, which 

is endowed with catalytic activity.205 

The extracellular region is constituted by three immunoglobulin-like domains (IgI-IgIII). 

A stretch of eight acidic residues between IgI and IgII represents a conserved structural 

feature in the FGFR family and is usually called “acidic box” (Fig.24).29 The amino-

terminal portion of the receptor, including IgI and the acidic box, is involved in the 

receptor autoinhibitory mechanisms.206 The ligand binding site is formed by structures 

of both IgII and IgIII. Two different isoforms of the IgIII domain have been identified 

in FGFR1-3 (IgIIIb and IgIIIc), which are generated by alternative splicing of exon 8 

and 9. The distribution of the two isoform is tissue-specific, with IgIIIb being expressed 

on epithelial cells and IgIIIc on mesenchymal ones.203 FGFR4 is only present in a single 

isoform, showing a ligand selectivity similar to that of FGFR2-IIIc and FGFR3-IIIc.207 

A fifth FGF-receptor has been described: FGFR-Like1 is a protein lacking the catalytic 

intracellular domain, which is replaced by a histidine-rich tail. Its physiological role is 

still unclear, but it seems that it could act as a negative regulator inhibiting proliferation 

and promoting differentiation.208  

 

3.1.3. Activation of the signaling cascades 
Trans-phosphorylation of the intracellular domain resulting from the formation of the 

dimerization complex FGF/FGFR/HSPG61 leads to the activation of different 

intracellular signaling cascades: the key adaptor protein FRS2 (FGFR substrate 2) can 

be recruited, resulting in the activation of the MAPK and PI3K-Akt pathways, while 

recruitment of PLC-g and activation of PKC causes the release of calcium ions from the 

endoplasmic reticulum, the activation of transcription factors and the synthesis of 

proteins involved in the cellular motility processes.205,209 Moreover, further signaling 

proteins can be engaged depending on the cellular context, such as p38, STAT or 

RSK2.210 Different mechanisms leading to signal attenuation and negative feedback 
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control have been described, including the induction of MAPK phosphatases (MAPK3), 

Sprouty (SPRY) proteins and SEF family members.211 Activated FGFRs are finally 

internalized and degraded or recycled on the cell membrane.209  

 

3.1.4. Physiological role of FGFs and FGFRs 
The FGF/FGFR axis plays a pivotal role in a variety of physiological processes: in the 

embryonic and fetal development it is involved in the mesenchymal-epithelial 

communication required for morphogenesis and tissue differentiation,203 while in 

adulthood it regulates tissue homeostasis and is involved in wound healing, tissue repair, 

cholesterol metabolism212 and serum phosphate regulation.213,214 FGFs are involved in 

the acquisition of a “pro-angiogenic phenotype” in endothelial cells: angiogenesis is the 

process that allows the formation of new blood vessels from pre-existing ones and it 

plays a pivotal role in both physiological and pathological conditions.215   
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3.2. FGF/FGFR and cancer 

 
3.2.1. Deregulated activity of the FGF/FGFR system 
A deregulated activation of the FGF/FGFR axis has been associated with different cancer 

types, as well as with various other diseases, including hereditary pathologies such as 

craniosynostosis and dwarfism syndromes.216 

Overexpression of the FGF receptors resulting from gene amplification has been 

detected in lobular breast carcinomas217 and in triple negative breast cancers,218 as well 

as in squamous cell lung cancers,219,220 oral squamous cell carcinomas (OSCCs),221 

esophageal carcinomas,222 and gastric cancers.223 Intragenic FGFR translocations usually 

result in the fusion of the receptor kinase moiety with a transcription factor domain: the 

resulting fusion protein is constitutively dimerized and therefore activated.69 Fusion 

protein FGFR3-TACC3 (transforming acidic coiled-coil containing protein 3) was the 

first gene fusion product to be characterized: it displays oncogenic activity in astrocyte 

cultures224,225, but it has also been detected in human cancers, such as bladder cancer, 

triple negative breast cancer and head and neck cancer.226–228 Activating mutations 

affecting every FGF receptor protein have been detected: they most frequently affect the 

extracellular and transmembrane domains of the receptors, while mutations in the kinase 

sequence are rarer.27,69 Activation of the signaling pathway can also be due to the 

overexpression of the FGFs: for instance, high levels of serum FGF2 have been 

associated with poor prognosis in small cell lung cancer (SCLC) patients.229 The 

increased expression of paracrine FGFs, such as FGF1, 2, 4, 5, 8 and 18, has been 

associated with the promotion of angiogenesis via FGFR1 and FGFR2, which are the 

most abundant FGF receptors expressed on the endothelium.230 Alterations in the 

production of various angiogenesis inducers, such as VEGFs (Vascular Endothelial 

Growth Factors), angiopoietins, TGFs, PDGFs (Platelet Derived Growth Factors), 

interleukins, chemokines and FGFs, promote a dysregulated endothelial cell 

proliferation that enables tumor vascularization.215,230 FGFs are directly involved in the 

stimulation of endothelial cell proliferation, but they also synergize with VEGFs and 
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PDGFs in promoting neoangiogenesis.29 Experimental evidence on in vitro and in vivo 

models suggests that aberrant activity of FGF/FGFR axis may be involved in 

mechanisms of resistance to therapies targeting the VEGF/VEGFR pathway.231–233  

 

3.2.2. Targeting the FGF/FGFR system 

 
3.2.2.1. Tyrosine Kinase Inhibitors 

 
Although different approaches have been investigated in order to target the FGF/FGFR 

axis, no selective agent blocking this signaling pathway has been approved for disease 

therapy yet. The kinase activity of the receptors can be abolished by the use of tyrosine 

kinase inhibitors: in this field, both selective and non-selective TKIs have been 

developed.  

 

 
 
Figure 25: FDA-approved, multi-target TKIs. 
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As a matter of fact, a wide range of multi-kinase inhibitors targeting FGFR and other 

RTKs, such as VEGFR, PDGFR, c-KIT, RET and Bcr-Abl, have been described in the 

literature, including FDA-approved drugs sunitinib (42, Sutentâ, Pfizer), pazopanib (43, 

Votrientâ, GlaxoSmithKline), regorafenib (44, Stivargaâ, Bayer), ponatinib (45, 

Iclusigâ, Ariad Pharmaceuticals), nintedanib (46, Ofevâ, Boehringer Ingelheim) and 

lenvatinib (47, Lenvimaâ, Eisai).31,234 

Selective FGFR inhibitors include both reversible ATP-competitive and irreversible 

compounds. PD173074 (48, Fig.26) is a pyridopyrimidine-based pharmacological tool 

that exhibits nanomolar potency and high selectivity for the FGFR family.235 BGJ398 

(49, Fig.26) is a pyrimidine-based pan-FGFR selective inhibitor that displays nanomolar 

IC50 values in kinase inhibition and proliferation inhibition assays.236 

 

 
 
Figure 26: reversible, selective inhibitors of FGFR. 

 

Irreversible FGFR-targeting TKIs share a high structural similarity with BGJ398 and 

PD173074 (Fig.27). FIIN-1 (50) features a 2-oxo-3,4-dihydropyrimido[4,5-

d]pyrimidine core and an acrylamide moiety, which is responsible for its covalent 

interaction with a cysteine residue in the P-loop (Cys486 in FGFR1).237 FIIN-1 is only a 

moderate inhibitor of the gatekeeper mutant V561M (FGFR1), probably because of the 

steric clash generated by the presence of the tetrasubstituted-aromatic ring with the 

methionine side chain. Optimization of the scaffold of FIIN-1 resulted in the 

development of covalent FGFR inhibitors FIIN-2 (51) and FIIN-3 (52).88 

FIIN-2 features the 2-oxo-3,4-dihydropyrimido[4,5-d]pyrimidine core of FIIN-1, but 
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the chlorine atoms on the aniline ring were removed, the linear solubilizing group has 

been replaced with a piperazinylaniline, while the acrylamide functionality on the benzyl 

ring has been shifted from the meta- to the para-position. 

 

 
 
Figure 27: irreversible, selective inhibitors of FGFR. 

 

FIIN-3 is a pyrimidine-based inhibitor bearing a urea functionality allowing the 

formation of an intramolecular hydrogen bond, which confers a higher degree of 

flexibility to the entire molecule, though maintaining a similar three-dimensional 

structure if compared to FIIN-2. Both FIIN-2 and FIIN-3 inhibit FGFR1 V561M in 

biochemical assays and they also block FGFR2 V564M gatekeeper mutant Ba/F3 cell 

proliferation at nanomolar concentrations.  

 

 
 
Figure 28: crystal structure of FIIN-2 and FIIN-3 covalent complex with FGFR4 (picture adapted from 

ref.88). 
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3.2.2.2. Ligand Traps 

 
Attempts to target the FGF/FGFR axis extracellularly include the development of 

monoclonal antibodies, which are directed towards the extracellular portion of the 

receptor, and of ligand traps. The latter are molecules able to recognize and bind the 

growth factors and to sequester them, thus avoiding their interaction with the receptor.69 

The first example of FGF trap is the fusion protein FP-1039: its structure features the 

extracellular domain of FGFR1-IIIc bound to the fragment crystallizable region (Fc 

region) of human immunoglobulin. FP-1039 acts as a decoy receptor, able to bind 

paracrine and autocrine FGFs. As a result, it is endowed with antitumor and 

antiangiogenic activity.238 A phase I clinical trial has highlighted the tolerability of FP-

1039, which does not cause the hyperphosphatemic effects generated by the abolishment 

of hormonal FGF signaling derived by the use of TKIs.239 

In 2015 the group of Professor Presta at the Department of Molecular and Translational 

Medicine of the University of Brescia identified the first small-molecule FGF trap able 

to interfere with FGF2-dependent activation of FGFR1: NSC172285 (also named 

NSC12 or UPR1358, 53, Fig.29) is a steroid-based compound able to prevent the 

formation of HSPG/FGF2/FGFR1 complex with an IC50 ~ 10µM.70  

 

 
 
Figure 29: NSC172285, the first small-molecule FGF trap, and its C20 epimer UPR1357. 
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pharmacological properties. The collaboration between the group of Professor Presta and 

the group of Professor Mor at the Department of Food and Drug of the University of 

Parma, where I spent my Ph.D. research period, resulted in the synthesis of both 

NSC12/UPR1358 and its epimer at C20, namely UPR1357 (54, Fig.29).240  

 

 
 
Figure 30: KMS-11 human multiple myeloma cell proliferation inhibition exerted by compounds NSC12 

and UPR1357. 

 

The latter is characterized by a lower solubility if compared to NSC12 and also by an 

almost complete absence of biological activity (Fig.30). As the crystal structure of 

NSC12 in complex with FGF2 is still not available, the difference in activity highlighted 

in various biological assays for the C20 epimers cannot be exclusively ascribed nor to 

the stereochemical configuration of the compounds nor to the scarce solubility of 

UPR1357. NT
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3.3. Synthesis of FGF/FGFR targeting compounds: aim of 

the work 

 
Two classes of molecules targeting the FGF/FGFR signaling system were synthesized 

in the framework of this Ph.D. thesis, namely Tyrosine Kinase Inhibitors (TKIs) and 

small-molecule FGF traps. 

 

3.3.1. FGFR kinase inhibitors 
FGFR-targeting TKIs described in this Ph.D. thesis were designed and synthesized 

pursuing the same goal described for anilinoquinazoline-based EGFR inhibitors, that is 

the achievement of long-term inhibition of the catalytic activity of FGFR replacing the 

acrylamide-based warhead, typical of known FGFR covalent inhibitors. A small series 

of inhibitors was prepared by inserting alternative reactive portions on the scaffold 

structure of FIIN-2, a covalent, irreversible inhibitor of FGFRs disclosed in 2014.88  

 

 
 
Figure 31: inhibition of FGFR-dependent signaling in Ba/F3 cells harboring FGFR2 gatekeeper mutation 

V564M. The effect of reversible inhibitor BGJ398 and irreversible compounds FIIN-2 (51) and FIIN-3 (52, 

Fig.27) was measured at different concentrations. Cells were incubated with the inhibitors for 6 h and then 

lysed and subjected to Western blot for the indicated proteins or phosphoproteins. Data reported from ref.88. 
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FIIN-2 was reported to inhibit the proliferation of cells harboring the gatekeeper 

mutation of FGFR1 (V561M) and FGFR2 (V564M) (Fig.31). The covalent interaction 

of its acrylamide portion with a cysteine residue within the ATP-binding pocket was 

demonstrated by the crystal structure its complex with FGFR4 (Cys477) (Fig.28).  

The acrylamide portion of FIIN-2 was replaced with warheads that had also been inserted 

in the structure of EGFR inhibitors (Table 2). 

  

 
 

Figure 32: synthesized FIIN-2 analogues. 

 

Besides chloroacetamide (UPR1376) and 2-substituted acetamides (UPR1372 and 

UPR1373) (Fig.32), 3-aminopropanamide (UPR1371) was synthesized based on the 

promising results that such a warhead displayed in previous studies performed on cells 

harboring wild-type and mutated EGFR.177,241 Anilinoquinazoline-based EGFR 

inhibitors bearing a Mannich base were found to be capable of maintaining long-term 

inhibition of EGFR autophosphorylation in A549 cells (wtEGFR), as well as of 

inhibiting proliferation of NSCLC H1975 cells (EGFR L858R/T790M), with IC50 values 

comparable to those measured for the corresponding acrylamides. When the reactivity 
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of 3-aminopropanamides was investigated in A549 cell lysate, formation of acrylamide 

and acrylamide-cysteine adduct was detected. These results suggest the possibility for 

compound 55, which is non-reactive per se, to generate a Michael acceptor in the 

intracellular environment, where its inhibitory effect is actually needed (Fig.33).  

 

 
 
Figure 33: generation of reactive acrylamide from 3-aminopropanamide warhead. Compound 55 was 

incubated for 1 h in A549 cell lysate containing excess cysteine. HPLC-HRMS was then used to evaluate 

the formation of conjugates. Acrylamide derivative and acrylamide-cysteine adduct were detected, extracted 

ion chromatograms are reported. Data adapted from ref.177. 

 

UPR1371 (Fig.32) was thus prepared with the aim of verifying whether this behavior, 

which is typical of a prodrug, could be replicated in different cell lines harboring a 

different tyrosine kinase, allowing to reduce the undesired interaction of the electrophilic 

warhead with nucleophiles other than the target. 

 

3.3.2. FGF traps 
The disclosure of the structure of the first small-molecule pan-FGF trap, NSC12 (also 

called UPR1358, Fig.29), paved the way for the investigation of this interesting class of 

compounds. The efficacy and tolerability of FGF traps had already been demonstrated 
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when peptide FP-1039 was investigated for its ability to abolish ligand-dependent 

activation of FGFR signaling: the soluble decoy receptor inhibits FGF2-mediated 

proliferation and angiogenesis in diverse tumor cell lines and exhibits antitumor activity 

in xenograft models.238,239 Analogously, UPR1358 is capable of interfering with FGF2-

dependent angiogenesis and tumor cell proliferation (Fig.34). Moreover, it is orally 

bioavailable and it produces an antitumor effect in animal models at concentrations at 

which no signs of toxicity are detected.70 

  

  
 

Figure 34: biological activity of NSC12. Panel A: inhibition of HSPG/FGF2/FGFR1 ternary complex 

formation by NSC12. NSC21 (methyl N-[6,7,8-trimethoxy-2-(methoxycarbonylamino)-4-oxo-1,3-

dihydroquinazolin- 2-yl]carbamate) is used as negative control. Panel B: specific anti-angiogenic effect of 

NSC12. NSC12 impairs the angiogenic response triggered by FGF2, but has no effect on the activity of 

VEGF-A. Panel C: Growth of subcutaneous TRAMP-C2 tumor in mice treated intraperitoneally with 

NSC12, NSC21, or vehicle. Days of subministration are indicated with blue arrows. 

 

As anticipated, this biological effect is not detected for UPR1357 (54, Fig.29), the 20R-

epimer of NSC12/UPR1358 at 20-position, neither in in vitro nor in in vivo studies 

(Fig.30 and Fig.35, panel A). When the physicochemical properties of the epimers were 

investigated, a significant difference in solubility was highlighted (Fig.35, panel B).240 

The incapacity of UPR1357 to exert the same biological effect displayed by 

NSC12/UPR1358 is nevertheless observed at concentrations compatible with its 
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complete dissolution in the medium used in the assays, suggesting an intrinsic lower 

activity for the 20R-epimer. 

 

 
 
Figure 35: differences in activity and solubility between UPR1358 and UPR1357. Panel A: inhibition of 

murine Lewis lung carcinoma tumor growth exerted by oral daily administration of compounds UPR1358, 

UPR1357 and vehicle. Panel B: kinetic solubility determination for UPR1358 (squares) and UPR1357 

(triangles). Solubility is determined in PBS buffer + 3% DMSO. Lower solubility of UPR1357 in the 

medium results in lower measured concentration at each level of nominal concentration tested in the assay. 

Data reported from ref.240. 

 

To understand the role of absolute configuration at C20 and solubility in determining the 

different biological activity of compounds from this class of FGF traps, structure-activity 

relationships were investigated for a series of UPR1358 and UPR1357 analogues 

(Fig.36). Chemical exploration of different portion of the parent molecules was 

performed. The bis-(trifluoromethyl)propanediol side chain was modified replacing the 

distal portion with both a tertiary and a primary alcohol (to assess whether a change in 

steric hindrance and/or electronic properties was compatible with activity), with a 

carboxylic acid (to assess the role of an acidic group in the 22-position), with a primary 

amide (to verify whether replacement with a polar group was tolerated) and with a 

secondary alcohol linked to an aromatic group, in order to promote different spatial 
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conformations of the diol motif (Fig.36, Panel I). The relationship between the presence 

of a secondary alcohol in position 3 and activity was investigated by synthesizing 

analogues bearing various substituents on this position (Fig.36, Panel II) and derivatives 

where the alcohol group was oxidized, obtaining a ketone or an oxime (Fig.36, Panel 

III). When the 3-hydroxyl group was replaced, hydrophilic substituents were preferred 

to improve the solubility. Finally, the role of the double bond in the steroidal nucleus 

was investigated synthesizing saturated analogues of UPR1358 and UPR1357 and of 

their keto-derivatives (Fig.36, Panel IV).  

 

 
 
Figure 36: analogues of UPR1358 and UPR1357. 
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The synthesis project has been performed in the framework of a collaboration between 

the group of Professor Mor at the Department of Food and Drug of the University of 

Parma and the group of Professor Spadoni at the Department of Biomolecular Sciences 

of the University of Urbino. The description of the synthetic strategies reported in the 

following chapter is limited to the compounds that I prepared during my Ph.D. research 

period, reported in red in Fig.36, while discussion of the biological data is presented for 

the entire set of compounds. 
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3.4. Synthesis of FGF/FGFR targeting compounds: 

chemistry 

 
3.4.1. FGFR kinase inhibitors 
Synthesis of FIIN-2 scaffold was performed as previously reported by Tan et al.88 with 

minor modifications, as depicted in Scheme 9. Compound 58 was prepared through 

hydroxymethylation of uracil (28),242 exhaustive chlorination of 5-hydroxymethyluracil 

56 and substitution of the alkyl chloride on 2,4-dichloro-5-(chloromethyl)pyrimidine 

(57) with 3,5-dimethoxyaniline in the presence of catalytic amounts of sodium iodide. 

The chlorine atom in position 4 of the dichloropyrimidine ring was then substituted with 

4-nitrobenzylamine, obtaining compound 59, which was subjected to a ring closure 

reaction with triphosgene affording intermediate 60. 

 

 
 
Scheme 9: synthesis of intermediate 60. Reagents and conditions: a) paraformaldehyde, aq. KOH, 55 °C, 

63 h, 81% yield; b) POCl3, PCl5, reflux, 2 h, 71% yield; c) 3,5-dimethoxyaniline, K2CO3, NaI (cat.), MeCN, 

r.t., 15 h, 34% yield; d) 4-nitrobenzylamine, DIPEA, dioxane, 60 °C, 15 h, 78% yield; e) triphosgene, TEA, 

THF, 70 °C, 1 h, quantitative yield. 
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Aniline 63 was obtained through reduction of nitro compound 62 using iron under 

slightly acidic conditions. Substitution of chlorine on compound 60 was performed under 

strongly acidic conditions and product 64 was isolated in only moderate yield.  

 

 
 
Scheme 10: synthesis of intermediate 65. Reagents and conditions: a) 1-methylpiperazine, 80 °C, 6 h, 96% 

yield; b) Fe0, NH4Cl, EtOH, H2O, reflux, 1 h, 95% yield; c) TFA, sec-BuOH, 100 °C, 15 h, 51% yield; d) 

Raney® nickel, MeOH/THF 1:1, 40 °C, 2 h, 71% yield. 

 

The reaction conditions for the reduction of the nitro group to afford aniline 65 were 

modified from those reported in ref.88. In particular, nickel catalyst was used in the form 

of commercially available suspension in water (whereas the original paper described the 

use of a methanol suspension) and the reaction was performed under a nitrogen 

atmosphere, avoiding the use of gaseous hydrogen. The yield was nevertheless 

satisfactory and aniline 65 was isolated for characterization (analytical data are not 

reported in the original paper) (Scheme 10). 

The reactive portion was finally inserted on aniline 65 according to procedures already 

described for EGFR inhibitors (Scheme 11). Chloroacetamide derivative 66 could be 

readily used for the synthesis of compounds UPR1372 and UPR1373, but its reduced  
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Scheme 11: synthesis of FIIN-2 analogues bearing 2-substituted acetamide warheads. Reagents and 

conditions: a) chloroacetic acid, DIPEA, PivCl, THF, 1 h, yield not calculated; b) TMSCl, 51% yield over 

two steps; c) 2-mercapto-1-methylimidazole, NaOH, MeCN/THF, r.t., 15 h, 78% yield; d) 5-mercapto-1-

methyltetrazole, NaOH, MeCN/THF, r.t., 15 h, 35% yield. 

 

stability hampered prolonged storage and also prevented definitive determination of its 

purity by standard analytical methods. These issues were overcome preparing 

hydrochloride UPR1376, which was tested for its biological activity.  

 

 
 
Scheme 12: synthesis of 3-aminopropanamide UPR1371. Reagents and conditions: Me2NH, abs. EtOH, 70 

°C, 15 min, 98% yield. 
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Compound UPR1371, bearing the 3-aminopropanamide portion, was prepared through 

aza-Michael addition of dimethylamine on commercially available FIIN-2 (Scheme 12). 

The product was easily isolated after removal of the volatiles under reduced pressure. 

 

3.4.2. FGF traps 
Synthesis of compounds featuring modifications on the distal portion of the side chain 

on C17 of the steroidal nucleus was performed according to two different strategies.  

Compounds carrying a primary or tertiary alcohol, a carboxylic acid and an amide were 

prepared starting from a common ester intermediate, which in turns was synthesized 

starting from an aldehyde precursor. The retrosynthetic analysis leading to this approach 

is depicted in Fig.37. This strategy appeared to be particularly convenient as the 

synthesis of the required aldehyde was already described in the literature, and conversion 

of the aldehyde to the suitable ester derivative allowed to prepare all the desired final 

products from a single precursor, instead of planning an ad hoc procedure for each of 

them. 

 

 
 
Figure 37: retrosynthetic analysis for the preparation of compounds featuring modifications on the side 

chain. 

 

3β-Acetoxy-androst-5-ene-17β-carbaldehyde 70 was chosen as precursor of the required 

ester owing to the satisfactory amount of data about its synthesis and characterization in 
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acid 68 starting from commercially available pregnenolone acetate 67 was reported in 

Organic Syntheses.243 Reduction of the carboxylic acid to the aldehyde group was 

performed in two steps. The carboxylic acid was initially transformed into the more 

reactive mixed anhydride, which could be easily reduced to the primary alcohol 69 using 

sodium borohydride in a one-pot reaction.244 The alcohol group was then oxidized to 

aldehyde 70 employing pyridinium chlorochromate (PCC) (Scheme 13). The procedure 

was reported in the literature on the same substrate245 and worked smoothly, allowing to 

obtain the target aldehyde in a suitable amount to complete the subsequent synthetic 

steps. For this reason, no other oxidative method was investigated. 

 

 
 
Scheme 13: synthesis of 3β-acetoxy-androst-5-ene-17β-carbaldehyde 70. Reagents and conditions: a) 

NaOH, NaOBr, dioxane, H2O, 0 °C, 3 h, then Ac2O, pyridine, r.t., 18 h, 90% yield; b) EtOCOCl, TEA, THF, 

0 °C, 90 min, then NaBH4, H2O, r.t., 15 h, 89% yield; c) PCC, DCM, r.t., 2 h, 56% yield.  

 

Ester 71 was obtained through Reformatsky reaction with ethyl bromoacetate and zinc, 

affording a mixture of epimers that could be separated by column chromatography and 

employed separately in the following steps (Scheme 14).  

 

 
 
Scheme 14: synthesis of ester 71. Reagents and conditions: ethyl bromoacetate, zinc, THF, 0 °C, 20 min, 

72% yield (2:1 ratio). 
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The tertiary alcohol derivatives UPR1384 and UPR1385 were prepared by treating 

compound 71 with an excess of methylmagnesium bromide at reflux in toluene, which 

caused at the same time deprotection of the acetoxy group in position 3. The primary 

alcohol derivatives UPR1386 and UPR1387 were obtained by reducing ester 71 with 

sodium borohydride. The protecting group in position 3 was partially removed, and the 

reaction mixture was treated with excess sodium hydroxide to promote complete 

removal and allow isolation of the pure compounds. The carboxylic acid derivatives 

UPR1380 and UPR1383 were prepared by saponification with sodium hydroxide. The 

two carboxylic acids were converted to the corresponding amides UPR1390 and 

UPR1391 by condensing with ammonium chloride and TBTU (Scheme 15).  

 

 
 
Scheme 15: Synthesis of compounds featuring modifications on the side chain starting from ester 71. 

Reagents and conditions: a) MeMgBr, toluene, reflux, 3 h, 56-65% yield; b) NaBH4, THF/MeOH, reflux, 1 

h, 24-50% yield; c) NaOH, THF/H2O, r.t., 15 h, 72-86% yield; d) NH4Cl, TBTU, DIPEA, DMF, r.t., 15 h, 

25% yield.  

 

Compounds bearing a secondary alcohol and an aromatic ring were prepared through an 

aldol reaction between pregnenolone benzoate 72 and the suitable aldehyde, followed by 
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reduction of the ketone and deprotection of the hydroxyl group on position 3 (Scheme 

16). While in the benzaldehyde series the two epimers at 22-position (compound 73) 

could be separated by column chromatography, perfect coelution hampered the 

separation of the two epimers obtained for compound 75, which were therefore reacted 

together in the following reduction step. Reduction of the epimers of compound 73 

afforded two products in one case, and only one product in the other. Reduction of 

compound 75 afforded two diastereoisomers. Overall, from the sequence condensation-

reduction-deprotection reactions involving benzaldehyde, three diastereoisomers were 

obtained (UPR1377, UPR1378 and UPR1379), while for those bearing the pyridyl 

group only two were obtained (UPR1395 and UPR1396).  

