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ABSTRACT 

The methylation of arginine residues is a common post-translational modification, 

performed by a family of nine methyltransferases known as PRMTs (Protein Arginine 

Methyltransferases). Arginine methylation plays a key role in gene regulation due to the ability 

of the PRMTs to deposit activating or repressive “histone marks”. These modifications 

correlates PRMTs to several biological processes and their aberrant activity is involved in many 

pathological conditions like inflammation, neurodegeneration, and cancer. Therefore, PRMTs 

have been identified as promising therapeutic targets. This Ph. D. project is focused on the 

design, synthesis, and in vitro evaluation of new putative modulators of PRMTs. To this 

purpose, different approaches have been applied to obtain different classes of compounds. The 

main strategy exploited a deconstruction–reconstruction and fragment growing approach, 

starting from naphtalene-based type I PRMT inhibitors, previously identified by us. Herein we 

report the identification of EML981, whose inhibitory activity toward PRMT4 has been 

supported by biochemical and crystal structure studies. Subsequently, the lower homologous 

EML734 has been identified as the first in class dual inhibitor of PRMT7 and PRMT9. 

Moreover, at the University of Vienna, I have been implicated in the development of a new 

synthetic methodology defined as “Alkene 1,3-Functionalization”. This procedure has been 

applied to develop analogues of EML981 bearing sp3-rich fragments with a view to strengthen 

the intermolecular interactions with protein target and to increase the druglikeness of 

compound. Concurrently, three side approaches have been investigated. The first reports the 

pro-drug strategy, applied to promising pyrrole-based compounds previously identified by us. 

The second approach involves the design, synthesis and biological evaluation of compounds 

able to induce protein degradation (PROTACs). Finally, the scaffold replacement approach has 

been applied to inhibitor EPZ007345, affording a small library of compounds.  
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1.1. Epigenetics  

The term epigenetics refers to the complex interactions between the genome and the 

environment that are involved in development and differentiation in higher organisms. 

In 1942, the British embryologist and geneticist Conrad H. Waddington defined epigenetics 

as “the branch of biology which studies the causal interactions between genes and their 

products, which bring the phenotype into being”. However, to date, one of the most appropriate 

definitions of the same concept is the one enunciated in 2007 by Adrian Bird, according to 

which the epigenetic phenomena are “the structural adaptation of chromosomal regions so as 

to register, signal or perpetuate altered activity states”.1 Therefore, epigenetics is concerned 

with the study of changes in gene expression, which generate heritable phenotypic differences 

in cells, without altering the nucleotide sequence of DNA. These modifications are fundamental 

in maintaining cellular identity and regulating processes such as differentiation, development, 

cell proliferation and genomic integrity.  

1.1.1. Genomic organization  

In the eukaryotic cells, DNA is compacted in a multi-protein complex called chromatin. The 

basic element of chromatin is the nucleosome (Figure 1.1) in which histone octamer is 

surrounded by the 147 bases of DNA for 1.7 laps. Specifically, the histone octamer is composed 

of a tetramer, containing two copies of both H3 and H4, combined with two H2A/H2B dimers. 

Histone H1 interacts with the DNA linker located between nucleosomes.2 
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Figure 1.1 Nucleosome structure. The different histone proteins are shown: H3 in blue, H4 in 

green, H2A in yellow, and H2B in red; the DNA double helix is highlighted in grey. 

Chromatin is a structure that may adopt two different states of compactness interchangeably 

which regulate the accessibility of transcriptional machinery to genes for their initially 

transcription into mRNA that finally gets translated into proteins. These states are 

heterochromatin and euchromatin. In particular, heterochromatin is a compact form that is 

resistant to the binding of various proteins, such as transcriptional machinery. In contrast, 

euchromatin is a relaxed form of chromatin that is open to modifications and transcriptional 

processes.  

The gene accessibility to different transcriptional systems and the conformation of chromatin 

are dynamically modified through main modifications including DNA methylation, 

microRNAs (miRNAs) and histone covalent modification. The N-terminal tail of histones can 

carry post-translational modifications such as acetylation, phosphorylation, ubiquitination, 

methylation, sumoylation and ADP ribosylation. In this regard, these post-translational 
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modifications (PTMs) act as epigenetic marks that collaborate to influence a multitude of 

cellular processes including transcription, replication, DNA repair, genome integrity and cell 

cycle progression.3 Over the past years, different proteins have been identified and 

characterized as epigenetic actors (Figure 1.2). Writers are enzymes able to catalyse the 

insertion of chemical modifications into either histone tails or the DNA. Epigenetic erasers are 

enzymes able to remove the added modifications. Epigenetic readers are domains able to 

selectively recognize the inserted epigenetic marks. 

 

Figure 1.2 Representation of the proteins which insert (writers), remove (erasers) and read 

(readers) the epigenetic modifications. 

1.2. Methylation: an important epigenetic mark  

The methylation mark is one of the main epigenetic post translational modifications since it 

is implicated in several biological processes such as transcriptional regulation, splicing, DNA 
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damage and RNA maturation.4,5 Three classes of epigenetic target play a key role in this 

process. Protein methyltransferases (PMTs) act as writers by inserting methyl groups on histone 

and non-histones substrates. PMTs consist of more than 60 members and are distinguished 

according to the amino acid residue they go on to methylate. In particular, they are divided into 

lysine methyltransferases (PKMTs) and arginine methyltransferases (PRMTs).6 The catalytic 

mechanism, which applies to both families, involves the transfer of a methyl group from the S-

5'-adenosyl-L-methionine (SAM) cofactor to a lysine or arginine residue of different substrates. 

However, lysine residues can be mono-, di-, and/or trimethylated by PKMTs, arginine residues 

can only be mono- and/or dimethylated by PRMTs. The second class of involved proteins is 

histones demethylases (HDMs) that induce lysine or arginine demethylation. These proteins are 

classified into two classes: the lysine-specific demethylase (LSD) family and the Jumonji C-

containing demethylases.7 In particular, the lysine-specific demethylase utilizes flavin adenine 

dinucleotide (FAD) dependent amine oxidase family, and the Jumonji C-containing proteins 

are non-heme iron [Fe(II)]- and 2-oxoglutarate (2-OG)-dependent oxygenases. However, most 

of the aforementioned proteins target lysine-methylated residues and only few examples of 

arginine demethylase are reported so far. In this regard, Jumonji domain-containing 6 has been 

identified as arginine demethylase, catalysing the demethylation of histone H3/H4.8 Also, 

recent studies suggest that JMJD6 catalyses lysine hydroxylation.9 The second example is the 

enzyme peptidyl arginine deiminase 4 (PAD4) that converts methyl-arginine residues into 

citrulline.10 Nevertheless, PAD4 is not considered a classic demethylase as it cannot 

demethylate dimethylated arginine and can also act on unmodified arginine. Finally, the last 

class of epigenetic actors is made up by readers containing specialized domains that facilitate 

the recognition of the methyl mark. Readers of methyl-lysine residues are intensely described 

and includes Tudor domain, Chromo domain, plant homeodomain (PHD), WD40, ADD 

(ATRX-DNMT3-DNMT3L), Ankyrin and bromo-adjacent homology (BAH).11 On the other 
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hand, readers of methyl-arginine have yet to be fully characterized and only Tudor domain-

containing proteins have been reported, so far.12,13 

1.3. Protein Arginine Methyltransferases (PRMTs) 

Arginine methylation is catalysed by a family of enzymes called protein arginine 

methyltransferases (PRMTs), and nine PRMTs have been identified in mammals to date. 

PRMTs are divided into three types according to their catalytic activity (Figure 1.3): type I 

(PRMT1, 3, 4, 6 and 8) catalyses the production of ω-NG-monomethylarginines (MMA) and 

ω-NG,NG-asymmetric dimethylarginines (aDMA), type II (PRMT5 and PRMT9) catalyses the 

formation of MMA and ω-NG, N’G-symmetric dimethylarginines (sDMA); PRMT7 is the only 

known member of class III and catalyses the formation of ω-NG- MMA.14 The transfer of the 

methyl group to the guanidino nitrogen atoms of arginine prevents a potential hydrogen bond, 

without altering the charge of the arginine residue. In addition, arginine dimethylation by 

creating steric bulkiness and increasing hydrophobicity, affects protein-protein interactions in 

both negative and positive ways. 

 

Figure 1.3 Types of arginine methylation. All PRMTs generate monomethyl-arginine (MMA 

or Rme1).  Type I enzymes (PRMT1-4, 6, 8) catalyse the formation of asymmetrical dimethyl-

arginines (aDMA or Rme2a). Type II enzymes (PRMT5 and 9) produce symmetrical dimethyl-

arginines (sDMA or Rme2s). Type III enzyme (PRMT7) catalyses the production of 

monomethylarginines (MMA). 
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All PRMTs that have been structurally characterized to date share a conserved catalytic core 

of about 300 amino acids, and several PRMTs own additional domain (TIM barrel, zinc finger, 

SH3 and TPR) which are responsible for substrate specificity and regulation of protein 

activity.14 Among the nine mammalian PRMT members, only the structure of PRMT9 has yet 

to be determined. The monomeric structure of all PRMTs share two canonical domains 

featuring the N-terminal Rossmann fold (also referred to as the AdoMet-binding domain) and 

the C-terminal ß-barrel domain. Protein crystallography revealed a homodimeric structure for 

all members except for PRMT7 which shows a pseudo-dimeric structure. In the homodimeric 

structure, the dimerization arm extends out of the ß-barrel of one monomeric subunit and 

interacts with the Rossman fold of another subunit. In particular, the homodimeric structure of 

type I PRMTs arranged in a head-to-tail pattern (Figure 1.4). It was postulated that the 

monomeric subunits are both catalytically active according to their ability to bind cofactor SAM 

and substrate arginine. PRMTs must maintain at least a dimer state (or pseudo dimer for 

PRMT7) to be functionally active.15,16 In type I and type III PRMTs, a dynamic ɑ-helix (aX, 

aY and aZ) is also present at the N-terminal of Rossmann fold, which is essential for cofactor 

SAM binding.17 

 

Figure 1.4 Type I PRMTs exist as a head-to-tail dimeric protein.18 
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In the catalytic core of all PRMTs members, it is possible to find five common, essential 

motifs for methyltransferases activity including (i) motif I (VLD/EVGXGXG) shapes the core 

of the AdoMet binding site with three highly conserved glycine; (ii) post-I motif 

(L/V/IXG/AXD/E) bearing glutamic or aspartic acid residue is responsible for the hydrogen 

bond with the ribose hydroxyl moiety of AdoMet; (iii) motif II (F/I/VDI/L/K) stabilizes motif 

I by the formation of a parallel β-sheet; (iv) motif III (LR/KXXG) also called “double-E loop” 

featuring two glutamic acid residues that is crucial for the correct positioning of arginine 

substrate; (v) the THW loop which is near to the active site and it is fundamental for substrate 

recognition.19 

 

Figure 1.5 The mammalian PRMT family. Nine PRMTs were identified, and these have unique 

signatures (dark blue lines) with high sequence similarity (a, Motif I: VLD/EVGXGXG; b, 

Post-I: V/IXG/AXD/E; c, Motif II: F/I/VDI/L/K; d, Motif III: LR/KXXG; e, THW loop).20 
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On the other side, structural evidence revealed numerous differences among the PRMTs as 

the presence of the N-terminal non-catalytic domains. In particular, PRMT3 harbors a zinc 

finger domain which is a small protein moiety and generally is able to bind DNA, RNA, proteins 

and lipid substrates. The zinc finger domain of PRMT3 is essential for the recognition of RNA-

associated substrate.21 PRMT4 contains a pleckstrin homology (PH) domain which is known to 

bind to lipids or protein. PH domain-containing proteins play essential roles in different 

biological processes, including signal transduction, nuclear transport as well as DNA repair.22 

Thus, deletion of this domain in PRMT4 induces a decrease in methylation activities.  PRMT8 

contains an N-myristoylation domain which trigger the association of the protein with the 

plasma membrane.21 Finally, the PRMT5 N-terminal domain possesses a TIM barrel domain 

that plays dual structural roles taking part in dimer formation and recruiting MEP50 for 

substrate interaction.23 PRMT7 is the only known type III PRMT and shows distinctive features. 

In addition to adopting a pseudo-dimeric structure, structural studies have displayed the lack of 

AdoMet binding pocket in the second subunit which is considered non- catalytically active. 

1.4. Biological role of PRMTs 

Arginine methylation plays a key role in gene regulation, and it is involved in several 

biological processes, including transcription, DNA repair, protein stability, cell signaling, pre-

mRNA splicing and receptor trafficking. The aberrant functions of PRMTs are involved in 

several human diseases such as cancer, inflammation, and neurodegenerative diseases. Over 

the past few years, the development of PRMTs chemical probes allowed to better characterize 

their biological functions and their potential as therapeutic targets. 

The most studied biological roles of each arginine methyltransferase proteins and their 

ligands are summarized in the following sections. 
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1.4.1. PRMT1 

The first mammalian PRMT discovered was PRMT1, which is responsible for most of 

arginine methylation in cells.24 Due to alternative splicing, there are seven isoforms of the 

protein, all varying in their N-terminal domain, which are expressed in a tissue-specific manner 

and have distinct subcellular localization patterns.25 PRMT1 has broad substrate specificity 

with over 40 targets. For example, PRMT1 catalyses the asymmetric dimethylation of arginine 

residues localized in glycine/arginine rich regions namely RGG motifs, commonly found in 

RNA binding proteins (RBPs).26 These methylated targets are responsible for regulation of  

RNA- protein and protein-protein interactions. Other substrates are typically employed in 

signaling pathways mediated by DNA damage, growth factors, metabolites, and the immune 

response. Other critical substrates of PRMT1 are represented by histones. In particular, the 

formation of asymmetrically methylated histone H4 Arg3 (H4R3me2a) serves to activate gene 

expression and facilitate the recruitment of several histone acetyltransferases such as p300. In 

leukaemia, the oncogenic activity of PRMT1 was widely validated. In fact, PRMT1 and lysine- 

specific demethylase 4C cooperate with the mixed-lineage leukaemia (MLL) transcriptional 

complex, removing the repressing modification H3K9me3 in order to activate leukaemia 

genes.27  

Another interesting cooperation occurs between PRMT1 and enhancer of zeste homolog 2 

(EZH2) that results asymmetrically dimethylated at R342 (meR342-EZH2) promoting breast 

cancer proliferation.28 Moreover, the methylated product H4R3me2a results in a critical mark 

for cancer cell proliferation, migration as well as cell proliferation in multiple developing 

organs. 29,30 

Although the role of PRMT1 in pre-mRNA regulation is not yet completely elucidated, the 

function and localization of several RBPs appear to be regulated by PRMT1. Likewise, deletion 

of PRMT1 has been correlated with the aberrant alternative splicing of four genes in juvenile 
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cardiomyocytes from which the new protein isoforms were ubiquitylated and degraded by 

ubiquitin-proteasome system. Another significant pattern is the methylation of RNA-binding 

protein 15 which regulates splicing of genes critical to megakaryocytic differentiation. On the 

other hand, PRMT1 overexpression is associated to blockade of differentiation and promotion 

of leukemogenesis.31 PRMT1 is also required for responses to DNA damage, methylating 

MRE11, 53BP1, hnRNPUL1, and BRCA1, which are essential to maintain genomic 

stability.32,33,34 The mammalian MRE11–RAD50–Nijmegen breakage syndrome 1 (NBS1) 

complex, known as the MRN complex, has crucial roles in homologous recombination repair 

of DNA double-strand breaks that are induced by ionizing radiation or that occur during DNA 

replication. Methylation of MRE11 within its GAR motif regulates its exonuclease activity on 

double-stranded DNA. Further investigation showed that cells containing hypomethylated 

MRE11 displayed intra-S phase DNA damage checkpoint defects. Likewise, 53BP1, which is 

involved in the early events of detection, signaling and repair of damaged DNA, also has a GAR 

motif and is methylated by PRMT1. Blocking of 53BP1 methylation by treating cells with 

methyltransferase inhibitors perturbs 53BP1 localization to damaged DNA and forms fewer 

γH2AX foci. Furthermore, the PRMT1-catalyzed methylation plays a key role in the signaling 

pathways of bone morphogenetic protein (BMP), transforming growth factor-β (TGF-β) and 

epidermal growth factor (EGF). In particular, BMPs are a subclass of TGF-β family ligands 

which promotes activation of their signaling effectors, the Smads. This binding induces the 

interaction of PRMT1 with the inhibitory Smad6, resulting in Smad6 methylation that lead to 

its dissociation and the subsequent recruitment and activation of the BMP effectors Smad1 and 

Smad5.35 In a very similar mechanism, PRMT1 is also required for TGF–induced SMAD3 

activation, promoting the TGF-–induced EMT and epithelial stem-cell generation.36 It is thus 

not surprising that in mouse neural crest cells deletion of PRMT1 results in cleft palate and 

craniofacial malformations owing to defective activation of Smads.29  
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PRMT1 catalyses the methylation of ERα at the DNA binding site, confining it to the 

cytoplasm. Methylation of ERα is required for its assembly with Src (tyrosine kinase) and 

activation of Akt (serine and threonine kinase). Activation of the Src-PI3K-FAK (Src- 

Phosphoinositide-3 Kinase - Focal adhesion kinase) and Akt cascade are essential for the 

coordination of cell proliferation and survival. However, it has been demonstrated that 

hypermethylation of ERα in breast cancer might cause hyperactivation of this signaling 

pathway, thus ascribing a selective survival advantage to tumour cells, even in the presence of 

anti-oestrogen drugs.37 Also, viral proteins from several viruses are methylated by PRMT1, 

including SARS-CoV-2 nucleocapsid (N) protein the methylation of which at residues R95 and 

R177 is crucial for viral replication.38 

1.4.2. PRMT2 

This protein represents one of the least characterized members among all arginine 

methyltransferases regarding structure and pathophysiological roles, probably because no 

adequate chemical probes have been developed so far. PRMT2 was found predominantly in the 

nucleus and to a lower degree in the cytoplasm of mammalian cells.39 PRMT2 is a type I PRMT, 

catalysing the formation of MMA and aDMA residues on histones H4 and H3.40,41 

Notwithstanding all common structural motifs are conserved, PRMT2 also exhibits a 

characteristic N-terminal Src homology 3 (SH3) domain that can bind to proline-rich proteins. 