 

 
 
Scheme 16: synthesis of compounds bearing a secondary alcohol and an aromatic ring. Reagents and 

conditions: a) benzaldehyde, LiHMDS, THF, -78 °C, 1 h, 66% yield; b) Na(OAc)3BH , THF, r.t., 1 h, 83% 

to quantitative yield; c) NaOH, H2O, THF, reflux, 2 h, 68 - 88% yield; d) 2-pyridinecarboxaldehyde, 

LiHMDS, -78 °C, 1 h, 82% yield; e) Na(OAc)3BH, THF, r.t., 1 h, 37% yield; f) NaOH, H2O, THF, reflux, 

2 h, 64 - 71% yield. 

 

The glycosilated analogue of UPR1357 was obtained via direct glycosylation of the 3β-

hydroxy group with standard imidate-coupling chemistry. Using (2,3,4,6-tetra-O-acetyl-
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(TMSOTf) as promoter and dichloromethane as the solvent, compound 77 could be 

obtained in moderate yield. Deacetylation under standard condition furnished UPR1389 

(Scheme 17).  

 

 
 
Scheme 17: synthesis of UPR1389. Reagents and conditions: a) (2,3,4,6-tetra-O-acetyl-α,β-D-

glucopyranosyl)trichloroacetimidate, TMSOTf, TEA, DCM, -25°C, 15 min, 15% yield; b) NaOMe, MeOH, 

r.t., 6 h, 50% yield. 

 

On the other hand, preparation of UPR1358 glycosylated derivative with the same 

protocol was hampered by a solubility issue that could not be circumvented.  

 

 
 
Scheme 18: synthesis of UPR1399. Reagents and conditions: a) (2,3,4,6-tetra-O-acetyl-α,β-D-

glucopyranosyl)trichloroacetimidate, TMSOTf, anhydrous DCM, -25°C - 0°C, 15 min; b) NaOMe, THF, 

r.t., 1 h, 22% yield over two steps; c) BzCl, pyridine, r.t., 20 min, quantitative yield; d) LiHMDS, HFA, 

THF, -78°C, 1 h, 73% yield; e) Na(OAc)3BH, THF, r.t., 1 h, 7% yield; f) NaOMe, THF, r.t., 2 h, 62% yield. 
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Owing to the lower solubility of NSC12/UPR1358 in those solvents compatible with the 

glycosylation reaction, the sugar moiety had to be inserted at an earlier stage during the 

synthesis of UPR1399 (Scheme 18). Glycosylation of pregnenolone 78 was therefore 

performed. After minor protecting group manipulation, compound 82 was obtained 

through aldol reaction with hexafluoroacetone in the same conditions employed for the 

synthesis of UPR1357 and UPR1358.240 Reduction of hydroxy-ketone 82 with sodium 

triacetoxyborohydride furnished two diastereoisomers, which were separated by column 

chromatography. The less abundant isomer (83) afforded UPR1399 after deprotection. 

Finally, saturated analogues of UPR1358 and UPR1357, namely UPR1392 and 

UPR1393, were prepared according to the procedure employed for the synthesis of their 

unsaturated parent compounds,240 starting from commercially available 5α-

pregnanolone acetate 84 (Scheme 19).  

 

 
 
Scheme 19: synthesis of UPR1392 and UPR1393. Reagents and conditions: a) Na0, MeOH, THF, r.t., 2 h, 

quantitative yield; b) BzCl, pyridine, r.t., 2 h, 82% yield; c) LiHMDS, hexafluoroacetone, THF, -78 °C, 1 h, 

85% yield; d) Na(OAc)3BH, THF, r.t., 2 h, 48% yield for 88a and 12% yield for 88b; e) Na0, MeOH, THF, 

r.t., 15 h, 75% yield for UPR1392, quantitative yield for UPR1393.  
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with hexafluoroacetone. Reduction of hydroxyketone 87 with sodium 

triacetoxyborohydride afforded two diastereoisomers that could be easily separated 

(compound 88). Deprotection through transesterification with sodium methoxide 

furnished UPR1392 and UPR1393. 

 

In order to infer the absolute configuration at C20 for compounds deriving from ester 

71, 1H-NMR spectra of the couples of epimers were compared to 1H-NMR spectra of 

NSC12/UPR1358 and UPR1357 analogues prepared at the Department of Biomolecular 

Sciences of the University of Urbino. The strategy pursued for the synthesis of these 

derivatives featured late-stage modifications on the parent compounds, UPR1358 and 

UPR1357, the stereochemical configuration of which had already been assessed in a 

previous work.240 In the UCM-series (Fig.36) the absolute configuration is therefore 

known for each compound. A small but appreciable difference was noticed in chemical 

shift of H18 methyl group based on the absolute configuration at C20, with 20R-

derivatives displaying a higher chemical shift for the methyl signal than the 20S-

compounds.  

 

 
Figure 38: stacked 1H-NMR spectra of UPR1389 (blue) and UPR1399 (red) in CDCl3/CD3OD. A higher 

chemical shift value for H18 in UPR1389 spectrum is observed (0.80 ppm vs. 0.71 ppm). 
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This trend was observed also in glycosylated analogues UPR1389 and UPR1399, the 

stereochemistry of which was known due to the preparation of UPR1389 from UPR1357 

(Fig.38). The same observation was also possible in the case of UPR1392 and UPR1393 

(Fig.41). Moreover, UPR1392 and UPR1393 could also be directly prepared through 

catalytic hydrogenation on NSC12 and UPR1357 (reaction performed at the University 

of Urbino for the synthesis of 3-oxo-derivatives UCM1371 and UCM1377), and their 

configuration was confirmed to be 20R for UPR1393 and 20S for UPR1392. 

 

 
Figure 41: stacked 1H-NMR spectra of UPR1393 (blue) and UPR1392 (red) in CD3OD. A higher chemical 

shift value for H18 in UPR1393 spectrum is observed (0.80 ppm vs. 0.65 ppm). 

 

Comparison of the chemical shift of H18 methyl group of the two epimers of ester 71, 

as well as of the chemical shift of the same group for all the compounds derived from 

that ester, allowed to infer the configuration of C20 as follows: UPR1384, UPR1386, 

UPR1380 and UPR1390, deriving from the major product of the Reformatsky reaction, 

were assigned the 20R-configuration, whereas UPR1385, UPR1387, UPR1383 and 

UPR1391, deriving from the minor product of the Reformatsky reaction, were assigned 

the 20S-configuration (Fig.39 and Fig.40). 



 92 

 
 
Figure 39: stacked 1H-NMR spectra of UPR1384 (blue) and UPR1385 (red) in CDCl3/CD3OD mixture. A 

higher chemical shift value for H18 in UPR1384 spectrum is observed (0.78 ppm vs. 0.68 ppm). 

 

 
Figure 40: stacked 1H-NMR spectra of UPR1390 (blue) and UPR1391 (red) in DMSO-d6. A higher 

chemical shift value for H18 in UPR1390 spectrum is observed (0.71 ppm vs. 0.64 ppm). 
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In the case of derivatives bearing an aromatic or heteroaromatic ring (UPR1377, 

UPR1378, UPR1379, UPR1395 and UPR1396), compounds could not be clustered 

according to the position of H18 methyl group peak. This is probably due to the presence 

of a second chiral center on C22 (Scheme 16), which leads to the possibility for these 

products to explore alternative conformations of the propanediol side chain. It was 

therefore to exclude that chemical shift of H18 could still be dependent on the sole 

configuration of C20. 
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3.5. Synthesis of FGF/FGFR targeting compounds: 

biological data 

 
3.5.1. FGFR kinase inhibitors 

3.5.1.1. Inhibition of wtFGFR autophosphorylation 

 
FGFR inhibitors were tested for their ability to inhibit FGFR autophosphorylation in 

LENTI-4 cells, a cell model overexpressing FGFR1. Cells were incubated for 1 h in the 

presence of 1 µM concentration of the compounds and the inhibitory effect was 

measured immediately after and 8 h after removal of the compounds from the 

extracellular medium. All the compounds reduced FGF2-induced phosphorylation of 

FGFR1 after 1 h of treatment.  

 
 
Figure 42: inhibitory effect on FGFR1 autophosphorylation in LENTI-4 cells. LENTI-4 cells were 

incubated with 1 µM BGJ398, FIIN-2 or the newly synthesized FGFR inhibitors for 1 h. After incubation 

and stimulation with FGF2 for 15 min, cells were lysed and residual autophosphorylation percentage (here 

reported vs. control) was measured by Western blot (left columns). Alternatively, cells were extensively 

washed with PBS after incubation and then stimulated with FGF2 for 15 min after 8 h of incubation in fresh 

drug-free medium (“recovery” columns). The data are means ± SD of three independent experiments.  
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At this time point, efficacy of the inhibitors is comparable to that of reversible FGFR 

inhibitor BGJ398 (49, Fig.26) and irreversible reference inhibitor FIIN-2 (51, Fig.27). 

After washing, autophosphorylation was recovered almost completely in the case of 

UPR1371, UPR1372 and UPR1373, while UPR1376 revealed to be more effective than 

FIIN-2 in maintaining the inhibition of FGFR1 autophosphorylation (Fig.42). 

The antiproliferative activity of the newly synthesized compounds was also evaluated in 

H1581 cell line, harboring focal amplification of FGFR1. All the compounds inhibited 

cell proliferation with IC50 values in the nanomolar range (Table 6).  

 

Table 6: inhibition of H1581 cell proliferation exerted by FGFR inhibitors. 

 
Compound IC50 (nM)a 

BGJ398 2 ± 0.5 

FIIN-2 0.15 ± 0.05 

UPR1371 54.9 ± 9.2 

UPR1372 5.4 ± 0.7 

UPR1373 4.4 ± 1.1 

UPR1376 0.8 ± 0.3 

 
a H1581 cells were incubated with increasing concentrations of the FGFR inhibitors (0.001 nM - 10 µM) for 

72 h. Data were obtained by MTT assay. The IC50 values are means ± SD of three independent experiments.  

 

3.5.1.2. Inhibition of BGJ-resistant clone proliferation 

 
Inhibitors were tested in two BGJ398-resistant cell lines. Resistant clones were 

generated treating H1581 cells with increasing doses of BGJ398 and the molecular 

mechanism underlying acquired resistance is not known. UPR1376 showed a strong 

antiproliferative activity in H1581R1 and H1581R2 resistant clones, while reference 

compound FIIN-2 and the other derivatives were devoid of significant antiproliferative 

activity (Figure 43, panel A). Compound UPR1376 inhibited cell proliferation of 

H1581R1 and H1581R2 resistant clones with IC50 values of 254 and 359 nM, 

respectively (Figure 43, panel B).  
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Figure 43: inhibition of cell proliferation on resistant clones. Panel A: H1581R1 and H1581R2 cells were 

incubated with 1 µM concentration of the tested compounds for 72 h. Data were obtained by MTT assay 

and are expressed as percent inhibition of cell proliferation vs. control. Panel B: H1581R1 and H1581R2 

cells were incubated with increasing concentrations of UPR1376 (1 - 1000 nM) for 72 h. Data were obtained 

by MTT assay and are expressed as percent inhibition of cell proliferation vs. control. 

 

3.5.2. FGF traps 
Compounds synthesized at the Department of Food and Drug of the University of Parma 

and at the Department of Biomolecular Sciences of the University of Urbino were tested 

for their ability to inhibit cell proliferation and FGFR3 phosphorylation in KMS-11 

human multiple myeloma cells (data reported in Table 7). This information allows to 

verify whether the effect on cell growth could actually be ascribed to the inactivation of 

FGF/FGFR system. Analysis of IC50 values on KMS-11 cell proliferation revealed that 

replacement of the bis-(trifluoromethyl)propanediol side chain on C17 of the steroidal 

nucleus provided a reduction of compound potency (Structure A). Although 

stereochemical configuration was not assigned for this set of compounds, derivatives 

prepared from ester 71 could be clustered into two groups sharing the same configuration 

at C20 (see paragraph 3.4.2). Compounds UPR1384, UPR1386, UPR1380 and 

UPR1390 were indeed prepared from one single isomer, while the other isomer was used 

for the preparation of compounds UPR1385, UPR1387, UPR1383 and UPR1391. 

Comparison of the biological results within the couples of isomers did not allow to state 

a clear dependence of the activity on the stereochemical configuration: for instance, in 

the tertiary alcohol couple, UPR1384 resulted more active than UPR1385, while in the  
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Table 7: KMS-11 cell proliferation and FGFR3 phosphorylation inhibition. 

 
 

Compound Structure -R1 
configuration 

position 20a 

IC50 proliferationb 

µM 

pFGFR3c 

%inhibition 

UPR1358 

(NSC12) 
A 

 

S 3.4 74.2 

UPR1357 A R N.A.d N.A.d 

UPR1385 A 

 

 26.6 inactive 

UPR1384 A  12.2 13.9 

UPR1387 A 

 

 13.3 inactive 

UPR1386 A  22.8 48.6 

UPR1383 A 

 

 26 65.5 

UPR1380 A  inactive 34.2 

UPR1391 A 

 

 inactive 16 

UPR1390 A  inactive inactive 

UPR1377 A 

 

 5.5 40.3 

UPR1378 A  inactive 20.3 

UPR1379 A  inactive 54.8 
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UPR1395 A 

 

 7 51.2 

UPR1396 A  9.4 53.1 

UPR1399 B 

 

S 4 100 

UPR1389 B R 4.3 inactive 

UCM1368 B 

 

S 3.3 57.1 

UCM1373 B R 7.7 85.2 

UCM1372 B 

 

S 5.6 87.9 

UCM1378 B R 2.3 99.7 

UCM1369 C 

 

S 3.4 85.2 

UCM1374 C R N.A.d N.A.d 

UCM1370 C 

 

S 7.2 41.5 

UCM1375 C R 5.3 35 

UCM1376 C R 6.2 67.4 

UPR1392 D 
 

S 2.9 63.3 

UPR1393 D R 4.2 inactive 

UCM1371 D 
 

S 7.0 75.9 

UCM1377 D R 2.4 97.6 

 

a Stereochemical configuration is reported only when assigned. For inferred configuration see paragraph 

3.4.2. b KMS-11 human multiple myeloma cells were incubated with increasing concentrations of NSC12 

derivatives for 48 h and viable cells were quantified by flow cytometry (propidium iodide staining).c KMS-

11 human multiple myeloma cells were incubated with 6 µM concentration of the compounds for 6 h and 

data were collected by Western blotting after lysis. d N.A.: not available. 
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carboxylic acid couple, UPR1380, sharing the same configuration at C20 as UPR1384, 

was completely devoid of activity. The corresponding epimers, tertiary alcohol 

UPR1385 and carboxylic acid UPR1383, showed the same inhibitory potency. When 

the bis-(trifluoromethyl)propanediol portion was maintained, compounds generally 

retained a good inhibitory activity on KMS-11 proliferation and some of them were more 

potent than the parent compound NSC12/UPR1358. For instance, compound UPR1399 

displayed an IC50 value in the proliferation assay comparable to that of NSC12 and was 

able to completely inhibit FGFR3 phosphorylation at the fixed concentration of 6 µM. 

Surprisingly, UPR1399 epimer, UPR1389, displayed an IC50 value on cell proliferation 

comparable to that of NSC12, but was completely devoid of any inhibitory effect on 

FGFR3 phosphorylation: these data suggest that this compound could interfere with 

signaling pathways other than FGF/FGFR or that its effect could derive from a different 

mechanism. Compound UCM1378 resulted more potent than NSC12 in both assays: 

interestingly, this compound had inverted C20 configuration if compared to NSC12, 

suggesting a limited influence of stereochemistry at C20 on inhibitory activity. 

UCM1378 epimer, UCM1372, is among the most potent compounds as well. In the 

series of compounds featuring structures C and D, UCM1369 and UCM1377 resulted 

the most potent in both assays. As already observed for UPR1399 and UCM1378, these 

compounds differed for their stereochemical configuration at C20. Analogously to 

UPR1389, compound UPR1393 exerted a good activity in the proliferation inhibition 

assay, although being completely devoid of any inhibitory effect on FGFR3 

phosphorylation. 
  



 101 

4. Synthesis of zampanolide analogue NB-24 

 
4.1. Microtubules as a target in cancer therapy 

 
Cytoskeleton is a network of filamentous polymers and regulatory proteins involved in 

the maintenance of cell shape and internal organization and in fundamental processes 

such as division and movement.246 Eukaryotic cells include three classes of filaments, 

which differ from one another for their size and composition, namely microtubules 

(MTs), the largest filaments, actin filaments, which are the thinnest ones, and 

intermediate filaments. Different polymers display diverse degrees of mechanical 

stiffness and rely on different assembly dynamics. Microtubules are the stiffest polymers 

in the cytoskeleton. They are composed of tubulin heterodimers (α and β subunits) and 

their polymerization occurs by a nucleation-elongation mechanism during which tubulin 

dimers add to the microtubule ends in a reversible and non-covalent manner (Fig.44). 

 

 
 
Figure 44: the assembly of tubulin heterodimers through different polymerization dynamics results in the 

formation of microtubules formed by 13 protofilaments, with an external diameter of 24 nm.247 
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During mitosis, MTs rearrange in a typical structure, called mitotic spindle, that allows 

segregation of chromosomes, preparing for cell division. The fundamental role of 

microtubules in mitosis renders these polymers an interesting target in the treatment of 

cancer and many agents affecting MTs structure and dynamics are successfully used in 

therapy.247,248 

Various substances have been found to be able to bind to soluble tubulin and/or to tubulin 

in the MTs. Different compounds can exert different effects on MT polymerization 

dynamics and microtubule-targeted antimitotic agents are generally described as 

microtubule-destabilizing or microtubule-stabilizing agents. The former group includes 

compounds that inhibit MT polymerization, such as Vinca alkaloids, while the latter is 

composed by agents that stimulate polymerization, such as taxanes. Concentrations 

required for compounds from both classes to be able to modify microtubule mass are 

nevertheless not compatible with a therapeutic regimen. MT-targeting agents suppress 

microtubule dynamics at much lower concentrations and this effect results in the kinetic 

stabilization of microtubule, which is the most important feature responsible for their 

activity, leading to cell cycle arrest and apoptosis.249,250 Microtubule Stabilizing Agents 

(MSAs), with the exception of laulimalide and peloruside A, all bind to the taxane 

binding site on β-tubulin, which is located on the inner surface of microtubules.247  

Overexpression of membrane ATP-dependent drug efflux pumps is a well-described 

mechanism leading to resistance towards MT-targeting agents and many other drugs. It 

has been proposed that the use of covalent agents could circumvent resistance, as a drug 

that is covalently bound to its target cannot be pumped out of the cell by efflux 

pumps.158,251 
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4.2. Zampanolide: a covalent microtubule stabilizing agent 

 
Zampanolide (89, Fig.45) is a natural compound 

that was firstly isolated in 1996 from the marine 

sponge Fasciospongia rimosa.252 Its structure 

features a highly unsaturated, 20-membered 

macrolide ring and a rather unusual N-acyl 

hemiaminal side chain. When biological activity of 

zampanolide was investigated, the compound 

turned out to be an effective inhibitor of cancer cell proliferation, with in vitro IC50 values 

ranging between 1 and 5 ng/ml for different cell lines, including A549 (human lung 

carcinoma), P338 (leukemia), HT29 (human colon cancer) and MEL28 (human 

melanoma) cells.252  

 

 
 
Figure 46: crystal structure of the complex between zampanolide (89, green sticks) and β-tubulin (gray 

cartoon). Interacting residues are shown in stick representation. Hydrogen bonds are indicated as black 

dashed lines. The covalent bond between C9 of zampanolide and His229 is shown as an orange line.253 
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The effect of zampanolide is associated with its interaction with components of the 

microtubule cytoskeleton. Zampanolide is actually an efficient promotor of tubulin 

assembly, resulting in cell cycle arrest in the G2/M phase.254 The interaction of 

zampanolide with tubulin occurs at the taxane binding site via the formation of a covalent 

complex.251,255 Asn228 and His229 have been identified as the amino acid residues 

reacting with zampanolide at C9 on the α,β-unsaturated ketone portion (Fig.46).253 

 

In 2012, Altmann and coworkers reported their own total synthesis of zampanolide.256 

Their retrosynthetic approach includes an aza-aldol reaction, an intramolecular Horner-

Wadsworth-Emmons (HWE) reaction and a Prins reaction as main steps required for the 

introduction of the side chain, for the macrolactonization and for the formation of the 

tetrahydropyran (THP) ring, respectively (Scheme 20). 

 

 
 
Scheme 20: retrosynthetic analysis for zampanolide, as proposed by Altmann and coworkers. 

 

Structure-Activity Relationship (SAR) investigation for a series of zampanolide 

analogues revealed that only compounds carrying the same side chain and unsaturation 

pattern as the parent compound retained a good antitumor activity. Modifications on the 

tetrahydropyran ring were generally well tolerated (data not published). 
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4.3. Synthesis of NB-24 

 
The project presented in this Ph.D. thesis 

concerns the synthesis of a simplified 

zampanolide analogue (NB-24, Fig.47) 

featuring a methylene chain replacing the 

THP ring. This work has been performed 

during a secondment period in the group of 

Professor Altmann at the Department of 

Chemistry and Applied Biosciences at ETH 

Zürich. 

Retrosynthetic analysis revealed that compound NB-24 could be obtained according to 

the same synthetic strategy as described for the total synthesis of zampanolide, with 

insertion of the side chain as the last step, after HWE-based macrocyclization (Scheme 

21). 

 

 
 

Scheme 21: retrosynthetic analysis for zampanolide analogue NB-24 (PG: protecting group). 
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The synthesis of fragment C in the form of compound 90 

(Fig.48) was already reported by Altmann and coworkers256 

and was therefore performed according to the published 

procedure. 

 

Retrosynthetic analysis for fragment D (Scheme 22) includes epoxide opening on 

protected (S)-glycidol E with lithiated vinyl iodide F. Fragment F was to be prepared 

through iodination of alkyne derivative G, which in turn could be prepared by a series 

of protection/substitution reactions from 1,5-pentanediol I. 

 

 
 
Scheme 22: retrosynthetic analysis for fragment D (PG: protecting group; LG: leaving group). 

 

Synthesis of NB-24 was performed as depicted in Scheme 23. Protection of 1,5-

pentanediol (91) with tert-butyldiphenylchlorosilane (TBDPSCl) using sodium hydride 

as a base afforded monoprotected product 92 in good yields.257 The second hydroxyl 

group was then tosylated under standard conditions to afford compound 93. Finkelstein 

conditions were used for the conversion of 93 to iodide 94, which was subsequently 

reacted with propyne under strongly basic conditions, yielding alkyne 95.  
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Scheme 23: synthesis of compound NB-24. Reagents and conditions: a) NaH, TBDPSCl, THF, r.t., 16 h, 

64% yield; b) TsCl, pyridine, DCM, r.t., 16 h, 95% yield; c) NaI, acetone, r.t., 24 h, 98% yield; d) propyne, 

n-BuLi, HMPA, THF, -78 °C to r.t., 24 h, 97% yield; e) Cp2ZrCl2, DIBAL-H, THF, 65 °C, 1 h; then I2, -78 

°C, 15 min; f) (S)-2-(4-methoxy-benzyloxymethyl)-oxirane, n-BuLi, BF3*OEt2, toluene, -78 °C, 90 min, 

42% yield (over two steps); g) compound 90, 2,4,6-trichlorobenzoyl chloride, TEA, DMAP, toluene, r.t., 1 

h, 86% yield; h) TBAF, THF, r.t., 4 h, 95% yield; i) DMP, DCM, r.t., 1 h, 49% yield; j) Ba(OH)2, THF, 

H2O, 0 °C to r.t., 1 h, 31% yield; k) DDQ, DCM, H2O, r.t., 90 min, 83% yield; l) DMP, DCM, r.t., 90 min, 

83% yield; m) (S)-BINOL, LAH, sorbamide, EtOH, THF, r.t., 30 min, 11% yield. 

 

Conversion of the alkyne to vinyl iodide 96 was firstly attempted through a 

stannylcupration/iodination sequence.258,259 Unfortunately, this method only allowed to 

obtain a 2:1 ratio of product 96 and its regioisomer 102 (Scheme 24).  
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Scheme 24: synthesis of vinyl iodide 96 through stannylcupration/iodination sequence. Reagents and 

conditions: Bu3SnH, n-BuLi, CuCN, THF, MeOH, -78 °C, then NIS, THF, -17 °C. 

 

Conversion of 95 to 96 was then performed through a hydrozirconation/iodination 

sequence, which allowed to improve the yield of the desired regioisomer, although a 

small amount of compound 102 (about 8% as detected by 1H-NMR) was still obtained. 

Hydrozirconation required the use of Schwartz’s reagent (zirconocene hydrochloride)260 

(Fig.49), which was prepared in situ reacting zirconocene dichloride with DIBAL-H.261 

Alternatively, commercially available zirconocene hydrochloride could be used directly. 

Iodination of the alkenylzirconium intermediate with iodine yielded compound 96.  

 

 
 
Figure 49: reaction of Schwartz’s reagent with asymmetric alkynes and halogenation of the 

alkenylzirconocene intermediate: i) treatment of zirconocene dichloride with 1 eq. DIBAL-H yields the 

formation of zirconocene hydrochloride (Schwartz’s reagent);261 ii) hydrozirconation typically proceeds 

placing zirconium on the less-substituted carbon (RL: large; RS: small); iii) vinyl halides are obtained by 

electrophilic halogenation, reacting alkenylzirconocenes with iodine, bromine, iodobenzene dichloride, or 

N-halosuccinimide.260,262 

 

After lithiation with either n-BuLi or tert-BuLi, vinyl iodide 96 was reacted with PMB-

protected (S)-glycidol in toluene to afford compound 97 (Scheme 25), which was 

obtained in 42% yield from 95 over two steps. 
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Scheme 25: synthesis of intermediate 97 starting from vinyl iodide 96. Treatment of vinyl iodide with either 

n-BuLi or tert-BuLi (i) results in the formation of lithiated intermediate, which reacts with glycidol on the 

less hindered carbon, leading to epoxide opening (ii). 

 

With intermediate 97 in hands, completion of the macrocyclic scaffold was performed 

by adapting the procedures reported for the synthesis of zampanolide. Esterification 

under Yamaguchi conditions allowed to obtain compound 98 in good yields. After 

removal of the silyl ether protecting groups with tetrabutylammonium fluoride (TBAF) 

(99) and oxidation of the hydroxyl groups with Dess-Martin periodinane (100), the 

macrolactone ring could be finally closed performing an intramolecular Horner-

Wadsworth-Emmons reaction (101), using barium hydroxide as a base. Removal of the 

PMB-protecting group with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) 

afforded intermediate NB-22, which could be oxidized to aldehyde NB-23 employing 

Dess-Martin periodinane under standard conditions. Sorbamide side chain was inserted 

on the macrolactone scaffold through a stereoselective aza-aldol reaction, which was 

performed following an optimized procedure developed in the group of Professor 

Altmann, employing (S)-BINOL as a chiral bias and allowing to obtain the sole S-isomer 

of the N-acyl hemiaminal portion (NB-24), which was purified by reverse phase HPLC. 

Compounds NB-22, NB-23 and NB-24 will be tested for their biological activity, in 

particular for their antiproliferative effect on diverse cancer cell lines and their activity 

compared to that of zampanolide and its previously synthesized derivatives. 
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5. Conclusions 

 
Demographic changes, including the growth and aging of population, and the 

spread of habits and conditions known as risk factors for the insurgence of 

neoplastic diseases, such as smoking, overweight and physical inactivity, have 

been associated with an increase in the occurrence of cancer in the last years.263 

According to GLOBOCAN estimates, in 2018 about 18.1 million new cancer 

cases have been diagnosed worldwide, and 9.6 million cancer deaths have 

occurred.264 Insurgence and progression of tumors derive from the acquisition of 

peculiar features by cancer cells, among which a fundamental role is played by 

the ability to sustain chronic proliferation. 

Stimuli leading to uncontrolled cell growth are largely conveyed by growth 

factors, which bind to their receptors on cell membranes and activate a plethora 

of downstream signals. Growth factors and their receptors thus represent a 

valuable target in the development of antiproliferative therapies, and many agents 

interfering with these signaling pathways have been already approved for clinical 

application in recent years. Epidermal Growth Factor Receptor (EGFR) and 

Fibroblast Growth Factor Receptor (FGFR) are two validated targets for the 

treatment of various cancer types. Among the diverse approaches developed so 

far to interfere with their aberrant activity, covalent inhibitors of their kinase 

domain have gained growing interest due to the possibility of circumventing 

acquired resistance and to maintain long-term inhibition of the catalytic activity. 

A typical structural feature of covalent, irreversible inhibitors is the presence of 

an acrylamide portion as the reactive warhead, which is responsible for the 

interaction with a cysteine residue within the binding site of receptor tyrosine 

kinases. Replacing the acrylamide with other functional groups could allow to 

modulate the reactivity of the covalent inhibitors, thus reducing potential 
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interaction with off-targets and occurrence of side effects. As a matter of fact, 

agents carrying substituted acetamides have already proven able to exert a 

prolonged inhibitory effect on EGFR autophosphorylation.169 In this Ph.D. thesis, 

two classes of functionalized acetamides are presented as inhibitors of EGFR and 

FGFR, respectively. 

In the first case, a series of quinazoline-based inhibitors with various warheads 

less reactive than acrylamide was synthesized adapting literature procedures and 

the compounds thus obtained were tested for their ability to inhibit EGFR 

autophosphorylation and cell proliferation on different cell lines. Compounds 

UPR1303 (chloroacetamide) and UPR1381 (S-imidazol-2-yl-thioacetamide) 

resulted the most promising agents in this series: they were able to inhibit EGFR 

autophosphorylation in A549 cells, harboring wtEGFR, and to interfere with 

gefitinib-resistant H1975 cell (harboring L858R activating mutation and T790M 

gatekeeper mutation) proliferation with a potency comparable (UPR1381) or 

superior (UPR1303) to that of reference acrylamide inhibitor. Quantitation of the 

intracellular concentration of these compounds 8 h after washing from the cell 

growth medium and time-dependency of IC50 values suggest that the long-term 

inhibition exerted by UPR1303 and UPR1381 could derive from a covalent 

interaction with their target. Interestingly, while chloroacetamide has already 

been reported to be able to covalently modify proteins, the warhead of UPR1381 

is not included in the structure of any other kinase inhibitor reported in the 

literature. Despite the negligible reactivity of UPR1381 in a purely chemical 

environment, its prolonged effect in cell-based assays suggests that modulation 

of the warhead reactivity can actually allow to obtain effective, irreversible 

inhibitors, for which a better safety profile can be expected. 

As far as FGFR inhibitors are concerned, a series of analogues of acrylamide-

based inhibitor FIIN-2 was prepared according to procedures reported for the 

synthesis of the parent compound. Chloroacetamide UPR1376 revealed to be a 
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promising inhibitor of FGFR autophosphorylation in LENTI-4 cells and inhibited 

the proliferation of BGJ-resistant clones, which were not affected by FIIN-2. In 

this case, other 2-substituted acetamides did not exert long-term inhibition of 

receptor phosphorylation as observed in the class of EGFR inhibitors, but the 

good results obtained for UPR1376 suggest that exploration of different 

substituents on the acetamide portion could actually allow to achieve prolonged 

inhibition of the target. 

A further class of kinase inhibitors is presented, which was designed to inhibit 

EGFR T790M/C797S mutant: the replacement of the cysteine residue with serine 

is reported to cause resistance to third-generation inhibitors and forces the search 

for new chemotypes interacting with different amino acid residues, e.g., the 

conserved Lys745 residue. Biological data for the synthesized compounds 

UPR1423, UPR1424 and UPR1425 are still not available. However, the 

synthetic strategies employed for their preparation proved to be easily scalable 

and the optimized reaction conditions devised in the framework of this Ph.D. 

research period could be readily adapted to the synthesis of new inhibitors, based 

on the activity data obtained for the compounds presented herein.  

Moreover, another approach has been followed in order to target FGF/FGFR-

dependent proliferation, that is, the synthesis of a series of FGF traps: these 

compounds are not intended to directly bind and inhibit the kinase portion, but to 

interact with FGFs in the extracellular environment and to avoid the formation of 

FGF/FGFR/HSPG signaling complexes. Based on the promising biological 

activity of NSC12, a series of analogues featuring modifications on the C17 side 

chain or on position 3 of the steroid scaffold were synthesized. Biological data 

obtained for these compounds allowed to assess the fundamental role played by 

the 1,1-bis-trifluoromethyl-1,3-propanediol group in determining the inhibitory 

activity of these products. Moreover, a reduced impact of the stereochemical 
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configuration at C20 on the biological activity was highlighted, compared to the 

previously available information coming from a limited set of data. 

Despite the burgeoning interest in the field of kinase inhibitors, cancer therapy 

has been relying on many different targets in the last decades. Among them, a 

pivotal role is played by microtubules, the dynamic properties of which are 

modified by many successful drugs, such as Vinca alkaloids and taxanes. In this 

Ph.D. thesis, the synthesis of a simplified analogue of microtubule stabilizing 

agent zampanolide is presented. The obtained compound, NB-24, features a 

methylene linker replacing the tetrahydropyran ring included in the structure of 

the parent compound. This work integrates into a wider SAR investigation 

project and biological data obtained for NB-24 and its precursors will furnish a 

deeper knowledge on the role of different substructures in determining the 

potency of zampanolide and its analogues. 
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6. Experimental Section 

 
6.1. General procedures 

 
Reagents were obtained from commercial suppliers and used without further 

purification. Solvents were purified and stored according to standard procedures. 

Anhydrous reactions were conducted under a positive pressure of dry N2 or Ar, and using 

standard syringe/septa techniques. Reactions were monitored by TLC, on Kieselgel 60 

F 254 (DC-Alufolien, Merck). Final compounds and intermediates were purified by flash 

chromatography (SiO2 60, 40−63 µm). Melting points were determined with a 

Gallenkamp melting point apparatus and are uncorrected. NMR spectra were recorded 

on a Bruker 300 MHz Avance, Bruker 400 MHz Avance or Bruker 500 MHz Avance 

spectrometer; chemical shifts (δ scale) are reported in parts per million relative to the 

central peak of the solvent. 1H NMR spectra are reported in the following order: 

multiplicity, approximate coupling constant (J value) in hertz, and number of protons; 

signals are characterized as s (singlet), d (doublet), dd (doublet of doublets), t (triplet), 

dt (doublet of triplets), q (quartet), m (multiplet), and br s (broad signal). All 13C NMR 

spectra were measured with complete proton decoupling. Mass spectra of final 

compounds were recorded using a Thermo Scientific LTQ Orbitrap XL. Mass spectra 

for compounds prepared at ETH-Zürich (92 - NB-24) were recorded by the ETH Zurich 

MS service on a Bruker Daltonics maxis (UHR-TOF). Infrared spectra (IR) were 

recorded on a Jasco FT/IR-6200 instrument as thin film. Resonance frequencies are 

given as wavenumbers in cm-1. Optical rotation analysis was performed using a 

PerkinElmer 341 polarimeter, the concentration c of analytes being reported as mg/mL. 

Optical rotations for compounds 97 – NB-24 were measured on a Jasco P-1020 

polarimeter, concentrations are reported as g/100 mL. All tested compounds (herein 

reported with UPR-code) were > 95% pure by HPLC/UV or HPLC/MS analysis. 
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6.2. Synthesis of EGFR inhibitors 

 
6.2.1. Anilinoquinazoline-based inhibitors 
Ethyl 4-hydroxy-3-nitrobenzoate (14). Concentrated nitric acid (3 ml, 71.90 mmol) is 

added to a solution of 4-hydroxybenzoate (13, 7.58 g, 45.61 mmol) in acetic acid (85 

ml). The solution is stirred at 40 °C for 2 h and then cooled back to room temperature 

and poured into a water/ice mixture. The precipitate is recovered by suction filtration 

and dissolved in AcOEt. The obtained solution is washed with brine and dried over 

Na2SO4 and the solvent is removed under reduced pressure, affording the title compound 

(9.20 g, 96%) in the form of yellow crystals. Analytical data are in accordance with those 

reported in the literature.265  

 

Ethyl 3-acetamido-4-hydroxybenzoate (15). To a solution of ethyl 4-hydroxy-3-

nitrobenzoate (14, 6.84 g, 32.39 mmol) in THF (50 ml) are added Pd(OAc)2 (219.1 mg, 

0.98 mmol), activated charcoal (2.20 g), Et3SiH (360 µl, 2.26 mmol) and HCOOLi 

(12.46 g, 178.13 mmol). The mixture is stirred at room temperature for 1 h, then it is 

cautiously filtered with suction and solvents are removed by the filtrate by rotary 

evaporation. Acetic acid (50 ml) is added to the residue and the mixture is warmed to 60 

°C. Acetic anhydride (4.6 ml, 48.75 mmol) is consequently added. The suspension is 

slowly allowed to cool to room temperature and then poured into an ice/water mixture. 

Filtration of the precipitate affords the title compound (6.71 g, 93%) as a white solid. 

Analytical data are in accordance with those reported in the literature.266 

 

Ethyl 3-acetamido-4-ethoxybenzoate (16). A suspension of ethyl 3-acetamido-4-

hydroxybenzoate (15, 6.71 g, 30.07 mmol), K2CO3 (6.70 g, 48.48 mmol) and 

ethylbromide (2.8 ml, 37.51 mmol) in DMF (30 ml) is stirred at 60 °C for 4 h. The 

mixture is then allowed to cool to room temperature and poured into an ice/water 

mixture. The precipitate is recovered by suction filtration and dried to afford the title 

compound (6.92 g, 92%) as a white solid. Mp: 99-100 °C. 1H NMR (300 MHz, CDCl3) 
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δ 8.98 (d, J = 1.4 Hz, 1H), 7.78 (dd, J = 8.6, 2.0 Hz, 1H), 7.71 (bs, 1H), 6.88 (d, J = 8.6 

Hz, 1H), 4.35 (q, J = 7.1 Hz, 2H), 4.17 (q, J = 7.0 Hz, 2H), 2.22 (s, 3H), 1.49 (t, J = 7.0 

Hz, 3H), 1.38 (t, J = 7.1 Hz, 3H). 

 

Ethyl 5-acetamido-4-ethoxy-2-nitrobenzoate (17). A mixture of acetic acid (42 ml, 

734.39 mmol), fuming nitric acid (5.4 ml, 129.67 mmol) and acetic anhydride (5.4 ml, 

57.23 mmol) is cautiously added to solid ethyl 3-acetamido-4-ethoxybenzoate (16, 6.92 

g, 27.55 mmol), maintaining the suspension at 0 °C. The solution is slowly warmed to 

room temperature and stirred for 15 min. AcOEt (200 ml) is then added to dilute the 

solution and the mixture is washed with water and brine. The organic layer is dried over 

Na2SO4 and solvents are removed under reduced pressure. Trituration of the residue with 

diethyl ether affords, after drying, the title compound (8.06 g, 98%) as a white solid. Mp: 

117-119 °C. 1H NMR (400 MHz, CDCl3) δ 8.73 (s, 1H), 7.94 (s, 1H), 7.44 (s, 1H), 4.37 

(q, J = 7.2 Hz, 2H), 4.22 (q, J = 6.9 Hz, 2H), 2.26 (s, 3H), 1.53 (t, J = 6.9 Hz, 3H), 1.36 

(t, J = 7.0 Hz, 3H). 

 

Ethyl 5-acetamido-2-amino-4-ethoxybenzoate (18). Ethyl 5-acetamido-4-ethoxy-2-

nitrobenzoate (17, 8.04 g, 27.13 mmol) is dissolved in a mixture of EtOH:AcOH:H2O = 

70:15:15 (100 ml) and  iron powder (15.3 g, 273.95 mmol) is added. After stirring at 

room temperature for 15 min, the mixture is diluted with AcOEt (200 ml) and filtered. 

The filtrate is washed with water and brine, the organic layer is dried over Na2SO4 

solvents are removed under reduced pressure, affording the title compound (5.74 g, 79%) 

as a yellow, crystalline solid. Mp: 122-124 °C. 1H NMR (400 MHz, DMSO-d6) δ 8.77 

(s, 1H), 7.97 (s, 1H), 6.60 (s, 2H), 6.34 (s, 1H), 4.20 (q, J = 7.1 Hz, 2H), 4.01 (q, J = 7.0 

Hz, 2H), 1.99 (s, 3H), 1.35 (t, J = 6.9 Hz, 3H), 1.27 (t, J = 7.1 Hz, 3H). 

 

6-Acetamido-7-ethoxyquinazolin-4-one (19). A solution of ethyl 5-acetamido-2-

amino-4-ethoxybenzoate (18, 5.74 g, 21.56 mmol), ammonium acetate (6.66 g, 86.37 

mmol) and methyl orthoformate (9.4 ml, 85.92 mmol) in diglyme (100 ml) is stirred at 

reflux for 90 min. The mixture is then allowed to cool to room temperature and the solid 
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residue is recovered by suction filtration and dried to afford the title compound (4.47 g, 

84%) as a white solid. Mp: 310  °C (dec.). 1H NMR (300 MHz, DMSO-d6) δ 11.92 (bs, 

1H), 9.19 (s, 1H), 8.74 (s, 1H), 7.99 (s, 1H), 7.16 (s, 1H), 4.26 (q, J = 6.9 Hz, 2H), 2.16 

(s, 3H), 1.44 (t, J = 6.9 Hz, 3H). 

 

6-Acetamido-4-chloro-7-ethoxyquinazoline (20). A suspension of 6-acetamido-7-

ethoxyquinazolin-4-one (19, 4.47 g, 18.08 mmol) in neat POCl3 (16.8 ml, 179.71 mmol) 

is stirred at reflux 45 min. After cooling to room temperature and removing the volatile 

material under reduced pressure, DCM is added to the residue. The mixture is cooled to 

0 °C and a saturated aqueous solution of NaHCO3 is slowly added to a final pH=8. The 

phases are separated and the organic layer is washed with water and brine, dried over 

Na2SO4 and concentrated under reduced pressure, affording the title compound (4.14 g, 

86%) as a white solid. Mp: 178-180 °C. 1H NMR (300 MHz, CDCl3) δ 9.24 (s, 1H), 8.88 

(s, 1H), 8.07 (s, 1H), 7.33 (s, 1H), 4.34 (q, J = 6.6 Hz, 2H), 2.32 (s, 3H), 1.60 (t, J = 6.6 

Hz, 3H). 

 

6-Acetamido-4-(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline (21). 6-acetamido-4-

chloro-7-ethoxyquinazoline (20, 4.14 g, 15.58 mmol) is suspended in 2-propanol (50 

ml). 3-chloro-4-fluoroaniline (2.69 g, 18.48 mmol) and HCl 1M (780 µl, 0.78 mmol) are 

added and the mixture is stirred at reflux for 45 min. The mixture is allowed to cool to 

room temperature. The precipitate is recovered by suction filtration and dried to afford 

the title compound (5.63 g, 96%) as a yellow solid. Mp: 249-250 °C. 1H NMR (300 

MHz, CD3OD) δ 9.06 (s, 1H), 8.72 (s, 1H), 7.91 (dd, J = 6.6, 2.6 Hz, 1H), 7.64 (m, 1H), 

7.35 (t, J = 8.9 Hz, 1H), 7.27 (s, 1H), 4.40 (q, J = 7.0 Hz, 2H), 2.31 (s, 3H), 1.59 (t, J = 

7.0 Hz, 3H). 

 

6-Amino-4-(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline (22). A solution of KOH 

(1.61 g, 28.62 mmol) in water (3 ml) is added to a suspension of 6-acetamido-4-(3-

chloro-4-fluoroaniline)-7-ethoxyquinazoline (21, 995 mg, 2.65 mmol) in 1-propanol 

(100 ml). After stirring the mixture at reflux for 2 h and allowing it to cool back to room 
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temperature, acetic acid is added until neutralization. The solvents are removed under 

reduced pressure and the residue is purified by silica gel column chromatography 

(AcOEt/hexane 4:1) to afford the title compound (647 mg, 73%) as a pale yellow solid. 

Mp: 208-209 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.39 (s, 1H), 8.36 (s, 1H), 8.19 (dd, 

J = 6.9, 2.5 Hz, 1H), 7.80 (m, 1H), 7.39 (t, J = 9.0 Hz, 1H), 7.38 (s, 1H), 7.07 (s, 1H), 

5.35 (s, 2H), 4.22 (q, J = 6.9 Hz, 2H), 1.44 (t, J = 6.9 Hz, 3H). 

 

2-Chloro-N-(4-((3-chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-

yl)acetamide (UPR1303). To a solution of chloroacetic acid (355 mg, 3.76 mmol) in 

anhydrous THF (5 ml) are added DIPEA (650 µl, 3.73 mmol) and pivaloyl chloride (460 

µl, 3.73 mmol). After stirring at room temperature for 30 min, a solution of 6-amino-4-

(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline (22, 227 mg, 0.68 mmol) in anhydrous 

THF (3 ml) is added and the suspension is stirred for 2 h before being diluted with water. 

The mixture is extracted with AcOEt and the organic layer is washed with water and 

brine, dried over Na2SO4 and concentrated under reduced pressure. Purification of the 

solid residue by silica gel column chromatography (AcOEt/hexane 4:1) affords the title 

compound (231 mg, 83%) as a white solid. Mp: 278 °C (dec.). 1H NMR (300 MHz, 

DMSO-d6) δ 9.86 (s, 1H), 9.74 (s, 1H), 8.87 (d, J = 3.9 Hz, 1H), 8.53 (s, 1H), 8.10 (dd, 

J = 6.8, 2.6 Hz, 1H), 7.78 (ddd, J = 9.0, 4.3, 2.6 Hz, 1H), 7.42 (t, J = 9.1 Hz, 1H), 7.29 

(s, 1H), 4.49 (d, J = 1.5 Hz, 2H), 4.30 (q, J = 6.9 Hz, 2H), 1.45 (t, J = 7.0 Hz, 3H). 13C 

NMR (75 MHz, DMSO-d6) δ 165.04, 156.89, 154.84, 154.28, 154.03, 151.63, 149.11, 

136.73, 126.59, 123.75, 122.61 (d, J = 6.8 Hz), 118.80, 116.43 (d, J = 21.5 Hz), 115.57, 

108.73, 107.37, 64.64, 43.33, 14.24. HRMS (ESI): m/z: calcd for C18H15Cl2FN4O2 

[(M+H)+]: 409.06289; found: 409.06291. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-(pyridin-3-

ylthio)acetamide (UPR1375). A solution of 3-pyridylmercaptoacetic acid181 (142 mg, 

0.84 mmol) and  triethylamine (0.12 ml, 0.58 mmol) in DMF (6 ml) is cooled to 0 °C 

and TBTU (275 mg, 0.85 mmol) is added. The mixture is stirred for 30 min, then added 

with 6-amino-4-(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline (22, 160 mg, 0.48 
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mmol) and warmed to 40 °C. After stirring for 4 h, the solution is allowed to cool to 

room temperature and diluted AcOEt. The organic layer is washed with water and brine, 

dried over Na2SO4 and concentrated under reduced pressure. Purification of the solid 

residue by silica gel column chromatography (AcOEt/MeOH 9:1) affords the title 

compound (58 mg, 25%) as a white solid. Mp: 210 °C. 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 8.81 (s, 1H), 8.65 (s, 1H), 8.49 (s, 1H), ), 8.44 (s, 1H), 7.99 – 7.82 (m, 

2H), 7.65 – 7.54 (m, 1H), 7.38 (dd, J = 8.3, 4.6 Hz, 1H), 7.24 – 7.10 (m, 2H), 4.30 (q, J 

= 6.9 Hz, 2H), 4.00 (s, 2H), 1.54 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3/CD3OD) 

δ 167.82, 158.35, 157.14, 154.68, 153.89, 150.11, 148.72, 148.19, 138.50, 136.23, 

127.66, 125.38, 123.15 (d, J = 6.7 Hz), 121.15 (d, J = 18.5 Hz), 116.90 (d, J = 22.2 Hz), 

112.07, 109.78, 106.86, 65.79, 39.07, 14.63, 0.04. HRMS (ESI): m/z: calcd for 

C23H19ClFN5O2S [(M+H)+]: 484.10048; found: 484.10043. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-3-(pyridin-3-

yl)propenamide (UPR1382). 3-pyridin-3-yl-propionic acid (338 mg, 2.24 mmol) is 

suspended in thionyl chloride (3.3 ml, 45.5 mmol) and DMF (9 µl, 0.12 mmol) is added. 

The mixture is stirred at reflux for 1 h, then allowed to cool to room temperature. After 

removing the volatile material by rotary evaporation, the residue is dissolved in 

anhydrous THF (3 ml) and added to a solution of 6-amino-4-(3-chloro-4-fluoroaniline)-

7-ethoxyquinazoline (22, 194 mg, 0.58 mmol). Pyridine (230 µl, 2.84 mmol) is added. 

The mixture is stirred at room temperature for 16 h, then diluted with AcOEt, washed 

with water and brine. The organic layer is dried over Na2SO4 and concentrated under 

reduced pressure. Purification of the solid residue by silica gel column chromatography 

(DCM + 5% MeOH(NH3)) affords the title compound (105 mg, 39%) as a white solid. 

Mp: 241 °C. 1H NMR (300 MHz, CDCl3/CD3OD) δ 8.81 (s, 1H), 8.64 – 8.45 (m, 2H), 

8.45 – 8.29 (m, 1H), 7.93 (dd, J = 6.6, 2.6 Hz, 1H), 7.75 (dt, J = 7.9, 2.0 Hz, 1H), 7.62 

(ddd, J = 9.0, 4.2, 2.6 Hz, 1H), 7.35 (dd, J = 7.9, 4.9 Hz, 1H), 7.27 – 7.02 (m, 2H), 4.30 

(q, J = 7.0 Hz, 2H), 3.14 (t, J = 7.4 Hz, 2H), 2.92 (t, J = 7.3 Hz, 2H), 1.55 (t, J = 6.9 Hz, 

3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 158.16, 156.98, 154.39, 149.50, 148.21, 

147.45, 137.49, 137.24, 127.88, 125.16, 124.47, 122.87 (d, J = 6.8 Hz), 116.82 (d, J = 
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22.1 Hz), 112.06, 109.60, 106.56, 65.58, 38.48, 28.75, 14.51. HRMS (ESI): m/z: calcd 

for C24H21ClFN5O2 [(M+H)+]: 466.14406; found: 466.14368.  

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-((1-methyl-1H-

imidazol-2-yl)thio)acetamide (UPR1364). To a solution of  2-mercapto-1-

methylimidazole (26 mg, 0.23 mmol) and sodium hydroxide (9.5 mg, 0.24 mmol) in 

THF (2 ml) is added 6-(chloroacetamido)-4-(3-chloro-4-fluoroaniline)-7-

ethoxyquinazoline (UPR1303, 65 mg, 0.16 mmol). The mixture is stirred at 45 °C for 2 

h, then it is allowed to cool to room temperature and diluted with AcOEt. The organic 

layer is washed with water, saturated aqueous NaHCO3 and brine, dried over Na2SO4 

and concentrated under reduced pressure. Purification of the solid residue by silica gel 

column chromatography (AcOEt) affords the title compound (24 mg, 31%) as a white 

solid. Mp: 215-217 °C. 1H NMR (300 MHz, DMSO-d6) δ 10.14 (s, 1H), 9.83 (s, 1H), 

8.93 (s, 1H), 8.51 (s, 1H), 8.09 (dd, J = 6.9, 2.6 Hz, 1H), 7.77 (ddd, J = 9.1, 4.3, 2.6 Hz, 

1H), 7.41 (t, J = 9.1 Hz, 1H), 7.33 – 7.20 (m, 2H), 7.00 (d, J = 1.3 Hz, 1H), 4.29 (q, J = 

7.0 Hz, 2H), 4.06 (s, 2H), 3.60 (s, 3H), 1.42 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, 

DMSO-d6) δ 167.22, 156.84, 154.76, 153.75, 153.60, 136.83, 128.39, 127.33, 123.67, 

123.55, 122.55 (d, J = 6.7 Hz), 116.40 (d, J = 21.5 Hz), 113.85, 108.83, 107.18, 64.56, 

37.44, 32.85, 14.22. HRMS (ESI): m/z: calcd for C22H20ClFN6O2S [(M+H)+]: 

487.11138; found: 487.11123.  

 

2-((1H-Imidazol-2-yl)thio)-N-(4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)acetamide (UPR1381). Triethylamine (320 µl, 2.30 mmol) is 

added to a solution of 2-mercaptoimidazole (231 mg, 2.31 mmol) and 6-

(chloroacetamido)-4-(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline (UPR1303, 94 

mg, 0.23 mmol) in THF (6 ml). The mixture is stirred at 50 °C for 2 h, then it is allowed 

to cool to room temperature, diluted with AcOEt and washed with water, saturated 

aqueous NaHCO3 and brine. The organic layer is dried over Na2SO4 and concentrated 

under reduced pressure. Purification of the solid residue by crystallization from 

EtOH/water 7:3 affords the title compound (97 mg, 89%) as a white solid. Mp: 243 °C. 
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1H NMR (300 MHz, CDCl3/CD3OD) δ 8.75 (s, 1H), 8.38 (s, 1H), 7.83 (dd, J = 6.6, 2.6 

Hz, 1H), 7.54 – 7.46 (m, 1H), 7.17 – 7.03 (m, 2H), 6.99 (s, 2H), 4.21 (q, J = 7.0 Hz, 2H), 

3.89 (s, 2H), 1.44 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 167.50, 156.84, 

154.77, 153.73, 153.56, 151.56, 148.68, 139.06, 136.89, 127.40, 123.64, 122.51 (d, J = 

7.0 Hz), 118.78, 116.39 (d, J = 21.5 Hz), 113.71, 108.86, 107.13, 64.57, 36.99, 14.22. 

HRMS (ESI): m/z: calcd for C21H18ClFN6O2S [(M+H)+]: 473.09573; found: 473.09570. 