In addition, it is able to bind non-histone substrates such as estrogen receptor alpha (ERα), 

retinoblastoma, and splicing factors to regulate transcription.42,43,44  An overexpression of 

PRMT2 has recently been found in glioblastoma multiforme cells (GBM) and knockdown of 

PRMT2 reduces GBM cell growth.41 On the other hand, the nuclear loss of PRMT2 appears to 

link with expression of cyclin D1 and tumor growth.45 PRMT2 is also implicated in regulation 

of vascular smooth muscle cells where it inhibits angiotensin II-induced proliferation and 
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inflammation by reducing levels of proinflammatory cytokines, interleukin 6 and interleukin 

1β.46 

1.4.3. PRMT3 

Initially, PRMT3 was identified as PRMT1-binding partner and only later classified as type-

I protein. In contrast with other PRMTs, it contains a zinc finger motif at its N-terminus which 

is responsible for substrate specificity such as RNA-associated substrates. In fact, the 40S 

ribosomal protein S2 was validated as the major substrate of PRMT3.47 Nevertheless, the 

binding with several substrates of type I PRMTs as high mobility group (HMG) A1 protein, 

histone H4 (residue 1–24) and poly(A)-binding protein nuclear 1 (PABPN1) was observed in 

vitro studies.48,49,50 Similarly to PRMT2, many pathophysiological functions of this protein 

remain unclarified. Very intriguing is the interaction between PRMT3 and tumor suppressor 

protein DAL1 which inhibits PRMT3 methyltransferases activity.51 So far, epigenetic down-

regulation of DAL1 has been observed in several cancers (lung cancer, especially) together with 

an up-regulation of PRMT3.52 A possible role in the development of oculopharyngeal muscular 

dystrophy has been hypothesized due to methylation on the recombinant nuclear polyA-binding 

protein (PABPN1) which is caused by polyalanine expansion in PABPN1.49 More recently, 

PRMT3 was validated as an essential regulator of mesenchymal stem cells (MSC)-mediated 

osteogenesis and bone homeostasis. In details, PRMT3 increases H4R3me2a levels in the DNA 

regions 343 bp upstream and 505 bp downstream of the transcription starting site (TSS) of 

microRNA (miR)-3648 promoting the osteogenic differentiation of MSCs. In mice, depletion 

of PRMT3 reduced bone mass suggesting that this protein could have an interesting therapeutic 

response in osteoporosis.53  

1.4.4. PRMT4 

PRMT4, also known as co-activator associated arginine methyltransferase 1 (CARM1), is a 

type I protein that catalyses the formation of MMA and aDMA at arginine residues 17 and 26 
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of histone H3.54 In addition, CARM1 also methylates several non-histone proteins such as 

p300/CBP, PABP1, HuR, HuD, SRC-3, NCOA2, CA150, SAP49, SmB e U1C. 14,55,56 Its 

expression appears to be rather ubiquitous and is regulated by various microRNAs such as 

miR181c, miR-223 and miR-15.57 CARM1 was initially identified as a co-activator of steroid 

receptors and then became the first protein among the PRMTs to be functionally linked to 

transcriptional regulation, acting both as a co-activator and co-repressor. This dual nature has 

important implications for a large number of physiological processes including mRNA splicing, 

cell cycle progression, and the DNA damage response.58,59,60 On the other hand, a dysregulation 

of this protein appears to be marked in several diseases. For example, it has been validated that 

CARM1 is able to perturb the paraspeckle integrity which is particularly important in promoting 

the chromatin binding with the transcription factor SOX2, which in turn induces inner cell mass 

specification.61 Also, CARM1 provides the increased expression of the transcription factor 

CDX2, which is responsible of trophectoderm specification.61 More generally, the activity of 

CARM1 can negatively or positively influences several cancer cell growth. In liver cancer, the 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) results in hypomethylation by CARM1, 

in doing so, the glycolysis as well as the cancer metabolism increase. Thereby, CARM1-

dependent methylation of GAPDH inhibits the growth of xenograft tumors in mice.62 In recent 

year, the SWI / SNF chromatin remodeling complex (BAF) has emerged as one of the most 

extensively mutated gene sets in human cancer and especially in aggressive breast cancer. The 

complex uses the energy of ATP hydrolysis to mobilize nucleosomes and modulate chromatin 

structure. CARM1-mediated methylation on arginine 1064 of BAF155 promotes activation of 

pro-oncogenic and metastatic pathways.63 In pancreatic cancer, CARM1 affects glutamine 

metabolism and cell proliferation by the methylation on arginine 248 of malate dehydrogenase 

1 (MDH1).64 Recently, interplay between CARM1 and CBP/p300-mutated lymphomas has 

been established, wherein a down-regulation of CARM1 positively impacts on B-cell 
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lymphoma (DLBCL) growth.65 It also has a role in determining ERα-dependent breast cancer, 

cell differentiation and proliferation. The expression level of CARM1 is inversely correlated 

with tumor grade. In fact, CARM1 can arrest estradiol (E2)-dependent cell cycle progression 

by modulating ERα-mediated transcription of proteins (p21WAF1, p27KIP1, Cyclin G2, MAZ, 

KRTAP10.12, and GATA-3).66 Thus, it catalyses the methylation of RNA polymerases II 

mediator complex subunit 12 (MED12) that improves cancer cell sensitization to chemotherapy 

drugs.67 Depletion of CARM1 expression in colorectal cancer cells suppresses clonal survival 

and anchorage-independent growth, supporting the observations from clinical samples which 

show that 75% of colorectal cancers have CARM1 over- expression.68 All these relevant 

implications suggest that small molecules that can modulate CARM1 activity might have 

therapeutic potential for suppressing cancer growth. Moreover, it has been postulated that 

CARM1 inhibition might be beneficial in cardiovascular diseases thereby an over-expression 

of this protein has been detected in ischaemic hearts and hypoxic cardiomyocytes.69 Similarly, 

CARM1 levels are increased in inflammatory diseases such as chronic obstructive pulmonary 

disease and asthma.70  

1.4.5. PRMT5 

PRMT5 is a type II methyltransferases and is therefore responsible for the formation of the 

sDMA residues in mammalian cells. It is a distributive rather than a processive enzyme, which 

means that PRMT5 releases MMA before the second methylation event.71 In vitro, PRMT5 

activity requires the formation of a hetero-octameric complex with MEP50 which mediates 

substrate specificity and interaction with binding partners.23
 H3R8me2s, H3 R2me2s, 

H2AR3me2s and H4R3me2s are the key repressive histone methylation marks that are 

deposited by PRMT5.72,73 In contrast to PRMT1 products, these marks inhibit the recruitment 

of several histones acetyltransferases. In this regard, PRMT5 activity has been linked to 

oncogene-like properties due to its ability to repress the expression of tumor suppressor genes. 
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For example, the expression of PRMT5 is significantly higher in lung adenocarcinoma and 

squamous cell carcinomas wherein PRMT5, by methylating H3R2me2s and H4R3me2s, 

silences epithelial junctional genes to regulate cell adhesion, morphology, and invasion, which 

are all essential for TGF- response and cancer metastasis.74 The same mark is also recognized 

by PHD finger protein 1 (PHF1) that silences E-cadherin and FBXW7 expression for cell 

growth and migration.75 Thus, keratinocyte and osteoblast differentiation genes are repressed 

by PRMT5-mediated methylation which also and regulates the PIWI (P-element induced 

wimpy testis) pathway during germ cell development.76,77,78 On the other hand, PRMT5 can 

deposit activation marks as H3R2me1/me2s that recruiting H3K4me3 as transcriptional 

activator, affects cancer cell proliferation and invasion, the genotoxic stress response and 

growth hormone production. In addition to histone modifications, PRMT5 plays a crucial role 

in splicing wherein by methylating Sm proteins, it promotes their assembly in snRNPs (small 

nuclear ribonucleoproteins) that are essential for spliceosome function.79 Furthermore, to 

promote efficient splicing, PRMT5 also methylates serine/arginine-rich splicing factor 1 

(SRSF1). 80 The effect of PRMT5 depletion reduces spliceosome assembly, resulting in exon 

skipping and retention of introns with weak 5’ splice donor sites. Then, the absence or inhibition 

of PRMT5 directs to mis-splicing of hundreds of genes that are implicated in proliferation and 

signaling in neural stem cells. For example, one splicing event that is particularly sensitive to 

PRMT5 depletion is MDM4, a key repressor of the p53 pathway, which can express a long 

mRNA isoform, or a short isoform generated by a premature stop codon that is degraded by the 

non-sense-mediated decay pathway. In the absence of PRMT5, this pathway shift towards the 

expression of the short MDM4 isoform followed by blocking of p53 repression.81 This has been 

reported in several cancers as melanoma and leukaemia.82,83 Moreover, PRMT5 also methylates 

zinc finger 326 contained in the DBIRD complex, safeguarding the correct exclusion of AT-

rich exons in the nucleus. 84 In fact, the improper inclusion of AT-rich exons leads to aberrant 
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destabilization of mRNAs of important breast cancer oncogenes as FOXM1 and AP4.85 

Moreover, PRMT5 has been shown to contribute to prostate cancer development by acting as a 

cofactor for the androgen receptor. PRMT5 activity, then, promotes carcinogenesis by 

regulating protein levels of the transcription factor KLF4. Indeed, PRMT5-induced methylation 

of the transcription factor prevents its VHL-mediated ubiquitination. Accumulation of KLF4, 

consequently, induces an increase in its targets, including breast cancer-associated oncogenes.86 

Nevertheless, PRMT5 anti-tumor activity has been reported in several studies. In particular, 

PRMT5 methylates IFN-g-inducible protein 16 (IFI16), which is component of the cyclic 

guanosine monophosphate (GMP)-AMP synthase (cGAS)/stimulator of IFN genes (STING) 

pathway, attenuating cytosolic DNA- induced IFN and chemokine expression in melanoma 

cells. PRMT5 also transcriptionally downregulates NLRC5 (nucleotide-binding 

oligomerization domain-like receptor family caspase recruitment domain containing 5), a 

regulator of the MHC class I antigen presentation pathway.87 Regarding neurodegenerative 

diseases, a possible role of PRMT5 in Huntington’s disease (HD) has been proposed. Indeed, 

HD is an autosomal dominant neurogenerative disease in which the huntingtin protein (HTT) 

contains a polyglutamine mutant sequence. This mutant protein severely impairs the activity of 

PRMT5 on histones while ectopic expression of PRMT5 improves the survival of neurons 

expressing mutant HTT, suggesting that PRMT5 and increasing sDMA levels may play a 

significant role in smoothing out the HTT toxicity.88 

1.4.6. PRMT6 

PRMT6 is the smallest family member (316 amino acids) and is localized predominantly in 

the nucleus, wherein it recognizes GAR motifs, and mono- and asymmetrically demethylates 

arginine residues 2 and 42 on histone H3 as well as arginine 29 on histone H2A.89,90,91 Typically, 

this modification is associated with a repressive transcriptional activity, preventing the binding 

between readers of methylated histone lysine residues and histone H3 tails that are marked with 
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gene activation.92 However, in analogy to other members of the family, PRMT6 acts on several 

non-histone proteins such as Chromatin modifiers-HMGA1a, SIRT7, DNA Polymerase , 

transcription regulators (CRTC2, FOXO3, GPS2 and TOP3B), cell cycle inhibitors and tumor 

suppressor (P16, P21 and PTEN).93,94,95,96,97 The latter interactions outcome particularly 

important validating the oncogenic activity of PRMT6 via the addition of repressive mark on 

tumor suppressor gene. In general, PRMT6 expression is inversely related to global DNA 

methylation in many tumor cells such as colon, liver, gastric and prostate cancers. These 

evidence push towards a correct modulation of PRMT6 in order to exploit it as a potential 

therapeutic target for cancer therapy. Other interesting substrates are represented by HIV-1 

proteins as TAT, REV and nucleocapsid protein p7 whose methylated products slow the course 

of infection.98  

1.4.7. PRMT7 

The sole member of the type III group is PRMT7, which is responsible for MMA formation 

on histones H2B and H4.99,100 Nevertheless, depletion of PRMT7 decreases H4R3me2s marks, 

which is explained by allosteric regulation of PRMT5 after methylation of H4R17me1 by 

PRMT7.101 In contrast to other PRMTs, it exhibits a pseudo-dimeric structure and contains an 

amino-acid sequence duplication that engages a second putative SAM binding motif. Several 

roles for PRMT7 in transcription, DNA damage, signaling, stress response and antiviral 

response have been reported. An involvement of PRMT7 has been hypothesized in the 

maintenance of the pluripotent state in undifferentiated embryonic and germinal stem cells, 

antagonizing the MLL4-mediated differentiation.102 In skeletal muscle, this protein is highly 

expressed, and its deletion caused loss of proliferation, delay in differentiation and consequent 

loss of muscle mass with premature entry into senescence phase.103 Also, PRMT7 has 

implications in genetic disorder because repressive mutations in human PRMT7 gene give rise 

to an intellectual disability syndrome called SBIDDS (short stature, brachydactyly, intellectual 
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developmental disability and seizures).104 In addition, the automethylated protein version-

induced breast cancer metastasis has been reported.105 Thereby, other studies have also 

associated PRMT7 and non-small-cell lung cancer metastasis.106  

1.4.8. PRMT8 

PRMT8 is a type I methyltransferases that is mainly present in the brain. This protein exhibits 

greater than 80% sequence similarity to PRMT1, but it is characterized by a unique N-terminus 

engaging a myristoylation motif which is responsible for the association with the plasma 

membrane.107 PRMT8 functions are not completely understood, however, a role for PRMT8 in 

the regulation of neuronal function of the hippocampus, synaptic maturation and differentiation 

has been reported.108,109 In fact, disruption of PRMT8 results in a defect in motor coordination 

and hyperactivity.110,111 In addition, an aberrant activity of PRMT8 is found to be associated 

with cancers.112,113 

1.4.9. PRMT9 

PRMT9 joins PRMT5 as a second type II enzyme sDMA-forming enzyme in the mammalian 

PRMT family. Among these proteins, PRMT9 is unique because of its strict substrate 

specificity and its protein apparatus that contains a second methyltransferases domain. The 

major and first PRMT9 substrate is the spliceosome-associated protein (SAP145) which 

contributes to form a protein complex. In details, PRMT9 catalyses the symmetrically 

dimethylation at arginine residue 508 on SAP145.114,115 The nature of this substrate suggests an 

explicit role in splicing by PRMT9, although the mechanism is not fully elucidated. In this 

regard, the functions of PRMT9 are not completely understood, however, a role in invasion and 

metastasis of hepatocellular carcinoma as well as a depletion of activity in osteosarcoma has 

been reported.116,117 To date, no selective modulators of PRMT9 have been reported that could 

greatly help in the understanding of biological role of this protein. 



21 

 

1.5. Chemical probes of PRMTs 

The pivotal role played by PRMT-mediated arginine methylation in the regulation of many 

cellular processes and the implications in the genesis of various diseases has attracted growing 

interest towards PRMTs as potential therapeutic targets, so the development of modulators is 

the front line of current PRMT research. 

In the following Paragraphs, the aim is to underline the most important inhibitors to date 

reported for protein arginine methyltransferases. In particular, inhibitors are treated as non-

selective, pan-selective and protein-selective. 

1.5.1. Non-selective inhibitors 

Considering the mechanism of action of this family of proteins and especially the role of 

SAM as a cofactor able to donate methyl groups, it should not be surprising that SAM-

analogues compounds, such as methylthioadenosine and sinefungin reported in Figure 1.6, 

can be classified as non-selective inhibitors towards SAM-dependent methyltransferases 

including PRMTs. In 2012, Wang and co-workers discovered A36 (Figure 1.6) by 

pharmacophore- based virtual screening methods.118 This is a substrate- competitive inhibitors 

and it shows an IC50 of 12 ± 0.2 μM on PRMT1. Despite it being 7-fold selective for PRMT1 

over CARM1, it reveals itself only 2-fold selective for PRMT1 over PRMT5. 

 

Figure 1.6 Non-selective inhibitors of PRMTs. 
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1.5.2. Type I pan-selective  

The first inhibitors of protein arginine methyltransferases were discovered in 2004 via hight-

throughput screening by using the yeast arginine methyltransferase enzyme Hmt1p and the 

Npl3 protein as substrate. Among these inhibitors, the most active derivative, denoted as AM1-

1 (Figure 1.7), is characterized by a naphthyl sulfonic moiety that showed good activity on 

PRMT1 (IC50 of 8.8 μM) and also a decent selectivity profile towards lysine 

methyltransferases.119 Subsequently, the EMCL Group (Epigenetic Medicinal Chemistry 

Laboratory) of Professor Gianluca Sbardella, synthesized several analogues structurally related 

to AMI-1 and was found that the substitution of the sulfonic groups, involved in pleiotropic 

interactions, with the bioisosteric carboxylic group together with the formal shift of the ureidic 

function of the naphthalene ring, resulted in the generation of EML108 compound (Figure 1.7) 

which is characterized by good activity and selectivity profiles (for details, Chapter II).120 In 

2007, Spannhoff and colleagues reported the discovery of stilbamidine and allantodapsone, 

that displayed a strong hypomethylating effect (Figure 1.7), using fragment-based virtual 

screening.121 By the same approach, they reported the identification of RM65 (Figure 1.7) 

which is a cell-permeable PRMT1 inhibitor and occupies both the SAM binding pocket and the 

substrate arginine binding site, as supported by docking studies. RM65 was also shown to 

reduce histone H4R3 methylation in HepG2 cancer cells at concentrations above 100 μM.122 

Further optimization resulted in the generation of even more potent inhibitors, such as the 

dapsone-like derivative I, which inhibits PRMT1 with an IC50 of 1.5 μM (Figure 1.7). 123 In 

2015, SGC in collaboration with Jin’s lab reported the development of MS023 (Figure 1.7) as 

a potent inhibitor of type I PRMTs, inspired by the recent discoveries of PRMT6 and CARM1 

inhibitors.124-126 The design of MS023 was based on the hypothesis that the ethylenediamino 

group is an excellent arginine mimetic and a critical moiety for targeting type I PRMTs. MS023 

potently inhibits PRMT1 (IC50 = 30 ± 9 nM), PRMT3 (IC50 = 119 ± 14 nM), PRMT4 (IC50 = 
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83 ± 10 nM), PRMT6 (IC50 = 4 ± 0.5 nM), and PRMT8 (IC50 = 5 ± 0.1 nM), while it was 

inactive against all type II and III PRMTs, 25 PKMTs and DNMTs, and other epigenetic 

enzymes including several reader proteins and histone lysine demethylases. The binding 

affinity of MS023 to PRMT6 was also confirmed by ITC (Kd = 6 nM) and DSF (ΔTm = 20 

°C). The co-crystal structure of MS023 in complex with PRMT6 revealed that compound 

occupies, not surprisingly, the substrate- binding site. In MCF7 cells, MS023 reduced levels of 

H4R3me2a in a dose-dependent manner (IC50 = 9 ± 0.2 nM) and in HEK293 cells, it reduced 

H3R2me2a with an IC50 value of 56 ± 7 nM. Simultaneously, as a type I PRMTs Pan-inhibitor, 

it increases global levels of arginine monomethylation and arginine symmetric dimethylation. 

The effect on cell growth was assessed in a panel of eight cell lines, MS023 was able to impact 

on cell growth at high concentrations (e.g., 10 μM, 50 μM). In 2016, Schapira et al. presented 

a new strategy to develop novel class I PRMTs inhibitors.127 In particular, it was observed that 

a common characteristic of several inhibitors of type I PRMTs is the binding in the PRMT 

arginine binding pocket through a basic alkyl-diamino or alanine-amide tail, as previously 

mentioned. Starting from these considerations, a fragment library bearing these basic amino 

tails was screened, leading to the identification of fragment II (Figure 1.7) which was greatly 

potent for PRMT6 (IC50 = 300 ± 40 nM), CARM1 (IC50 = 1000 ± 40 nM), and PRMT8 (IC50 = 

2100 ± 200 nM). Importantly, it was selective for PRMT6 over PRMT1 (40-fold), PRMT3 

(>60-fold), PRMT5 (inactive), and PRMT7 (inactive). The co-crystal structure of PRMT6 in 

complex with the fragment was obtained and showed that the ethylenediamino group is deeply 

buried in the substrate arginine pocket, confirming the preliminary hypothesis. In addition, the 

fragment inhibited asymmetric dimethylation of H3R2 in HEK293 cells (transfected with 

PRMT6) with an IC50 of 21±3 µM and no cell cytotoxicity was observed. In the same year, 

SGC-Jin’s lab also discovered MS049 (Figure 1.7), a dual inhibitor of PRMT4 and PRMT6, 

through structure–activity relationship (SAR) studies based on fragment II. 128 In biochemical 
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assays, it showed a high potency for CARM1 and PRMT6 (IC50 = 34 ± 10 and 43 ± 7 nM, 

respectively) and it was inactive against other PRMTs, various epigenetic modifiers (including 

PKMTs, DNMTs, KDMs, and methyllysine/methylarginine reader proteins) and non-

epigenetic targets (including GPCRs, ion channels, transporters, and kinases). In addition, the 

direct binding of MS049 to both enzymes was confirmed by ITC and DSF. In the kinetic based 

mechanism of action studies MS049 is noncompetitive with SAM and peptide but considering 

its similar chemical structure to fragment, the inhibitor most likely occupies the substrate 

(arginine) binding site of PRMT4 and PRMT6. It was proposed that the substrate binds outside 

the catalytic pocket of CARM1 with significant affinity, and it is not completely displaced by 

the inhibitor in kinetic assays. Another potential hypothesis is that protein conformational 

changes are induced by the binding of MS049 and traditional enzyme kinetics may not apply. 