 

2-(Benzo[d]thiazol-2-ylthio)-N-(4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)acetamide (UPR1365). 6-(chloroacetamido)-4-(3-chloro-4-

fluoroaniline)-7-ethoxyquinazoline (UPR1303, 61 mg, 0.15 mmol) is added to a solution 

of 2-mercaptobenzothiazole (25 mg, 0.15 mmol) and sodium hydroxide (6.0 mg, 0.15 

mmol) in THF (2 ml). The mixture is stirred at room temperature for 1 h, then it is diluted 

with AcOEt and washed with water, saturated aqueous NaHCO3 and brine. The organic 

layer is dried over Na2SO4 and concentrated under reduced pressure. Purification of the 

solid by silica gel column chromatography (AcOEt/hexane 4:1), followed by 

crystallization from 1,2-dichloroethane, affords the title compound (15 mg, 19%) as 

white slender needles. Mp: 203-204 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.86 (s, 1H), 

9.82 (s, 1H), 8.89 (s, 1H), 8.50 (s, 1H), 8.07 - 8.01 (m, 2H), 7.86 (d, J = 8.0 Hz, 1H), 

7.74 (ddd, J = 9.1, 4.4, 2.6 Hz, 1H), 7.48 (td, J = 8.2, 7.7, 1.4 Hz, 1H), 7.44 – 7.33 (m, 

2H), 7.25 (s, 1H), 4.54 (s, 2H), 4.25 (q, J = 7.0 Hz, 2H), 1.36 (t, J = 6.9 Hz, 3H). 13C 

NMR (75 MHz, DMSO-d6) δ 166.07 (d, J = 7.2 Hz), 156.97, 154.94, 153.93, 152.57, 

151.72, 148.92, 136.80 (d, J = 3.0 Hz), 134.95, 127.12, 126.60, 124.79, 123.86, 122.74 

(d, J = 6.9 Hz), 122.02, 121.24, 118.76 (d, J = 18.6 Hz), 116.50 (d, J = 21.5 Hz), 114.70, 

108.85, 107.32, 64.72, 37.34, 14.19. HRMS (ESI): m/z: calcd for C25H19ClFN5O2S2 

[(M+H)+]: 540.07255; found: 540.07226. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-((5-

methoxybenzo[d]thiazol-2-yl)thio)acetamide (UPR1366). 6-(chloroacetamido)-4-(3-

chloro-4-fluoroaniline)-7-ethoxyquinazoline (UPR1303, 86 mg, 0.21 mmol) is added to 

a solution of 2-mercapto-5-methoxybenzothiazole (118.5 mg, 0.60 mmol) and sodium 
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hydroxide (24.7 mg, 0.62 mmol) in THF (4 ml). The mixture is stirred at room 

temperature for 1 h, then it is diluted with AcOEt and washed with water, saturated 

aqueous NaHCO3 and brine. The organic layer is dried over Na2SO4 and concentrated 

under reduced pressure. Purification of the solid residue by silica gel column 

chromatography (AcOEt/hexane 4:1), followed by crystallization from 1,2-

dichloroethane, affords the title compound (23 mg, 19%) as a white crystalline solid. 

Mp: 202-203 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.83 (d, J = 3.2 Hz, 2H), 8.90 (s, 

1H), 8.51 (s, 1H), 8.08 (dd, J = 6.9, 2.6 Hz, 1H), 7.89 (d, J = 8.8 Hz, 1H), 7.76 (ddd, J = 

9.0, 4.3, 2.6 Hz, 1H), 7.49 – 7.33 (m, 2H), 7.27 (s, 1H), 7.02 (dd, J = 8.8, 2.5 Hz, 1H), 

4.53 (s, 2H), 4.27 (q, J = 6.9 Hz, 2H), 3.82 (s, 3H), 1.38 (t, J = 6.9 Hz, 3H). 13C NMR 

(75 MHz, DMSO-d6) δ 166.95, 165.85, 158.74, 156.85, 154.80, 153.83, 151.58, 148.92, 

136.77 (d, J = 3.2 Hz), 127.01, 126.42, 123.73, 122.60 (d, J = 6.8 Hz), 122.21, 118.63 

(d, J = 18.3 Hz), 116.39 (d, J = 21.6 Hz), 114.66, 113.83, 108.78, 107.32, 104.59, 64.60, 

55.52, 37.25, 14.13. HRMS (ESI): m/z: calcd for C26H21ClFN5O5S2 [(M+H)+]: 

570.08311; found: 570.08297. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-((1-methyl-1H-

benzo[d]imidazol-2-yl)thio)acetamide (UPR1374). 6-(chloroacetamido)-4-(3-chloro-

4-fluoroaniline)-7-ethoxyquinazoline (UPR1303, 78 mg, 0.19 mmol) is added to a 

solution of 1-methylbenzimidazole (95 mg, 0.58 mmol) and sodium hydroxide (39 mg, 

0.97 mmol) in THF (4 ml). The mixture is stirred at room temperature for 1 h, then it is 

diluted with AcOEt and washed with water, saturated aqueous NaHCO3 and brine. The 

organic layer is dried over Na2SO4 and concentrated under reduced pressure. Purification 

of the solid residue by silica gel column chromatography (DCM + 1.5% MeOH(NH3)) 

affords the title compound (56 mg, 54%) as a white solid. Mp: 226 °C. 1H NMR (300 

MHz, DMSO-d6) δ 10.00 (s, 1H), 9.82 (s, 1H), 8.93 (s, 1H), 8.50 (s, 1H), 8.08 (dd, J = 

6.9, 2.6 Hz, 1H), 7.76 (ddd, J = 9.1, 4.3, 2.6 Hz, 1H), 7.60 – 7.49 (m, 2H), 7.41 (t, J = 

9.1 Hz, 1H), 7.26 – 7.17 (m, 3H), 4.46 (s, 2H), 4.22 (q, J = 7.0 Hz, 2H), 3.75 (s, 3H), 

1.28 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 166.59, 156.82, 154.77, 

153.78, 153.59, 151.55, 151.15, 148.74, 142.55, 136.95, 136.81, 127.15, 123.65, 122.52 
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(d, J = 6.8 Hz), 121.70 (d, J = 10.9 Hz), 117.49, 116.38 (d, J = 21.7 Hz), 114.25, 109.59, 

108.80, 107.19, 64.52, 36.08, 30.00, 13.95. HRMS (ESI): m/z: calcd for 

C26H22ClFN6O2S [(M+H)+]: 537.12703; found: 537.12658.  

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-(pyridin-2-

ylthio)acetamide (UPR1361). Sodium hydroxide (64.5 mg, 1.61 mmol) is suspended in 

THF (3 ml) and 2-mercaptopyridine (174 mg, 1.57 mmol) is added. To the clear solution 

is then added 6-(chloroacetamido)-4-(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline 

(UPR1303, 61.4 mg, 0.15 mmol). After stirring the mixture at room temperature for 1 

h, AcOEt and water are added, the layers are separated and the organic layer is washed 

with water, saturated aqueous NaHCO3 and brine, dried over Na2SO4 and concentrated 

under reduced pressure. Trituration of the solid residue with AcOEt affords the title 

compound (44 mg, 61%) as a white powder. Mp: 225 °C (dec.). 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 8.86 (s, 1H), 8.53 (d, J = 5.3 Hz, 1H), 8.50 (s, 1H), 7.94 (dd, J = 6.7, 

2.7 Hz, 1H), 7.68 – 7.59 (m, 2H), 7.37 (d, J = 8.1 Hz, 1H), 7.27 – 7.10 (m, 3H), 4.26 (q, 

J = 7.0 Hz, 2H), 4.11 (s, 2H), 1.38 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 

167.34, 156.82 (d, J = 3.1 Hz), 154.79, 153.73, 153.29, 149.56, 148.62, 137.12, 136.82, 

127.26, 123.69, 122.57 (d, J = 6.8 Hz), 121.94, 120.45, 118.65 (d, J = 18.1 Hz), 116.39 

(d, J = 21.7 Hz), 113.46, 108.89, 107.18, 64.60, 34.02, 14.13. HRMS (ESI): m/z: calcd 

for C23H19ClFN5O2S [(M+H)+]: 484.10048; found: 484.10038. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-(pyrimidin-2-

ylthio)acetamide (UPR1338). 6-(chloroacetamido)-4-(3-chloro-4-fluoroaniline)-7-

ethoxyquinazoline (UPR1303, 57 mg, 0.14 mmol) is added to a solution of 2-

mercaptopyrimidine (38 mg, 0.34 mmol) and sodium hydroxide (14.0 mg, 0.35 mmol) 

in THF (2 ml). The mixture is stirred at room temperature for 1 h, then diluted with ethyl 

acetate. The organic layer is washed with water, saturated aqueous NaHCO3 and brine, 

dried over Na2SO4 and concentrated under reduced pressure. Purification of the solid 

residue by silica gel column chromatography (AcOEt) affords the title compound (59 

mg, 88%) as a white solid. Mp: 243 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.82 (s, 1H), 
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9.68 (s, 1H), 8.93 (s, 1H), 8.69 (d, J = 4.9 Hz, 2H), 8.50 (s, 1H), 8.08 (dd, J = 6.9, 2.6 

Hz, 1H), 7.85 – 7.65 (m, 1H), 7.39 (t, J = 9.1 Hz, 1H), 7.29 (t, J = 4.9 Hz, 1H), 7.24 (s, 

1H), 4.41 – 4.06 (m, 4H), 1.36 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 

169.98, 166.78, 158.02, 156.81, 154.78, 153.45, 151.56, 148.65, 136.81, 127.19, 123.69, 

122.56 (d, J = 6.9 Hz), 118.64 (d, J = 18.5 Hz), 117.74, 116.36 (d, J = 21.6 Hz), 113.83, 

108.85, 107.17, 64.59, 35.14, 14.19. HRMS (ESI): m/z: calcd for C22H18ClFN6O2S 

[(M+H)+]: 485.09573; found: 485.09555. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-((1-methyl-1H-

tetrazol-5-yl)thio)acetamide (UPR1360). To a solution of  5-mercapto-1-

methyltetrazole (36.2 mg, 0.30 mmol) and sodium hydroxide (12 mg, 0.30 mmol) in 

THF (2 ml) is added 6-(chloroacetamido)-4-(3-chloro-4-fluoroaniline)-7-

ethoxyquinazoline (UPR1303, 90 mg, 0.22 mmol). After stirring at room temperature 

for 1 h, the mixture is diluted with AcOEt. The organic layer is washed with water and 

brine, dried over Na2SO4 and concentrated under reduced pressure. Purification of the 

solid residue is purified by silica gel column chromatography (AcOEt) affords the title 

compound (65 mg, 61%) as a white solid. Mp: 232-234 °C. 1H NMR (300 MHz, DMSO-

d6) δ 9.85 (s, 1H), 9.83 (s, 1H), 8.86 (s, 1H), 8.52 (s, 1H), 8.08 (dd, J = 6.9, 2.6 Hz, 1H), 

7.76 (ddd, J = 9.0, 4.3, 2.6 Hz, 1H), 7.41 (t, J = 9.1 Hz, 1H), 7.27 (s, 1H), 4.47 (s, 2H), 

4.30 (q, J = 7.0 Hz, 2H), 4.00 (s, 3H), 1.46 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, 

DMSO-d6) δ 165.66, 156.85, 154.81, 153.98, 153.42, 151.59, 148.94, 136.76, 126.94, 

123.71, 122.58 (d, J = 6.9 Hz), 118.65 (d, J = 18.4 Hz), 116.39 (d, J = 21.5 Hz), 114.88, 

108.75, 107.27, 64.63, 37.39, 33.70, 14.20. HRMS (ESI): m/z: calcd for 

C20H18ClFN8O2S [(M+H)+]: 489.10187; found: 489.10161.  

 

2-((4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)amino)-2-

oxoethyl acetate (UPR1301). A solution of 6-(chloroacetamido)-4-(3-chloro-4-

fluoroaniline)-7-ethoxyquinazoline (UPR1303, 150 mg, 0.37 mmol) and sodium acetate 

(30 mg, 0.37 mmol) in DMF (4 ml) is stirred at reflux for 3 h. It is then allowed to cool 

to room temperature and diluted with water. The obtained precipitate is recovered by 
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suction filtration and dried to afford the title compound (141 mg, 89%) as a white solid. 

Mp: 221 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.83 (s, 1H), 9.53 (s, 1H), 8.86 (s, 1H), 

8.52 (s, 1H), 8.10 (dd, J = 6.9, 2.6 Hz, 1H), 7.78 (ddd, J = 9.1, 4.4, 2.7 Hz, 1H), 7.40 (t, 

J = 9.1 Hz, 1H), 7.26 (s, 1H), 4.81 (s, 2H), 4.28 (q, J = 6.9 Hz, 2H), 2.16 (s, 3H), 1.46 

(t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 169.84, 165.88, 156.82, 154.79, 

154.16, 153.91, 151.57, 149.03, 136.88, 126.58, 123.65, 122.51 (d, J = 6.9 Hz), 118.66 

(d, J = 18.2 Hz), 116.39 (d, J = 21.5 Hz), 115.19, 108.83, 107.30, 64.60, 62.55, 20.47, 

14.24. HRMS (ESI): m/z: calcd for C20H18ClFN4O4 [(M+H)+]: 433.10734; found: 

433.10699. 

 

2-((4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)amino)-2-

oxoethyl benzoate (UPR1300). A solution of 6-(chloroacetamido)-4-(3-chloro-4-

fluoroaniline)-7-ethoxyquinazoline (UPR1303, 70 mg, 0.17 mmol), benzoic acid (21 

mg, 0.17 mmol) and triethylamine (24 µl, 0.17 mmol) in DMF (3 ml) is stirred at reflux 

for 3 h. The solution is allowed to cool to room temperature and diluted with water. The 

obtained precipitate is recovered by suction filtration and dried to afford the title 

compound (75 mg, 88%) as a white solid. Mp: 243 °C. 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 8.93 (s, 1H), 8.53 (s, 1H), 8.20 (s, 1H), 8.19 – 8.14 (m, 1H), 7.95 (dd, 

J = 6.7, 2.7 Hz, 1H), 7.71 (t, J = 7.5 Hz, 1H), 7.63 (ddd, J = 8.9, 4.1, 2.6 Hz, 1H), 7.56 

(t, J = 7.6 Hz, 2H), 7.25 – 7.11 (m, 2H), 5.08 (s, 2H), 4.25 (q, J = 7.0 Hz, 2H), 1.38 (t, J 

= 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 166.50, 165.63, 158.05, 156.90, 

154.61, 153.64, 152.96, 148.48, 135.86, 134.54, 130.18, 129.15, 126.80, 125.12, 122.78 

(d, J = 7.0 Hz), 121.02 (d, J = 18.4 Hz), 116.72 (d, J = 22.0 Hz), 111.04, 109.61, 106.77, 

65.61, 63.73, 14.46. HRMS (ESI): m/z: calcd for C25H20ClFN4O4 [(M+H)+]: 495.12299; 

found: 495.12263. 

 

2-((4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)amino)-2-

oxoethyl 2,6-dimethylbenzoate (UPR1367). A solution of 6-(chloroacetamido)-4-(3-

chloro-4-fluoroaniline)-7-ethoxyquinazoline (UPR1303, 65 mg, 0.16 mmol), 2,6-

dimethoxy benzoic acid (70.5 mg, 0.47 mmol) and triethylamine (100 µl, 0.72 mmol) in 
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DMF (4 ml) is stirred at 100 °C for 30 min. The solution is allowed to cool to room 

temperature and diluted with water. The obtained precipitate is recovered by suction 

filtration and dried to afford the title compound (49 mg, 47%) as a white solid. Mp: 240 

°C (dec.). 1H NMR (300 MHz, DMSO-d6) δ 9.85 (s, 1H), 9.67 (s, 1H), 8.86 (s, 1H), 8.53 

(s, 1H), 8.09 (dd, J = 6.8, 2.6 Hz, 1H), 7.76 (ddd, J = 9.1, 4.4, 2.7 Hz, 1H), 7.42 (t, J = 

9.1 Hz, 1H), 7.34 – 7.19 (m, 2H), 7.12 (d, J = 7.6 Hz, 2H), 5.09 (s, 2H), 4.29 (q, J = 7.0 

Hz, 2H), 2.35 (s, 6H), 1.41 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 168.45, 

165.69, 156.89, 154.83, 154.24, 153.97, 151.61, 149.11, 136.78 (d, J = 2.9 Hz), 134.82, 

132.88, 129.68, 127.57, 126.57, 123.73, 122.61 (d, J = 7.0 Hz), 118.67 (d, J = 18.2 Hz), 

116.43 (d, J = 21.6 Hz), 108.81, 107.39, 64.61, 63.13, 19.41, 14.16. HRMS (ESI): m/z: 

calcd for C27H24ClFN4O4 [(M+H)+]: 523.15429; found: 523.15387. 

 

N-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-2-

hydroxyacetamide (UPR1394). Sodium (3 mg, 0.13 mmol) is added to a solution of 6-

(2-acetoyloxyacetamido)-4-(3-chloro-4-fluoroaniline)-7-ethoxyquinazoline (UPR1301, 

93 mg, 0.22 mmol) in a mixture of THF (3 ml) and MeOH (30 µl, 0.8 mmol). The 

solution is stirred at room temperature for 30 min, quenched by addition of HCl 1M until 

neutralization and diluted with AcOEt. The organic layer is washed with water and brine, 

dried over Na2SO4 and concentrated under reduced pressure. Purification of the solid 

residue by silica gel column chromatography (AcOEt/hexane 4:1) affords the title 

compound (52 mg, 62%) as a white solid. Mp: 261 °C. 1H NMR (300 MHz, DMSO-d6) 

δ 9.87 (s, 1H), 9.48 (s, 1H), 9.08 (s, 1H), 8.52 (s, 1H), 8.08 (dd, J = 7.0, 2.6 Hz, 1H), 

7.76 (ddd, J = 9.0, 4.3, 2.6 Hz, 1H), 7.42 (t, J = 9.1 Hz, 1H), 7.31 (s, 1H), 6.25 (t, J = 5.6 

Hz, 1H), 4.33 (q, J = 6.9 Hz, 2H), 4.09 (d, J = 5.6 Hz, 2H), 1.46 (t, J = 6.9 Hz, 3H). 13C 

NMR (75 MHz, DMSO-d6) δ 170.42, 156.88, 154.78, 153.62, 152.71, 151.56, 148.48, 

136.87, 126.73, 123.73, 122.62 (d, J = 6.9 Hz), 118.63 (d, J = 18.6 Hz), 116.38 (d, J = 

21.5 Hz), 111.60, 109.09, 107.23, 64.77, 61.75, 14.28. HRMS (ESI): m/z: calcd for 

C18H16ClFN4O3 [(M-H)-]: 389.08112; found: 389.08215. 
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6.2.2. Diaminopyrimidine-based inhibitors 
5-Chlorouracil (29). Uracil (28, 5.00 g, 44.67 mmol) is suspended in acetic acid (130 

ml). Acetic anhydride (1.30 ml, 13.32 mmol) and N-chlorosuccinimide (7.79 g, 58.31 

mmol) are added and the mixture is stirred at 60 °C for 5 h. The suspension is then cooled 

to room temperature and the precipitate is recovered by suction filtration, affording the 

title compound (3.00 g, 47%) as a white solid. Analytical data are in accordance with 

those reported in the literature.267 

 

2,4,5-Trichloropyrimidine (30). 5-chlorouracil (29, 500 mg, 3.40 mg), POCl3 (0.63 ml, 

6.78 mmol) and 2,6-lutidine (0.40 ml, 3.43 mmol) are heated at 140 °C for 2 h in a closed 

flask. The mixture is then cooled to 0 °C and ice flakes are cautiously added, followed 

by the addition of water. The mixture is extracted with AcOEt, the layers are separated 

and the organic phase is washed with brine and dried over Na2SO4. The solvent is 

evaporated under reduced pressure and the residue is purified in a short silica column 

(hexane/AcOEt 6:1) to afford the title compound (400 mg, 64%) as a pale yellow, sticky 

oil. 1H NMR: (300 MHz, CDCl3) δ 8.59 (s, 1H). 

 

2,5-Dichloro-N-(3-nitrophenyl)pyrimidin-4-amine (31). Trichloropyrimidine (30, 

2.89 g, 15.76 mmol) and 3-nitroaniline (1.45 g, 10.51 mmol) are suspended in i-PrOH 

(30 ml). DIPEA (3.7 ml, 21.24 mmol) is added and the mixture is stirred at 80 °C for 15 

h. A precipitate is obtained when the mixture is allowed to cool temperature, which is 

recovered by suction filtration, washed with i-PrOH and water and dried, affording the 

title compound (2.17 g, 72%) as a pale yellow solid. 1H NMR (400 MHz, 

CDCl3/CD3OD) δ 8.59 (t, J = 2.2 Hz, 1H), 8.21 (s, 1H), 8.04 (ddd, J = 8.2, 2.2, 1.0 Hz, 

1H), 7.99 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.55 (t, J = 8.2 Hz, 1H). 

 

 1-(4-(3-Methoxy-4-nitrophenyl)piperazin-1-yl)ethan-1-one (33). 5-fluoro-2-

nitroanisole (32, 1.78 g, 10.38 mmol) and 1-acetylpiperazine (1.60 g, 12.47 mmol) are 

heated at 40 °C for 1 h in a closed vial. The residue is then taken with DCM and methanol 

and the solution is transferred into a flask and concentrated under reduced pressure. The 
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crude product is washed with water, dried and crystallized from toluene to afford the title 

compound (2.59 g, 89%) in the form of yellow, needle-like crystals. 1H NMR (300 MHz, 

CDCl3) δ 7.98 (d, J = 9.3 Hz, 1H), 6.40 (dd, J = 9.3, 2.6 Hz, 1H), 6.31 (d, J = 2.5 Hz, 

1H), 3.94 (s, 3H), 3.83 – 3.73 (m, 2H), 3.66 (dd, J = 6.6, 4.0 Hz, 2H), 3.43 (ddd, J = 

14.2, 6.5, 4.1 Hz, 4H), 2.14 (s, 3H). 

 

1-(4-(4-Amino-3-methoxyphenyl)piperazin-1-yl)ethan-1-one (24). Compound 33 

(1.33 g, 4.76 mmol) is dissolved in THF (10 ml). Zinc dust (1.58 g, 24.32 mmol) and a 

solution of ammonium chloride (270 mg, 4.93 mmol) in water (3 ml) are added. The 

mixture is stirred at 50 °C for 3 h and then filtered over a pad of cotton. The filtrate is 

concentrated under reduced pressure and dissolved again in DCM. The solution is 

washed with water and brine, dried over Na2SO4 and concentrated. The residue is 

crystallized from toluene to afford the title compound (1.17 g, 98%) in the form of purple 

crystals. 1H NMR (400 MHz, CDCl3) δ 6.61 (d, J = 8.3 Hz, 1H), 6.48 (d, J = 2.5 Hz, 

1H), 6.37 (dd, J = 8.3, 2.4 Hz, 1H), 3.80 (s, 3H), 3.72 (t, J = 5.2 Hz, 2H), 3.59 – 3.54 (m, 

2H), 2.97 (dt, J = 12.2, 5.1 Hz, 4H), 2.10 (s, 3H). 

 

2-((2-Methoxy-4-(4-acetylpiperazin-1-yl)phenyl)amino)-4-(((3-

nitro)phenyl)amino)-5-chloropyrimidine (34). Compound 31 (2.17 g, 7.61 mmol) and 

aniline 24 (1.26 g, 5.05 mmol) are suspended in i-PrOH (50 ml). PTSA*H2O (1.92 mmol, 

10.09 mmol) is added and the mixture is stirred at 80 °C for 15 h. The suspension is then 

cooled to room temperature and diluted with AcOEt. The solution is washed with HCl 

0.2 M, causing repartition of the product in the aqueous layer. The layers are separated 

and NaHCO3 is added to the aqueous solution (pH=8), leading to the precipitation of the 

product, which is recovered by suction filtration and washed thoroughly with a hot 

EtOH/H2O 7:3 mixture. After drying in the air, the title compound (1.26 g, 50%) is 

obtained as a brownish solid. 1H NMR (300 MHz, CDCl3/CD3OD) δ 8.54 (t, J = 2.2 Hz, 

1H), 8.01 (s, 1H), 7.93 (dd, J = 7.8, 2.1 Hz, 1H), 7.87 (dt, J = 7.9, 1.5 Hz, 1H), 7.81 (d, 

J = 8.7 Hz, 1H), 7.47 (t, J = 8.2 Hz, 1H), 6.52 (d, J = 2.5 Hz, 1H), 6.33 (dd, J = 8.7, 2.5 
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Hz, 1H), 3.84 (s, 3H), 3.73 (t, J = 5.2 Hz, 2H), 3.63 (t, J = 5.1 Hz, 2H), 3.09 (dt, J = 13.9, 

5.2 Hz, 4H), 2.12 (s, 3H). 

 

2-((2-Methoxy-4-(4-acetylpiperazin-1-yl)phenyl)amino)-4-(((3-

amino)phenyl)amino)-5-chloropyrimidine (35). Compound 34 (1.10 g, 2.21 mmol) is 

dissolved in EtOH (150 ml). Iron powder (1.24 g, 22.17 mmol) and HCl 1M (0.5 ml, 0.5 

mmol) are added and the mixture is heated at reflux for 2 h. It is then cooled to room 

temperature and filtered on a pad of celite. The solvent is removed under reduced 

pressure and the residue is purified in a short silica column (AcOEt + 10% MeOH) to 

afford the title compound (965 mg, 93%) as a white solid. 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 8.00 (d, J = 8.8 Hz, 1H), 7.91 (s, 1H), 7.10 – 7.03 (m, 2H), 6.86 (ddd, 

J = 8.1, 2.1, 0.9 Hz, 1H), 6.56 (d, J = 2.6 Hz, 1H), 6.54 – 6.43 (m, 2H), 3.85 (s, 3H), 3.78 

– 3.69 (m, 2H), 3.65 (t, J = 5.2 Hz, 2H), 3.10 (dt, J = 14.4, 5.1 Hz, 4H), 2.13 (s, 3H). 

 

N-(3-((2-((4-(4-Acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin-

4-yl)amino)phenyl)acetamide (UPR1423). Aniline 35 (49 mg, 0.11 mmol) is dissolved 

in pyridine (1 ml) and acetic anhydride (15 µl, 0.16 mmol) is slowly added. The mixture 

is stirred at room temperature for 30 min and diluted with water. The obtained precipitate 

is recovered by suction filtration and dried. Crystallization from water (10% MeOH 

added) affords the title compound (44 mg, 82%) as colorless, needle-like crystals. Mp: 

168 °C. 1H NMR (400 MHz, CDCl3/CD3OD) δ 7.96 (dd, J = 8.9, 1.3 Hz, 1H), 7.94 – 

7.91 (m, 1H), 7.69 (s, 1H), 7.43 (dd, J = 7.6, 2.3 Hz, 1H), 7.36 – 7.30 (m, 1H), 7.27 (t, J 

= 8.0 Hz, 1H), 6.54 (d, J = 2.5 Hz, 1H), 6.45 – 6.31 (m, 1H), 3.85 (s, 3H), 3.73 (t, J = 

5.2 Hz, 2H), 3.65 (t, J = 5.2 Hz, 2H), 3.09 (dt, J = 18.4, 5.3 Hz, 4H), 2.13 (s, 3H), 2.11 

(d, J = 1.2 Hz, 3H). MS (ESI): m/z: calcd for C25H29ClN7O3 [(M+H)+]: 510.19; found: 

509.93. 