MS049 displayed cellular activity against CARM1 and PRMT6 reducing the levels of 

Med12me2a and H3R2me2a (IC50 = 1.4 ± 0.1 μM, IC50 = 0.97 ± 0.05 μM, respectively) in 

HEK293 cells. In 2017, virtual screening and subsequent chemical modifications led to the 

discovery of DCPR049_12 and DCPR049_13  (Figure 1.7) as new type I pan-inhibitors, which 

displayed an IC50 values of 5.3 nM and 6.0 nM for PRMT1, respectively. 129 Although in the 

kinetic based mechanism of action studies compounds are noncompetitive with SAM and 

peptide, the binding in the peptide-substrate pocket was hypothesized according to the presence 

of a mimetic arginine group and previous studies. Not surprisingly, they showed different 

inhibitory activities against type I PRMTs, indicating their role as pan inhibitors. Nevertheless, 

they are selective against other methyltransferases including 7 PKMTs (EZH2, DOT1L, G9a, 

MLL1, PRDM9, SMYD2, and SUV39H1), as well as DNA methyltransferases (DNMT1 and 

DNMT3A/3L) and histone acetyltransferase GCN5. The effects of compounds on cell 

proliferation were investigated in eight leukemia cell lines (KOPN-8, KMS11, MV4-11, THP-

1, RS4.11, RCH-ACV, REH, and U937) using Cell Titer-Glo assay. In the most sensitive MV4-
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11 cell line, inhibitors treatment resulted in a potently and concentration-dependently inhibited 

cell proliferation. Compounds treatment (48 h exposure) of MV4-11 cells reduced global levels 

of aDMA and concurrently increase the global levels of sDMA in a concentration-dependent 

manner. Moreover, treatment with the two compounds led to cell cycle arrest, apoptosis 

induction, and leukemogenic gene regulation in MLL leukemia cells. In 2019, Fedoriw et al. 

reported the discovery of GSK3368715 (Figure 1.7, also known as EPZ019997), a potent, 

reversible and S-adenosyl-L-methionine (SAM) uncompetitive type I protein arginine 

methyltransferases inhibitor. 130 The derivate was constituted by a pyrazolic core which was 

functionalized at 3- position with 1,1-bis(methoxymethyl)cyclohexane and at 4- position with 

ethylendiamino group well used in inhibitors of class I. In biochemical assays, GSK3368715 

was highly potent for PRMT1 (IC50 = 3.1 nM), PRMT2 (IC50 = 48 nM), PRMT4 (IC50 = 1148 

nM), PRMT6 (IC50 = 5.7 nM), PRMT8 (IC50 = 1.7 nM). In vivo, GSK3368715 alters exon usage 

and inhibits tumor growth or cause regressions of tumor models. Moreover, it causes a shift in 

arginine methylation state from aDMA to MMA and sDMA; the combination with a PRMT5 

inhibitor tones down the gathering of MMA and sDMA. Given that GSK3368715 and as well 

as GSK3326595 (PRMT5 inhibitor) are in clinical development, this combination could be a 

significant and timely therapeutic strategy for cancer.  
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Figure 1.7 Type I-pan selective inhibitors  

1.5.3. PRMT3-selective inhibitors 

In 2012, the discovery of a first selective and sub-micromolar inhibitor of PRMT3 was 

reported via screening of a library of 16000 compounds. Subsequently, structure-based 

optimization led the identification of SGC707 (Figure 1.8), a more potent, selective and cell-

active compound which bearing an isoquinoline scaffold featuring an ureidic chain and a 

pyrrolidine amide moiety.131 SGC707 inhibits PRMT3 methyltransferase activity with an IC50 

value of 31 ± 2 nM by SPA and 66 nM by LC-MS detection assay. To confirm the binding with 

PRMT3, ITC and surface plasmon resonance (SPR) assays were performed (Kd values of 53 ± 

2 nM and 85 ± 1 nM, respectively). As hit compound, it showed noncompetitive inhibition 

pattern with cofactor and peptide substrate and crystal structure confirmed an allosteric 

mechanism of action. The binding of SGC707 to an allosteric site induce conformational 

constraints on the ɑ-helix, a dynamic secondary element that is conserved in class I PRTMs, 

that prevents formation of a catalytically competent state. The cellular target engagement was 
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demonstrated using InCELL Hunter assay, which directly detect the intracellular binding of 

SGC707 to the methyltransferase domain of PRMT3 in cell lines expressing the 

methyltransferase domain of PRMT3 tagged with a short fragment of β-galactosidase. Binding 

of compound to PRMT3(211-531)-ePL increases the fusion protein half-life. SGC707 

stabilized PRMT3 in both HEK293 and A549 cells with EC50 values of 1.3 μM and 1.6 μM, 

respectively. The effect of SGC707 in cells on both endogenous and exogenously H4R3me2a, 

introduced GFP-tagged H4, was investigated to assess the cellular activity. The results 

submitted that SGC707 was able to reduce the increment (IC50 of 225 nM) of endogenous 

H4R3me2a induced by an overexpressed PRMT3 and also inhibited asymmetric dimethylation 

of exogenous H4R3 with an IC50 of 91 nM. In addition, pharmacokinetic (PK) properties were 

evaluated, and the acquired data suggested that SGC707 was suitable for animal studies. In 

2018, H. Kaniskan et al. performed detailed SAR studies, starting from SGC707 and resulting 

in the discovery of other potent, selective and cell-active allosteric inhibitors of PRMT3 

(compound III-VI, Figure 1.8).132 Respect to SGC707, compounds III, and IV containing a 

substituted pyrrolidine while compound V and VI featuring a substituted isoquinoline scaffold. 

In vitro, they showed a good potency with IC50 values of ∼10−36 nM and are selective for 

PRMT3 over 31 other methyltransferases and 55 other protein targets. In addition, compounds 

engaged PRMT3 in cells (A549 and HEK293) and inhibited its methyltransferase activity. 
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Figure 1.8 PRMT3-selective inhibitors  

1.5.4. CARM1 (PRMT4)-selective inhibitors 

Several high-throughput screening efforts and SAR studies led to the identification of 

pyrazole and benzo[d]imidazole derivatives as selective CARM1 inhibitors.133,134,135,136 Further 

hit-to-lead campaigns resulted in the discovery of potent CARM1 inhibitors CMPD1 and 

CMPD2 (Figure 1.9) with IC50 values of 27 nM and 30 nM, respectively.125 Inspired by the 

structural information of these compounds, Ferreira et al. conduced a virtual screening and 

subsequent optimization of hits identified, led to the development of SGC2085 (Figure 1.9) as 

a potent CARM1 inhibitor with an IC50 of 50 ± 20 nM in SPA.137 It was selective over other 

PRMTs and over a panel of 21 methyltransferases with the exception of PRMT6 (IC50 = 5.2 

μM, around 100-fold selective for CARM1). It showed non-competitive inhibition pattern with 

cofactor and peptide substrate despite the binding at the substrate pocket, as previously shown 

for other protein methyltransferase inhibitors. The compound was found to be inactive in cell, 

probably due to its low cellular permeability. In 2017, Epizyme identified new compounds as 

CARM1 inhibitors through rationale design. Later, potency of these compounds was improved 

by SAR study, resulting in the discovery of EPZ0025654 (Figure 1.9), which displayed an IC50 

of 3 nM in biochemical assays and an in-cell Western IC50 value of 11 nM.138 Despite its utility 

as a cell-based chemical probe, possessed poor pharmacokinetic (PK) properties in animals. To 
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improve PK properties of EPZ0025654 and make it suitable for in vivo studies, Epizyme 

conducted further optimization and discovered EZM2302 (Figure 1.9).138 It potently inhibited 

CARM1 with an IC50 = 6 ± 3 nM and displayed a > 100-fold selectivity for CARM1 over 

diverse HMTs in the Epizyme enzyme panel. A crystal structure of EZM2302 in complex with 

CARM1 and SAH revealed that the inhibitor binds in the arginine pocket, even though it 

showed noncompetitive inhibition with substrate and cofactor. In addition, the inhibition of 

CARM1 was observed in a dual inhibitor study which displays a synergistic inhibition with 

EZM2302 and SAH. EZM2302 decreased methylation levels on substrate PABP1 and SmB in 

a concentration-dependent manner in MM cell lines. Furthermore, treatment with EZM2302 

resulted in anti-proliferative activity in multiple myeloma cell lines and in notable inhibition of 

tumor growth in a multiple myeloma subcutaneous xenograft tumor model. In 2018, virtual 

screening conducted by Takeda Pharmaceuticals in collaboration with the SGC yielded TP-064 

(Figure 1.9), a potent and selective small molecule inhibitor of PRMT4.139 This compound has 

an IC50 of < 10 nM for PRMT4 in SPA and it exhibited high selectivity over other PRMT family 

members as well as 24 PKMTs and DNMTs. However, it displayed only modest selectivity 

over PRMT6 (IC50 of 1.3 ± 0.4 µM), and PRMT8 (IC50 of 8.1 ± 0.6 µM). The crystal structure 

of the catalytic domain of human (h)PRMT4 with TP-064 and the cofactor product SAH, 

revealed that TP-064 occupies the substrate binding pocket. The SPR experiments confirmed 

compound binding to PRMT4 but only in the presence of SAM or SAH (Kd value of 7.1 ± 1.8 

nM). Kinetic experiments measuring IC50 values with varying SAM and peptide concentrations 

suggested a non-competitive mechanism of inhibition which has been previously shown for 

other PRMTs inhibitors binding at the substrate pocket.TP-064 in a concentration-dependent 

manner reduced the arginine dimethylation of PRMT4 substrates, BAF155 (IC50 value 340 ± 

30 nM) and Med12 (IC50 value 43 ± 10 nM), as supported by cell-based assay. In addition, it 

inhibits proliferation of certain multiple myeloma cell lines as NCI-H929, RPMI8226, and 
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MM.1R. In 2019, SGC and Luo’s Lab reported the discovery of SKI-72 (Figure 1.9) as a potent 

and selective CARM1 inhibitor,140 inspired by earlier SAR studies of cofactor-competitive 

PMT inhibitors. The X-ray crystal structure revealed a peculiar binding mode, engaging both 

the SAM and peptide pockets of CARM1. It is believed that this binding mode, not suitable for 

SAM-based inhibitor, may be contributing to the high selectivity of CARM1 against other 

methyltransferases. However, competitive assays displayed that SKI-72 acts on CARM1 in a 

SAM-competitive and substrate-noncompetitive manner. Although this compound showed a 

good potency in biochemical assay (IC50 value 43 ± 10 nM) and strongly selectivity for CARM1 

over the panel of 33 diverse methyltransferases, it lacks sufficient cell permeability thus limiting 

its use in cell-based studies. According to this, SGC developed SKI-73 (Figure 1.9) as a cell-

permeable pro-drug of SKI-72 in which the primary amine moiety was hidden with a redox-

triggered trimethyl-locked quinone butanoate moiety. Not surprisingly, it inhibited arginine 

methylation on BAF155 (R1064) and PABP1 (R455/R460) substrates in MDA-MB-231 cells. 

Currently, Zuhao Guo et al. described the development of a novel potent, selective, and cell-

active inhibitor of PRMT4, via rational design strategy in which the 1,3-diaminopropan-2-ol 

motif, a well-known arginine mimetic group, was used as warhead. Firstly, a scaffold hopping 

exercise was employed to replace the left-hand side of compounds containing the 

aforementioned moiety and then, a co-crystal structure of hit identified was solved. After a 

careful analysis of the co-crystal structure of initial hit and elegant fine-tuning of the 

interactions in the substrate pocket, compound VII (Figure 1.9) was discovered.141 It inhibited 

PRMT4 with an IC50 of 0.021 ± 0.005 μM; it showed good selectivity over other PRMTs (> 

100-fold) and no inhibitory activity against lysine methyltransferases and other PKMTs. In 

eight leukemia cell lines (MV4-11, MOLM13, THP-1, RS4.11, MOLT4, MOMOMAC6, HEL, 

K562), it was able to inhibit cell proliferation in a dose-dependent manner (IC50 of 6.93 µM in 

MOLM13 cells), probably due to its ability to induce blockage of the cell cycle and apoptosis. 
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Also, it reduced arginine dimethylation on PRMT4 substrates, BAF155 (IC50 of 0.369 µM) and 

PABP1 (IC50 of 0.545µM). In addition, it is orally bioavailable and tested in BALB/c nude mice 

bearing subcutaneous MOLM13 xenografts showing tumor-growth inhibition (TGI) rate of 

53.5% with a 100 mg/kg daily. 

 

Figure 1.9 PRMT4-selective inhibitors.  

1.5.5. PRMT5-selective inhibitors  

In recent years, several PRMT5 inhibitors have been identified, reflecting the broad 

structural data about this protein, characterized by an excellent activity and selectivity profile. 

The discovery of the first cell-active and bioavailable inhibitor of PRMT5 was described in 

2015. HTS of a 370000-compound library led to discovery of EPZ015666 (Figure 1.10) which 

displayed an IC50 of 22 ± 14 nM for PRMT5 in biochemical assay and it showed high selectivity 

over 20 other protein methyltransferases.142 However, it was not evaluated against PRMT9. 

EPZ015666 appeared to be competitive with the peptide substrate (Ki = 5 ± 0.3 nM) while 

uncompetitive with the cofactor SAM. Interestingly, the affinity for the protein target increases 

significantly when the cofactor SAM is present. The crystal structure of PRMT5:MEP50 in 

complex with EPZ015666 and SAM confirmed these findings, revealing a single binding mode 

within the substrate channel of PRMT5 and a key cation-π interaction between EPZ015666 and 
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the cofactor SAM. EPZ015666 also has a cellular activity against PRMT5 manifested by 

reduction of cellular sDMA in a dose-dependent manner in a panel of five MCL cell lines (Z-

138, Maver-1, Mino, Granta-519, and Jeko-1). The treatment of the same panel of cell lines 

with inhibitor compound showed antiproliferative activities with IC50 values of 96 nM and 450 

nM in Z-138 and Maver-1 cells, respectively. Similar activities were also observed in additional 

MCL cell lines, with IC50 values ranging from 61 to 904 nM. The antitumor activity of 

EPZ015666 was assessed using MCL xenograft models in immune deficiency (SCID) mice. 

Treatment with 200 mg/kg of EPZ015666 administered BID for 21 days resulted in significant 

tumor- growth inhibition of higher than 93% in Z-138 xenograft cells and more than 70% TGI 

in Maver-1 xenograft cells. EPZ01566 was further optimized through different medicinal 

chemistry approaches, leading to the discovery of GSK3203591 and GSK3326595 which are 

more drug-like molecules (Figure 1.10).143 Similar to EPZ015666, these inhibitors are 

uncompetitive with SAM and competitive with peptide substrate. In biochemical assays, 

GSK3326595 and GSK3203591 were found to be potent inhibitors of PRMT5 with an IC50 of 

6.2 ± 0.8 nM and 11 ± 8 nM, respectively and a 4000-fold selectivity for PRMT5 against a 

panel of 20 methyltransferases including PRMT9. In Z-138 MCL cells, both GSK3326595 and 

GSK3203591 potently reduced sDMA levels (EC50 values of 2.5 nM and 2.1 nM, respectively) 

and subsequently, cell activity of GSK3326595 was evaluated in a panel of breast and 

lymphoma cell lines. Overall, GSK3326595 inhibited sDMA in all cancer cell lines tested (EC50 

values of 2 to 160 nM). This inhibitor has shown remarkable promise in solid and hematologic 

cancer cell lines, displaying antiproliferative effects and inhibition of tumor growth, especially 

lymphoma and breast cancer. GSK3203591, also known as GSK591, has donated to the SGC 

as a chemical probe while GSK3326595 has entered phase 1 clinical trials for the treatment of 

solid tumors and non-Hodgkin’s lymphoma. In 2017, Mao et al. performed a pharmacophore- 

and molecular docking based virtual screening to screen the drug-like SPECS database. The 
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selected compounds at the end of this virtual screening study were then tested in biochemical 

assays as well as Alpha LISA and radioactive methylation assay. The hits were then optimized 

to yield compound VIII (Figure 1.10) as a potent PRMT5 inhibitor with an IC50 value of 0.33 

µM.144 This inhibitor showed a good selectivity against a panel of 10 methyltransferases 

(including most PRMTs), a bromodomain protein (BRD4) and a histone acetyltransferase 

(GCN5). This compound also achieved cellular potency diminishing sDMA in a concentration-

dependent manner and preventing cell proliferation with EC50 value of 6.53 µM for MV4-11 

leukemia cells. M. Zhang and co-workers utilized a docking-based virtual screening approach 

and performed SAR studies; DC_C01 (Figure 1.10), a PRMT5 inhibitor with an IC50 of 2.8 μM 

in 3H-labeled radioactive methylation assay, was identified.145 Compound DC_C01 displayed 

selectivity against PRMT1, DNMT3A (DNA methyltransferase 3A), and EZH2 (enhancer of 

zeste homolog 2), showing no inhibitory activity at up to 50 μM. To evaluate its interaction 

with PRMT5, the putative binding mode of inhibitor was compared with the crystal structure 

of EPZ015666. From this comparison, similar interactions have been hypothesized and as well 

as the same mechanism of action. Finally, in cell-based assays, DC_C01 demonstrated 

concentration-dependent antiproliferative effects with IC50 values of 12.7 μM, 12.7 μM and 

10.5 μM in Z-138, Maver-1 and Jeko-1 cancer cells, respectively. In 2018, Eli Lilly and the 

SGC reported the discovery of LLY-283, a potent and selective inhibitor of PRMT5 (Figure 

1.10).146 LLY-283 potently inhibited PRMT5 with an IC50 of 22 nM and displayed a strongly 

selectivity against a panel of 32 other methyltransferases. Direct binding of LLY-283 to 

PRMT5 was confirmed by SPR with high affinity (Kd = 6 nM). In addition, a co-crystal 

structure of LLY-283 in complex with PRMT5:MEP50 was obtained and revealed that the 

inhibitor occupies the SAM cofactor binding site even through the competition assays did not 

show a cofactor or substrate competitive mechanism of action. The compound reduced in a 

dose-dependent manner symmetric dimethylation of SmBB’ in MCF7 cells with an IC50 of 25 
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nM and affected MDM4 splicing with an IC50 of 40 nM in A375 cells. LLY-283 is orally 

bioavailable and tested in mouse xenograft models showing tumor growth inhibition, after 28 

days of dosing. In 2019, a first-in-class PRMT5 covalent inhibitor was reported by Lin et al.147 

This hemiaminal compound IX (Figure 1.10) binds a cysteine residue 499, present only in 

PRMT5 active site, strongly reducing the sDMA levels in biochemical assay (IC50 values of 11 

nM). In 2021, Johnson & Johnson reported the discovery of JNJ-64619178 (Figure 1.10), a 

potent and a pseudo irreversible inhibitor of PRMT5, that is being evaluated in clinical trials 

for the treatment of solid tumors and non-Hodgkin lymphoma.148 JNJ-64619178 can bind 

simultaneously the SAM- and peptide substrate- binding pockets. Importantly, oral dosing of 

JNJ-64619178 resulted in dose-dependent antitumor activity in different human NSCLC and 

SCLC cancer mouse xenograft models. The inhibitor induced tumor growth inhibition by 

reducing sDMA levels of SmD1/3, proteins of the splicing machinery. In the same year, a novel 

5,5-fused bicyclic nucleoside-derived class was discovered via structure-based drug design.149 

The authors took inspiration from cofactor SAM and the aforementioned JNJ64619178, with 

the aim to design a dual-competitive compounds able of engaging key residues in the channel 

connecting cofactor and substrate binding pockets. An intense and robust medicinal chemistry 

campaign was performed, and compound X (Figure 1.10) emerged as the first promising lead 

compound. However, monitoring the reversible inhibition and time-dependent inhibition of 

CYP3A4, compound X showed an increased risk suggesting the need to continue the 

optimization process. Addition efforts led to identification of compound XI (Figure 1.10) 

bearing an all-carbon 5,5-fused core and capable of reducing tumor growth and regression.  
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Figure 1.10 PRMT5-selective inhibitors. 