 

N-(3-((2-((4-(4-Acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-chloropyrimidin-

4-yl)amino)phenyl)-2-chloroacetamide (UPR1424). To a solution of chloroacetic acid 

(124 mg, 1.31 mmol) in anhydrous THF (2 ml) are added DIPEA (230 µl, 1.32 mmol) 
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and pivaloyl chloride (140 µl, 1.13 mmol). After stirring at room temperature for 20 min, 

a suspension of aniline 35 (97 mg, 0.21 mmol) in anhydrous THF (3 ml) is added and 

the mixture is stirred for 1 h before being diluted with water. The mixture is extracted 

with AcOEt and the organic layer is washed with water and brine, dried over Na2SO4 

and concentrated under reduced pressure. Purification of the solid residue by silica gel 

column chromatography (DCM + 3% MeOH) and crystallization from EtOH/water 7:3 

afford the title compound (61 mg, 54%) as colorless crystals. Mp: 172 °C. 1H NMR (300 

MHz, CDCl3/CD3OD) δ 7.94 (s, 1H), 7.94 (d, J = 11.8 Hz, 1H), 7.79 (t, J = 2.1 Hz, 1H), 

7.42 (q, J = 2.1 Hz, 1H), 7.39 (t, J = 2.0 Hz, 1H), 7.32 (d, J = 7.9 Hz, 1H), 6.55 (d, J = 

2.6 Hz, 1H), 6.37 (dd, J = 8.8, 2.5 Hz, 1H), 4.13 (s, 2H), 3.86 (s, 3H), 3.73 (t, J = 5.2 Hz, 

2H), 3.66 (t, J = 5.2 Hz, 2H), 3.10 (dt, J = 14.1, 5.2 Hz, 4H), 2.13 (s, 3H). MS (ESI): 

m/z: calcd for C25H28Cl2N7O3 [(M+H)+]: 544.16; found: 543.86. 

 

2-((3-((2-((4-(4-Acetylpiperazin-1-yl)-2-methoxyphenyl)amino)-5-

chloropyrimidin-4-yl)amino)phenyl)amino)ethane-1-sulfonyl fluoride (UPR1425). 

Aniline 35 (200 mg, 0.43 mmol) is dissolved in chloroform/MeOH 1:1 (10 ml) and ESF 

(120 µl, 1.45 mmol) is added. The solution is stirred at room temperature for 3 h. TLC 

analysis reveals a conversion of about 40-50%. The mixture is diluted with AcOEt and 

washed with saturated aqueous NaHCO3. The organic layer is consequently washed with 

water and brine, dried over Na2SO4 and concentrated under reduced pressure. 

Purification of the solid residue by silica gel column chromatography (toluene/EtOH 

95:5) affords the title compound (33 mg, 13%) as a white solid. Mp: 89 °C. 1H NMR 

(400 MHz, CDCl3) δ 8.08 (d, J = 8.7 Hz, 1H), 8.05 (s, 1H), 7.23 – 7.16 (m, 2H), 7.00 (d, 

J = 2.0 Hz, 1H), 6.90 – 6.80 (m, 1H), 6.54 (d, J = 2.5 Hz, 1H), 6.48 (dd, J = 8.8, 2.6 Hz, 

1H), 6.45 – 6.36 (m, 1H), 3.87 (s, 3H), 3.81 – 3.73 (m, 4H), 3.67 – 3.55 (m, 4H), 3.11 

(dt, J = 12.5, 5.2 Hz, 4H), 2.15 (s, 3H). MS (ESI): m/z: calcd for C25H30ClFN7O4 

[(M+H)+]: 578.17; found: 577.90. 
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6.3. Synthesis of FGF/FGFR targeting compounds 

 
6.3.1. FGFR kinase inhibitors 
5-Hydroxymethyluracil (56). A mixture of uracil (28, 18.21 g, 162.46 mmol), 

paraformaldehyde (6 g) and potassium hydroxide (5.84 g, 104.08) in water (100 ml) is 

stirred for 63 h at 55 °C. The reaction mixture is then diluted with water (350 ml) and 

IRA-120 resin is added till pH=7. The mixture is concentrated under reduced pressure, 

yielding a solid residue that is crystallized from water to afford the title compound (18.70 

g, 81%) as white solid. Analytical data are in accordance with those reported in the 

literature.268 

 

2,4-Dichloro-5-(chloromethyl)pyrimidine (57). 5-hydroxymethyluracil (56, 2.12 g, 

14.95 mmol) and PCl5 (9.36 g, 44.94 mmol) are suspended in POCl3 (2.6 ml, 27.81 

mmol) and the mixture is gradually warmed to reflux. After stirring for 2 h, the 

suspension is cooled back to room temperature and volatiles are removed under reduced 

pressure. The residue is dissolved in DCM and the solution is washed with water and 

brine. The organic phase is dried over Na2SO4 and concentrated under reduced pressure, 

yielding the title compound (2.07 g, 71% yield) as a white solid. Analytical data are in 

accordance with those reported in the literature.269  

 

N-((2,4-dichloropyrimidin-5-yl)methyl)-3,5-dimethoxyaniline (58). 2,4-dichloro-5-

(chloromethyl)pyrimidine (57, 2.07 g, 10.49 mmol), 3,5-dimethoxyaniline (1.60 g, 10.47 

mmol), potassium carbonate (4.55 g, 32.91 mmol) and sodium iodide (82 mg, 0.55 

mmol) are suspended in acetonitrile (30 ml) and the mixture is stirred at room 

temperature for 15 h. It is then diluted with chloroform and washed with water and brine. 

The organic layer is dried over Na2SO4 and concentrated under reduced pressure. The 

residue is purified by silica gel column chromatography (petroleum ether/AcOEt 2:1), 

affording the title compound (1.12 g, 34% yield) as a white solid. Analytical data are in 

accordance with those reported in the literature.268  
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2-Chloro-5-(((3,5-dimethoxyphenyl)amino)methyl)-N-(4-nitrobenzyl)pyrimidin-4-

amine (59). N-((2,4-dichloropyrimidin-5-yl)methyl)-3,5-dimethoxyaniline (58, 856 mg, 

2.72 mmol) and 4-nitrobenzylamine (896 mg, 5.88 mmol) are suspended in dioxane (10 

ml). DIPEA (1.4 ml, 8.04 mmol) is added and the mixture is stirred at 60 °C for 15 h. 

The solvent is then evaporated under reduced pressure and the residue is purified by 

silica gel column chromatography (petroleum ether/AcOEt 2:1), affording the title 

compound (906 mg, 78% yield) as a pale yellow solid. Analytical data are in accordance 

with those reported in the literature.88 

 

7-Chloro-3-(3,5-dimethoxyphenyl)-1-(4-nitrobenzyl)-3,4-dihydropyrimido[4,5-

d]pyrimidin- 2(1H)-one (60).  2-chloro-5-(((3,5-dimethoxyphenyl)amino)methyl)-N-

(4-nitrobenzyl)pyrimidin-4-amine (59, 906 mg, 2.11 mmol) is suspended in anhydrous 

THF (15 ml). Triphosgene (287 mg, 0.97 mmol) and triethylamine (0.88 ml, 6.31 mmol) 

are added and the mixture is stirred at 70 °C for 1 h. After being cooled to room 

temperature, the suspension is diluted with AcOEt and washed with saturated aqueous 

NaHCO3, water and brine. The organic layer is dried over Na2SO4 and concentrated 

under reduced pressure, yielding the title compound (1.00 g, quantitative yield) as a pale 

yellow solid. Analytical data are in accordance with those reported in the literature.88 

 

1-Methyl-4-(4-nitrophenyl)piperazine (62). 4-Nitrobromobenzene (61, 5.03 g, 24.90 

mmol) and N-methylpiperazine (5.5 ml, 49.52 mmol) are stirred at 80 °C for 6 h. The 

mixture is then cooled to room temperature, diluted with AcOEt and washed with 

saturated aqueous NaHCO3 and brine. The organic layer is dried over Na2SO4 and 

concentrated under reduced pressure, yielding the title compound (5.33 g, 96% yield) as 

a bright yellow solid. Analytical data are in accordance with those reported in the 

literature.270  

 

4-(4-Methylpiperazin-1-yl)aniline (63). A mixture of 1-methyl-4-(4-

nitrophenyl)piperazine (62, 5.20 g, 23.52 mmol), iron (13.14 g, 235.20 mmol) and 
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ammonium chloride (3.88 g, 70.56 mmol) in ethanol (230 ml) and water (5 ml) is is 

stirred at reflux for 1 h. After filtration on a pad of celite and removal of the solvent 

under reduced pressure, the residue is purified by silica gel column chromatography 

(DCM/methanol 9:1), affording the title compound (4.28 g, 95% yield) as a brown-

purple solid. Analytical data are in accordance with those reported in the literature.270  

 

3-(3,5-Dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-1-(4-

nitrobenzyl)- 3,4-dihydropyrimido[4,5-d]pyrimidin-2(1H)-one (64). 7-chloro-3-

(3,5-dimethoxyphenyl)-1-(4-nitrobenzyl)-3,4-dihydropyrimido[4,5-d]pyrimidin- 

2(1H)-one (60, 1.04 g, 2.28 mmol) and 4-(4-methylpiperazin-1-yl)aniline (63, 654 mg, 

3.42 mmol) are suspended in sec-butanol (20 ml). Trifluoroacetic acid (0.81 ml, 10.57 

mmol) is added and the mixture is stirred at 100 °C for 15 h. After removal of the solvent, 

the residue is diluted with DCM and the solution is washed with saturated aqueous 

NaHCO3 and brine. The organic layer is dried over Na2SO4 and concentrated under 

reduced pressure and the residue is purified by silica gel column chromatography 

(DCM/methanol 15:1), affording the title compound (718 mg, 51% yield) as a yellow 

solid. Analytical data are in accordance with those reported in the literature.88 

 

1-(4-Aminobenzyl)-3-(3,5-dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-

yl)phenyl)amino)-3,4-dihydropyrimido[4,5-d]pyrimidin-2(1H)-one (65). 3-(3,5-

dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-1-(4-nitrobenzyl)- 

3,4-dihydropyrimido[4,5-d]pyrimidin-2(1H)-one (64, 129 mg, 0.21 mmol) is dissolved 

in a mixture of THF and methanol (1:1, 20 ml) and Raney nickel suspension in water (1 

ml) is added. The suspension is stirred at 40 °C for 2 h, then it is cooled back to room 

temperature and cautiously filtered over mineral wool. The solvents are removed under 

reduced pressure and the residue is purified by silica gel column chromatography 

(DCM/methanol 15:1), affording the title compound (86 mg, 71% yield) as a pale yellow 

solid. 1H NMR (300 MHz, CDCl3) δ 7.90 (s, 1H), 7.43 (d, J = 9.0 Hz, 2H), 7.23 (d, J = 

8.4 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 6.55 (d, J = 8.4 Hz, 2H), 6.47 (d, J = 2.3 Hz, 2H), 
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6.37 (t, J = 2.3 Hz, 1H), 5.18 (s, 2H), 4.58 (s, 2H), 3.77 (s, 6H), 3.19 (t, 4.9 Hz, 4H), 

2.61 (t, J = 5.0 Hz, 4H), 2.37 (s, 3H).  

 

2-Chloro-N-(4-((3-(3,5-dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-

yl)phenyl)amino)-2-oxo-3,4-dihydropyrimido[4,5-d]pyrimidin-1(2H)-

yl)methyl)phenyl)acetamide (66). To a solution of chloroacetic acid (26.0 mg, 0.27 

mmol) and DIPEA (47 µl, 0.27 mmol) in anhydrous THF (2 ml) is added pivaloyl 

chloride (28 µl, 0.23 mmol). The mixture is stirred at room temperature for 25 min, then 

a solution of compound 65 (63.0 mg, 0.11 mmol) in anhydrous THF (3 ml) is added. The 

resulting mixture is stirred for 30 min and diluted with DCM, washed with water and 

dried over Na2SO4. The organic layer is directly purified on a short silica column 

(DCM/MeOH 15:1) without being concentrated. Fractions containing the product are 

collected and the solution is either directly used in the synthesis of UPR1376 or 

concentrated under reduced pressure at room temperature, yielding a solid residue that 

is used for the synthesis of UPR1372 and UPR1373.  

 

2-Chloro-N-(4-((3-(3,5-dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-

yl)phenyl)amino)-2-oxo-3,4-dihydropyrimido[4,5-d]pyrimidin-1(2H)-

yl)methyl)phenyl)acetamide hydrochloride (UPR1376). To the solution of 2-chloro-

N-(4-((3-(3,5-dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-2-oxo-

3,4-dihydropyrimido[4,5-d]pyrimidin-1(2H)-yl)methyl)phenyl)acetamide (66) obtained 

from purification by column chromatography is added TMSCl (17 µl, 0.13 mmol). The 

mixture is concentrated under reduced pressure at low temperature, affording the title 

compound (37 mg, 51% yield over two steps) as a bright yellow solid. Mp: 85 °C (dec.). 
1H NMR (400 MHz, CD3OD) δ 7.95 (s, 1H), 7.46 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.5 

Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 6.48 (d, J = 1.9 Hz, 2H), 6.40 

(t, J = 2.3 Hz, 1H), 5.21 (s, 2H), 4.69 (s, 2H), 4.10 (s, 2H), 3.77 (s, 6H), 3.21-3.15 (m, 

4H), 2.77-2.70 (m, 4H), 2.43 (s, 3H). 

 



 137 

2-Chloro-N-(4-((3-(3,5-dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-

yl)phenyl)amino)-2-oxo-3,4-dihydropyrimido[4,5-d]pyrimidin-1(2H)-

yl)methyl)phenyl)acetamide (UPR1372). 2-Chloro-N-(4-((3-(3,5-dimethoxyphenyl)-

7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-2-oxo-3,4-dihydropyrimido[4,5-

d]pyrimidin-1(2H)-yl)methyl)phenyl)acetamide (66, 21.5 mg, 0.03 mmol) is dissolved 

in a mixture of acetonitrile and THF (1:1, 4 ml). 2-mercapto-1-methylimidazole (7.5 mg, 

0.07 mmol) and NaOH (3.0 mg, 0.07 mmol) are dissolved in THF (0.4 ml) and added to 

the solution of 66. The mixture is stirred at room temperature for 15 h, then it is diluted 

with DCM and washed with saturated aqueous NaHCO3 and brine. The organic layer is 

dried over Na2SO4 and concentrated under reduced pressure. The residue is purified by 

silica gel column chromatography (DCM/MeOH 15:1), to afford the title compound (19 

mg, 78%) as a white solid. Mp: 112 °C. 1H NMR (400 MHz, CDCl3) δ 11.02 (s, 1H), 

7.93 (s, 1H), 7.46 (d, J = 8.1 Hz, 2H), 7.41 – 7.30 (m, 4H), 7.07 (s, 1H), 6.97 (s, 1H), 

6.91 (d, J = 2.7 Hz, 2H), 6.89 (s, 1H), 6.47 (d, J = 2.1 Hz, 2H), 6.38 (t, J = 2.2 Hz, 1H), 

5.23 (s, 2H), 4.62 (s, 2H), 3.78 (d, J = 1.3 Hz, 6H), 3.75 (s, 2H), 3.57 (d, J = 1.4 Hz, 3H), 

3.21 (t, J = 5.1 Hz, 4H), 2.64 (t, J = 5.2 Hz, 4H), 2.39 (d, J = 1.7 Hz, 3H). 

 

N-(4-((3-(3,5-Dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-2-

oxo-3,4-dihydropyrimido[4,5-d]pyrimidin-1(2H)-yl)methyl)phenyl)-2-((1-methyl-

1H-tetrazol-5-yl)thio)acetamide (UPR1373). 2-Chloro-N-(4-((3-(3,5-

dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-2-oxo-3,4-

dihydropyrimido[4,5-d]pyrimidin-1(2H)-yl)methyl)phenyl)acetamide (66, 35.0 mg, 

0.05 mmol) is dissolved in a mixture of acetonitrile and THF (1:1, 4 ml). 5-mercapto-1-

methyltetrazole (13.0 mg, 0.11 mmol) and NaOH (4.5 mg, 0.11 mmol) are dissolved in 

THF (0.45 ml) and added to the solution of 66. The mixture is stirred at room temperature 

for 15 h, then it is diluted with DCM and washed with saturated aqueous NaHCO3 and 

brine. The organic layer is dried over Na2SO4 and concentrated under reduced pressure. 

The residue is purified by silica gel column chromatography (DCM/MeOH 15:1), to 

afford the title compound (13 mg, 35%) as a white solid. Mp: 145 °C (dec.). 1H NMR 

(400 MHz, CDCl3) δ 9.33 (s, 1H), 7.94 (s, 1H), 7.41 (d, J = 8.2 Hz, 2H), 7.38 – 7.29 (m, 
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4H), 6.90 (d, J = 9.0 Hz, 2H), 6.47 (d, J = 2.2 Hz, 2H), 6.37 (t, J = 2.3 Hz, 1H), 5.21 (s, 

2H), 4.76 – 4.51 (m, 2H), 4.01 (s, 2H), 3.94 (s, 3H), 3.77 (s, 6H), 3.28 – 3.11 (m, 4H), 

2.64 (t, J = 5.0 Hz, 4H), 2.39 (s, 3H). 

 

N-(4-((3-(3,5-Dimethoxyphenyl)-7-((4-(4-methylpiperazin-1-yl)phenyl)amino)-2-

oxo-3,4-dihydropyrimido[4,5-d]pyrimidin-1(2H)-yl)methyl)phenyl)-3-

(dimethylamino)propenamide (UPR1371). Commercially available FIIN-2 (51, 

purchased from Selleckchem, 9.5 mg, 0.015 mmol) is suspended in absolute ethanol (2 

ml) and dimethylamine (33% in absolute ethanol, 20 µl, 0.11 mmol) is added to the 

suspension. After gradually warming, a clear solution is obtained, which is cooled again 

to room temperature. The volatiles are removed under reduced pressure, yielding the title 

compound (10.0 mg, 98%) as a white powder. Mp: 117°C. 1H NMR (400 MHz, CDCl3) 

δ 10.80 (s, 1H), 7.93 (s, 1H), 7.50 – 7.30 (m, 6H), 7.00 (s, 1H), 6.96 – 6.82 (m, 2H), 6.47 

(d, J = 2.2 Hz, 2H), 6.37 (t, J = 2.2 Hz, 1H), 5.24 (s, 2H), 4.62 (s, 2H), 3.78 (s, 7H), 3.19 

(t, J = 5.0 Hz, 4H), 2.65 – 2.57 (m, 6H), 2.48 (dd, J = 6.6, 5.0 Hz, 2H), 2.36 (s, 3H), 2.34 

(s, 6H). 
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6.3.2. FGF traps 
3β-Acetoxyetienic acid (68). This compound is prepared according to a literature 

procedure.243  

 

3β-Acetoxy-17β-hydroxymethylandrost-5-ene (69). Compound 68 (4.51 g, 12.50 

mmol) is dissolved in anhydrous THF (60 ml) and the solution is cooled to -5 °C. 

Triethylamine (1.9 ml, 13.63 mmol) and ethyl chloroformate (1.45 ml, 15.22 mmol) are 

added and the mixture is stirred for 90 min at 0 °C. The white precipitate is filtered off 

and a solution of sodium borohydride (1.10 g, 29.06 mmol) in water (7 ml) is added to 

the filtrate, which is stirred for 15 h at room temperature. The reaction is quenched by 

the addition of a solution of tartaric acid (10.61 g, 70.72 mmol) in water (80 ml). The 

aqueous mixture is extracted with DCM, the layers are separated and the organic extracts 

are washed with brine, dried over Na2SO4 and concentrated under reduced pressure to 

afford the title compound (3.84 g, 89%) as a white solid. 1H NMR (300 MHz, CDCl3) δ 

5.38 (d, J = 5.2 Hz, 1H), 4.71 – 4.49 (m, 1H), 3.84 – 3.65 (m, 1H), 3.55 (dd, J = 10.5, 

7.4 Hz, 1H), 2.37 – 2.25 (m, 2H), 2.03 (s, 3H), 1.93 – 1.06 (m, 19H), 1.03 (s, 3H), 0.66 

(s, 3H). 

 

3β-Acetoxy-androst-5-ene-17β-carbaldehyde (70). A solution of compound 69 (3.84 

g, 11.08 mmol) in anhydrous DCM (40 ml) is added to a suspension of PCC (3.84 g, 

17.79 mmol) in the same solvent (150 ml) at room temperature. The mixture is stirred 

for 2 h at room temperature, then it is filtered on a pad of celite and the filtrate is washed 

with 0.1M HCl, saturated aqueous NaHCO3 and brine, dried over Na2SO4 and 

concentrated under reduced pressure. The residue is purified by silica gel column 

chromatography (petroleum ether/AcOEt 9:1) to afford the title compound (2.13 g, 56%) 

as a white solid. Analytical data are in accordance with those reported in the literature.245 

 

3β-Acetoxy-21-ethoxycarbonyl-pregn-5-en-20-ol (71a,b). Activated zinc dust (13.00 

g, 198.8 mmol) is suspended in anhydrous THF (10 ml) and ethyl bromoacetate (5 ml, 

45.1 mmol) is added portionwise (1 ml portion every 10 min). The mixture is allowed to 
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settle and the supernatant is added to a solution of 3β-acetoxy-androst-5-ene-17β-

carbaldehyde (70, 1.63 g, 4.8 mmol) in anhydrous THF (10 ml) at 0 °C, until 

consumption of the starting material was detected by TLC. Water is then added and the 

mixture is extracted with AcOEt. The organic layer is washed with brine, dried over 

Na2SO4 and concentrated under reduced pressure. The residue is purified by silica gel 

column chromatography (petroleum ether/AcOEt 9:1) to afford major product 71a (964 

mg, 47%) and minor product 71b (481 mg, 23%). 71a: 1H NMR (300 MHz, CDCl3) δ 

5.37 (d, J = 4.4 Hz, 1H), 4.77 – 4.48 (m, 1H), 4.17 (q, J = 7.1 Hz, 2H), 3.94 (ddd, J = 

10.3, 9.1, 2.7 Hz, 1H), 2.51 (dd, J = 16.4, 2.6 Hz, 1H), 2.36 – 2. 28 (m, 3H), 2.17 (dt, J 

= 12.6, 3.5 Hz, 1H), 2.03 (s, 3H), 1.99 – 1.77 (m, 3H), 1.74 – 1.32 (m, 9H), 1.27 (t, J = 

7.1 Hz, 3H), 1.21 – 0.91 (m, 8H), 0.79 (s, 3H). 71b: 1H NMR (300 MHz, CDCl3) δ 5.37 

(d, J = 4.7 Hz, 1H), 4.65 – 4.54 (m, 1H), 4.17 (q, J = 7.1 Hz, 2H), 3.95 (ddd, J = 9.3, 7.9, 

2.9 Hz, 1H), 2.62 (dd, J = 16.4, 2.9 Hz, 1H), 2.46 – 2.26 (m, 3H), 2.02 (s, 3H), 1.98 – 

1.76 (m, 5H), 1.76 – 1.35 (m, 8H), 1.27 (t, J = 7.1 Hz, 3H), 1.21 – 0.88 (m, 8H), 0.70 (s, 

3H). 

 

3β-Hydroxy-21-(1-hydroxy-1-methyl)ethyl-pregn-5-en-20-ol (UPR1384). To a 

solution of compound 71a (47 mg, 0.1 mmol) in toluene (5 ml), MeMgBr (3.0M, 1 ml, 

3.0 mmol) is added at 0 °C. Temperature is slowly raised till reflux and the mixture is 

stirred for 2 h. After cooling back to room temperature, diluted HCl (0.05M) is added 

till neutralization and the suspension is diluted with AcOEt and water. The layers are 

separated and the organic is washed with brine, dried over Na2SO4 and concentrated 

under reduced pressure. The residue is purified by silica gel column chromatography 

(DCM/MeOH 94:6) to afford the title compound (23 mg, 56%) as a white solid. Mp 231-

233 °C. [α]D
20 = -43.33° (c = 0.6, CHCl3/MeOH 1:1). 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 5.32 – 5.27 (m, 1H), 3.89 (dt, J = 9.9, 6.2 Hz, 1H), 3.49 – 3.35 (m, 

1H), 2.29 – 2.15 (m, 2H), 2.14 – 2.05 (m, 1H), 2.03 – 1.70 (m, 3H), 1.70 – 1.32 (m, 

14H), 1.26 (s, 3H), 1.20 (s, 3H), 1.14 – 0.87 (m, 7H), 0.78 (s, 3H). 13C NMR (75 MHz, 

CDCl3/CD3OD) δ 141.6, 121.9, 72.7, 72.1, 71.8, 57.4, 57.0, 51.0, 47.8, 43.0, 42.4, 40.1, 
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37.9, 37.2, 32.5, 32.4, 31.7, 31.6, 28.1, 26.2, 25.1, 21.5, 19.7, 12.5. HRMS (ESI): m/z: 

calcd for C24H40NaO3 [(M+Na)+]: 399.28697; found: 399.28729. 

 

3β-Hydroxy-21-(1-hydroxy-1-methyl)ethyl-pregn-5-en-20-ol (UPR1385). This 

compound is prepared according to the procedure described for compound UPR1384 

starting from ester 71b. The title compound (27 mg, 65%) is obtained as a white solid. 

Mp 222-224 °C. [α]D
20 = -29.41° (c = 0.3, CHCl3/MeOH 1:1). 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 5.32 (d, J = 5.1 Hz, 1H), 3.90 (ddd, J = 10.9, 8.5, 2.3 Hz, 1H), 3.51 – 

3.37 (m, 1H), 2.30 – 2.08 (m, 2H), 2.00 – 1.74 (m, 5H), 1.70 – 0.88 (m, 24H), 0.68 (s, 

3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 141.5, 121.9, 72.5, 71.9, 71.7, 57.7, 57.3, 

50.8, 47.6, 42.3, 42.0, 39.8, 37.8, 37.1, 32.4, 32.2, 31.7, 31.6, 27.7, 26.1, 24.5, 21.4, 19.6, 

12.7. HRMS (ESI): m/z: calcd for C24H40NaO3 [(M+Na)+]: 399.28697; found: 

399.28732. 

 

3β-Hydroxy-21-hydroxymethyl-pregn-5-en-20-ol (UPR1386). Compound 71a (95 

mg, 0.2 mmol) is dissolved in THF (2 ml) and NaBH4 (250 mg, 6.6 mmol) is added at 

room temperature. Dropwise addition of MeOH is continued until consumption of the 

starting material is detected by TLC analysis. The reaction is quenched by the addition 

of HCl 1M (7 ml). The mixture is stirred for 20 min, then aqueous NaOH (1M, excess) 

is added and the mixture is warmed to 50 °C until only one spot is detected by TLC 

analysis. The mixture is neutralized by addition of HCl 1M and extracted with AcOEt. 