1.5.6. PRMT6-selective inhibitors 

The discovery of EPZ020411 as first PRMT6 selective inhibitor was reported in 2015 

(Figure 1.11).126 The compound was developed through optimization of non-selective inhibitor 

of class I PRMTs which was discovered via HTS of the Epizyme internal library. EPZ020411 

was characterized by aryl pyrazole bearing a diamino side-chain that occupies the putative site 

of the substrate arginine side- chain, as assigned by crystal structure of tool compound with 

SAH and PRMT6. EPZ020411 potently inhibited PRMT6 with an IC50 of 10 nM in a 

biochemical assay. It was 20-fold and 10-fold selective over PRMT8 (IC50 value of 0.223 μM) 

and PRMT1 (IC50 value of 0.119 μM), respectively. In addition, it was >100-fold selective for 

PRMT6 over other histone methyltransferases. The cellular activity of inhibitor was studied in 

an engineered pattern in which PRMT6 was transiently expressed in A375 cells. In this pattern, 

selective methylation of the PRMT6 substrate H3R2 was resolutely induced after 48 h of 

PRMT6 expression. PRMT6 inhibition by EPZ020411 resulted in a concentration- dependent 
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decrease in H3R2 methylation (IC50 = 0.637 ± 0.241 μM). SGC in collaboration with Eli Lilly, 

the Icahn School of Medicine at Mount Sinai, and the Ontario Institute for Cancer Research 

(OICR) developed SGC6870 a potent and selective allosteric inhibitor of PRMT6 (Figure 

1.11).150 SGC6870 potently inhibits PRMT6 with IC50 of 77 ± 6 nM and it is selective over all 

other PRMTs and 23 methyltransferases. It also inhibited asymmetric dimethylation of H3R2 

with an IC50 of 0.8 ± 0.2 μM in HEK293T cells.  

 

Figure 1.11 PRMT6-selective inhibitors. 

1.5.7. PRMT7-selective inhibitors 

The first PRMT7 known inhibitor is the DS-437 compound (Figure 1.12), identified in 2015 

and designed in relation to the structural characteristics of PRMT5 as it was hypothesized 

similarities between the two methyltransferases. DS-437 inhibits PRMT5 and PRMT7 with a 

comparable IC50 of approximately 6 μM and is inactive toward the other methyltransferases.151  

Currently, SGC in collaboration with Takeda and OICR described the first potent and 

selective small molecule inhibitor of PRMT7, SGC3027 (Figure 1.12).152 SGC3027 is a pro-

drug which undergo oxide-reduction cellular mechanism, leading to the rapid release of active 

component, SGC8158. It was discovered via screening of a focused-library and subsequent 

optimization of the hit identified. SGC81558 inhibits PRMT7 biochemical activity with an IC50 

of 2.5 nM in SPA and it was 40-fold selective for PRMT7 over other histone methyltransferases 

and non-epigenetic targets. The crystal structure of mouse PRMT7 in complex with SGC8158 
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revealed this compound occupying the SAM cofactor binding pocket. The SPR experiments 

confirmed binding of compound to PRMT7 with a Kd value of 6.4 ± 1.2 nM. Kinetic 

experiments measuring IC50 values with varying SAM and peptide concentrations suggested 

that SGC8158 exhibited a cofactor-competitive and substrate-uncompetitive MOA. SGC8158 

lacked cellular activity due to its SAM-like structure and low cell permeability often associated 

with SAM analogs but on the other hand, its pro-drug SGC3027 inhibited methylation of 

HSP70 with IC50 of 2.4 ± 0.1 µM in C2C12 cells. 

 

Figure 1.12 PRMT7-selective inhibitors  

Unfortunately, despite many efforts into the progress of PRMT9 chemical probes, no 

satisfactory outcomes have been observed to date.  

1.6. Aim of this Ph. D. work 

As widely mentioned, over the past 15 years the medicinal chemistry community has paid a 

growing attention to PRMTs. Despite the excellent progress made in the PRMT field to 

underscore the therapeutic and pharmacological potential of targeting PRMTs, selective 

inhibitors are still in high demand. In fact, the greatest advancement in recent years has been 

the use of PRMT5 selective inhibitors to define cancer vulnerabilities to PRMT5 inhibition, and 

this has led to exciting clinical trials for cancer therapy. There have been several efforts to 

achieve similar encouraging results for type I PRMTs, but unfortunately, only a few satisfactory 

outcomes have been observed. Several critical points have been found in type I inhibitors, 
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suggesting that the development of selective and potent type I inhibitors remains a very 

ambitious goal to pursue.  

In this regard, aim of this PhD project is the design, synthesis, biochemical and biophysical 

evaluation of new putative chemical probes for PRMTs. To this purpose, different medicinal 

chemistry approaches were applied: 

1. Deconstruction-Reconstruction and Fragment Growing Approach; 

2. Development of Alkene 1,3-Functionalization Reaction and Design of Ketone-based 

Compounds as PRMTs Inhibitors 

3. Pro-drug Strategy; 

4. Proteolysis-targeting chimeras: PROTACsTM; 

5. Scaffold Replacement Approach. 
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CHAPTER II 

Deconstruction-Reconstruction and 
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2.1 Background 

In 2010, the EMCL (Epigenetic Medicinal Chemistry Lab) developed a series of type I 

PRMT inhibitors starting from 7,7′-(carbonylbis(azanediyl))bis(4-hydroxynaphthalene-2-

sulfonic acid) AMI-1 (for details, see Chapter I). Among these inhibitors, EML108, the 

isosteric bis-4-hydroxy-2-naphthoic acid, was able to prevent arginine methylation of cellular 

proteins in whole-cell assays, with activities comparable or even better than AMI-1. In addition, 

EML108, as well as its derivatives, showed a strong selectivity for PRMT family and no 

inhibitory activity against lysine methyltransferase SET7/9.120 In analogy to AMI-1, EML108 

binds PRMT1 (chosen as representative of type I enzymes) between the S-adenosine-L-

methionine (SAM) co-factor and substrate arginine binding sites without fully occupying them 

(Figure 2.1) as supported by molecular modelling studies (docking and binding mode analysis, 

confirmed by structure-based 3-D QSAR models). In particular, one of the two 4-hydroxy-2-

naphthoic moieties partially occupies the substrate binding site without establishing interactions 

with the two conserved glutamate residues of the so-called “double-E loop” critical for 

chelating and orienting the Arg guanidine group. On the other hand, the binding of the second 

4-hydroxy-2-naphthoic moiety seems to leave the SAM binding pocket largely unoccupied.  

 

Figure 2.1 Predicted binding mode of EML108 into PRMT1 (tan) catalytic site.120,153 SAM is 

depicted in cornflower blue, histone Arg in orchid (for clarity, only the side chain is showed). 

Starting from these considerations, a “Deconstruction-Reconstruction and Fragment 

Growing Approach” has been adopted. The concept underlying this approach is simple: since 

traditional fragment-based drug discovery (FBDD) combines fragments into a final 
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molecule,154  it is typically possible to deconstruct a known ligand to obtain a relatively smaller 

fragment library.155,156 Therefore, the structure of EML108 has been deconstructed into a single 

4-hydroxy-2-naphthoic fragment and grown into a more complex structure incorporating 

warheads able to better bind the abovementioned available pockets.  

2.2 Previous work: First Reconstruction Step 

In the first reconstruction step, a set of compounds bearing the 4-hydroxy-2-naphthoic group 

bridged by an amide or urea group with an arginine mimetic moiety has been designed and 

synthesized (Figure 2.2). The effect of the introduction of a methionine was also explored.  

 

Figure 2.2 Compounds designed for the first reconstruction step. 

The inhibitory activity of compounds has been evaluated against human recombinant 

PRMT1, chosen as representative of type I, using an in-house peptide-based AlphaLISA assay 

that measures the levels of H4R3me. All the compounds were tested at a fixed concentration of 

100 M using EML108 as the reference compound. Then, the compounds that displayed a 
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greater than 85% inhibition (residual enzyme activity < 15%) were selected and the 

corresponding IC50 values were determined (Table 2.1). 

Table 2.1: Inhibitory activities of I – XXVI compounds against hPRMT1 

Inhibitory activities of EML compounds against hPRMT1 

 

Entry R R1 R2 R3 R4 X Y n 

% PRMT1 

residual activ. 

@ 100 Ma,b,c, 

IC50 

(M)a,

d 

I 

(EML525) 
-H -Me -H -H -H -CH- -H- 1 35.00 ± 0.3 NDe 

II 

(EML611) 
-H -Me -H -H -H -CH- -H- 2 5.71 ± 2.1 23 

III 

(EML737) 
-H -Me -H -H -H -CH- -H- 3 -0.49 ± 0.1 3.8 

IV 

(EML528) 
-Me -Me -H -H -H -CH- -H- 1 1.22 ± 0.3 28.6 

V 

(EML613) 
-Me -Me -H -H -H -CH- -H- 2 1.63 ± 0.2 13.7 

VI 

(EML530) 
-Me -Me -H -H -Me -CH- -H 1 10.8 ± 3.7 60.4 

VII 

(EML522) 
-H -Me -H -CH2CH2- -CH- -H 1 121.8 ± 5.8 ND 

VIII 

(EML526) 
-H -H -H -H -H -CH- -H- 1 69.7 ± 2.0 ND 

IX 

(EML612) 
-H -H -H -H -H -CH- -H- 2 65.9 ± 1.0 ND 

X 

(EML529) 
-Me -H -H -H -H -CH- -H- 1 14.7 ± 1.1 28.2 

XI 

(EML614) 
-Me -H -H -H -H -CH- -H- 2 50.4 ± 0.2 ND 

XII 

(EML531) 
-Me -H -H -H -Me -CH- -H 1 36.8 ± 0.3 ND 

XIII 

(EML523) 
-H -H -H -CH2CH2- -CH- -H 1 25.1 ± 1.5 ND 

XIV 

(EML732) 
-H -Me -H -H -H -N- -H 1 0.4 ± 0.1 1.6 

XV 

(EML538) 
-H -Me -H -H -H -N- -H 2 2.0 ± 0.2 16.3 
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XVI 

(EML735) 
-H -Me -H -H -H -N- -H 3 -0.91 ± 0.1 1.2 

XVII 

(EML733) 
-Me -Me -H -H -H -N- -H 1 0.2 ± 0.1 0.4 

XVIII 

(EML634) 
-Me -Me -H -H -H -N- -H 2 -0.3 ± 0.1 19.1 

XIX 

(EML539) 
-H -H -H -H -H -N- -H 2 31.5 ± 3.1 ND 

XX 

(EML513) 
-H -Me -H -H -H -CH- -NH2 1 34.2 ± 5.1 ND 

XXI 

(EML516) 
-H -Me -H -H -H -CH- 

 
1 4.9 ± 0.7 42.1 

XXII 

(EML519) 
- -Me -H -  - -NH2 - 92.1 ± 15.8 ND 

XXIII 

(EML521) 
- -Me -H -  - 

 
- 75.9 ± 4.8 ND 

XXIV 

(EML533) 
- - - - - - - - 87.1 ± 2.9 ND 

XXV 

(EML535) 
- -Me -H - - - - - 65.6 ± 2.1 ND 

XXVI 

(EML536) 
- -H -H - - - - - 36.9 ± 10.5 ND 

EML108 - - - - - -- - - 17.4 ± 0.4 9.3 

aAlphaLISA was used for both fixed dose and IC50 determinations against human recombinant PRMT1(0.9 nM, final concentration). 

Histone H4 (1-21) peptide, biotinylated (100 nM, final concentration) and SAM (2 M, final concentration) were used as substrate and 

cofactor, respectively; bCompounds were tested at a 100 M fixed concentration; cEnzyme residual activity percentage calculated with 

respect to DMSO; dCompounds were tested in 10-concentration IC50 mode with 3-fold serial dilutions starting at 100 M. Data were 

analyzed with GraphPad Prism software (version 6.0) for IC50 curve fitting; eND, not determined. 

 

Within the set of evaluated compounds, structure–activity relationship (SAR) analysis 

revealed that ester function is preferred to carboxylic acid group and urea compounds are more 

active to their amide counterparts (for example, compare inhibiting activities of compounds 

EML525, EML611, EML528, and EML613 with those of EML526, EML612, EML529, 

EML614). The presence of a single methyl on one of the terminal nitrogen atoms of the 

guanidine groups has a positive effect only on the activity of amide compounds (compare 

EML528 and EML613 with EML525 and EML611, respectively). Nevertheless, further 

modification on guanidine group such as the addition of a second methyl group, the replacement 

with an imidazole or its removal are deleterious for the activity (compare EML530 with 

EML528 and EML535 with EML732). Furthermore, the effect of the methylene linker length 
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was investigated.  In the amide compounds, the activity seems to increase with the number of 

carbon atoms of the linker, while an “odd/even effect” seems to occur in the urea series, wherein 

an even number of carbon atoms in the alkyl spacer (as in the case of EML538 and EML634, 

n=2, total carbon atoms in the linker = 4) is less favourable than an odd number (as in the case 

of EML732 and EML733—n=1, total carbon atoms in the linker = 3—or EML735—n=3, total 

carbon atoms in the linker = 5). These abovementioned effects seem to be additive. Indeed, the 

ester compound EML733 bearing a methylene linker of 3 carbon atoms between urea group 

and the mono-methylated guanidine is the most active compound showing a submicromolar 

IC50 value (0.4 M). 

Overall, these results validate the 4-hydroxy-2-naphthoic group as a fragment, corroborating 

the initial hypothesis that one of the two naphthoic groups could be efficiently replaced by an 

arginine-mimetic group moiety.  

2.3 Aim of this Ph. D. project: Design of multisubstrate CARM1 inhibitors  

Intrigued by obtained results and pursuing our interest in the identification of potent and 

selective PRMT inhibitors, a second step of the reconstruction has been performed. Taking into 

account the SARs of previously described compounds, a small set of compounds (1 – 9) was 

designed. These derivatives feature an adenosine moiety (SAM mimics) anchored to the 

mimetic arginine portion with an alkyl linker (Figure 2.3). 
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Figure 2.3 Flowchart of our design strategy. 

Taken together, data in Table 2.1 indicated that the linker length had a pivotal role on 

activity. Moreover, several literature reports supports the correlation between the distance of 

the pharmacophores with PRMTs inhibition for potency and selectivity.157,151,158 

Based on these premises, initially we designed and synthesized three derivatives (1 – 3). In 

particular, compounds 1 – 3 were characterized by a linker between the urea and the guanidine 

groups of three, four or five carbon atoms, respectively and the adenosine moiety was connected 

to a guanidine -nitrogen through a methylene group (Figure 2.4).  

 

Figure 2.4 Compounds designed for the second fragment growing step. 
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2.3.1. AlphaLISA and radioisotope-based studies of activity to PRMTs 

The effect of compounds 1 − 3 was preliminary evaluated on the catalytic activity of human 

recombinant PRMT1 using a purpose-developed AlphaLISA assay (Chapter VIII, Paragraph 

8.3.2). The introduction of the adenosine moiety had a positive effect on the inhibitory activity 

against PRMT1, as all the derivatives showed IC50 value in the submicromolar range (Table 

2.2, values in parenthesis). Prompted by these results, to assess selectivity, the activity of the 

compounds was also evaluated in a radioisotope-based filter-binding assay (Chapter VIII, 

Paragraph 8.3.1, performed by Reaction Biology Corp.), screening them against a panel of four 

PRMTs (PRMT1, PRMT3, PRMT4 and PRMT5). Compared to the results obtained from the 

AlphaLISA assay, in the more sensitive radioisotope-based assay compounds 1 − 3 showed 

higher IC50 values but still in the micromolar range. Notably, they were appreciably more active 

against PRMT4. In particular, we noticed that increasing the distance between the methyl 4-

hydroxy-2-naphthoate moiety and the arginine-mimetic group had a considerable effect on 

PRMT4, a moderate positive effect on PRMT1 and PRMT3, but no significant effect on the 

activity of PRMT5. In fact, compound 3 exhibits a submicromolar activity (IC50 = 0.42 M) 

only against PRMT4, with a selectivity for the latter ranging from 20-fold (over PRMT1; Table 

2.2) to 122-fold (over PRMT5; Table 2.2). 
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Table 2.2: Inhibitory activities of compounds 1 – 3 against various PRMTs 

Inhibitory activity of compounds 1 – 3 (IC50 µM) against PRMTs 

 

Entry n PRMT1a,b PRMT3 a,b PRMT4 a,b PRMT5 a,b 

1 

(EML734) 
2 

32.27 

(0.5) c 
57.19 13.84 52.13 

2 

(EML709) 
3 

11.67 

(0.43) c 
43.41 2.14 76.7 

3 

(EML736) 
4 

8.46 

(0.3) c 
21.26 0.42 51.41 

SAH - 0.33 2.77 0.43 40.49 

aCompounds were tested in 10-concentration IC50 mode with 3-fold serial dilutions starting at 100 M. Data were analyzed with GraphPad 

Prism software (version 6.0) for IC50 curve fitting; bUnless differently indicated, the values were obtained in a radioisotope-based filter 

assay, using 5 M histone H4 (for PRMT1, PRMT3), histone H3 (for PRMT4), histone H2A (for PRMT5) as substrate and S-adenosyl-L-

[methyl-3H]methionine (1 M) as methyl donor; cObtained in AlphaLISA assay, using human recombinant PRMT1 (0.9 nM, final 

concentration). Histone H4 (1–21) peptide, biotinylated (100 nM, final concentration) and SAM (2 M, final concentration) were used as 

substrate and cofactor, respectively. 

 

Based on these outcomes, we speculated that modulation of the distance between the three 

pharmacophore moieties might generate potent and selective PRMT4 inhibitors. Therefore, we 

synthesized a second set of derivatives (compounds 4  ̶  8) in which was further increased the 

distance between the 4-hydroxy-2-naphthoate moiety and the guanidine group (compounds 4, 

5) or the distance between the guanidine group and the adenosine moiety (compounds 6 – 8). 

The compounds were tested over a wider panel of PRMTs (including also PRMT6, PRMT7 

and PRMT8) using the same radioisotope-based assay and the results were reported in Table 

2.3 and summarized as heatmaps in Figure 2.5. 
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Table 2.3: Inhibitory activities of compounds 1 – 8 against various PRMTs 

Inhibitory activities of compounds 1 – 8 (IC50 µM values) against PRMTs 

 

Entry n X PRMT1 PRMT3 PRMT4 PRMT5 PRMT6 PRMT7 PRMT8 

1 

(EML734) 
2 -CH2- 32.27 57.19 13.84 52.13 72.77 0.32 8.29 

2 

(EML709) 
3 -CH2- 11.67 43.41 2.14 76.7 >100 0.55 18.68 

3 

(EML736) 
4 -CH2- 8.46 2.77 0.43 40.49 >100 0.22 5.87 

4 

(EML978) 
5 -CH2- 0.86 12.2 0.068 2.6 47 0.41 3.82 

5 

(EML979) 
6 -CH2- 2.6 12.4 0.176 3.38 35.6 0.631 5.48 

6 

(EML980) 
3 -CH2CH2- 4.86 10.5 0.0097 0.115 22.7 0.226 6.00 

7 

(EML982) 
3 CH2CH2CH2- 1.80 13.3 0.0084 0.778 4.34 4.68 1.41 

8 

(EML981) 
3 -CH=CHCH2 0.835 4.05 0.0032 1.46 1.75 1.68 1.95 

SAH - - 0.15 1.2 0.12 1.61 0.33 0.22 0.17 

Compounds were tested in 10-concentration IC50 mode with 3-fold serial dilutions starting at 100 M. Data were analyzed 

with GraphPad Prism software (version 6.0) for IC50 curve fitting; The values were obtained in a radioisotope-based filter 

assay, using 5 M histone H4 (for PRMT1, PRMT3), histone H3 (for PRMT4), histone H2A (for PRMT5) as substrate and 

S-adenosyl-L-[methyl-3H]methionine (1 M) as methyl donor. 
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Figure 2.5 Inhibitory activities of compounds 1 – 8: the heatmaps depict the IC50 values (nM) 

for compounds 1 – 8 (top panel) and the selectivity index (fold) for PRMT4 over the specified 

PRMT (bottom). 

As shown in Table 2.3, increasing the linker length between the 4-hydroxy-2-naphthoate and 

the guanidine group up to a total of 4 or 5 carbon atoms resulted in a slight increase in the 

inhibitory activity against PRMT4 (6.2-fold for 4 and 2.4-fold for 5). However, the compounds 

showed a similar gain also against PRMT1, PRMT5, and PRMT6 (e.g. 9.8-fold and 3.2-fold 

against PRMT1 and 19.8-fold and 15.2-fold against PRMT5, for 4 and 5, respectively), with a 
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consequent reduction of selectivity. A lesser effect was observed against PRMT8 and a slight 

decrease of inhibiting activity was observed against PRMT7.  The shorter compound 1, bearing 

a linker length of 3 carbon atoms, displayed an interesting inhibitory activity on PRMT7 

compared to PRMT4 but this behavior will be better discussed in Paragraph 2.4. On the other 

hand, compounds 6  ̶  8, in which the distance between the guanidine group and the adenosine 

moiety was increased, showed an outstanding increase in potency and in selectivity over other 

6 human PRMTs. In particular, compound 8 showed a 668-fold gain in potency over its shorter 

counterpart 2 and 261 to 1266-fold selectivity over the other PRMTs.  

2.3.2. Selectivity profile of compound 8 

Subsequently, compound 8 was tested at fixed dose (1 and 10 μM) in duplicate, evaluating 

its inhibitory activity against a panel of 8 lysine methyltransferases (including ASH1L, DOT1L, 

EZH2 complex, MLL1 complex, SET7/9, SET8, SUV39H2 and SUV420H1TV2). The 

obtained results showed a strong selectivity profile of compound 8, as reported in the Table 2.4.  

Table 2.4: Inhibitory activity of compound 8 against 8 Lysine Methyltransferases 

Inhibitory activities of compound 8 (IC50 µM values) against Methyltransferases 

 

 Concentrations 

Methyltransferases 10 M 1 M 

ASH1L 100.83 90.76 

DOT1L 100.94 97.74 

EZH2 Complex 84.28 84.39 
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MLL1 Complex 93.43 102.15 

SET7/9 96.95 112.02 

SET8 114.06 130.39 

SUV39H2 86.70 113.51 

SUV420H1TV2 91.85 104.00 

Compound 8 was tested in single-dose mode, in duplicate, at 10 and 1 μM. Data were analyzed with GraphPad Prism software (version 

6.0) for IC50 curve fitting; The values were obtained in a radioisotope-based filter assay, using 5 M Nucleosomes (for ASH1L, DOT1L, 

MLL1 Complex, SET8, SUV420H1TV2 ), histone H3 (for SUV39H2), Core Histone (for EZH2 Complex, SET7/9) as substrate and S -

adenosyl-L-[methyl-3H]methionine (1 M) as methyl donor. 

 

2.3.3. SPR-based studies of binding to PRMT4 

The direct binding of compounds 1 – 8 on PRMT4 was evaluated using Surface Plasmon 

Resonance (SPR, Chapter VIII, Paragraph 8.3.3). To this aim, human PRMT4 (full length) was 

covalently immobilized on a sensor chip surface using an amine coupling approach and the 

three compounds were injected at different concentrations over the protein surface. Each 

compound strongly interacts with PRMT4, displaying the equilibrium dissociation constant 

(KD) values in the nanomolar range for compounds 6 – 8 (Figure 2.6 and Table 2.5). In detail, 

compound 6 interacts with PRMT4 with higher affinity (KD= 25.2 nM; Table 2.4) compared to 

7 (KD= 51.7 nM) and 8 (KD= 75.9 nM). As shown by the sensorgrams depicted in Figure 2.6, 

compounds 6 – 8 dissociate from the protein slower than compounds 1 – 5. Nonetheless, 

compound 6 showed the fastest interaction, as its residence time residence time (tR)159 values is 

the lowest among tested compounds (14.7 sec). Furthermore, 8 and 7 have longer residence 

time (62.5 and 76.9 sec, respectively) meaning that the effects of their binding to CARM1 last 

more.  The association rate constants (Kon) values, being significantly higher for compounds 6 

– 8 compared to compounds 1 – 5, could be translated in the higher potency corroborating the 

enzymatic activity results.    
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Figure 2.6 Sensorgrams obtained from the SPR interaction analysis of compounds 1 and 6 – 8  

(panels a–d, respectively) binding to immobilized PRMT4. Each compound was injected at 

different concentrations (from 3 M to 0.05 M for 1 and from 640 nM to 10 nM for 6 – 8) 

with an association and a dissociation time of 90 sec, with a flow rate of 30 L/min. The 

equilibrium dissociation constants (KD) were derived from the ratio between kinetic 

dissociation (koff) and association (kon) constants. 

Table 2.5: Affinity and kinetic parameters derived from SPR experiments 

Compound KD kon (1/Ms) koff (1/s) R (s) 

1 

(EML734) 
663.4 nM 1.67×104 0.011 90.9 

2 

(EML709) 
2300 nM 6.52×103 0.015 66.7 

3 

(EML726) 
359.2 nM 3.49×104 0.013 76.9 

4 

(EML978) 
2800 nM 2.70×105 0.760 1.31 
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5 

(EML979) 
603.4 nM 2.58×104 0.015 66.7 

6 

(EML980) 
25.2 nM 2.70×106 0.068 14.7 

7 

(EML982) 
51.7 nM 0.25×106 0.013 76.9 

8 

(EML981) 
75.9 nM 0.21×106 0.016 62.5 

SAM 9.6 nM 2.90×105 0.003 333.3 

 

2.3.4. Structural studies 

To study and compare the binding modes of compounds 1 – 3 (less potent and selective 

PRMT4 inhibitors) and 6 – 8 (more potent and selective PRMT4 inhibitors) with different 

PRMTs, in collaboration with Prof. Jean Cavarelli (IGBMC, University of Strasburg), co-

crystallization studies were performed using four PRMTs, namely isolated domains of 

mmPRMT4 (Mus musculus PRMT4, residues 130–487 or 140–497), full length Mus musculus 

PRMT2, mmPRMT6 (Mus musculus PRMT6, residues 34–378), full length Mus musculus 

PRMT7. Unfortunately, no co-crystals were obtained with PRMT2 or PRMT7. On the contrary, 

we were able to co-crystallize the compounds in complex with both PRMT4 and PRMT6.  

Overall, the compounds co-crystallized with PRMT4 adopt a similar conformation, 

revealing two common anchoring platforms, the methyl 4-hydroxy-2-naphthoate and the 

adenosine moieties, each one occupying the same binding site on PRMT4 regardless the 

different linker lengths (Figure 2.7a). As expected, the adenosine moiety occupies the SAM 

binding pocket mainly interacting with Y150, E215, E244, M269 (Figure 2.7c,d). On the other 

hand, the methyl 4-hydroxy-2-naphthoate moiety partially engages the peptide substrate 

binding site on PRMT4, establishing major interactions with Y262, P473, F475, Y477 on one 

hand and F153 on the other hand (Figure 2.7c,d). Surrounded by such a “frozen” binding site, 

the linker of each compound assumes a unique and distinctive conformation interacting with 
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catalytic residues M260, E258, H415 and W416 on one side and with F153, Y154, E267 on the 

other side (Figure 2.7c,d). In addition, strong hydrogen bonds are established within such a 

"frozen" site and their number and strength markedly depend on the length and nature of the 

linker of each compound, according to their affinity and, consequently, the IC50 values. In the 

case of compound 8, the best inhibitor herein reported, the guanidine group is inserted in the 

binding site of the guanidine moiety of the peptide transition state, interacting with catalytic 

glutamate residues (E258 and E267) of the double-E loop. Moreover, the N5 atom establishes 

2 hydrogen bonds with the oxygen atoms of the main chain of E258 and M260 (Figure 2.7d).  

 

Figure 2.7 Structures of mmPRMT4 in complex with compounds 1 – 3 and 6 – 8. (a) 

Superimposition (done on protein backbones) of compounds (1 – 3 and 6 – 8) bound to subunit 

B of mmPRMT4. Each PRMT4 subunit is represented as cartoon (shades of grey) lime, cyan, 

marine, yellow, grey, pink ribbons) and compounds are represented as sticks (in lime, yellow, 
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pink, cornflower blue, sea blue and cyan, respectively); (b) close-up view of bound compound 

conformations; (c) binding interactions of compound 1 (lime sticks) with mmPRMT4 monomer 

B (ribbon); (d) binding interactions of compound 8 (cyan sticks) with mmPRMT4 monomer B 

(ribbon). Hydrogen bonds are shown as dash lines. For clarity, N-terminal helices (residues 

135–165) of PRMT4 are not shown. 

The crystal structures revealed the importance of the linker length between the adenosine 

moiety and the guanidine group as well as between the latter and the methyl 4-hydroxy-2-

naphthoate group. In order to bring the guanidine group within the catalytic clamp formed by 

E258 and E267, a linker length between the guanidine group and the adenosine moiety of 2 or 

3 carbon atoms is required. Compounds 1 – 3, bearing a shorter linker, are unable to establish 

the two guanidine-stabilizing hydrogen bonds with the main chain of PRMT4, resulting in 

compounds with weaker affinity than compounds 6 – 8. This evidence corroborates the better 

inhibitory ability of compounds 6 – 8 compared to compounds 1 – 3. In addition, the double-

bound in 8 imposed a trans conformation which is less constrained and, therefore, more 

favorable than the one adopted by the corresponding saturated compound 7. Regarding the 

linker between the methyl 4-hydroxy-2-naphthoate and the guanidine group, increasing the 

linker length from 3 (n=2, 1) to 4 (n=3, 2) and 5 (n=4, 3) carbon atoms result in additional Van 

der Waals interactions with W416 and Y262, thus supporting a higher affinity and a 

corresponding decrease in IC50 values.  

In the case of PRMT6, co-crystallization studies revealed that the compounds adopt an odd 

distorted U-shaped conformation (Figure 2.8), wherein the guanidine moiety is unable to reach 

the PRMT6 double E loop clamp because the linker with the sugar is too short, even for the 

longer compounds 7 and 8. On the other hand, the methyl-4-hydroxy-2-naphthoate moiety does 

not bind to the arginine binding site but it is sandwiched between the adenosine and the side 

chains of Y50 and Y51 residues of alpha helix motif I.  



57 

 

The adopted conformation of compounds was not able to induce strong interactions with 

PRMT6, supporting the higher affinity of compounds 6 – 8 on PRMT4.   

 

Figure 2.8 (a) Electron density (2Fobs-Fcalc) weighted maps of compound 1 (represented as 

cornflower blue sticks) bound to subunit B of mmPRMT6 (represented as grey cartoon). Maps 

are represented as a mesh, contouring level set to 1σ. For clarity, N-terminal helices (residues 

42–56) of mmPRMT6 are not shown; (b) Superimposition (done on protein backbones) of the 

conformations of compound 1 (yellow or cornflower blue sticks, respectively) when bound to 

subunit B of mmPRMT4 (represented as dark grey cartoon) and when bound to mmPRMT6 

(represented as light grey cartoon). For clarity, N-terminal helices of PRMT4 and PRMT6 are 

not shown. 

2.3.5. Assessment of cellular activity and toxicity  

The aim of this work was to demonstrate the value of our approach in the development of 

potent and selective PRMTs inhibitors. Therefore, at this stage, the attention was not focused 

on druglikeness as well as cell permeability of compounds. The hypothesis of poor permeability 

of compounds 6 – 8 was confirmed by parallel artificial membrane permeability assay 

(PAMPA, Chapter VIII, Paragraph 8.3.4). The highly permeable drug propranolol and the 

poorly permeable drug furosemide were used as positive and negative controls, respectively, 

and the results are summarised in Table 2.6. 
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Table 2.6: Permeability values of compounds 6 − 8. 

Entry PAMPA Papp (cm/s) 

6 

(EML980) 
0.55 × 10-7 

7 

(EML982) 
0.39 × 10-7 

8 

(EML981) 
0.38 × 10-7 

Propranolol 60 × 10-7 

Furosemide 0.34 × 10-7 

 

Neverthless, we evaluate the ability of compounds 6 – 8 to affect the activity of PRMT4 also 

in a cellular context. Initially, the cell toxicity of compounds 6 – 8 was evaluated using the 

MTT assay (Chapter VIII, Paragraph 8.3.5). HEK293T cells were treated with the compounds 

at three different concentrations (10, 50 and 100 µM) and after 24 h and 72 h of incubation with 

the compounds, cellular viability was assessed. We find that the compounds did not reduce the 

number of metabolically active cells in comparison with vehicle, at all tested concentrations 

(up to 100 µM, Figure 2.9a). Even after 72 h of treatment cell viability remained above 80% 

(Figure 2.9b). 

Subsequently, in collaboration with Prof. Mark T. Bedford (MD Anderson Cancer Center) 

the ability of compounds 6 – 8 to reduce cellular level of arginine methylation catalyzed by 

PRMT4 was evaluated. To this aim, HEK293T cells were incubated for 24 h with the three 

compounds (at 10 and 50 M) or with compound TP-064 (10 M), used as positive control. 

The total cell lysates were then immunoblotted with a pan-PRMT4 substrate antibody 
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(PRMT4sub), originally raised against the R388 site of Nuclear Factor 1 B-type (NFIB-Me) but 

also capable to recognize many PRMT4 substrates. As showed in Figure 2.9c, the results 

confirmed the proof of concept concerning the design of these derivatives. In fact, although 

with a lower effect compared to the cytopermeable TP-064, the compounds, in particular 8, are 

able to reduce the activity of PRMT4 in a concentration-dependent way. Noteworthy, for TP-

064 concentration higher than 10 M led to cell death.  

In addition, the inhibitory activity and the antiproliferative effect of compound 8 were 

evaluated also on MCF7 cells, a breast cancer cell line (Figure 2.9d and 2.9f, respectively). As 

reported in Figure 2.9d, the inhibitory activity on PRMT4 of compound 8 is also observed in 

MCF7 cells after 4- and 8-days of incubation using compound TP-064 (10 M), as positive 

control. Compound 8 is able to reduce the methylation catalysed by PRMT4 in a concentration-

dependent manner. More importantly, both 10 M TP064 and 50 M 8 markedly decreased 

proliferation of MCF7 cells, whereas no effect was observed in HEK293T cells (Figures 2.9e,f). 
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Figure 2.9 (a,b) HEK293T cells were treated with compounds 6 – 8 at three different 

concentrations (10, 50 and 100 M) for (a) 24 h and (b) 72 h. The cell viability was assessed 

by measuring the mitochondrial-dependent reduction of MTT to formazan, with respect to 

DMSO; (c,d) western blot analyses were performed (c) on lysates from HEK293T cells after 

treatment with compounds 6 – 8 at 10 and 50 M for 24 h, and (d) on lysates from MCF7 cells 

after treatment with compound 8 at 10 and 50 M for 4- and 8 days. Methylation was detected 

by immunoblotting with a pan-PRMT4 substrate antibody (PRMT4sub). Total histone H3 (c) or 

actin (d) were used to check for equal loading. The cell-permeable PRMT4 inhibitor TP064 (10 

M) was used as a reference compound; (e,f) relative proliferation of (e) HEK293T and (f) 

MCF7 cells with different concentration of 8 for different time points. Medium was changed at 

day 4. All the data points represent the relative viability normalized to day 0. The error bars 

represent the standard deviation of three biological replicates performed at each time point.  
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2.4 Identification of PRMT7 and PRMT9 inhibitors 

On the basis of previous results, we assumed that modulating the distance between the 

pharmacophoric moieties would provide further information on the structural requirement for 

other PRMTs inhibition such as PRMT7 and PRMT9. In fact, despite many efforts into the 

progress of PRMT7 selective chemical probes, only a few satisfactory outcomes have been 

observed. In addition, to date, no PRMT9 inhibitor has been reported, probably due to the 

absence of a robust and effective biochemical assays for measuring its methyltransferase 

activity. Data reported in Table 2.3 and Figure 2.5 suggested that these compounds could be 

valuable starting points to find PRMT7 and/or PRMT9 selective inhibitors. To this aim, firstly, 

we looked for a suitable assay for PRMT9. We resolved to adapt the AlphaLISA technology to 

develop an effective assay to measure the levels of methylation catalysed by PRMT9 (Chapter 

VIII, Paragraph 8.3.2) because the commercially available homogenous assay kit (BPS, # 

52069) did not work properly in our hands and gave an unacceptably narrow assay window. 

Subsequently, we extended our pool of compounds synthesizing compound 9, featuring a linker 

length of 2 carbon atoms between the 4-hydroxy-2-naphthoate moiety and the guanidine group, 

as lower homologue of compound 1. 

The screening of selected compounds 1 – 9 was performed and the corresponding IC50 values 

were determinate and summarized in Table 2.7. The IC50 values on PRMT9 was determinate 

by AlphaLISA assay while the radioisotope-based assay was used to determinate the IC50 value 

on PRMT7. 
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Table 2.7: Inhibitory activities of compounds 1 – 9 against PRMT7 and PRMT9  

 

 
  (IC50 µM values) Selectivity index PRMT9 vs other PRMTs 

# n X 

P
R

M
T

7
a
 

P
R

M
T

9
b
 

P
R

M
T

1
 

P
R

M
T

3
 

P
R

M
T

4
 

P
R

M
T

5
 

P
R

M
T

6
 

P
R

M
T

7
 

P
R

M
T

8
 

1 

(EML734) 

2 -CH2- 0.32 0.89 36 64 16 59 82 0.36 9.3 

2 

(EML709) 
3 -CH2- 0.55 1.32 8.8 1.6 33 58 >76 0.42 14 

3 

(EML736) 
4 -CH2- 0.22 5.8 1.5 3.7 0.07 8.9 >17 0.04 1 

4 

(EML978) 
5 -CH2- 0.41 n.ac n.ac n.ac n.ac n.ac n.ac n.ac n.ac 

5 

(EML979) 
6 -CH2- 0.631 1.3 2.0 9.6 0.14 2.6 27 0.49 4.5 

6 

(EML980) 
3 -CH2CH2- 0.226 1.2 4.0 8.75 0.008 0.1 19 0.19 5 

7 

(EML982) 
3 CH2CH2CH2 4.68 >10 0.18 0.13 0.00084 0.08 0.43 0.47 0.14 

8 

(EML981) 
3 CH=CHCH2 1.68 9.3 0.089 0.43 0.0004 0.16 0.19 0.18 0.20 

9 

(EML1102) 
1 -CH2- 0.54 2.47 >40 >100 9.2 3.8 28 0.22 17 

aThe values were obtained in a radioisotope-based filter assay (Table 2.1 – 2.2). 
bObtained in AlphaLISA assay, using human recombinant PRMT9 (200 ng/L, final concentration). biotinylated substrate peptide SAP-

145 (aa 500−519) (Pepmic, custom synthesis) (final concentration, 100 nM), and SAM (50 M, final concentration) were used as 

substrate and cofactor, respectively.  
cNot available   

 

As expected, compounds 7 and 8, characterized by a three-carbon linker between the 

adenosine part and the guanidine group, showed a strong decrease in inhibitory activity on 

PRMT7 and PRMT9, compared to the IC50 values obtained on PRMT4. A similar selectivity 

profile was observed also for compound 6, featuring a two-carbon linker between the two 
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aforementioned pharmacophoric moieties.  On the other hand, compounds 1 – 3, 5 and 9 in 

which the adenosine moiety was connected to guanidine through a methylene linker, displayed 

a gain in the inhibitory activity against PRMT9. Nevertheless, even if compounds 3,5 and 9 

showed a good inhibitory activity on PRMT7 and PRMT9 (IC50 of 5.8 M, 1.3 M and 2.47 

M, respectively), similar IC50 values were observed also for other PRMTs with a consequent 

loss of selectivity. However, decreasing the linker length between the 4-hydroxy-2-naphthoate 

and the guanidine group up to a total of 3 or 4 carbon atoms yielded a gain in the inhibitory 

activity against PRMT7 and PRMT9 over other PRMTs. In particular, compound 1 was 

identified as the first-in-class dual inhibitor of PRMT7 and PRMT9 (IC50 of 0.32 M and 0.89 

M, respectively) that showed 9 to 82-fold selectivity on PRMT9 over the other human PRMTs. 