The organic layer is washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure. The residue is purified by silica gel column chromatography 

(DCM/MeOH 98:2) to afford the title compound (39 mg, 50%) as a white solid. Mp 176-

179 °C. [α]D
20 = -39.29° (c = 0.6, CHCl3/MeOH 1:1). 1H NMR (300 MHz, 

CDCl3/CD3OD) δ 5.15 (d, J = 5.0 Hz, 1H), 3.60 – 3.47 (m, 3H), 3.33 – 3.20 (m, 1H), 

2.11 – 2.01 (m, 2H), 1.96 (dt, J = 12.6, 3.3 Hz, 1H), 1.88 – 1.17 (m, 13H), 1.17 – 0.62 

(m, 9H), 0.60 (s, 3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 141.6, 122.0, 72.6, 71.9, 

60.3, 57.0, 57.0, 51.0, 43.0, 42.4, 40.3, 39.2, 38.0, 37.2, 32.6, 32.5, 31.7, 26.1, 25.1, 21.6, 



 142 

19.7, 12.5. HRMS (ESI): m/z: calcd for C22H36NaO3 [(M+Na)+]: 371.25567; found: 

371.25595. 

 

3β-Hydroxy-21-hydroxymethyl-pregn-5-en-20-ol (UPR1387). This compound is 

prepared according to the procedure described for compound UPR1386 starting from 

ester 71b. The title compound (21 mg, 24%) is obtained as a white solid. Mp 223-227 

°C. [α]D
20 = -46.67° (c = 0.9, CHCl3/MeOH 1:1). 1H NMR (400 MHz, CDCl3/CD3OD) δ 

5.33 (d, J = 5.0 Hz, 1H), 3.83 – 3.66 (m, 3H), 3.45 (dq, J = 10.5, 5.0 Hz, 1H), 2.29 – 

2.15 (m, 2H), 2.02 – 1.77 (m, 6H), 1.68 – 1.36 (m, 9H), 1.30 – 0.89 (m, 8H), 0.69 (s, 

3H). 13C NMR (100 MHz, CDCl3/CD3OD) δ 141.7, 122.1, 72.3, 71.9, 60.5, 57.5, 51.1, 

42.5, 42.3, 39.8, 39.6, 38.1, 37.3, 32.6, 32.4, 31.8, 26.4, 24.8, 21.5, 19.8, 12.8. HRMS 

(ESI): m/z: calcd for C22H36NaO3 [(M+Na)+]: 371.25567; found: 371.25556. 

 

3β-Hydroxy-21-carboxy-pregn-5-en-20-ol (UPR1380). A solution of NaOH (39 mg, 

1.0 mmol) in water (1 ml) is added to a solution of compound 71a (36 mg, 0.1 mmol) in 

THF (2 ml). After stirring for 15 h at room temperature, the reaction is quenched by the 

addition of HCl 1M (1 ml). Solvents are removed under reduced pressure and the residue 

is purified by silica gel column chromatography (petroleum ether/AcOEt 3:2 + 0.5% 

AcOH) to afford the title compound (26 mg, 86%) as a white solid. Mp 225-227 °C. 

[α]D
20 = -22.83° (c = 0.9, CHCl3/MeOH 1:1). 1H NMR (400 MHz, CDCl3/CD3OD) δ 5.31 

(d, J = 5.0 Hz, 1H), 3.93 (td, J = 9.7, 2.7 Hz, 1H), 3.46 – 3.38 (m, 1H), 2.46 (dd, J = 

15.7, 2.8 Hz, 1H), 2.29 – 2.09 (m, 4H), 1.97 – 1.90 (m, 1H), 1.88 – 1.59 (m, 4H), 1.55 – 

1.40 (m, 6H), 1.30 – 0.78 (m, 11H), 0.77 (s, 3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 

175.9, 141.8, 122.0, 72.0, 71.5, 57.1, 56.5, 51.1, 43.2, 42.5, 42.4, 40.2, 38.1, 37.3, 32.7, 

32.6, 31.8, 26.1, 25.2, 21.6, 19.8, 12.5. HRMS (ESI): m/z: calcd for C22H33O4 [(M-H)-]: 

361.23843; found: 361.23898. 

 

3β-Hydroxy-21-carboxy-pregn-5-en-20-ol (UPR1383). This compound is prepared 

according to the procedure described for compound UPR1380 starting from ester 71b. 

The title compound (26 mg, 72%) is obtained as a white solid. Mp 235 °C (dec.). [α]D
20 
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= -54.17° (c = 0.7, CHCl3/MeOH 1:1). 1H NMR (300 MHz, CDCl3/CD3OD) δ 5.32 (d, J 

= 5.0 Hz, 1H), 3.91 (td, J = 9.1, 3.1 Hz, 1H), 3.43 (dq, J = 10.1, 4.7 Hz, 1H), 2.61 (dd, J 

= 15.5, 3.2 Hz, 1H), 2.36 – 2.15 (m, 3H), 2.08 – 1.72 (m, 6H), 1.72 – 1.35 (m, 9H), 1.32 

– 0.79 (m, 9H), 0.71 (s, 3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 175.7, 141.5, 121.9, 

71.8, 70.5, 57.2, 56.6, 50.8, 42.3, 42.2, 42.0, 39.4, 37.9, 37.1, 32.4, 32.2, 31.6, 26.0, 24.6, 

21.4, 19.7, 12.8. HRMS (ESI): m/z: calcd for C22H33O4 [(M-H)-]: 361.23843; found: 

361.23850. 

 

3β-Hydroxy-21-carbamoyl-pregn-5-en-20-ol (UPR1390). To a solution of compound 

71a (112 mg, 0.3 mmol) in THF (2 ml) is added a solution of NaOH (115 mg, 2.9 mmol) 

in water (2 ml). After stirring for 15 h at room temperature, HCl 1M (3 ml) is added and 

the mixture is extracted with AcOEt. The organic layer is washed with brine, dried over 

Na2SO4 and concentrated under reduced pressure. The residue is then dissolved in DMF 

(2 ml) and NH4Cl (90 mg, 1.7 mmol), TBTU (98 mg, 0.3 mmol) and DIPEA (0.14 ml, 

0.8 mmol) are added to the solution. After stirring for 15h at room temperature the 

suspension is concentrated under reduced pressure and the residue is purified by silica 

gel column chromatography (petroleum ether/AcOEt 1:1 + 3% AcOH) and 

crystallization (EtOH/water 7:3) to afford the title compound (30 mg, 25%) as colorless 

crystals. Mp 265 °C. [α]D
20 = -34.48° (c = 1.2, CHCl3/MeOH 1:1). 1H NMR (300 MHz, 

DMSO-d6) δ 7.25 (s, 1H), 6.83 (s, 1H), 5.26 (d, J = 4.9 Hz, 1H), 4.57 (dd, J = 8.9, 5.1 

Hz, 2H), 3.73 (qd, J = 7.3, 5.7, 2.9 Hz, 1H), 3.28 – 3.17 (m, 1H), 2.22 – 1.84 (m, 6H), 

1.81 – 1.24 (m, 10H), 1.21 – 0.77 (m, 9H), 0.71 (s, 3H). 13C NMR (100 MHz, DMSO-

d6) δ 174.0, 141.3, 120.4, 70.1, 70.0, 55.8, 55.8, 49.8, 42.4, 42.3, 42.0, 37.0, 36.1, 31.5, 

31.4, 31.4, 25.0, 24.2, 20.5, 19.2, 11.9. HRMS (ESI): m/z: calcd for C22H35NNaO3 

[(M+Na)+]: 384.25092; found: 384.25089. 

 

3β-Hydroxy-21-carbamoyl-pregn-5-en-20-ol (UPR1391). This compound is prepared 

according to the procedure described for compound UPR1390 starting from ester 71b. 

The title compound (21 mg, 25%) is obtained as colorless crystals. Mp 280 °C. [α]D
20 = 

-44.44° (c = 0.9, CHCl3/MeOH 1:1). 1H NMR (300 MHz, DMSO-d6) δ 7.28 (s, 1H), 6.81 
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(s, 1H), 5.26 (d, J = 4.9 Hz, 1H), 4.57 (dd, J = 10.7, 5.0 Hz, 2H), 3.81 - 3.73 (m, 1H), 

3.31 – 3.20 (m, 1H), 2.32 – 2.21 (m, 1H), 2.21 – 1.98 (m, 3H), 1.98 – 1.19 (m, 13H), 

1.19 – 0.81 (m, 8H), 0.64 (s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 173.7, 141.3, 120.4, 

70.0, 68.3, 56.1, 55.9, 49.8, 42.7, 42.2, 41.0, 38.2, 36.9, 36.1, 31.4, 31.1, 24.4, 23.7, 20.4, 

19.2, 12.4. HRMS (ESI): m/z: calcd for C22H35NNaO3 [(M+Na)+]: 384.25092; found: 

384.25082. 

 

3β-Benzoyloxy-21-(hydroxybenzyl)-pregn-5-en-20-one (73a,b). A solution of 

pregnenolone benzoate (72, 368 mg, 0.87 mmol) in anhydrous THF (10 ml) is cooled to 

-78°C under a nitrogen atmosphere and LiHMDS (1.0 M, 1.80 ml, 1.80 mmol) is slowly 

added. After the addition of benzaldehyde (0.27 ml, 2.66 mmol), the mixture is allowed 

to warm to room temperature over 2 h. The reaction is quenched by the addition of acetic 

acid (0.12 ml, 2.10 mmol) and the mixture is diluted with DCM and washed with water. 

The organic layer is washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure. The residue is purified by silica gel column chromatography 

(petroleum ether/AcOEt 9:1) to afford compound 73a (187 mg, 41%) and compound 

73b (113 mg, 25%). 73a: 1H NMR (400 MHz, CDCl3) δ 8.10 – 7.98 (m, 2H), 7.61 – 7.49 

(m, 1H), 7.49 – 7.27 (m, 7H), 5.42 (d, J = 5.0 Hz, 1H), 5.17 (dd, J = 8.3, 3.9 Hz, 1H), 

4.96 – 4.74 (m, 1H), 2.91 – 2.70 (m, 2H), 2.62 – 2.34 (m, 3H), 2.32 – 2.10 (m, 1H), 2.10 

– 1.83 (m, 4H), 1.83 – 1.40 (m, 8H), 1.33 – 0.94 (m, 7H), 0.65 (s, 3H). 73b: 1H NMR 

(400 MHz, CDCl3) δ 8.07 – 8.01 (m, 2H), 7.61 – 7.50 (m, 1H), 7.43 (t, J = 7.7 Hz, 2H), 

7.40 – 7.32 (m, 4H), 7.32 – 7.27 (m, 1H), 5.42 (d, J = 5.0 Hz, 1H), 5.17 (dd, J = 7.7, 4.4 

Hz, 1H), 5.04 – 4.74 (m, 1H), 2.83 – 2.76 (m, 2H), 2.59 – 2.46 (m, 3H), 2.28 – 2.14 (m, 

1H), 2.09 – 1.90 (m, 4H), 1.82 – 1.37 (m, 8H), 1.33 – 1.13 (m, 4H), 1.07 (s, 3H), 0.65 

(s, 3H). 

 

3β-Benzoyloxy-21-(hydroxybenzyl)-pregn-5-en-20-ol (74a). To a solution of 

compound 73a (176 mg, 0.33 mmol) in THF (5 ml) Na(OAc)3BH (702 mg, 3.31 mmol) 

is added at room temperature and the mixture is stirred for 2 h. The reaction is quenched 

by the addition of HCl (1M, 3.3 ml, 3.30 mmol). After stirring for 15 min, NaOH 2M is 
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added till neutralization, followed by DCM. The layers are separated and the aqueous 

phase is extracted again with DCM. The combined organic layers are washed with brine, 

dried over Na2SO4 and concentrated under reduced pressure. The residue is purified by 

silica gel column chromatography (petroleum ether/AcOEt 9:1) to afford the title 

compound (145 mg, 83%) as a single isomer. 1H NMR (300 MHz, CDCl3) δ 8.16 – 7.95 

(m, 2H), 7.65 – 7.49 (m, 1H), 7.49 – 7.28 (m, 7H), 5.55 – 5.35 (m, 1H), 5.08 (dd, J = 

9.1, 2.8 Hz, 1H), 4.87 (dtt, J = 12.0, 8.1, 4.5 Hz, 1H), 3.90 (ddd, J = 10.4, 8.1, 2.6 Hz, 

1H), 2.47 (d, J = 8.0 Hz, 2H), 2.12 (dt, J = 12.2, 3.3 Hz, 1H), 2.05 – 1.88 (m, 4H), 1.85 

– 1.43 (m, 10H), 1.38 – 1.00 (m, 10H), 0.78 (s, 3H). 

 

3β-Benzoyloxy-21-(hydroxybenzyl)-pregn-5-en-20-ol (74b,c). These compounds are 

prepared according to the procedure described for compound 74a starting from 

compound 73b. The title compounds (74b: 41 mg, 60%; 74c: 29 mg, 40%) are obtained 

as white solids. 74b: 1H NMR (300 MHz, CDCl3/CD3OD) δ 8.05 – 7.91 (m, 2H), 7.52 

(t, J = 7.4 Hz, 1H), 7.46 – 7.13 (m, 7H), 5.38 (d, J = 4.9 Hz, 1H), 5.00 (dd, J = 9.0, 2.8 

Hz, 1H), 4.89 – 4.66 (m, 1H), 3.74 (dt, J = 9.7, 5.1 Hz, 1H), 2.42 (d, J = 7.9 Hz, 2H), 

2.07 – 0.62 (m, 23H), 0.58 (s, 3H). 74c: 1H NMR (300 MHz, CDCl3) δ 8.12 – 7.99 (m, 

2H), 7.64 – 7.50 (m, 1H), 7.43 (dd, J = 8.3, 6.8 Hz, 2H), 7.39 – 7.27 (m, 5H), 5.50 – 5.37 

(m, 1H), 5.02 – 4.90 (m, 1H), 4.85 (ddd, J = 12.1, 8.0, 4.1 Hz, 1H), 3.92 (td, J = 9.3, 8.1, 

4.6 Hz, 1H), 2.47 (d, J = 8.1 Hz, 2H), 2.01 – 0.91 (m, 25H), 0.83 (s, 3H). 

 

3β-Hydroxy-21-(hydroxybenzyl)-pregn-5-en-20-ol (UPR1377). A mixture of 

compound 74a (143 mg, 0.27 mmol) and NaOH (360 mg, 9.00 mmol) in THF (3 ml) 

and water (3 ml) is stirred for 2 h at reflux. After cooling to room temperature, the 

reaction is quenched by the addition of acetic acid (0.6 ml, 10.50 mmol). The mixture is 

diluted with AcOEt and the layers are separated. The aqueous phase is extracted with 

AcOEt and the combined organic layers are washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure. The residue is purified by silica gel column 

chromatography (petroleum ether/AcOEt 65:35) to afford the title compound (101 mg, 

88%) as a white solid. Mp 190 °C. [α]D
20 = -31.90° (c = 1.2, CHCl3/MeOH 1:1). 1H NMR 
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(300 MHz, CD3OD) δ 7.39 – 7.22 (m, 4H), 7.22 – 7.13 (m, 1H), 5.30 (dd, J = 4.5, 2.8 

Hz, 1H), 4.95 (dd, J = 10.1, 2.4 Hz, 1H), 3.84 (td, J = 9.7, 2.2 Hz, 1H), 3.53 – 3.37 (m, 

1H), 2.32 – 2.05 (m, 3H), 2.05 – 1.70 (m, 4H), 1.66 – 1.39 (m, 8H), 1.31 – 0.85 (m, 

10H), 0.77 (s, 3H). 13C NMR (100 MHz, CD3OD) δ 146.0, 141.5, 128.7, 127.5, 126.0, 

121.9, 71.7, 71.3, 70.9, 56.8, 56.5, 50.9, 46.0 (d, J = 4.5 Hz), 43.0, 42.3, 40.2, 37.9, 37.1, 

32.5, 32.4, 31.6, 25.9, 25.1, 21.5, 19.7, 12.5. HRMS (ESI): m/z: calcd for C28H40NaO3 

[(M+Na)+]: 447.28697; found: 447.28687. 

 

3β-Hydroxy-21-(hydroxybenzyl)-pregn-5-en-20-ol (UPR1379). This compound is 

prepared according to the procedure described for compound UPR1377 starting from 

intermediate 74b. The title compound (23 mg, 68%) is obtained as a white solid. Mp 223 

°C. [α]D
20 = -50.00° (c = 0.4, CHCl3/MeOH 1:1). 1H NMR (300 MHz, CDCl3/CD3OD) 

δ 7.39 – 7.25 (m, 4H), 7.22 (ddd, J = 6.1, 5.0, 2.2 Hz, 1H), 5.30 (d, J = 4.7 Hz, 1H), 4.86 

(dd, J = 8.2, 5.3 Hz, 1H), 3.65 (td, J = 9.6, 2.8 Hz, 1H), 3.43 (dq, J = 9.5, 4.5, 4.1 Hz, 

1H), 2.19 (dd, J = 9.4, 3.7 Hz, 2H), 2.11 (dt, J = 12.5, 3.3 Hz, 1H), 1.98 – 1.27 (m, 12H), 

1.27 – 0.81 (m, 10H), 0.72 (s, 3H). 13C NMR (75 MHz, CDCl3/CD3OD) δ 145.4, 141.7, 

129.0, 128.1, 126.8, 122.0, 74.8, 74.4, 72.0, 57.4, 57.1, 51.1, 45.8, 43.1, 42.5, 40.2, 38.1, 

37.3, 32.6, 32.6, 31.8, 26.2, 25.2, 21.6, 19.8, 12.4. HRMS (ESI): m/z: calcd for 

C28H40NaO3 [(M+Na)+]: 447.28697; found: 447.28695. 

 

3β-Hydroxy-21-(hydroxybenzyl)-pregn-5-en-20-ol (UPR1378). This compound is 

prepared according to the procedure described for compound UPR1377 starting from 

intermediate 74c. The title compound (33 mg, 78%) is obtained as a white solid. Mp 209 

°C. [α]D
20 = -41.67° (c = 0.8, CHCl3/MeOH 1:1). 1H NMR (400 MHz, CD3OD) δ 7.42 – 

7.25 (m, 4H), 7.25 – 7.13 (m, 1H), 5.31 (d, J = 5.0 Hz, 1H), 4.98 (dd, J = 9.3, 2.6 Hz, 

1H), 3.78 (td, J = 9.8, 9.3, 2.4 Hz, 1H), 3.41 (tt, J = 10.4, 4.8 Hz, 1H), 2.29 – 2.09 (m, 

2H), 2.09 – 1.35 (m, 14H), 1.35 – 0.72 (m, 9H), 0.63 (s, 3H). 13C NMR (100 MHz, 

DMSO-d6) δ 147.3, 141.3, 128.0, 126.4, 125.5, 120.5, 70.0, 69.0, 68.1, 56.6, 56.2, 49.7, 

47.4, 42.2, 41.1, 38.6, 36.9, 36.1, 31.4, 31.2, 25.3, 23.8, 20.4, 19.2, 12.3. HRMS (ESI): 

m/z: calcd for C28H40NaO3 [(M+Na)+]: 447.28697; found: 447.28760. 
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3β-Benzoyloxy-21-(hydroxy-pyridin-2-yl-methyl)-pregn-5-en-20-one (75a,b). To a 

solution of pregnenolone benzoate (72, 1.21 g, 2.89 mmol) in anhydrous THF (20 ml) 

LiHMDS (1.0 M, 4.40 ml, 4.40 mmol) is slowly added at -78 °C. After the addition of 

2-pyridinecarboxaldehyde (1.60 ml, 16.82 mmol), the mixture is allowed to warm to -55 

°C and excess saturated aqueous solution of NH4Cl is added. The mixture is diluted with 

DCM and the layers are serapated. The organic layer is washed with water and brine, 

dried over Na2SO4 and concentrated under reduced pressure and the residue is purified 

by silica gel column chromatography (petroleum ether/AcOEt 4:1) to afford the mixture 

of epimers 75a and 75b (1.25 g, 82%) in about 1:0.8 ratio. 1H NMR (300 MHz, CDCl3) 

δ 8.53 (dd, J = 4.9, 1.6 Hz, 1H), 8.10 – 8.00 (m, 2H), 7.70 (tt, J = 7.6, 1.6 Hz, 1H), 7.59 

– 7.35 (m, 4H), 7.24 – 7.10 (m, 1H), 5.41 (dd, J = 5.0, 1.8 Hz, 1H), 5.21 (dq, J = 7.8, 3.7 

Hz, 1H), 5.00 – 4.69 (m, 1H), 4.22 (d, J = 4.8 Hz, 1H), 3.10 – 2.82 (m, 2H), 2.64 – 2.51 

(m, 1H), 2.47 (d, J = 7.8 Hz, 2H), 2.33 – 1.95 (m, 4H), 1.91 (dt, J = 13.3, 3.4 Hz, 1H), 

1.83 – 1.35 (m, 8H), 1.35 – 0.93 (m, 8H), 0.63-0.61 (m, 3H). 

 

3β-Benzoyloxy-21-(hydroxy-pyridin-2-yl-methyl)-pregn-5-en-20-ol (76a,b). These 

compounds are prepared according to the procedure described for compound 74a starting 

from compound 75. The title compounds (76a: 165 mg, 16%; 76b: 217 mg, 21%) are 

obtained as white solids. 76a: 1H NMR (300 MHz, DMSO-d6) δ 8.48 (d, J = 4.4 Hz, 1H), 

7.96 (d, J = 7.5 Hz, 2H), 7.78 (td, J = 7.6, 1.8 Hz, 1H), 7.65 (t, J = 7.3 Hz, 1H), 7.52 (t, 

J = 7.7 Hz, 2H), 7.46 (d, J = 7.9 Hz, 1H), 7.24 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 5.56 (d, J 

= 4.1 Hz, 1H), 5.39 (d, J = 4.8 Hz, 1H), 4.85 – 4.80 (m, 1H), 4.77 – 4.66 (m, 1H), 4.52 

(d, J = 5.0 Hz, 1H), 3.54 – 3.46 (m, 1H), 2.42 (d, J = 7.8 Hz, 2H), 2.16 (d, J = 12.5 Hz, 

1H), 2.03 – 1.28 (m, 12H), 1.28 – 0.78 (m, 10H), 0.67 (s, 3H). 76b: 1H NMR (300 MHz, 

DMSO-d6) δ 8.46 (d, J = 4.5 Hz,1H), 8.04 – 7.88 (m, 2H), 7.76 (td, J = 7.7, 1.8 Hz, 1H), 

7.71 – 7.60 (m, 1H), 7.60 – 7.40 (m, 3H), 7.21 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 5.40 (d, J 

= 4.8 Hz, 1H), 5.24 (d, J = 5.3 Hz, 1H), 4.87 – 4.81 (m, 1H), 4.77 – 4.70 (m, 1H), 4.29 

(d, J = 7.3 Hz, 1H), 3.70 (q, J = 8.9 Hz, 1H), 2.42 (d, J = 7.8 Hz, 2H), 2.20 (d, J = 12.6 

Hz, 1H), 2.00 – 1.86 (m, 3H), 1.83 – 1.09 (m, 16H), 1.04 (s, 3H), 0.75 (s, 3H). 
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3β-Hydroxy-21-(hydroxy-pyridin-2-yl-methyl)-pregn-5-en-20-ol (UPR1395). This 

compound is prepared according to the procedure described for compound UPR1377 

starting from intermediate 76a. The title compound (82 mg, 71%) is obtained as a white 

solid. Mp 225-226 °C. [α]D
20 = -73.33° (c = 0.9, CHCl3/MeOH 1:1). 1H NMR (400 MHz, 

CD3OD) δ 8.47 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.84 (td, J = 7.7, 1.8 Hz, 1H), 7.56 (dt, J 

= 7.9, 1.1 Hz, 1H), 7.31 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 5.33 (d, J = 4.8 Hz, 1H), 4.95 

(dd, J = 7.6, 6.1 Hz, 1H), 3.60 (td, J = 10.0, 2.0 Hz, 1H), 3.47 – 3.34 (m, 1H), 2.30 – 

2.09 (m, 3H), 1.97 (ddd, J = 14.1, 6.1, 2.1 Hz, 2H), 1.87 (dt, J = 13.2, 3.5 Hz, 1H), 1.82 

– 1.36 (m, 10H), 1.27 – 0.88 (m, 9H), 0.73 (s, 3H). 13C NMR (100 MHz, CDCl3/CD3OD) 

δ 163.8, 148.3, 141.4, 138.0, 123.0, 121.7, 120.9, 74.9, 74.5, 71.6, 56.8, 56.6, 50.7, 44.2, 

42.8, 42.2, 39.9, 37.7, 36.9, 32.3, 32.2, 31.5, 25.8, 24.9, 21.3, 19.6, 12.4. HRMS (ESI): 

m/z: calcd for C27H40NO3 [(M+H)+]: 426.30027; found: 426.30002. 

 

3β-Hydroxy-21-(hydroxy-pyridin-2-yl-methyl)-pregn-5-en-20-ol (UPR1396). This 

compound is prepared according to the procedure described for compound UPR1377 

starting from intermediate 76b. The title compound (41 mg, 64%) is obtained as a white 

solid. Mp 200-203 °C. [α]D
20 = -22.55° (c = 1.0, CHCl3/MeOH 1:1). 1H NMR (400 MHz, 

CD3OD) δ 8.45 (ddd, J = 5.0, 1.8, 0.9 Hz, 1H), 7.82 (td, J = 7.7, 1.8 Hz, 1H), 7.56 (dt, J 

= 8.0, 1.2 Hz, 1H), 7.28 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 5.34 (dd, J = 4.5, 2.8 Hz, 1H), 

5.00 (dd, J = 10.0, 2.6 Hz, 1H), 3.86 (td, J = 10.1, 2.1 Hz, 1H), 3.50 – 3.35 (m, 1H), 2.27 

– 2.15 (m, 3H), 2.01 – 1.94 (m, 1H), 1.88 (dt, J = 13.3, 3.5 Hz, 1H), 1.83 – 1.71 (m, 2H), 

1.71 – 1.36 (m, 9H), 1.32 – 0.91 (m, 9H), 0.82 (s, 3H). 13C NMR (75 MHz, 

CDCl3/CD3OD) δ 164.7, 148.3, 141.5, 138.1, 122.8, 121.9, 120.9, 71.7, 71.3, 71.1, 56.8, 

56.8, 50.8, 45.0, 43.0, 42.3, 40.1, 37.8, 37.0, 32.4, 32.3, 31.6, 25.9, 25.0, 21.4, 19.7, 12.5. 

HRMS (ESI): m/z: calcd for C27H40NO3 [(M+H)+]: 426.30027; found: 426.30032. 

 

(20R)-21-(bis(Trifluoromethyl)hydroxymethyl)-pregn-5-en-20-ol-3β-(2,3,4,6-tetra-

O-acetyl)-β-D-glucopyranoside (77). To a solution of compound 54 (117 mg, 0.24 

mmol) and 2,3,4,6-tetra-O-acetyl-D-glucopyranosyl trichloroacetimidate (180 mg, 0.36 
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mmol) in anhydrous DCM (20 ml), TMSOTf (0.004 ml, 0.024 mmol) is added at -25 °C. 