Molecular modelling studies are still in course, and the preliminary data are highlighting a 

different binding mode of compound 1 with PRMT7 and PRMT9 compared to the previous 

reported binding with PRMT4. The synthesis of a new pool of compounds, bearing suitable 

decorated naphthoate moiety, is in course to clarify and validate the predictive model.  

2.5 Conclusions  

In summary, compound EML108, a type I inhibitor identified by EMCL in 2010, was 

deconstructed into a 4-hydroxy-2-naphthoic fragment and then a step-by-step growing 

approach was applied. First, the fragment was bridged by an amide or urea group with an 

arginine mimetic or methionine moiety. The inhibitory activity of the synthesized compounds 

(derivatives I - XXVI) was evaluated on the catalytic activity of human recombinant PRMT1, 

chosen as representative of type I PRMTs, using a purpose-developed AlphaLISA assay. On 

the basis of structure–activity relationships, in this Ph. D. project we designed and synthesized 

another series of compounds (1 – 9). The last bearing, in addition to the 4-hydroxy-2-naphthoic 

fragment of EML108, the adenosine scaffold as SAM mimetic moiety and a guanidine group 
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as arginine mimic. A radioisotope-based filter-binding assay was used as a robust and effective 

screening to profile the activity of the compounds against type I PRMT1, PRMT3, PRMT4, 

PRMT6, and PRMT8, type II PRMT5, and type III PRMT7. The overall length of the 

compounds and, even more, the distance of the three pharmacophoric moieties resulted to be 

crucial for the inhibitory activity especially against PRMT4. In fact, derivative 8 featuring a 

four-carbon atom linker between the 4-hydroxy-2-naphthoate and the guanidine group and a 

three-carbon atom linker between the latter and the adenosine resulted to be the most potent 

inhibitor against PRMT4 (IC50 of 3 nM), with a 261- to 1266-fold selectivity over the other 

PRMTs and no activity was observed over 8 lysine methyltransferases. The specific and strong 

binding interaction between PRMT4 and compound 8 (KD = 75.9 nM; R = 62.5 sec) was 

confirmed also by SPR and crystallographic studies. In particular, these studies also supported 

the improvement in activity and selectivity observed for compound 8 compared to other 

compounds. Subsequently, the cell toxicity was evaluated and all tested compounds (6 – 8) did 

not reduce the number of metabolically active cells in comparison with vehicle, at all the tested 

concentrations (up to 100 M). Then, although non optimized for cell permeability, compound 

8 was able to reduce the cellular activity of PRMT4 in a concentration-dependent way in two 

different cell lines (HEK293T and MCF7, respectively) and can be a starting point for further 

development of cell active PRMT4 inhibitors. In this scenario, some well-known medicinal 

chemistry strategies such as pro-drug, molecular simplification, bioisosteric substitutions could 

be applied with the aim to mask or remove the groups responsible of the low cell permeability. 

On the other hand, based on these results and pursuing our interest in the identification of potent 

and selective PRMT inhibitors, we focused our attention also on PRMT7 and PRMT9. Firstly, 

we expand our pool of compounds and then they were screening against PRMT9 using in-house 

developed AlphaLISA assay. Even in this outlook, the distance of the three pharmacophoric 

moieties resulted to be crucial for the inhibitory activity. Compound 1 featuring a three-carbon 
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atom linker between the 4-hydroxy-2-naphthoate and the guanidine group and a methylene 

linker between the latter and the adenosine moiety resulted to be the most potent inhibitor 

against PRMT7 and PRMT9 (IC50 of 0.32 M and 0.89 M, respectively), with a 9- to 82-fold 

selectivity over the other PRMTs. In conclusion, these studies confirmed the feasibility of our 

deconstruction–reconstruction approach to achieve potency and selectivity against a specific 

PRMT isoform, leading to the identification of compound 8, as the new nanomolar PRMT4 

inhibitor, and compound 1 as the first in class dual inhibitor of PRMT7 and PRMT9. 

2.6 Chemistry  

In this section, the synthetic procedures adopted for the preparation of compounds 1 – 9 were 

described. The synthetic general route was depicted in Scheme 2.1. It was based on two key 

steps:  

I) Attachment of proper linkers, featuring a terminal amino group, on the 6-amino-

4-hydroxy-2 naphthoic scaffold; 

II) Condensation of the terminal amino group with decorated adenosine moieties.  

Scheme 2.1 General synthetic route.  
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2.6.1. Synthesis of 6-amino-4-acetoxy-2-naphthoate 10 

The 6-amino-4-acetoxy-2-naphtoate 10 was prepared in excellent yields following a 

synthetic protocol previously developed by us (Scheme 2.2).120 The first step involved in a 

Wittig reaction (compound 16) between the commercial available 4-nitrobenzaldehyde 14 and 

the carboxyphosphorane 15, followed by the microwave-assisted Friedel-Crafts-type ring 

closure to yield methyl 4-acetoxy-6-nitro-2-naphthoate 17. The nitro derivative was selectively 

reduced with zinc dust in acetic acid (AcOH) to give the amino derivative 10. 

Scheme 2.2 General synthetic scheme for the preparation of compound 10. 

 

Reagents and conditions: a) toluene, r. t., 48 h (92%); b) sodium acetate, acetic anhydride, 

120 °C (MW), 0.5 h, (95%); c) zinc dust, AcOH, r. t., 1 h (98%). 

2.6.2. Synthesis of compounds 12a – f 

 The ureido derivatives 12a – f were prepared as outlined in Scheme 2.3. The amino 

derivative 10 was activated with phenyl chloroformate to yield phenyl carbamate 18. The 

latter was reacted with the proper mono-Boc-protected alkyldiamines 11a – f, obtained by 

commercially available di-aminoalkane 19a – f, to give a mixture of acetylated and non-

acetylated derivatives 20a – f and 21a – f. The treatment with piperidine in 
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dichloromethane (DCM), followed by deprotection with trifluoroacetic acid (TFA), 

furnished derivatives 12a – f. 

Scheme 2.3 General synthetic scheme for the preparation of compounds 12a – f. 

 

Reagents and conditions: a) phenyl chloroformate, triethylamine (TEA), ethyl acetate 

(AcOEt), r. t., 12 h (70%); b) Di-tert-butyl dicarbonate (Boc2O), chloroform (CHCl3), r. 

t., 12 h (78 – 81%); c) TEA, dry N,N-dimethylformamide (DMF), r. t., 2 h; d) piperidine, 

DCM, r. t., 0.5 h; e) DCM/TFA 9:1, r. t., 12 h (80 – 85% on three steps). 

2.6.3. Synthesis of compounds 1 – 9. 

Compounds 1– 9 were prepared as outlined in Scheme 2.4. Adenosine derivatives 22 – 25 

were reacted with N,Nʹ-di-Boc-thiourea 26 in the presence of trifluoroacetic anhydride 

(TFAA) and sodium hydride (NaH), to give thioureas 13a – d. Coupling reaction with 

amino derivatives 12a – f in the presence of 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) hydrochloride as activating agent and triethylamine (TEA) as a base 

yielded derivatives 27a – f, 28 – 30 which were deprotected with TFA to obtain the target 

compounds  1 – 9. 
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Scheme 2.4 General synthetic scheme for the preparation of compounds 1– 9. 

 

 

Reagents and conditions: a) NaH (60% mineral oil), TFAA, dry tetrahydrofuran (THF), r. t., 16 h (33 – 53 %); b) EDC hydrochloride, TEA, 

DCM, r. t.  18 h (72 – 81%); c) DCM/TFA/H2O, 7:3:0.1, r. t., 2 h (74 – 80%).



69 

 

2.6.4. Synthesis of amino-adenosine derivatives 22 – 25 

Amino-adenosine derivatives 22 – 25 were obtained according to a slight modification of 

previously reported procedures, as depicted in Scheme 2.5.160,161 Key building block is the 

3’,4’-acetonide adenosine 32, synthesized from commercial available adenosine 31 and 

perchloric acid (HClO4) in acetone. Nucleophilic substitution with diphosphorylazide (DPPA) 

and sodium azide (NaN3), in presence of 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU), led to 

azide 33 which was reduced into the corresponding amino-derivative 22 by palladium-catalysed 

hydrogenation. The synthesis of compound 23 began with the one carbon homologation of 32 

via Mitsunobu reaction employing triphenylphosphine (PPh3), diethyl azodicarboxylate 

(DEAD), and acetone cyanohydrin allowed to obtain the nitrile derivative 34. The latter was 

firstly reduced to the Boc-protected amine 35, in presence of sodium borohydride (NaBH4) and 

nickel(II) chloride hexahydrate (NiCl₂·6H₂O) using methanol (MeOH) as a solvent. 

Subsequently, the protected-amine was treated with TFA in DCM to give amino-adenosine 23.  

Finally, oxidation of primary alcohol of 32 with 2-iodoxybenzoic acid (IBX) led to the in 

situ generation of the corresponding aldehyde which was directly converted into alkene 

36 via a Wittig reaction with triphenylcarbethoxymethylenephosphorane. The selective 

reduction of the ester with diisobutylaluminum hydride (DIBAL-H) yielded the alcohol 37. 

Subsequent Mitsunobu reaction allowed to straightforward insert the phthalimide group (38) 

which was then removed with hydrazine hydrate (NH2NH2 · H2O) to obtain the amino-

adenosine 24 which was in turn converted into its saturated analogue 25 by palladium-catalysed 

hydrogenation. 
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Scheme 2.5 General synthetic scheme for the preparation of amino-adenosine derivatives 22 – 25. 

 

Reagents and conditions: a) acetone, HClO4 70%, r. t., 5 h (81%); b) NaN3, DPPA, DBU, 15-crown-5, dioxane, 24 h (86%); c) H2, Pd/C 10%, 

MeOH, r. t., 16 h (99%);  d) acetone cyanohydrin, DEAD, PPh3, dry THF, 0 °C to 20 °C, 24 h, (89%); e) Boc2O, NaBH4, NiCl₂·6H₂O, dry MeOH, 

0 °C, 2 h, (80%); f) DCM/TFA 95:5, r. t., 8 h, (65%); g) IBX, CH3CH2O2CCH=P(C6H5)3, dimethyl sulfoxide (DMSO), 20 °C, 72 h (70%); h) DIBAL-

H, DCM, -78 °C, 2 h, (98%); (i) phthalimide, DEAD, PPH3, dry THF, 20° C, 16 h (70%); l) NH2NH2 · H2O, MeOH, 0 °C to 25 °C, 16 h (90%). 
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With the aim of improving my knowledge in organic chemistry, I spent seven months at the 

Institute of Organic Chemistry (University of Vienna) under the supervision of Prof. Nuno 

Maulide, wherein I was involved in the development of a new synthetic methodology defined 

as “Alkene 1,3-Functionalization”. This expertise was then applied to design new PRMTs 

inhibitors, structurally related to those described in Chapter II.  

3.1. Alkene 1,3-Funcionalization reaction 

3.1.1. Introduction  

The reaction of alkenes with acylium ions is a process that was intensely studied around the 

middle of the 20th century.162  Typically generated by the reaction of an acyl halide with a 

Lewis-acid metal salt (e.g. AlCl3), acylium ions were shown to undergo a wide range of Friedel-

Crafts-type processes with alkenes, leading to an array of possible products (Scheme 3.1). The 

attack of the double bond on the acylium ion can initially form a β-carbonyl cation XXVII, the 

most straight-forward reactions of which are α-deprotonation, generating the α, β-unsaturated 

carbonyl compound XXVIII, or direct capture by an anion (e.g. halide), affording the 

corresponding β-halo carbonyl compounds XXIX (Scheme 3.1a). However, according on 

reaction conditions, choice of Lewis acid and further, as of yet unknown, factors, these cations 

can also undergo other types of transformations, including alkyl shifts (Scheme 3.1b), 

intermolecular hydride transfers (Scheme 3.1c) and, probably most interestingly, sequential 

intramolecular 1,2-hydride shifts (Scheme 3.1d). 
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Scheme 3.1 Diverse reaction pathways of β-carbonyl cations. 

 

The possibility to harness the tendency of hydrides to shift intramolecularly in such a fashion 

that the positive charge effectively migrates away from the electron-withdrawing carbonyl 

functionality is particularly intriguing. In this context, the research work reported in Scheme 

3.2 presents interesting precedent, seeing as the formation of bridged oxocarbenium ion (XXX-

BF4) through the reaction of a range of alkenes with acylium tetrafluoroborates is reported 

(Scheme 3.2a). The initial ionic products are further transformed to the corresponding cyclic 

ethers  and, for two isolated substrates, to the diastereomerically pure γ-hydroxylated ketones, 

as depicted in Scheme 3.2b.163,164 
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A key consideration for the formation of XXX-BF4 is the nature of the counter anion 

employed; the use of an anion such as tetrafluoroborate, being virtually non-basic and non-

nucleophilic, is imperative to suppress competing reactions, such as deprotonation (leading to 

elimination) and nucleophilic capture of the cationic intermediate. 

Scheme 3.2 The reaction of cyclohexene with acylium tetrafluoroborates. 

 

The proposed mechanism involves an ene-type reaction of the acylium ion with the allylic 

system of cyclohexene, initially forming the protonated β, γ-unsaturated ketone XXXI at 

cryogenic temperatures (as observed by NMR studies). Upon warming to 0 °C, the authors 

report the transformation of XXXI-H into XXX-BF4, which is stable and isolable. This proposal 

is further underlined by the fact that XXXI can be protonated by tetrafluoroboric acid to form 

XXXI-H, which further rearranges to XXX-BF4 upon warming (Scheme 3.3). 
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Scheme 3.3 Mechanism hypothesis for the formation of XXX-BF4. 

 

3.1.2. Aim of our study  

Inspired by the aforementioned literature reports, we started to investigate the oxocarbenium 

ion, which is prone to rearrangement reactions. While the procedure described above (Scheme 

3.3) showed generally good yields of the bridged oxocarbenium species, a major drawback is 

the necessity of using non-complexed (neat) boron trifluoride and acyl fluorides, which are 

considerably less ubiquitous than acyl chlorides, for the formation of the acylium ions which, 

in addition, have to be isolated prior to addition to the alkene. With the aim to develop a more 

versatile and useful suite of reaction, our initial attempt involved the in-situ formation of 

oxocarbenium-SbF6 by treatment of benzoyl chloride with silver hexafluoroantimonate(V) 

(AgSbF6) in DCM followed by the addition of cyclohexene (Scheme 3.4). Pleasingly, 

employing the same temperature profile as reported in the literature, the yield of compound 39a 

was determined to be 75% by NMR.  

Scheme 3.4 Initial tested conditions 
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3.1.3. Optimization of reaction conditions  

In an attempt to optimize and, especially, simplify the reaction conditions, several 

parameters such as time, temperature, solvent and Lewis acid were evaluated, as outlined in 

Table 3.1. The reactions were carried out on a 0.2 mmol scale in a flame-dried Schlenk tube 

using cyclohexene as alkene, lauroyl chloride as aliphatic acyl chloride and/or benzoyl chloride 

as aromatic acyl chloride.  

Table 3.1 Optimization of the reaction conditions.  

 

Entry Solvent 
Lewis 

Acid 

Acyl 

Chlorides 
Time Solvent 40a,b(b) 39a, b(a) 

1 DCM AgSbF6 
Benzoyl 

chloride 

10 

min 
35 °C - 83% 

2 DCM AgOTf 
Benzoyl 

chloride 

30 

min 
0 °C 39% - 

3 DCM AgSbF6 
Lauroyl 

chloride 

10 

min 
0 °C 46% 52% 

4 DCM AgSbF6 
Lauroyl 

chloride 

10 

min 
25 °C 30% 62% 

5 DCM AgSbF6 
Lauroyl 

chloride 

10 

min 
35 °C 20% 70% 

6 DCE AgSbF6 
Lauroyl 

chloride 

10 

min 
35 °C 57% 23% 

7 
Difluoro 

Benzene 
AgSbF6 

Lauroyl 

chloride 

10 

min 
35 °C 58% 12% 

8 Cyclohexane AgSbF6 
Lauroyl 

chloride 

10 

min 
35 °C 32% 30% 
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9 THF AgSbF6 
Lauroyl 

chloride 

10 

min 
35 °C - - 

10 CHCl3 AgSbF6 
Lauroyl 

chloride 

10 

min 
35 °C 62% 22% 

11 DCM AgSbF6 
Lauroyl 

chloride 

30 

min 
35 °C 20% 63% 

12 DCM AgSbF6 
Lauroyl 

chloride 

60 

min 
35 °C 25% 55% 

(a)obtained by isolated product 
(b)obtained by NMR 

  

3.1.4. Results and Discussion  

Extensive optimization led to development of a “one-pot” manner reaction. The combination 

of acyl chloride, AgSbF6, DCM as solvent, and the reaction temperature at 35 °C were found 

to be the optimal reaction conditions, affording product 39 in 83% isolated yield (Table 3.1, 

entry 1). When AgSbF6 was replaced by silver triflate (AgOTf) or when aliphatic acyl chloride 

was used at lower temperature (Table 3.1, entry 2 – 3), α, β-unsaturated ketone 40 was detected. 

Moreover, any efforts to screen different solvents (Table 3.1, entry 6 – 10) resulted in the 

formation of the α, β-unsaturated ketone derivative. Notably, this result is hardly compatible 

with the reported ene-reaction mechanism (Scheme 3.3), as the presence of α, β-unsaturated 

ketone demands for the transient formation of a β-carbonyl cation. Finally, increasing the 

reaction time resulted in a slightly lower yield of desired compound 39 (Table 3.1, entry 11 – 

12 compared to entry 5).  

Then, with reliable reaction conditions in hand, we proceeded to investigate the scope of this 

reaction, initially focusing on the decorated acyl chlorides (Scheme 3.5).   
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Scheme 3.5 Alkene 1,3-Functionalization of substituted acyl chlorides: scope of reaction. 

 

Excellent yields were obtained using aromatic acyl chlorides bearing electron-neutral or 

electron-withdrawing substituents. Additionally, acyl chlorides bearing electron-rich 

substituents, such as thiophene, benzothiophene, benzodioxole and furan were all suitable, 

resulting in their corresponding products with high yields. Reactions of aliphatic acyl chlorides 

were examined, and desired products were obtained in 40 – 87% yields. As shown in Scheme 

3.5, all products were achieved as single diasteroisomers and with an extraordinary 
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regioisomeric ratio, as determined by 1H NMR analysis (for details, see reported mechanism in 

Scheme 3.8).  

Following the study of different acyl chlorides, our focus shifted to the investigation of the 

alkene compatibility (Scheme 3.6).  

Scheme 3.6 Alkene 1,3-Functionalization of alkene: scope of reaction. 

 

Linear alkene and/or cyclic alkene with different ring sizes showed good yields (40 – 86%) 

as well as the introduction of the alcohol functional group. On the basis of these auspicious 

results, we turned our attention to some more complex systems such as norborene, camphene, 

phtalimide that afforded the corresponding hydroxylation in good yield. It is noteworthy that 

camphene hydroxylation proceeds via non-classical carbocation pathway.  

This process proved to possess an excellent functional group (FG) compatibility. However, 

some limits have been found in our study. Typically, halogen in proximity of the carbonyl group 

failed to react, and no conversion was observed. Unfortunately, nitrogen containing functional 

group such as nitrile, amine, amide and sulfonamide were not tolerated as substrates.   

Subsequently, we conduced further studies with the aim to shed light on the mechanism of 

this functionalization. As depicted in Scheme 3.7 and supported by data in optimization step, 
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we give supporting evidence that our reaction is hardly compatibility with the mechanism 

involving an ene-reaction. In particular, when 4-tert-butylcyclohexene was subjected to the 

reaction conditions, four products were detected (Scheme 3.7a). The red compounds (44a,b) 

could be compatible with an ene-reaction but the blues (45a,b), are only accessible through 

additional hydride shifts. Furthermore, the reaction with 4-substituted cyclopentene showed a 

total selectivity toward hydroxylation in -position (Scheme 3.7b). 

Scheme 3.7 Hydride shift evidence. 

 

 This result hints at the involvement of an additional hydride shifts pathway. In details, our 

proposed mechanism invokes a carbocation intermediate XXXII, following the formation of 

the acylium ion and consequent reaction with the alkene, which cyclizes by means of a [1,2]-

hydride shift (intermediate XXXIII) forming the key oxocarbenium intermediate XXXIV that 

forms the desired alcohol 39 under slight basic conditions (Scheme 3.8).  
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Scheme 3.8 Our proposed mechanism. 

 

In conclusion, we have developed a new method to functionalize alkene via hydride shift 

mediate by oxocarbenium formation. This methodology is general, diastereoselective, broad in 

substrate scope, and affords the desired products in good to excellent yields. The identification 

of late-stage reactions such as further manipulations of oxocarbenium are in course.  

3.2. Design of ketone-based compounds  

3.2.1. Aim of work  

Considering the broad scope of 1,3-alkene functionalization, this approach could be used to 

achieve new versatile scaffolds in medicinal chemistry. Therefore, we decided to apply this 

methodology to our PRMT4 inhibitors (compounds 2, 6 – 8, discussed in Chapter II), in which 

the 4-hydroxy-2-naphthoic group was replaced by a sp3-rich fragment with a view to strengthen 

the intermolecular interactions with the protein target and to increase the druglikeness of 

compounds. In particular, we chose as sp3-rich fragment the 3-hydroxy-(cyclohexyl)phenyl-

methanone, yielding from cyclohexene and 4-nitro benzoyl chloride. Taking into account our 

previous studies (Chapter II), we selected our most potent PRMT4 inhibitors 6 – 8 and their 

shorter counterpart 2 to design a small pool of ketone-based compounds (46 – 49, Figure 3.1). 
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Figure 3.1 Design of ketone-based compounds. 

3.2.2. Results  

To explore the effects of this replacement we resolved to study the direct binding of 

compounds 46 – 49 on PRMT4 using an in-house optimized SPR protocol (Chapter VIII, 

Paragraph 8.3.3). As reported in Figure 3.2 and in Table 3.2, compounds 47 – 49, bearing a 

linker length between the guanidine group and the adenosine moiety of 2 or 3 carbon atoms, 

showed a very strong binding interaction with PRMT4 and confirmed a KD values in the 

nanomolar range. As shown by sensorgrams depicted in Figure 3.2 and residence time (R) 

values reported in Table 3.2, compounds 47 – 49 dissociate from the protein very slowly. On 

the other hand, compound 46 display a KD value in micromolar range and a residence time (R) 

much lower than other compounds. These results are consistent with the ones obtained with 

their 4-hydroxy-2-naphthoic counterparts. Moreover, it is noteworthy that the KD values of 

compounds 47 – 49 are 10-fold higher over its related naphthalene derivatives. This aspect is 

also supported by their residence time (R) values (105.1, 150.3 and 171.0 s for 47 – 49 

compared to 14.7, 76.9 and 62.5 s for 6 – 8).  
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Figure 3.2 Sensorgrams obtained from the SPR interaction analysis of compounds 46 - 49 

binding to immobilized PRMT4. Each compound was injected at different concentrations (from 

20 M to 0.02 M for 46 and from 20 M to 0.3 nM for 47 – 49) with an association and a 

dissociation time of 90 sec, with a flow rate of 30 L/min. The equilibrium dissociation 

constants (KD) were derived from the ratio between kinetic dissociation (koff) and association 

(kon) constants. 

Table 3.2: Affinity and kinetic parameters derived from SPR experiments. 

Compound K
D
 k

on
 (1/Ms) k

off
 (1/s) tR (s) 

46 

(EML1126) 
1605 nM 4.45×104 0.714 1.4 

47 

(EML1127) 
19.9 nM 4.78×105 0.009 105.1 

48 

(EML1128) 
9.2 nM 7.20×105 0.007 150.3 

49 

(EML1129) 
6.1 nM 9.64×105 0.006 171.0 

SAM 9.6 nM 2.90×105 0.003 333.3 
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Prompted by these results, we are planning to separate the two diastereoisomers for the best 

candidates (47 – 49) to assess the role of stereoselectivity in affinity. With this aim, future 

efforts will be focused on optimization of chromatographic method to efficiently separate the 

two diastereoisomers or on their enantioselective synthesis starting from chirally pure 3-

hydroxy-(cyclohexyl)phenyl-methanone enantiomers.  

3.2.3. Conclusions  

During my period abroad at the Institute of Organic Chemistry (University of Vienna) under 

the supervision of Prof. Nuno Maulide, I have been implicated in the development of a new 

synthetic methodology defined as 1,3-alkene functionalization. The latter was applied to 

develop of analogues of compounds 2 and 6 – 8 (Chapter II) bearing sp3-rich fragments with a 

view to strengthen the intermolecular interactions with protein target (PRMT4).  Ketone-based 

compounds 46 – 49 were prepared and their binding to PRMT4 was evaluated by SPR assay. 

The preliminary results suggested that the 4-hydroxy-2-naphthoic group could be efficiently 

replaced by a 3-hydroxy-(cyclohexyl)phenyl-methanone scaffold. In fact, compounds 47 – 49 

showed a higher affinity on PRMT4 compared their naphthalene analogues and, at the same 

time, the similar SARs were obtained as the compounds with a longer linker showed to be the 

most potent. 

3.2.4. Chemistry  

3.2.4.1. Synthesis of compounds 46 – 49  

This section describes the synthetic procedures adopted for the preparation of compounds 

46 – 49. The synthetic general route was depicted in Scheme 3.9. In analogy to previously 

described compounds, the synthesis of ketone-based compounds is based on the condensation 

between decorated adenosine moieties (13a – d) and ureidic intermediate (50), followed by a 

one-pot deprotection of all protecting groups. Following the same procedure mentioned for 
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compounds 27a – f, 28 – 30 (Chapter II, Paragraph 2.5.4, Scheme 2.4), the intermediates 

51 – 54 were obtained in excellent yield. The one-pot deprotection reaction required 24 

hours and a higher amount of TFA (50 %) and H2O (10%) compared to the previous 

reported conditions. 
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Scheme 3.9 General synthetic scheme for the preparation of compounds 46 – 49. 

 

 

Reagents and conditions: a) EDC hydrochloride, TEA, dry DCM, r. t., 48 h (65 – 80%), b) DCM/TFA/H2O (40:50:10), r. t., 24 h (70 – 80%).
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3.2.4.2. Synthesis of compound 50 

Compound 50 was prepared as outlined in Scheme 3.10. The first synthetic step involved in 

an alkene 1,3-functionalization using 4-nitrobenzoyl chloride (55) and cyclohexene (56) in 

presence of AgSbF6 that acts as a Lewis acid to form the alcohol intermediate 57. The latter 

was protected on the alcohol (58) and ketone (59) group to avoid the formation of by-products 

in the following steps, using tert-Butyldimethylsilyl chloride (TBDMSCl) and ethylene glycol, 

respectively. The nitro group on the protected intermediate 59 was selectively reduced by 

palladium-catalysed hydrogenation to amine 60 which was activated with phenyl 

chloroformate (61) and reacted with the intermediate 63, obtained by reaction of the 

aliphatic amine commercially available (62) with benzyl chloroformate. Finally, the amino-

protecting group of the ureidic compound 64 was removed by palladium-catalysed 

hydrogenation, affording compound 50 in excellent yield.   
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Scheme 3.10 General synthetic scheme for the preparation of intermediate 50. 

 

Reagents and conditions: a) AgSbF6, 35 °C , 10 min, then NaHCO3 for 10 min (63%); b) TBDMSCl, imidazole, dry DCM, r. t., 1 h (97%); c) ethylene 

glycol, boron trifluoride diethyl etherate, dry DCM,  0 °C to r. t., 12 h (99%); d) H2, Pd/C 10 %, AcOEt, r. t., 36 h (63%); e) phenylchloroformate, 

TEA, AcOEt, r. t., 12 h (80%); f) benzyl chloroformate, dry DCM, r. t., 16 h (85%); g) TEA, dry DMF, r. t., 12 h (80%); h) NH4CO2H, Pd/C 10%, 

MeOH, reflux, 2 h (99%).



90 

 

 

  



91 

 

 

 

CHAPTER IV 
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4.1. Background  

In 2016, the EMCL developed a set of pyrrole-based inhibitors toward CARM1 and 

EML660 – 699 – 701 emerged as the most active compounds.165 The pyrrolic structural motif, 

commonly found in pharmaceutical drugs and natural products, was explored as a bioisosteric 

substitution of pyrazole, an interesting scaffold used in the development of CARM1 inhibitors. 

Indeed, the first example of pyrazole-based inhibitor against CARM1 was reported by 

Purandare et al. in 2008 via high-throughput screening and compound 65 (Figure 4.1) emerged 

as the best candidate, showing an interesting in vitro activity (IC50 value of 1.8 M). 

Nevertheless, 65 and its analogues resulted completely inactive in cell due to their low 

cytopermeability.134 In 2009, several optimization efforts were performed in collaboration with 

Nerviano Medical Sciences.166,133 Extensive SAR studies of pyrazole-based compounds have 

attributed to (S)-alanine, inserted as a substituent of the phenyl ring at the N1 position of 

pyrazole, an important role in the high in vitro potency for CARM1. In fact, this warhead 

interacts with arginine substrate binding pocket and any modification are not tolerated. Then, 

several substitutions occurred on C-5 position of pyrazole ring, wherein benzyl amines were 

found to be superior to others substitution such as aniline and aliphatic amines. These studies 

led to the identification of compound 66 (Figure 4.1), which displayed a 22-fold increase in 

vitro inhibitory potency (IC50 value of 0.08 M) over hit compound 65. However, no 

satisfactory outcomes were reported to improve their cytopermeability. 

 

Figure 4.1 Identification of pyrazole-based CARM1 inhibitors: hit to lead stage.  
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 With the aim to overcome this issue and to develop a more versatile chemical scaffold for 

CARM1 inhibitors, EMCL hypothesized that the replacement of the nitrogen at position 2 of 

the pyrazole ring with a methylene could increase the lipophilicity and therefore the 

cytopermeability of the molecules. The first pyrrole-based compound (EML568) was designed 

and synthesized retaining the same key substitution pattern of pyrazole 66, used as lead 

compound. Compound EML568 (Figure 4.2) showed an IC50 value of 7.3 M, which is lower 

than the parent pyrazole derivative but supported the further evaluation of pyrrole as putative 

bioisosteric cycle of pyrazole for this class of PRMT inhibitors. 

 

Figure 4.2 Design of first pyrrole-based compound as CARM1 inhibitor.  

With the aim to increase the potency of this derivatives, substitution at C-4 position of 

pyrrole was explored and ethyl ester was identified as a good replacement for the 

trifluoromethyl group. Moreover, the (S)-alanine moiety was directly attached on the N-phenyl 

pyrrole substituent, leading to the identification of EML660 as the best pyrrole-based 

candidate, showing an increased in vitro inhibitory potency (IC50 value of 3.68 M) over parent 

compound EML568 (Figure 4.3). Subsequently, computational studies (Prof. Giuseppe 

Bifulco, DIFARMA, University of Salerno) were performed to further improve potency and, at 

the same time, to increase lipophilicity to promote cell permeability. These efforts enabled the 

identification of EML699 and EML701 compounds (Figure 4.3), which showed an increase in 

inhibitory activity against CARM1 compared to EML660 but all synthesized compounds did 
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not evidence a significant cellular activity, mainly also due to their low cellular permeability, 

in analogy to pyrazole-based compounds.  

 

Figure 4.3 Development of most promising pyrrole-based compounds as CARM1 inhibitors.  

4.2. Aim of work 

As no further manipulations of the molecules could be done without negatively affect the 

activity, in this Ph. D project, we have considered to design the pro-drug of our pyrrole-based 

compounds 67 – 72, depicted in Figure 4.4. 

 

Figure 4.4 Development of pro-drug compounds. 

In our pro-drug design, we resolved to mask the primary amino group of alanine to increase 

the lipophilicity of compounds and promote their cell permeability. As carrier moieties, we 

selected the colored portions depicted in Figure 4.4. In particular, pro-drug system is 

characterized by a trigger group named “trimethyl lock” bearing quinone propionic acid 

(Q3PA). In response to oxide-reduction cellular mechanism, mediated by NAD(P)H-depended 
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enzymes, Q3PA undergo intramolecular cyclization to form lactone leading to the rapid release 

of chemical moiety. The attack of the chemical moiety on the trigger group can be direct or 

mediated by a linker (Figure 4.5). In this case, intramolecular cyclization is followed by self-

immolative 1,6-elimination reaction.167 

 

Figure 4.5 Metabolic pathway to generate bioactive molecule from the pro-drug. 

4.3. Results 

The inhibitory activity of designed and synthesized pro-drug 67 – 72 was directly evaluated 

in cellular context, in collaboration with Prof. Mark T. Bedford (Chapter VIII, Paragraph 8.3.6). 

In particular, the effect of pro-drug on cellular methylation of Nuclear Factor 1 B-type (NFIB-

Me), one of the reported PRMT4 substrates, was investigated. Pro-drug 67 – 72 were profiled 

in two different cell lines HEK293T and Hela, respectively. The cells were incubated for 24, 

48 and 72 h with compounds 67 – 72 (at 10, 20 and 50 M) or with compound TP-064 (10 

M), used as positive control. Unfortunately, no significant inhibitory activity for all tested 

compounds was observed. 
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4.4. Conclusions 

In this approach, we investigated the pro-drug strategy applied to promising pyrrole-based 

compounds previously identified as PRMT inhibitors. Indeed, despite their interesting in vitro 

activity, these compounds resulted completely inactive in cells, mainly due to their low cellular 

permeability. The pro-drug strategy has been used to mask the primary amino group of alanine 

to promote their cell permeability. A small pool of pro-drug compounds was synthesized, and 

their cellular activity was evaluated. Unfortunately, none of the prepared compounds showed 

an interesting activity in cellular context. This unsuccessful result prompted us to not further 

investigate on this pyrrolic scaffold. This choice was also strengthened by the decision of 

Nerviano Medical Science to give up with pyrazole-based compounds as CARM1 inhibitors. 

As a matter of fact, no new compounds bearing to this class have been released in the last 10 

years. 
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4.5. Chemistry  

This section describes the synthetic procedures adopted for the preparation of pyrrole-based 

pro-drug 67 – 72.  The synthetic general route is depicted in Scheme 4.1. It is based on the 

synthesis of chemical moieties 73 – 75, which were condensed with a trigger group 76 or its 

correspondent 77 bearing a self-immolative linker leading to the formation of target 

compounds. 

Scheme 4.1 General synthetic route.  

 

4.5.1. Synthesis of compounds 73 – 75 

Compounds 73 – 75 were prepared as outlined in Scheme 4.2. The first step involved a Van-

Leusen type reaction for smoothly obtaining the pyrrole scaffold 80, using tosylmethyl-
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isocyanide (78, TOSMIC) and ethyl acrylate (79). Friedel-Crafts acylation with trichloroacetyl 

chloride (81), followed by nucleophilic substitution with benzylamines 82 – 84 provided the 

easily functionalization at the C-2 position of intermediate 81, obtaining compounds 85 – 87. 

N-Aryl compounds 88 – 90 were prepared under Ullman-type conditions under microwave 

irradiation. Subsequently, reduction of nitro group using zinc dust in AcOH (91 – 93), followed 

by coupling reaction with N-(tert-Butoxycarbonyl)-L-alanine (L-Boc-Ala-OH) provided Boc-

protected compounds 94 – 96.  Deprotection with TFA in DCM yielded target compounds 73 

– 75.  

Scheme 4.2 General synthetic scheme for the preparation of compounds 73 – 75.  

 

Reagents and conditions: a) NaH (60% mineral oil), dry DMF, dry THF, 5 h (88%); b) 

trichloroacetyl chloride, dry DCM, 80 °C, 18 h (50%); c) TEA, DCE, 80 °C, 5 h (80 – 

85%); d) 1-bromo-3-nitrobenzene, copper(I) iodide (CuI), N,N’- 

dimethylethylenediamine, potassium phosphate (K3PO4), dry dioxane, 130 °C (MW), 0.5 

h (79 – 83%); e) zinc dust, AcOH, r. t. 1 h (99%); (f) Boc-L-Ala-OH, EDC hydrochloride, 

hydroxybenzotriazole (HOBt), N-methylmorpholine, dry DMF, r. t., 18 h (78 – 86%);  (g) 

DCM/TFA (9:1), r. t., 0.5 h (99%). 
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4.5.1.1. Synthesis of benzylamines 83, 84 

The benzylamines 83, 84 were prepared using the procedure depicted in Scheme 4.3. Briefly, 

the phosphonate 98, obtained by diphenylchlorophosphine 97 and TFA, underwent   Wittig-

Horner reaction with proper aldehydes to yield cyano derivatives 99 and 100.   Reductions of 

cyano group and carbon-carbon double bond afforded the desired amino intermediates 83 and 

84.    

Scheme 4.3 General synthetic scheme for the preparation of benzylamines 83, 84.  

 

Reagents and conditions: a) TFA, H2O, 0 to 100 °C, 3 h (55%); b) 3-formylbenzonitrile and 2-

formylbenzonitrile, Tetra-n-butylammonium fluoride (TBAF 1M in THF solution), dry THF, 

r. t., 2 h (35 – 70%); c) Sulfuric acid (H2SO4), H2 Pd/C 10%, EtOH, r. t., 24 h (97 – 99%). 

4.5.2. Synthesis of compound 76 

The trigger group 76 was prepared as outlined in Scheme 4.4, according to reported 

procedure.167 The reaction between 2,3,5- trimethylbenzene-1,4-diol (101) and 3-methylbut-2-

enoic acid in the presence of methanesulfonic acid provided 102, which was further treated with 

N-Bromosuccinimide (NBS) to afford 76. 

Scheme 4.4 General synthetic scheme for the preparation of compound 76. 
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Reagents and conditions: a) 3-methylbut-2-enoic acid, methanesulfonic acid, 85 °C, 3 h (80%); 

(b) NBS, ACN, 1 h (99%). 

4.5.3. Synthesis of compound 77 

The synthesis of compound 77 is depicted in Scheme 4.5. The esterification of benzoic acid 

103 led to formation of compound 104, which was converted into the amino derivate 105 via 

palladium-catalysed hydrogenation. Then, the aniline was monomethylated using iodomethane 

and potassium carbonate (K2CO3) in dry ACN (106). The reduction of ester with lithium 

aluminium hydride (LiAlH4) afforded alcohol 107, which was protected (108) using 

TBDMSCl. Condensation of 108 and trigger group 76, followed by deprotection using TBAF, 

provided compound 77. 

Scheme 4.5 General synthetic scheme for the preparation of compound 77. 

 

Reagents and conditions: a) H2SO4, MeOH, reflux, 18 h (99%); b) NH4HCO2, Pd/C 10%, 

MeOH, reflux, 1 h (99%); c) iodomethane, K2CO3, dry ACN, 80 °C, 3 h (49%); d) LiAlH4, dry 

THF, 0 °C to 25 °C, 18 h (97%); e) TBDMSCl, imidazole, DCM, r. t., 1 h (90%); f) N-

methylmorpholine, isobutyl chloroformate, dry DCM, -78 °C, 5 h; g) TBAF 1M in THF, r. t., 

1 h (90%). 



102 

 

4.5.4. Synthesis of compounds 67 – 72 

The target compounds 67 – 72 were prepared as outlined in Scheme 4.6. Compounds 67 – 

69 were prepared by condensation of 73 – 75 with carboxylic acid 76 using a mixture of EDC 

hydrochloride and HOBt as coupling agents. Compounds 73 – 75 were linked to 77 using 

triphosgene and carbamate bond formation furnished target compounds 70 – 72
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Scheme 4.6 General synthetic scheme for the preparation of compounds 67 – 72. 

 

Reagents and conditions: a) EDC hydrochloride, HOBT, N-methylmorpholine, dry DMF, r. t., 

18 h (80 – 88%); b) triphosgene, 4-dimethylaminopiridine (DMAP), dry DCM, 0 °C to 25 °C, 

6 h; c) TEA, dry DMF, 0 °C to 25 °C, 18 h (68 – 74% on two steps). 
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CHAPTER V 

Proteolysis-targeting chimera: PROTAC TM 
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5.1. PROTAC approach  

Over the past few years, an emerging strategy to inhibit proteins activity is their selective 

induced-degradation using Proteolysis Targeting Chimeras (PROTACsTM) compounds. 