After stirring for 15 min at 0 °C, the reaction is quenched by the addition of triethylamine 

(0.20 ml, 1.43 mmol). The mixture is diluted with AcOEt and washed with water. The 

organic layer is washed with brine, dried over Na2SO4 and concentrated under reduced 

pressure. The residue is purified by silica gel column chromatography (hexane/AcOEt 

3:1) to afford the title compound (30 mg, 15%) as a white solid. 1H NMR (400 MHz, 

CDCl3) δ 6.34 (s, 1H), 5.35 (dd, J = 4.9, 2.6 Hz, 1H), 5.20 (t, J = 9.5 Hz, 1H), 5.08 (t, J 

= 9.7 Hz, 1H), 4.95 (dd, J = 9.6, 8.0 Hz, 1H), 4.59 (d, J = 7.9 Hz, 1H), 4.30 – 4.17 (m, 

2H), 4.11 (dd, J = 12.2, 2.5 Hz, 1H), 3.67 (ddd, J = 9.9, 4.8, 2.5 Hz, 1H), 3.48 (tt, J = 

11.2, 4.8 Hz, 1H), 2.31 – 2.13 (m, 2H), 2.10 – 1.81 (m, 15H), 1.79 – 1.40 (m, 10H), 1.40 

– 1.11 (m, 7H), 1.00 (s, 3H), 0.81 (s, 3H). 

 

(20R)-21-(bis(Trifluoromethyl)hydroxymethyl)-pregn-5-en-20-ol-3β-β-D-

glucopyranoside (UPR1389). A solution of compound 77 (30 mg, 0.04 mmol) and 

sodium (5 mg, 0.2 mmol) in MeOH (3 ml) is stirred for 2 h at room temperature, then 

HCl 1M (0.2 ml) is added and the mixture is diluted with AcOEt. The organic layer is 

washed with water and brine, dried over Na2SO4 and concentrated under reduced 

pressure. The residue is purified by silica gel column chromatography (CHCl3/MeOH 

9:1) to afford the title compound (13 mg, 50%) as a white solid. Mp 210 °C (dec.). [α]D
20 

= -56.25° (c = 0.03, CHCl3/MeOH 1:1). 1H NMR (300 MHz, CDCl3/CD3OD) δ 5.33 (d, 

J = 5.0 Hz, 1H), 4.06 (t, J = 9.9 Hz, 1H), 3.81 (dd, J = 12.0, 3.0 Hz, 1H), 3.70 (dd, J = 

11.9, 4.9 Hz, 1H), 3.64 – 3.48 (m, 1H), 3.48 – 3.33 (m, 2H), 3.22 (dddd, J = 17.0, 9.2, 

4.6, 2.2 Hz, 2H), 2.45 – 2.31 (m, 1H), 2.23 (t, J = 12.4 Hz, 1H), 2.11 – 1.75 (m, 6H), 

1.75 – 1.32 (m, 8H), 1.31 – 0.80 (m, 11H), 0.80 (s, 3H). 13C NMR (100 MHz, 

CDCl3/CD3OD) δ 141.0, 125.7, 124.9, 122.8, 122.2, 101.7, 79.5, 77.1, 76.6, 74.1, 71.7, 

70.8, 62.3, 57.2, 56.7, 50.7, 42.9, 39.7, 39.1, 37.8, 37.2, 33.8, 32.4, 32.2, 30.0, 25.8, 24.9, 

21.3, 19.6, 12.3. HRMS (ESI): m/z: calcd for C30H44F6NaO8 [(M+Na)+]: 669.28326; 

found: 669.28381. 
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3β-Pregnenolone-(2,3,4,6-tetra-O-acetyl)-β-D-glucopyranoside (79). To a solution of 

pregnenolone (78, 3.67 g, 11.60 mmol) and O-(2,3,4,6-tetra-O-acetyl-α,β-D-

glucopyranosyl)trichloroacetimidate (3.80 g, 7.71 mmol) in anhydrous DCM (70 ml), 

TMSOTf (0.07 ml, 0.39 mmol) is added at -55 °C. The mixture is stirred 15 min at 0 °C 

and the reaction is quenched by the addition of TEA (0.2 ml, 1.43 mmol). The mixture 

is diluted with DCM and washed with water. The organic layer is washed with brine, 

dried over Na2SO4 and concentrated under reduced pressure. The residue is purified by 

silica gel column chromatography (hexane/AcOEt 85:15) to afford the title compound 

(2.52 g, 34%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 5.33 (d, J = 5.1 Hz, 1H), 

5.18 (t, J = 9.5 Hz, 1H), 5.05 (t, J = 9.7 Hz, 1H), 4.93 (dd, J = 9.6, 7.9 Hz, 1H), 4.57 (d, 

J = 7.9 Hz, 1H), 4.23 (dd, J = 12.2, 4.8 Hz, 1H), 4.09 (dd, J = 12.2, 2.5 Hz, 1H), 3.66 

(ddd, J = 10.2, 4.9, 2.5 Hz, 1H), 3.47 (ddd, J = 11.2, 6.6, 4.5 Hz, 1H), 2.50 (t, J = 8.7 

Hz, 1H), 2.31 – 2.11 (m, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 2.00 (s, 3H), 1.98 

(s, 3H), 1.90 – 1.80 (m, 3H), 1.71 – 1.34 (m, 9H), 1.28 – 0.99 (m, 4H), 0.96 (s, 3H), 0.60 

(s, 3H). 

 

3β-Pregnenolone-β-D-glucopyranoside (80). A solution of compound 79 (2.52 g, 3.90 

mmol) and sodium (70.0 mg, 3.0 mmol) in methanol/THF 1:1 (80 ml) is stirred for 1 h 

at room temperature. After addition of HCl 1M till neutralization, the mixture is diluted 

with DCM and the layers are separated. The organic layer is washed with brine, dried 

over Na2SO4 and concentrated under reduced pressure. The residue is purified by silica 

gel column chromatography (DCM/EtOH 85:15) to afford the title compound (824 mg, 

44%) as a white solid. 1H NMR (400 MHz, CD3OD) δ 5.45 – 5.29 (m, 1H), 4.38 (d, J = 

7.8 Hz, 1H), 3.85 (dd, J = 11.9, 1.7 Hz, 1H), 3.63 (dddd, J = 22.9, 11.4, 8.7, 5.1 Hz, 2H), 

3.35 (dd, J = 9.4, 5.5 Hz, 1H), 3.29 – 3.24 (m, 1H), 3.14 (dd, J = 9.1, 7.8 Hz, 1H), 2.64 

(t, J = 8.8 Hz, 1H), 2.54 – 2.34 (m, 1H), 2.34 – 2.21 (m, 1H), 2.12 (s, 3H), 2.10 – 1.84 

(m, 4H), 1.78 – 1.39 (m, 7H), 1.37 – 1.06 (m, 3H), 1.04 (d, J = 1.7 Hz, 3H), 0.63 (s, 3H). 

 

3β-Pregnenolone-(2,3,4,6-tetra-O-benzoyl)-β-D-glucopyranoside (81). Benzoyl 

chloride (2.50 ml, 21.52 mmol) is added to a solution of pregnenolone 3β-D-



 151 

glucopyranoside (80, 824 mg, 1.72 mmol) in anhydrous pyridine (10 ml). After stirring 

for 1 h at room temperature, the mixture is diluted with DCM. The organic layer is 

washed with water and brine, dried over Na2SO4 and concentrated under reduced 

pressure. The residue is purified by silica gel column chromatography (hexane/AcOEt 

85:15) to afford the title compound (1.54 g, quantitative yield) as a white solid. 1H NMR 

(300 MHz, CDCl3) δ 8.10 – 7.98 (m, 2H), 7.98 – 7.79 (m, 6H), 7.79 – 7.70 (m, 2H), 7.57 

– 7.05 (m, 10H), 5.83 (t, J = 9.6 Hz, 1H), 5.57 (t, J = 9.7 Hz, 1H), 5.43 (dd, J = 9.7, 7.9 

Hz, 1H), 5.15 (d, J = 4.8 Hz, 1H), 4.88 (d, J = 7.9 Hz, 1H), 4.54 (dd, J = 12.0, 3.5 Hz, 

1H), 4.45 (dd, J = 12.1, 5.7 Hz, 1H), 4.09 (ddd, J = 9.7, 5.8, 3.6 Hz, 1H), 3.47 (tt, J = 

10.5, 5.0 Hz, 1H), 2.45 (t, J = 8.7 Hz, 1H), 2.18 – 1.76 (m, 8H), 1.76 – 1.24 (m, 8H), 

1.24 – 0.95 (m, 3H), 0.94 – 0.68 (m, 9H), 0.53 (s, 3H). 

 

21-(bis(Trifluoromethyl)hydroxymethyl)-pregn-5-en-20-one-3β-(2,3,4,6-tetra-O-

benzoyl)-β-D-glucopyranoside (82). To a solution of compound 81 (1.22 g, 1.36 mmol) 

in anhydrous THF (30 ml), LiHMDS (1M, 3.40 ml, 3.40 mmol) is added at -78 °C, 

followed by the addition of hexafluoroacetone (2 ml trihydrated hexafluoroacetone 

delivered according to ref.240). The mixture is allowed to warm to -50 °C. The reaction 

is quenched by the addition of HCl 1M (3.4 ml) and the mixture is diluted with AcOEt 

and washed with water. The organic layer is washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure. The residue is purified by silica gel column 

chromatography (hexane/AcOEt 85:15) to afford the title compound (1.05 g, 73%) as a 

white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.32 – 7.13 (m, 20H), 5.99 - 5.92 (m, 1H), 

5.55 (t, J = 9.4 Hz, 1H), 5.34 – 5.26 (m, 2H), 5.19 (s, 1H), 4.59 – 4.38 (m, 3H), 3.53 – 

3.46 (m, 1H), 3.08 (d, J = 15.5 Hz, 1H), 2.87 (d, J = 15.5 Hz, 1H), 2.78 (t, J = 8.6 Hz, 

1H), 2.20 (d, J = 13.2 Hz, 1H), 2.10 – 1.02 (m, 17H), 0.94 – 0.77 (m, 5H), 0.54 (s, 3H). 

 

(20S)-21-(bis(Trifluoromethyl)hydroxymethyl)-pregn-5-en-20-ol-3β-(2,3,4,6-tetra-

O-benzoyl)-β-D-glucopyranoside (83). A mixture of compound 82 (606 mg, 0.57 

mmol) and Na(OAc)3BH (1.21 g, 5.7 mmol) in anhydrous THF (10 ml) is stirred for 1 h 

at room temperature. After addition of an excess of a Rochelle’s salt saturated solution 
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and 1 h stirring, the mixture is diluted with DCM and the layers are separated. The 

organic layer is washed with water and brine, dried over Na2SO4 and concentrated under 

reduced pressure. The residue is purified by silica gel column chromatography 

(hexane/AcOEt 4:1) to afford the title compound (43 mg, 7%) as a white solid. The major 

product of reduction (20R, 468 mg, 77%) was also isolated. 1H NMR (400 MHz, CDCl3) 

δ 8.08 – 7.79 (m, 7H), 7.60 – 7.14 (m, 13H), 5.89 (t, J = 9.6 Hz, 1H), 5.63 (t, J = 9.7 Hz, 

1H), 5.49 (dd, J = 9.8, 7.9 Hz, 1H), 5.22 (d, J = 5.0 Hz, 1H), 4.94 (d, J = 7.9 Hz, 1H), 

4.61 (dd, J = 12.0, 3.4 Hz, 1H), 4.52 (dd, J = 12.0, 5.9 Hz, 1H), 4.28 – 4.09 (m, 2H), 

3.52 (tt, J = 10.3, 4.9 Hz, 1H), 2.28 – 0.78 (m, 27H), 0.68 (s, 3H). 

 

(20S)-21-(bis(Trifluoromethyl)hydroxymethyl)-pregn-5-en-20-ol-3β-β-D-

glucopyranoside (UPR1399). A solution of compound 83 (34 mg, 0.03 mmol) and 

sodium (1 mg, 0.04 mmol) in MeOH (3 ml) is stirred for 1 h at room temperature. The 

reaction is quenched by the addition of HCl 0.1M (0.4 ml). The mixture is diluted with 

AcOEt and washed with water. The organic layer is washed with brine, dried over 

Na2SO4 and concentrated under reduced pressure. The residue is purified by silica gel 

column chromatography (DCM/MeOH 95:5) to afford the title compound (12 mg, 62%) 

as a white solid. Mp 220 °C. [α]D
20 = -46.67° (c = 0.06, CHCl3/MeOH 1:1). 1H NMR 

(300 MHz, CDCl3/CD3OD) δ 5.39 (dd, J = 4.6, 2.6 Hz, 1H), 4.40 (d, J = 7.8 Hz, 1H), 

4.07 (t, J = 10.0 Hz, 1H), 3.87 (dd, J = 11.9, 1.7 Hz, 1H), 3.75 – 3.52 (m, 2H), 3.46 – 

3.21 (m, 2H), 3.16 (dd, J = 8.8, 7.8 Hz, 1H), 2.45 (ddd, J = 13.3, 4.9, 2.0 Hz, 1H), 2.38 

– 2.13 (m, 2H), 2.13 – 1.38 (m, 13H), 1.38 – 0.80 (m, 8H), 0.71 (s, 3H). 13C NMR (75 

MHz, CDCl3/CD3OD) δ 141.4, 122.4, 102.1, 79.6, 77.6, 77.2, 74.6, 71.5, 71.2, 62.5, 

58.5, 57.5, 51.0, 42.3, 40.0, 39.4, 38.1, 37.5, 34.3, 32.6, 32.4, 30.3, 26.1, 24.6, 21.6, 19.7, 

12.7. HRMS (ESI): m/z: calcd for C30H44F6NaO8 [(M+Na)+]: 669.28326; found: 

669.28387. 

 

3β-Hydroxy-5α-pregnan-20-one (85). Pregnanolone acetate (84, 2.03 g, 5.64 mmol) 

and sodium (0.10 g, 4.35 mmol) in methanol/THF (1:1, 30 ml) are stirred for 1 h at room 

temperature. The reaction is then quenched by the addition of HCl (1M, 4.3 ml, 4.3 
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mmol). After addition of AcOEt and water, the layers are separated and the organic phase 

is washed with water and brine, dried over Na2SO4 and concentrated under reduced 

pressure to afford the title compound (1.80 g, quantitative yield) as a white solid. 

Analytical data are in accordance with those reported in the literature.271 

 

3β-Benzoyloxy-5α-pregnan-20-one (86). Isopregnanolone 85 (1.80 g, 5.64 mmol) is 

dissolved in anhydrous pyridine (5 ml) and benzoyl chloride (1.5 ml, 12.91 mmol) is 

slowly added to the solution. After stirring for 2 h at room temperature, the mixture is 

diluted with DCM and water and HCl is added dropwise to the aqueous layer till 

neutralization. Layers are then separated and the organic extract is washed with water 

and brine, dried over Na2SO4 and concentrated under reduced pressure. The residue is 

crystallized from isopropanol, affording the title product (1.96 g, 82%) as needle-like 

crystals. Analytical data are in accordance with those reported in the literature.272 

 

3β-Benzoyloxy-21-(bis(trifluoromethyl)hydroxymethyl)-5α-pregnan-20-one (87). 

3β-benzoyloxy-5α-pregnan-20-one (86, 0.82 g, 1.9 mmol) is dissolved in anhydrous 

THF (30 ml) and the solution is kept under a nitrogen atmosphere at -78 °C. LiHMDS 

(1.0M, 2.3 ml, 2.3 mmol) is added and the mixture is stirred for 75 min. In a separate 

two neck flask concentrated H2SO4 (10 ml) is warmed to 50 °C and linked through a 

cannula with the enolate flask. Trihydrate hexafluoroacetone (2 ml) is dropped inside the 

H2SO4 and through a positive nitrogen pressure, gaseous HFA is bubbled inside the 

enolate solution. The reaction mixture is then warmed to room temperature. HCl 1M is 

added till neutralization and the mixture is diluted with AcOEt. The organic phase is 

separated, washed with brine and dried over Na2SO4. Solvents are removed under 

reduced pressure and the residue is purified by silica gel column chromatography 

(petroleum ether/AcOEt 95:5) affording the title compound (965 mg, 85%) as a white 

solid. 1H NMR (300 MHz, CDCl3) δ 8.10 – 7.94 (m, 2H), 7.57 – 7.48 (m, 1H), 7.48 – 

7.34 (m, 2H), 7.08 (s, 1H), 4.95 (tt, J = 11.3, 4.9 Hz, 1H), 2.93 (d, J = 17.3 Hz, 1H), 2.78 

(d, J = 17.3 Hz, 1H), 2.59 (t, J = 8.7 Hz, 1H), 2.23 – 2.05 (m, 1H), 1.94 (tt, J = 10.9, 3.4 
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Hz, 2H), 1.83 – 1.04 (m, 18H), 1.04 – 0.92 (m, 1H), 0.87 (s, 3H), 0.74 (ddd, J = 13.8, 

10.6, 3.8 Hz, 1H), 0.66 (s, 3H). 

 

3β-Benzoyloxy-21-(bis(trifluoromethyl)hydroxymethyl)-5α-pregnan-20-ol (88). To 

a solution of compound 87 (0.96 g, 1.6 mmol) in THF (15 ml) is added sodium 

triacetoxyborohydride (3.39 g, 16.0 mmol). The mixture is stirred at room temperature 

for 2 h, then excess saturated aqueous solution of Rochelle salt is added and the mixture 

is stirred 15 h at room temperature. After dilution with AcOEt, the layers are separated 

and the organic phase is washed with brine, dried over Na2SO4 and concentrated under 

reduced pressure. The residue is purified by silica gel column chromatography 

(petroleum ether/AcOEt 97:3) to afford afford compounds 88a (460 mg, 48%) and 88b 

(112 mg, 12%) as white solids. 88a: 1H NMR (300 MHz, CD3OD) δ 8.12 – 7.90 (m, 

2H), 7.62 – 7.49 (m, 1H), 7.43 (t, J = 7.6 Hz, 2H), 4.90 (tt, J = 11.0, 5.0 Hz, 1H), 4.05 

(t, J = 8.6 Hz, 1H), 2.12 – 2.02 (m, 1H), 1.98 – 1.87 (m, 2H), 1.81 (dt, J = 13.1, 3.6 Hz, 

1H), 1.74 – 1.60 (m, 5H), 1.60 – 1.38 (m, 4H), 1.37 – 1.04 (m, 10H), 0.90 (s, 3H), 0.84 

(td, J = 5.2, 4.8, 2.7 Hz, 1H), 0.77 (s, 3H), 0.71 (dd, J = 11.0, 3.9 Hz, 1H). 88b: 1H NMR 

(300 MHz, CD3OD) δ 8.16 – 7.85 (m, 2H), 7.61 – 7.47 (m, 1H), 7.42 (dd, J = 8.3, 6.8 

Hz, 2H), 5.06 – 4.79 (m, 1H), 4.04 (t, J = 10.0 Hz, 1H), 2.18 (dd, J = 15.1, 2.0 Hz, 1H), 

2.00 – 0.68 (m, 27H), 0.67 (s, 3H). 

 

(20R)-3β-Hydroxy-21-(bis(trifluoromethyl)hydroxymethyl)-5α-pregnan-20-ol 

(UPR1393). Compound 88a (35 mg, 0.1 mmol) is dissolved in MeOH/THF 1:1 (2 ml) 

and sodium (33 mg, 1.4 mmol) is added at room temperature. The mixture is stirred for 

1 h, then the reaction is quenched adding HCl 1M (1.4 ml) and the mixture is extracted 

with AcOEt. The organic layer is washed with brine and dried over Na2SO4. Solvents 

are removed under reduced pressure and the residue is purified by silica gel column 

chromatography (DCM/MeOH 98:2) to afford the title compound (29 mg, quantitative 

yield) as a white solid. Mp 199-202 °C. [α]D 
20 = +8.33° (c = 1.0, CHCl3/MeOH 1:1).1H 

NMR (400 MHz, CD3OD/CDCl3) δ  4.15 – 4.02 (m, 1H), 3.53 (tt, J = 11.1, 4.7 Hz, 1H), 

2.07 (dt, J = 12.6, 3.3 Hz, 1H), 2.05 – 1.86 (m, 2H), 1.80 -1.64 (m, 5H), 1.60 – 0.89 (m, 
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16H), 0.86 (s, 3H), 0.80 (s, 3H), 0.70 (ddd, J = 12.1, 10.3, 4.1 Hz, 1H). 13C NMR (75 

MHz, CD3OD) δ 125.9, 125.2, 122.1, 121.4, 71.6, 71.1, 57.2, 56.2, 54. 7, 45.2, 43.0, 

39.8, 37.9, 37.3, 35.7, 33.5, 32.4, 31.2, 28.9, 25.6, 24.6, 21.3, 12.4.  ESI-MS [M-H]- 

calcd for C24H35F6O3: 485.24959. Found: 485.24973. 

 

(20S)-3β-Hydroxy-21-(bis(trifluoromethyl)hydroxymethyl)-5α-pregnan-20-ol 

(UPR1392). This compound is prepared according to the procedure reported for 

compound UPR1393 starting from intermediate 88b. Compound UPR1392 (62 mg, 

75%) is obtained as a white solid. Mp 229-235 °C. [α]D 
20 = +7.94° (c = 1.3, 

CHCl3/CH3OH 1/1). 1H NMR (300 MHz, CD3OD/CDCl3) δ 4.03 (t, J = 10.1 Hz, 1H), 

3.50 (m, 1H), 2.17 (dd, J = 15.0, 2.0 Hz, 1H), 1.87 (m, 2H), 1.76 – 0.88 (m, 21H), 0.80 

(s, 3H), 0.69 – 0.59 (m, 4H). 13C NMR (75 MHz, CD3OD) δ 129.8 (d, J = 64.9 Hz), 

126.0 (d, J = 62.4 Hz), 122.2 (d, J = 60.3 Hz), 118.4 (d, J = 57.9 Hz), 71.5, 71.4, 58.5, 

57.1, 55.0, 45.6, 42.4, 40.2, 38.3, 37.7, 36.2, 35.9, 34.1, 32.7, 31.6, 29.3, 26.1, 24.4, 21.7, 

12.8, 12.6. ESI-MS [M-H]- calcd for C24H35F6O3: 485.24959. Found: 485.24924. 

 

  



 156 

  



 157 

6.4. Synthesis of zampanolide analogue NB-24 

 
5-tert-Butyldiphenylsilyloxy-1-pentanol (92). 1,5-pentanediol (91, 1.51 ml, 14.40 

mmol) is added to a suspension of sodium hydride (576 mg of 60% suspension in mineral 

oil, washed free of oil, 14.40 mmol) in anhydrous THF (28.8 ml) at room temperature. 

A cloudy white precipitate is obtained. After stirring for 50 min, TBDPSCl (3.7 ml, 14.40 

mmol) is added. The mixture is stirred for 16 h, then it is poured into ether (30 ml), 

washed with water (3 x 30 ml) and brine, dried over MgSO4 and concentrated under 

reduced pressure. The residue is purified by silica gel column chromatography 

(hexane/AcOEt 9:1→7:3) to afford the title compound (3.178 g, 64%) as a thick, 

colourless oil. TLC: Rf = 0.37(hexane/AcOEt 7:3; UV, CPS, KMnO4). 1H NMR (400 

MHz, CDCl3) δ 7.69-7.66 (m, 4 H), 7.45-7.36 (m, 6 H), 3.68 (t, J = 6.4 Hz, 2 H), 3.62 

(t, J = 6.5 Hz, 2 H), 1.63-1.52 (m, 4 H), 1.47-1.40 (m, 2 H), 1.06 (s, 9 H). 13C NMR (100 

MHz, CDCl3) δ 135.7, 134.2, 129.7, 127.8, 63.9, 63.1, 32.6, 32.4, 27.0, 22.1, 19.4. IR 

(thin film): ῦ = 3331, 2931, 2858, 1427, 1108, 822, 740, 700, 613, 503, 488 cm-1. HRMS 

(ESI): m/z: calcd for C21H30NaO2Si [(M+Na)+]: 365.1907; found: 365.1906. 

 

5-((tert-Butyldiphenylsilyl)oxy)pentyl 4-methylbenzenesulfonate (93). Tosyl 

chloride (3.51 g, 18.41 mmol) is slowly added to a solution of compound 92 (5.26 g, 

15.34 mmol) in DCM (30.0 ml) and pyridine (2.50 ml, 30.69 mmol). After stirring for 

16 h, the mixture is washed with NaHCO3 (2 x 50 ml). The organic layer is extracted 

with DCM (30 ml) and the combined organic layers are washed with 2M HCl (50 ml) 

and water, dried over MgSO4 and concentrated under reduced pressure. The residue is 

purified by silica gel column chromatography (hexane/DCM 2:1) to afford the title 

compound (6.569 g, 95%) as a thick, colourless oil. TLC: Rf = 0.13 (hexane/DCM 2:1; 

UV, CPS, KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.79-7.77 (m, 2 H), 7.65-7.62 (m, 4 

H), 7.44-7.7.35 (m, 6 H), 7.33-7.31 (m, 2 H), 4.00 (t, J = 6.5 Hz, 2 H), 3.60 (t, J = 6.2 

Hz, 2 H), 2.43 (s, 3 H), 1.66-1.59 (m, 2 H), 1.53-1.46 (m, 2 H), 1.42-1.36 (m, 2 H), 1.03 

(s, 9 H). 13C NMR (100 MHz, CDCl3) δ 144.8, 135.7, 134.1, 133.4, 129.9, 129.7, 128.0, 

127.8, 70.7, 63.6, 31.9, 28.7, 27.0, 26.7, 21.9, 21.8, 19.3. IR (thin film): ῦ = 2931, 2857, 
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1472, 1428, 1360, 1189, 1176, 1110, 822, 741, 702, 664, 555, 504 cm-1. HRMS (ESI): 

m/z: calcd for C28H36NaO4SSi [(M+Na)+]: 519.1996; found: 519.1995. 

 

tert-Butyl((5-iodopentyl)oxy)diphenylsilane (94). Sodium iodide (9.91 g, 66.12 mmol) 

is added to a solution of compound 93 (6.57 g, 13.22 mmol) in acetone (140 ml) at room 

temperature and the mixture is stirred for 24 h. After dilution with water and extraction 

with diethyl ether (3 x 80 ml), the organic layer is washed with brine, dried over MgSO4. 

and concentrated under reduced pressure. The title compound (5.855 g, 98%) is obtained 

as a pale orange oil and used without further purification. TLC: Rf = 0.72 (hexane/AcOEt 

9:1; UV, CPS, KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.68-7.65 (m, 4 H), 7.45-7.36 

(m, 6 H), 3.66 (t, J = 6.3 Hz, 2 H), 3.16 (t, J = 7.0 Hz, 2 H), 1.84-1.77 (m, 2 H), 1.61-

1.53 (m, 2 H), 1.51-1.45 (m, 2 H), 1.05 (s, 9 H). 13C NMR (100 MHz, CDCl3) δ 135.7, 

134.2, 129.7, 127.8, 63.7, 33.4, 31.6, 27.0, 19.4, 7.2. IR (thin film): ῦ = 3070, 2930, 

2857, 1427, 1105, 822, 740, 700, 687, 624, 503, 487 cm-1. HRMS (ESI): m/z: calcd for 

C21H30IOSi [(M+H)+]: 453.1005; found: 453.1092. 

 

tert-Butyl(oct-6-yn-1-yloxy)diphenylsilane (95). Propyne gas (5.0 g, 124.8 mmol) is 

delivered to a cooled flask (-78 °C) containing anhydrous THF (15 ml) through an argon 

overpressure. n-BuLi (8.0 ml, 12.8 mmol) is added dropwise, followed by stirring for 10 

min. HMPA (3.55 ml, 20.39 mmol) is then added dropwise. The mixture is stirred for 

30 min, then a further amount of n-BuLi (7.5 ml, 12.0 mmol) is added. After dropwise 

addition of a solution of compound 94 (4.855 g, 10.73 mmol) in anhydrous THF (30 ml), 

the mixture is allowed to warm to room temperature and stirred for 24 h. It is then poured 

on a saturated solution of NH4Cl (500 ml) and extracted with diethyl ether (2 x 150 ml). 

The combined organic layers are washed with saturated aqueous NH4Cl (150 ml), water 

(250 ml) and brine (250 ml), dried over MgSO4 and concentrated under reduced pressure. 

The residue is purified by silica gel column chromatography (hexane/AcOEt 95:5) to 

afford the title compound (3.7886 g, 97%) as a colorless oil. TLC: Rf = 0.69 (hexane 

AcOEt 9:1, UV, CPS, KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.70-7.67 (m, 4 H), 7.45-

7.37 (m, 6 H), 3.67 (t, J = 6.3 Hz, 2 H), 2.14-2.10 (m, 2 H), 1.78 (t, J = 2.6 Hz, 3 H), 
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1.59-1.56 (m, 2 H), 1.48-1.45 (m, 4 H), 1.06 (s, 9 H). 13C NMR (100 MHz, CDCl3) δ 

135.7, 134.2, 129.6, 127.7, 79.4, 75.6, 63.9, 32.3, 28.9, 27.0, 25.2, 19.4, 18.9, 3.6. IR 

(thin film): ῦ = 3070, 2931, 2858, 1428, 1109, 822, 739, 701, 613, 504, 488 cm-1. HRMS 

(ESI): m/z: calcd for C24H33OSi [(M+H)+]: 365.2295; found: 365.2291 

 

(E)-tert-Butyl((7-iodooct-6-en-1-yl)oxy)diphenylsilane (96). DIBAL (1M in hexane, 

18.85 ml, 18.85 mmol) is slowly added to a suspension of Cp2ZrCl2 (7.71 g, 26.37 mmol) 

in anhydrous THF (40 ml). After stirring for 30 min at 0 °C a solution of compound 95 

(2.75 g, 7.53 mmol) in anhydrous THF (10 ml) is added and the suspension is warmed 

to 65 °C and stirred for 60 min in the dark. The mixture is then cooled to -78 °C and 

iodine (2.49 g, 9.79 mmol) in THF (10 ml) is added. Stirring is continued for 15 min, 

then the reaction is quenched by the addition of 1M HCl (120 ml). Diethyl ether (100 

ml) is added and the mixture is stirred until two clear phases are obtained. The layers are 

separated and the organic phase is washed with saturated aqueous Na2S2O3 (100 ml) and 

NaHCO3 (100 ml), water (100 ml) and brine (75 ml), dried with MgSO4 and concentrated 

under reduced pressure. The residue is purified by silica gel chromatography 

(hexane+0.5% AcOEt) to afford the title compound (2.60 g) as a yellow oil. The product 

contains an impurity that cannot be removed. TLC: Rf = 0.71 (hexane AcOEt 9:1, UV, 

CPS, KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.69-7.65 (m, 4 H), 7.45-7.36 (m, 6 H), 

6.13 (tq, J = 7.5, 1.6 Hz, 1 H), 3.65 (t, J = 6.4 Hz, 2 H), 2.35 (d, J = 1.3 Hz, 3 H), 2.00 

(q, J = 6.4 Hz, 2 H), 1.59-1.51 (m, 2 H), 1.38-1.32 (m, 4 H), 1.05 (s, 9 H). 13C NMR (100 

MHz, CDCl3) δ 141.5, 135.7, 134.2, 129.7, 127.7, 93.6, 63.9, 32.5, 30.8, 28.8, 27.0, 25.4, 

19.4. IR (thin film): ῦ = 3070, 2930, 2856, 1427, 1110, 822, 740, 701, 613, 504, 486 cm-

1. HRMS (ESI): m/z: calcd for C24H33INaOSi [(M+Na)+]: 515.1238; found: 515.1233. 

 

(S,E)-10-((tert-Butyldiphenylsilyl)oxy)-1-((4-methoxybenzyl)oxy)-4-methyldec-4-

en-2-ol (97). Compound 96 (2.60 g, 5.28 mmol) is azeotropically dried once with 10 mL 

of anhydrous toluene and dissolved in the same solvent (35 mL). The solution is cooled 

to –78 °C and n-BuLi (1.6M in hexane, 4.85 mL, 7.76 mmol) is added. After stirring for 

30 min, the mixture is cooled –85 °C and a solution of (S)-2-(4-methoxy-
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benzyloxymethyl)-oxirane (1.88 g, 9.68 mmol, azeotropically dried once with 5 mL of 

toluene right before use) in dry toluene (10 mL) is added. After adding BF3•OEt2 (1.17 

mL, 9.50 mmol), the mixture is stirred for 1 h at –78 °C and it is poured into stirred 

saturated aqueous NaHCO3 (200 mL). After adding AcOEt and allowing the mixture to 

reach room temperature, the layers are separated, the aqueous phase is extracted with 

AcOEt (3 x 50 mL) and the combined organic extracts are dried over MgSO4 and 

concentrated under reduced pressure. The residue is purified by silica gel column 

chromatography (first column: toluene+4% AcOEt; second column: hexane/Et2O 6:1) to 

afford the title compound (1.76 g, 42% over two steps) as a colorless oil. TLC: Rf = 0.10 

(hexane Et2O 4:1, UV, CPS, KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.68-7.66 (m, 4 

H), 7.44-7.36 (m, 6 H), 7.28-7.25 (m, 2 H), 6.90-6.87 (m, 2 H), 6.13 (td, J = 7.1, 1.6 Hz, 

1 H), 4.49 (s, 2 H), 3.93-3.90 (m, 1 H), 3.81 (s, 3 H), 3.65 (t, J = 6.5 Hz, 2 H), 3.46 (dd, 

J = 9.5, 3.4 Hz, 1 H), 3.34 (dd, J = 9.5, 7.1 Hz, 1 H), 2.15-2.13 (m, 2 H), 1.99 (q, J = 7.1 

Hz, 2 H),1.62 (d, J = 1.2 Hz, 3 H), 1.60-1.53 (m, 2 H), 1.37-1.30 (m, 4 H), 1.05 (s, 9 H). 
13C NMR (100 MHz, CDCl3) δ 159.4, 135.7, 134.3, 131.3, 130.3, 129.6, 129.5, 128.5, 

127.7, 114.0, 74.0, 73.2, 68.3, 64.1, 55.4, 44.0, 32.2, 29.6, 28.1, 27.0, 25.6, 19.4, 16.3. 

IR (thin film): ῦ = 3457, 2930, 2857, 1513, 1427, 1248, 1106, 1038, 822, 740, 702, 613, 

504, 489 cm-1. HRMS (ESI): m/z: calcd for C35H48NaO4Si [(M+Na)+]: 583.3214; found: 

583.3216. [α]20
D: -2.00° (c=0.5, CHCl3). 

 

(S,E)-10-((tert-Butyldiphenylsilyl)oxy)-1-((4-methoxybenzyl)oxy)-4-methyldec-4-

en-2-yl (2E,4Z)-7-((tert-butyldimethylsilyl)oxy)-8-(diethoxyphosphoryl)-5-

methylocta-2,4-dienoate (98). Compound 90 (913.0 mg, 2.17 mmol) is azeotropically 

dried with anhydrous toluene (5 ml) and dissolved in the same solvent (10 mL). 

Triethylamine (0.66 mL, 4.70 mmol) is added, followed by the addition of 2,4,6-

trichlorobenzoyl chloride (0.43 mL, 2.71 mmol). The mixture is stirred for 90 min at 

room temperature and a solution of compound 97 (1.01 g, 1.81 mmol, co-evaporated 

once with 5 mL of toluene) and DMAP (221.0 mg, 1.81 mmol) in toluene (10 mL; plus 

additional 10 mL form rinsing) is added. The mixture is stirred for 1 h at room 

temperature, then saturated aqueous NaHCO3 (50 mL), H2O (50 mL), and AcOEt (50 
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mL) are added and the phases are separated. The aqueous layer is extracted with AcOEt 

(3 x 30 mL) and the combined organic extracts are dried over MgSO4 and concentrated 

under reduced pressure. The residue is purified by silica gel column chromatography 

(AcOEt/Hex 1:5→1:3) to afford the title compound (1.37 g, 79%) as a pale yellow, 

viscous oil. TLC: Rf = 0.36 (hexane AcOEt 1:1, UV, CPS, KMnO4). 1H NMR (400 MHz, 

CDCl3) δ 7.69 – 7.64 (m, 4H), 7.57 (dd, J = 15.1, 11.6 Hz, 1H), 7.44 – 7.34 (m, 6H), 

7.25 – 7.21 (m, 2H), 6.86 (dt, J = 8.6, 2.0 Hz, 2H), 6.06 (d, J = 11.3 Hz, 1H), 5.78 (d, J 

= 15.1 Hz, 1H), 5.21 (m, 1H), 5.15 (t, J = 7.3 Hz, 1H), 4.50 (d, J = 11.7 Hz, 1H), 4.42 

(dd, J = 11.7, 3.0 Hz, 1H), 4.20 – 4.05 (m, 5H), 3.79 (s, 3H), 3.63 (t, J = 6.5 Hz, 2H), 

3.50 (dd, J = 4.8, 1.5 Hz, 2H), 2.59 (t, J = 5.3 Hz, 1H), 2.29 (t, J = 6.1 Hz, 1H), 2.04 – 

1.96 (m, 2H), 1.95 – 1.82 (m, 5H), 1.62 (s, 3H), 1.59 (s, 3H), 1.56-1.50 (m, 2H), 1.33 

(td, J = 7.1, 3.5 Hz, 6H), 1.30 – 1.20 (m, 4H), 1.04 (s, 9H), 0.83 (s, 9H), 0.05 (s, 3H), -

0.02 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 167.0, 159.3, 146.1, 141.3, 135.7, 134.3, 

130.7, 130.5, 129.6, 129.4, 128.5, 127.7, 126.9, 119.9, 113.9, 72.9, 71.1, 70.7, 66.8, 64.1, 

61.7, 55.4, 41.8, 41.4, 35.9, 32.6, 29.5, 28.1, 27.0, 25.9, 25.7, 25.1, 19.4, 18.0, 16.6, 16.6, 

16.4, -4.6, -4.6. IR (thin film): ῦ = 2930, 2857, 1714, 1514, 1251, 1147, 1110, 1049, 

1028, 979, 962, 937, 824, 776, 703 cm-1. [α]20
D: +2.00° (c=0.5, CHCl3). 

 

(S,E)-10-Hydroxy-1-((4-methoxybenzyl)oxy)-4-methyldec-4-en-2-yl (2E,4Z)-8-

(diethoxyphosphoryl)-7-hydroxy-5-methylocta-2,4-dienoate (99). TBAF (1M, 0.28 

ml, 0.28 mmol) is slowly added to a solution of compound 98 (132.7 mg, 0.14 mmol) in 

anhydrous THF (1.0 ml) at 0 °C. The mixture is then allowed to warm to room 

temperature and stirred for 4 h. After adding saturated aqueous NaHCO3 (3 ml), the 

layers are separated and the aqueous phase is extracted with AcOEt (3 x 2 ml). The 

combined organic extracts are dried over MgSO4 and concentrated under reduced 

pressure. The residue is purified by silica gel column chromatography (AcOEt) to afford 

the title compound (80.7 mg, 95%) as a colorless oil. TLC: Rf = 0.15 (AcOEt; UV, CPS, 

KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.53 (ddd, J = 15.1, 11.7, 8.2 Hz, 1H), 7.25 – 

7.18 (m, 2H), 6.93 – 6.78 (m, 2H), 6.13 (d, J = 11.7 Hz, 1H), 5.82 (d, J = 15.0 Hz, 1H), 

5.33 – 5.20 (m, 1H), 5.20 – 5.12 (m, 1H), 4.51 (d, J = 11.7 Hz, 1H), 4.43 (d, J = 11.7 
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Hz, 1H), 4.25 – 4.05 (m, 5H), 3.80 (s, 3H), 3.58 (td, J = 6.7, 1.2 Hz, 2H), 3.50 (dd, J = 

4.9, 1.1 Hz, 2H), 2.74 – 2.52 (m, 1H), 2.50-2.38 (m, 1H), 2.26 (dd, J = 6.8, 3.8 Hz, 2H), 

1.99 – 1.87 (m, 7H), 1.62 (d, J = 1.2 Hz, 3H), 1.59 – 1.45 (m, 2H), 1.33 (tt, J = 7.1, 1.9 

Hz, 6H), 1.30 – 1.15 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 167.1, 159.3, 145.8, 145.6, 

140.5, 140.3, 130.8, 130.8, 130.4, 129.4, 128.4, 128.3, 126.8, 126.7, 120.4, 120.3, 113.9, 

72.9, 71.1, 65.6, 65.3, 63.0, 62.3, 62.2, 62.1, 55.4, 41.6, 41.3, 41.1, 34.3, 32.9, 32.8, 31.1, 

29.5, 29.5, 28.0, 28.0, 25.8, 25.4, 25.3, 24.9, 16.6, 16.4. IR (thin film): ῦ = 3374, 2931, 

2855, 1709, 1633, 1612, 1514, 1275, 1248, 1223, 1148, 1030, 977 cm-1. HRMS (ESI): 

m/z: calcd for C32H51NaO9P [(M+Na)+]: 633.3163; found: 633.3156. [α]20
D: -2.00° 

(c=0.5, CHCl3). 

 

(S,3E,5Z,9E,15E)-18-(((4-Methoxybenzyl)oxy)methyl)-6,16-

dimethyloxacyclooctadeca-3,5,9,15-tetraene-2,8-dione (100). DMP (1.017 g, 2.40 

mmol) is added portionwise to a solution of compound 99 (601.0 mg, 0.98 mmol) in 

anhydrous DCM (15.0 ml). The mixture is stirred for 1 h at room temperature, then 

saturated aqueous NaHCO3 (150 ml) and saturated aqueous Na2S2O3 (150 ml) are added, 

the layers are separated and the aqueous phase is extracted with AcOEt (3 x 30 ml). The 

combined organic extracts are dried over MgSO4 and concentrated under reduced 

pressure. The residue is purified on a short column (AcOEt) to afford the title compound 

(294 mg, 49 %) as an almost colorless oil. Due to instability issues, the product is directly 

used in the following step without being characterized. TLC: Rf = 0.42(AcOEt; UV, CPS, 

KMnO4). 

 

(S,3E,5Z,9E,15E)-18-(((4-Methoxybenzyl)oxy)methyl)-6,16-

dimethyloxacyclooctadeca-3,5,9,15-tetraene-2,8-dione (101). Ba(OH)2 (108.0 mg, 

0.63 mmol) is added to a solution of compound 100 (294.0 mg, 0.48 mmol) in THF 

(160.0 ml) and water (4.0 ml) at 0 °C. The mixture is stirred for 30 min at 0 °C, then it 

is allowed to warm to room temperature and stirred for further 30 min. It is then diluted 

with Et2O (30 ml), the layers are separated and the organic phase is washed with 

saturated aqueous NaHCO3 (2 x 50 ml) and brine (50 ml), dried over MgSO4 and 
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concentrated under reduced pressure. The residue is purified by silica gel column 

chromatography (hexane/AcOEt 4:1) to afford the title compound (68 mg, 31%) as a 

colorless oil. TLC: Rf = 0.31 (hexane/AcOEt 4:1; UV, CPS, KMnO4). 1H NMR (400 

MHz, CDCl3) δ 7.63 (dd, J = 15.1, 11.5 Hz, 1H), 7.27-7.25 (m, 2 H), 6.90 – 6.86 (m, 2 

H), 6.83 (dt, J = 16.0, 7.0 Hz, 1H), 6.12 (d, J = 11.5 Hz, 1H), 5.99 (dt, J = 16.0, 1.5 Hz, 

1H), 5.91 (d, J = 15.1 Hz, 1H), 5.39 (dt, J = 12.6, 5.0 Hz, 1H), 5.11 – 5.07 (m, 1H), 4.54 

(d, J = 11.7 Hz, 1H), 4.47 (d, J = 11.7 Hz, 1H), 4.02 (d, J = 12.8 Hz, 1H), 3.81 (s, 3H), 

3.55 (dd, J = 10.4, 5.8 Hz, 1H), 3.50 (dd, J = 10.4, 4.6 Hz, 1H), 2.97 (d, J = 12.8 Hz, 

1H), 2.29 – 2.00 (m, 6H), 1.88 (d, J = 1.3 Hz, 3H), 1.66 (d, J = 1.2 Hz, 3H), 1.36 (dt, J 

= 11.4, 6.6 Hz, 2H), 1.30 – 1.18 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 197.2, 166.7, 

159.4, 149.9, 142.8, 139.9, 131.1, 130.3, 129.6, 129.5, 127.7, 125.7, 121.2, 114.0, 76.8, 

73.0, 71.9, 70.1, 55.4, 45.7, 42.3, 32.7, 28.7, 28.3, 27.5, 16.4. IR (thin film): ῦ = 2929, 

2858, 1714, 1668, 1634, 1513, 1280, 1250, 1149, 1035, 978 cm-1. HRMS (ESI): m/z: 

calcd for C28H36NaO5 [(M+Na)+]: 475.2455; found: 475.2455. [α]20
D: -173.97° (c=0.5, 

CHCl3). 

 

(S,3E,5Z,9E,15E)-18-(Hydroxymethyl)-6,16-dimethyloxacyclooctadeca-3,5,9,15-

tetraene-2,8-dione (NB-22). Water (1.0 mL) and DDQ (75.0 mg, 0.33 mmol) are added 

to a solution of compound 101 (100.0 mg, 0.22 mmol) in DCM (5 mL) at room 

temperature under vigorous stirring. The mixture is stirred for 90 min, then it is diluted 

with saturated aqueous NaHCO3 (30 mL) and DCM (5 mL). The clear phases are 

separated and the aqueous phase is extracted with DCM (3 x 5 mL). The combined 

organic extracts are dried over MgSO4 and concentrated under reduced pressure. The 

residue is purified by silica gel column chromatography (hexane/AcOEt 2:1) to afford 

the title compound (61 mg, 83%) as a colorless oil. TLC: Rf = 0.36 (hexane/AcOEt 1:1; 

UV, KMnO4, CPS). 1H NMR (400 MHz, CDCl3) δ 7.65 (dd, J = 15.1, 11.6 Hz, 1H), 6.83 

(dt, J = 16.0, 7.0 Hz, 1H), 6.13 (d, J = 11.6 Hz, 1H), 6.00 (dt, J = 16.0, 1.6 Hz, 1 H), 

5.91 (d, J = 15.0 Hz, 1H), 5.33 – 5.26 (m, 1H), 5.10 (dd, J = 9.2, 5.4 Hz, 1H), 4.02 (d, J 

= 12.9 Hz, 1H), 3.76 (dd, J = 11.9, 3.8 Hz, 1H), 3.70 (dd, J = 11.8, 6.3 Hz, 1H), 2.98 (d, 

J = 12.8 Hz, 1H), 2.28 – 2.03 (m, 5H), 1.88 (d, J = 1.3 Hz, 3H), 1.88-1-78 (m, 1H), 1.68 
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(d, J = 1.2 Hz, 3H), 1.42 – 1.32 (m, 2H), 1.29 – 1.19 (m, 2H). 13C NMR (100 MHz, 

CDCl3) δ 197.0, 166.9, 149.8, 143.3, 140.3, 130.9, 129.6, 127.8, 125.7, 120.8, 72.4, 65.6, 

45.8, 41.8, 32.6, 28.6, 28.3, 27.5, 24.5, 16.5. IR (thin film): ῦ = 3435, 2928, 2857, 1712, 

1693, 1666, 1631, 1440, 1360, 1281, 1151, 979 cm-1. HRMS (ESI): m/z: calcd for 

C20H29O4 [(M+H)+]: 333.2060; found: 333.2053. [α]20
D: -204.96° (c=0.2, CHCl3). 

 

(S,4E,10E,14Z,16E)-4,14-Dimethyl-12,18-dioxooxacyclooctadeca-4,10,14,16-

tetraene-2-carbaldehyde (NB-23). DMP (99.0 mg, 0.23 mmol) and pyridine (0.10 ml) 

are added to a solution of compound NB-22 (51.8 mg, 0.16 mmol) in DCM (2.0 mL) at 

room temperature. After stirring for 45 min, a further amount of DMP (100.0 mg, 0.23 

mmol) is added and the mixture is stirred for 90 min. It is then diluted with saturated 

aqueous NaHCO3 (7 mL) and saturated aqueous Na2S2O3 (7 mL). The clear phases are 

separated and the aqueous phase is extracted with DCM (3 x 4 mL). The combined 

organic layers are dried over MgSO4 and concentrated under reduced pressure. The 

residue is purified by silica gel column chromatography (hexane/AcOEt 2:1) to afford 

the title compound (28 mg, 50%) as a colorless thick oil. TLC: Rf = 0.38 (hexane/AcOEt 

2:1; UV, KMnO4, CPS). 1H NMR (400 MHz, CDCl3) δ 9.67 (s, 1H), 7.68 (dd, J = 15.0, 

11.6 Hz, 1H), 6.82 (dt, J = 16.0, 6.9 Hz, 1H), 6.17 (d, J = 11.8 Hz, 1H), 6.02 (dt, J = 

16.0, 1.5 Hz, 1 H), 5.97 (d, J = 15.0 Hz, 1 H), 5.43 (dd, J = 11.1, 2.6 Hz, 1H), 5.15 (t, J 

= 7.3 Hz, 1H), 3.83 (d, J = 13.0, 1H), 3.19 (d, J = 13.0 Hz, 1H), 2.59 (d, J = 14.1 Hz, 

1H), 2.29 (dd, J = 14.3, 11.2 Hz, 1H), 2.28 – 2.02 (m, 4H), 1.91 (s, 3H), 1.67 (d, J = 1.2 

Hz, 3H), 1.42-1.35 (m, 2 H), 1.28-1.20 (m, 2 H). 13C NMR (100 MHz, CDCl3) δ 199.3, 

196.6, 166.3, 149.8, 144.1, 141.0, 129.6, 129.56, 129.0, 125.7, 119.9, 45.9, 39.8, 32.5, 

28.5, 28.1, 27.1, 24.7, 16.0. IR (thin film): ῦ = 2927, 2857, 2360, 1715, 1667, 1632, 

1279, 1146, 980 cm-1. HRMS (ESI): m/z: calcd for C20H26NaO4 [(M+Na)+]: 353.1723; 

found: 353.1720. [α]20
D: -179.96° (c=0.5, CHCl3). 

 

(2Z,4E)-N-((S)-((S,4E,10E,14Z,16E)-4,14-Dimethyl-12,18-dioxooxacyclooctadeca-

4,10,14,16-tetraen-2-yl)(hydroxy)methyl)hexa-2,4-dienamide (NB-24). Lithium 

aluminium hydride (11.3 mg, 0.30 mmol), (S)-BINOL (94.1 mg, 0.33 mmol) and 
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sorbamide (36.3 mg, 0.33 mmol) are dried for 15 h at high vacuum. Lithium aluminium 

hydride is then suspended in anhydrous THF (1.0 ml) and EtOH (0.02 ml) in THF (1.0 

ml) is slowly added to the suspension, followed by (S)-BINOL in THF (1.0 ml) and 

sorbamide. 2.0 ml of the resulting clear grey solution are added to a solution of 

compound NB-23 (26.8 mg, 0.08 mmol) in THF (2 ml). After stirring for 30 min, the 

reaction is quenched by the addition of saturated aqueous NaHCO3 (5 ml). The aqueous 

phase is extracted with AcOEt (3 x 5 ml) and the combined organic extracts are dried on 

MgSO4 and concentrated under reduced pressure. The residue is purified by silica gel 

column chromatography (hexane AcOEt 3:2 + 3% TEA) and RP-HPLC (Waters, 

SymmetryPrep®C18, 5µm, 19x100mm, ACN/H2O 40:60 to 70:30, 254 nm) to afford 

the pure title compound (4 mg, 11%) as a white solid. TLC: Rf = 0.71 (AcOEt hexane 

2.5:1, UV, KMnO4). 1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 15.1, 11.6 Hz, 1H), 

7.42 (app.t., J = 13.3 Hz, 1H), 6.81 (dt, J = 16.0, 7.1 Hz, 1H), 6.45 (t, J = 11.3 Hz, 1H), 

6.36 (d, J = 7.9 Hz, 1H), 6.13 (d, J = 11.5 Hz, 1H), 6.05 (dd, J = 15.0, 7.0 Hz, 1H), 5.99 

(d, J = 15.9 Hz, 1H), 5.90 (d, J = 15.1 Hz, 1H), 5.48-5.41 (m, 2 H), 5.29 (ddd, J = 11.2, 

5.7, 1.9 Hz, 1H), 5.11 (app.t., J = 7.2 Hz, 1H), 4.01 (d, J = 13.0 Hz, 1H), 3.53 (d, J = 3.9 

Hz, 1H), 2.98 (d, J = 12.8 Hz, 1H), 2.44 (d, J = 14.1 Hz, 1H), 2.30 – 1.99 (m, 4H), 1.89 

(s, 3H), 1.87 (dd, J = 6.8, 1.7 Hz, 3H), 1.67 (s, 3H), 1.40-1.33 (m, 2 H), 1.27-1.21 (m, 2 

H). 13C NMR (125 MHz, CDCl3) δ 196.9, 167.4, 167.0, 149.8, 143.6, 143.3, 140.8, 

139.8, 130.7, 129.5, 128.4, 127.9, 125.5, 120.3, 117.4, 75.2, 72.4, 45.6, 41.5, 32.6, 28.6, 

28.2, 27.4, 24.5, 18.7, 16.5. IR (thin film): ῦ = 3338, 2928, 2952, 1697, 1661, 1634, 

1604, 1521, 1508, 1273, 1208, 1155, 1134, 1046, 979 cm-1. HRMS (ESI): m/z: calcd for 

C26H35NNaO5 [(M+Na)+]: 464.2407; found: 464.2394. [α]20
D: -299.94° (c=0.5, EtOH). 
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