PROTACsTM are heterobifunctional molecules that hijack the target protein to ubiquitin-

proteasome machinery (UPS) for their selective degradation. Structurally, a PROTACTM 

compound includes a ligand for the protein of interest (POI) and a ligand for the E3 ubiquitin 

ligase connected by a linker. In this way, these heterobifunctional molecules are able to bridge 

the target protein and an E3 ubiquitin ligase. The latter binds to an E2 enzyme, promoting the 

polyubiquitination of the protein. The polyubiquitinated target is recognized as a substrate by 

the proteasome and is consequently degraded. As the PROTACTM remains unmodified, it can 

initiate a new degradation event, working in a catalytic manner (Figure 5.1).168,169 

 

Figure 5.1 Schematic mechanism of PROTACsTM.170 
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This approach can offer several advantages to inactivate a target protein compared to 

traditional approaches such as small-molecules inhibition. As mentioned, the PROTACsTM 

mechanism of action is catalytic and therefore, their concentrations result much lower than 

classical small-molecules, avoiding off-target effects due to high doses. In addition, 

PROTACsTM can recruit protein target via any binding site, changing the target from 

"undruggable” to “druggable”. In addition, it is necessary to have selective modulators to 

achieve important therapeutic benefits. Considering the high structural similarity and sequence 

identity among protein isoforms, this is often a difficult aim to fulfil. PROTACTM approach has 

been revealed to be helpful in achieving isoform selectivity,171 taking advantage from the 

stability of each ternary complex (Protein-PROTACTM-E3 ligase) that can positively or 

negatively affect degradation outcomes. On the other hand, PROTACsTM have several limits 

due to their structure, physicochemical properties, and their mode of action. Considering the 

high molecular size and the structure complexity, the synthetic procedures as well as the 

purification steps are quite difficult. Moreover, the correct attachment point of linker on the 

ligand should be assessed to not alter the binding with protein target. In addition, the nature and 

length of linkers should be carefully examinate in order to bring the protein target in close 

proximity to E3 ligase, avoiding steric repulsive effects. Furthermore, the linker could be 

representing an easier target for metabolic enzymes, reducing or inactivating the PROTACTM 

itself. The formation of a stable ternary complex (Protein – PROTACTM – E3 ligase) instead of 

a binary system (Protein – PROTACTM or PROTACTM – E3 ligase) is necessary to start a 

degradation event. High concentrations of PROTAC can promote the binary system occurring 

in the so called, “Hook effect”. Finally, the rate of protein degradation should be faster than the 

de novo resynthesis.   

Despite the complexity of PROTACTM technology, numerous small-molecule degraders for 

several protein targets have been successfully developed in the last twenty years. However, a 
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very few small-molecule degraders of histone methyltransferases have been reported to 

date.172,173 

Among these, the only example of VHL (Von Hippel Lindau)-based PRMT5 PROTACsTM 

was reported in 2020.173 This compound (MS4322, Figure 5.2) which features VHL ligand as 

E3 recruiter, EPZ015666 as warhead, and a PEG4 as a linker, is highly selective against 

PRMT5 reducing the sDMA level in MCF-7 cells in a concentration-, time-, PRMT5-, VHL-, 

and proteasome-dependent manner. Furthermore, MS4322 can strongly reduce PRMT5 protein 

levels in cancer lines such as Hela, A549, A172, and Jurkat cells and inhibit the proliferation 

of these cells. 

 

Figure 5.2 First-in-Class Protein Arginine Methyltransferase 5 (PRMT5) Degrader. 

5.2. Aim of work 

In this Ph. D. project, a small pool of PROTACsTM of type I PRMTs was designed and 

synthesized. MS023 (for details, see Chapter I Introduction), a reported unselective ligand for 

PRMTs of class I, is chosen as protein binder with a view to improve its selectivity toward 

specific PRMT isoforms. To define the putative proper connection position, the crystal structure 

of MS023 was exploited (Figure 5.3).124 
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Figure 5.3 Crystal Structure of Human HMT1 hnRNP methyltransferase-like protein 6 in 

complex with MS023 (PDB 5E8R). 

Isopropoxy group on phenyl ring is solvent exposed and it seems to be not involved in 

important interactions with the protein. Therefore, this position was identified as linker-

attachment point and functionalized with an alkyl group for proper linker connection. As 

mentioned, the nature and length of linkers result a critical aspect in PROTACsTM design. 

Polyethylene glycol (PEG) of different lengths were selected (L1-L3). A thalidomide derivative 

was used as E3 ligase Cereblon (CRBN) ligand and a proline-based compound as von Hippel–

Lindau (VHL) ligand. The combination of these components yielded a collection of compounds 

(109a – c and 110a – c) as depicted in Figure 5.4. 
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Figure 5.4 Combination of components for PROTACsTM design. 

5.3. Results 

The ability of PROTACsTM  109a – c and 110a – c to induce degradation of PRMTs was 

evaluated in collaboration with Prof. Mark T. Bedford (Chapter VIII, Paragraph 8.3.6). 

Compounds were profiled in HEK293T and Hela cells. The latter were treated for 1, 3 and 5 

days with compounds at concentration of 10 μM and then the lysates were immunoblotted with 

PRMT1, PRMT4 and PRMT6 specific antibodies. Unfortunately, no significant reduction in 

protein levels for all the compounds tested was observed.  

5.4. Conclusions  

In this approach, we reported the design and synthesis of a new pool of type I PRMTs 

PROTACTM compounds. MS023, a selective type I PRMTs inhibitor, was chosen as protein 

binder and connected to E3 ligase (VHL and CRBN) ligands by PEG linkers of different length. 

Their ability to induce protein degradation was evaluated in cellular context. Unfortunately, no 

protein degradation was observed. Although negative, these results should be analysed in the 
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complexity of PROTACsTM field. Indeed, the inactivity of PROTACsTM compounds is not 

unusual, considering that several aspects can influence their activity. Also, for our compounds 

the length and the nature of the linkers could be not suitable for the proper engagement of target 

protein and E3 ligase and can be optimized. To better investigate this aspect, a new pool of 

compounds bearing different linkers with aromatic or aliphatic nature could be synthesized. 

Moreover, other aspects will be evaluated. For example, to verify the formation of the binary 

complex between PROTACsTM and protein target, we have planned SPR assays. In fact, it is 

quite common that the presence of linkers and/or E3 ligase ligands could alter the interactions 

with proteins. After the evaluation of these aspects, the ability of PROTACsTM to promote the 

formation of a stable ternary complex will be resolved using SPR and/or MicroScale 

Thermophoresis (MST) assays.174,175 Furthermore, we can also speculate that the complex 

structure of compounds could negatively affect the cellular permeability, which might be 

improved using electroporation. 

5.5. Chemistry 

5.5.1. Synthesis of compounds 109a – c and 110a – c 

This section describes the synthetic procedures adopted for the preparation of PROTACsTM 

109a – c and 110a – c.  The synthetic general route is depicted in Scheme 5.1. Final compounds 

were obtained via peptide coupling between the carboxylic function of proper linkers attached 

on protein binders (111a – c) and the primary amino group of VHL (112) or CRBN ligand 

(113), giving compounds 114a – c and 115a – c, respectively. The coupling reaction was 

performed using COMU as activating reagent, N,N-diisopropylethylamine (DIPEA) as a base 

in anhydrous DMF. Finally, deprotection in acidic conditions affords the target compounds 

109a – c and 110a – c. 
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VHL ligand (112) and CRBN ligand (113) were prepared according to literature.176 Linkers and 

the functionalized protein binder  (111a – c) were prepared as described in the following 

sections.  

Scheme 5.1 General synthetic scheme for the preparation of PROTAC compounds 109a – c 

and 110a – c. 

 

Reagents and conditions: a) COMU, DIPEA, dry DMF, r. t., 4 – 5 h (20 – 50%); b) DCM/TFA 

9:1, r. t., 6 h (95 – 96%). 

5.5.2. Synthesis of functionalized protein binders 111a – c 

The attachment of linkers on protein binder 116 was performed as outlined in Scheme 5.2. 

The phenolic portion of 116 was anchored on proper linker 117a – c thought nucleophilic 
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substitution to give compounds 118a – c. Selective Tetrakis(triphenylphosphine)palladium(0)-

catalysed ester hydrolysis, using pyrrolidine as an allyl trap, afforded the intermediates 111a – 

c. 

Scheme 5.2 General synthetic scheme for the preparation of compounds 111a – c.  

 

Reagents and conditions: a) K2CO3, dry DMF, 80 °C, 18 h (45 – 60%); b) TETRAKIS, PPh3, 

pyrrolidine, dry DCM, r. t., 15 min (90 – 99%). 

5.5.3. Synthesis of compound 116 

 Compound 116 was synthesized according to a slight modification of previously reported 

procedure (Scheme 5.3).124 The first step involved in a benzylation of 4-hydroxy benzaldehyde 

119 using benzyl bromide in DMF to give 120 which undergoes Wittig reaction with ethyl 2-

(diethoxyphosphoryl)acetate. The obtained alkene 121 was involved in a Van-Leusen type 

reaction to yield the pyrrole scaffold 122. The ester group at C3 position was reduced to alcohol 

123 which was subsequently oxidated to aldehyde (124) using Dess-Martin periodinane in 

anhydrous DCM. Reductive amination between aldehyde 124 and the commercially available 

tert-butyl (2-(methylamino)ethyl)carbamate afforded compound 125, using sodium 

triacetoxyborohydride (NaBH(OAc)3) as reducing agent. Finally, O-debenzylation, catalysed 

by palladium on carbon, furnished compound 116. 
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Scheme 5.3 General synthetic scheme for the preparation of compound 116.  

 

Reagents and conditions: a) Benzyl bromide, K2CO3, DMF, r. t., 18 h (97%); b) ethyl 2-

(diethoxyphosphoryl)acetate, KOH, THF, r. t., 4 h (82%); c) TOSMIC, NaH (60% mineral oil), 

DMF/THF, 0 °C to 25 °C, 4 h (75%); d) DIBAL-H, dry DCM, −78 °C, (60%); e) Dess-Martin, 

dry DCM, 2 h (90%); f) tert-butyl (2-(methylamino)ethyl)carbamate, NaBH(OAc)3, dry DCM, 

18 h (94%); g) H2, Pd/C 10%, MeOH, r. t., 2 h (99%). 

5.5.4. Synthesis of linkers 117a – c. 

Linkers 117a – c were prepared as outlined in Scheme 5.4.  The commercially available 

glycols 126a – c reacted with tert-butyl 2-bromoacetate in presence of NaH to give the 

intermediates 127a – c. The latter were activated for the subsequent nucleophilic substitutions 

using tosyl chloride (TsCl) and TEA in anhydrous DCM affording the tosylated intermediates 

128a – c. Subsequently, the tert-butyl esters were hydrolysed to carboxylic acid 129a – c and 

treated with allyl iodide and cesium carbonate (Cs2CO3) to obtain the allyl esters 117a – c.  
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Scheme 5.4 General synthetic scheme for the preparation of linkers 117a – c. 

 

Reagents and conditions: a) tert-butyl 2-bromoacetate, NaH (60% mineral oil), dry DMF, r. t., 

18 h (68 – 71%); b) TsCl, TEA, dry DCM, r. t., 18 h (60 – 66%); c) DCM/TFA 9:1, r. t., 2 h 

(99%); d) allyl iodide, Cs2CO3, dry DMF, r. t., 3 h (97 – 99%).
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Scaffold Replacement Approach 
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6.1. Aim of work 

Another class of designed compounds is based on scaffold replacement approach. The latter 

refers to a type of replacement where the central core (scaffold) of a template-chemical structure 

is replaced by another chemical moiety, maintaining some of essential features. Generally, this 

replacement aims to improve the ADMET (absorption, distribution, metabolism, excretion, and 

toxicity) profile as well as potency or selectivity toward the target protein. We postulated that 

this approach could be helpful to achieve a gain in selectivity toward PRMTs isoform. In fact, 

as highlighted in our PRMT4 inhibitors (Chapter II), even minor modifications in the structure 

of PRMTs inhibitors might offer enhanced potency and remarkable improvement for the 

selectivity. Thus, we applied this well-acknowledged strategy to hit compound EPZ007345 

(Figure 6.1). Its optimization led to the identification of  EPZ015666, a selective inhibitor of 

PRMT5 with a high potency (for details, see Chapter I). 143 Extensive SARs and structural 

studies on this class of derivatives accredited the role of the tetrahydroisoquinoline (THIQ) 

scaffold in the high binding affinity and selectivity for PRMT5. In fact, the THIQ core 

establishes a π-π stacking interaction with Phe327, an amino acid residue that has a key role in 

directing symmetric arginine methylation.177 Moreover, the tertiary nitrogen of the THIQ ring 

system established a water-mediated interaction with Glu435, an important residue thought to 

be important for enzyme catalysis. On the other hand, the decorated phenyl ring of the hit 

compound EPZ007345, and especially the pyrimidine moiety of the lead compound 

EPZ015666 are poised for π−π stacking interactions with two aromatic amino acid, likely 

contributing to their high inhibitory potency.  

 

Figure 6.1 Hit-to-lead stage.  
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Based on these considerations, a small set of compounds (130a,b, 131a, b and 132a,b) was 

designed in which the THIQ core is replaced with the methyl 4-hydroxy-2-naphthoate moiety 

(Figure 6.2), previously identified as privileged scaffold for inhibition of PRMTs of type I (see 

Chapter II).  This replacement could result in higher activity toward arginine methyltransferases 

of type I. The methyl 4-hydroxy-2-naphthoate scaffold was linked to the 

hydroxyaminopropanol central portion by a urea moiety and the terminal phenyl ring was 

decorated with three different ammines bearing cyclopropyl, oxetane and cyclopentyl groups.  

 

Figure 6.2 Design of compounds using a scaffold replacement approach.  

6.2. Results 

The binding of compounds 130a,b, 131a,b and 132a,b with PRMT4, a type I 

methyltransferases, was determined by our optimized SPR protocol (Chapter VIII, Paragraph 

8.3.3). Equilibrium dissociation constant (KD) values were derived from the ratio between the 

kinetic dissociation (koff) and association (kon) constants, obtaining the results reported in the 

Figure 6.3. Compounds 130a,b and 132a,b bearing a cyclopropyl and cyclopentyl amine 

respectively, were shown to weakly interact with the immobilized CARM1, with KD values in 

the micromolar range. Moreover, the deacetylated compounds displayed a slightly higher 

affinity compared to their acetylated analogues. On the other hand, no interaction was observed 
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for compounds 131a,b. We can speculate that the presence of oxetanamine as substituent on 

the phenyl moiety had a deleterious effect, resulting in total lack of affinity with the protein 

target.  

 

Figure 6.3 Sensorgrams obtained from the SPR interaction analysis of compounds 130a,b and 

132a,b binding to immobilized PRMT4. Each compound was injected at different 

concentrations (from 100 M to 0.098 M) with an association and a dissociation time of 90 

and 180 sec, with a flow rate of 30 L/min. The equilibrium dissociation constants (KD) were 

derived from the ratio between kinetic dissociation (koff) and association (kon) constants. 

6.3. Conclusions  

In this approach, the tetrahydroisoquinoline core of the hit compound EPZ007345, a 

reported PRMT5 inhibitor, was replaced by our validated amino hydroxynaphtoic scaffold, in 

order to obtain new putative type I PRMTs inhibitors. We designed and synthesized a small 

pool of compounds bearing the aforementioned scaffold which was connected with 2-

hydroxyaminopropanol linker to a phenyl ring, which was characterized by three different 
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amine groups. With the aim to validate our initial hypothesis, we resolved to study the direct 

binding of compounds with CARM1 using an in-house optimized SPR protocol. Compounds 

130a,b and 132a,b displayed a modest affinity with the protein target with KD values in the 

micromolar range. These outcomes showed wide margins for improvement, considering the 

designed compounds as a starting point for further evaluation and optimization. In fact, the 

introduction of our amino hydroxy naphthoic scaffold, allowed us to obtain a discrete binding 

with a PRMT of class I (PRMT4). The next step will be to evaluate different substitutions on 

the aromatic ring in order to confidently improve the interactions with protein target, similar to 

the study reported for the starting derivatives (EPZ007345 and EPZ015666).  
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6.4. Chemistry 

This section describes the synthetic procedures adopted for the preparation of compounds 

130a,b, 131a,b and 132a,b. The synthetic general route was depicted in Scheme 6.1. It was 

based on the preparation of aminopropanol intermediates (133 – 135) that were condensed with 

the activated naphthoic scaffold 18 (for the synthesis, see Chapter II), to give the target 

compounds.  

Scheme 6.1 General synthetic route 

 

 

6.4.1. Synthesis of compounds 133 – 135 

The aminopropanol intermediates 133 – 135 were prepared as outlined in Scheme 6.2. The 

first synthetic step involved in the introduction of the epoxy function on the phenolic core 

through the reaction of 3-hydroxybenzaldehyde 136 with glycidol tosylate 137 in the presence 

of K2CO3. The obtained aldehyde 138 was reduced to alcohol 139 using NaBH4 in dry MeOH. 

Appel-type reaction was used to convert the resulting benzyl alcohol into bromide 140 by 

reaction with NBS and triphenyl phosphine. Nucleophilic substitution reaction between benzyl 
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bromide 140 and the amines 141 – 143 furnished derivatives 144 – 146. Finally, the 

aminoalcohols 133 – 135 were obtained in quantitative yields by opening the epoxy ring in the 

presence of ammonium hydroxide (NH4OH). 

Scheme 6.2 General synthetic scheme for the preparation of intermediates 133 – 135. 

 

Reagents and conditions: a) K2CO3, dry ACN, reflux, 3 h (95%); b) NaBH4, dry MeOH, r. t., 

30 min (77%); c) NBS, PPh3, THF, 0 °C, 0.5 h (42%); d) NaH (60% mineral oil), dry DMF, r. 

t., 2 h (60 – 89%); e) NH4OH 33%, MeOH, 0 °C, r. t., 18 h (99%). 

6.4.1.1. Synthesis of compound 137 

Compound 137, not commercially available, was prepared by treatment of glycidol 147 with 

TsCl in the presence of TEA and DMAP (Scheme 6.3). 

Scheme 6.3 General synthetic scheme for the preparation of intermediate 137. 

 

Reagents and conditions: a) TsCl, TEA, DMAP, dry DCM, 0 to 25 °C, 18 h (74%).  
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6.4.1.2. Synthesis of compounds 141 – 143 

The amines 141 – 143 were obtained by reaction with di-tert-butylcarbonate (Boc2O) in dry 

DCM, starting from the corresponding aliphatic amines commercially available (148 – 150), as 

outlined in the Scheme 6.4. 

Scheme 6.4 General synthetic scheme for the preparation of intermediates 141 – 143 

 

Reagents and conditions: a) Boc2O, dry DCM, r. t., 16 h (90 – 98%). 

6.4.2. Synthesis of compounds 130a,b, 131a, b and 132a, b 

The target compounds 130a, b, 131a, b and 132a, b were prepared as outlined in Scheme 

6.5. The first synthetic step involved a condensation between aminopropanol intermediates 133 

– 135 and naphthoic compound 18 (see Chapter II) in the presence of TEA in dry DMF, 

obtaining a mixture of acetylated and non-acetylated products (compounds 151a – 153a and 

151b – 153b, respectively). The acetylated and non-acetylated compounds were then easily 

separated by direct phase chromatography in order to deprotect them separately. Finally, the 

target compounds (130a,b, 131a,b and 132a,b) were obtained by removal of the Boc-protecting 

group in presence of TFA and DCM. 
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Scheme 6.5 General synthetic scheme for the preparation of compounds 130a,b, 131a,b and 132a,b.  

 

 

Reagents and conditions: a) TEA, dry DMF, r. t., 2 h (31 – 63%); (b) DCM/TFA 95:5, r. t., 2 h (52 – 74%).
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CHAPTER VII 

Conclusions 
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This Ph. D. project reported the design, synthesis and in vitro evaluation of new inhibitors 

of PRMTs. Despite the excellent progress made in the PRMT field to underscore the therapeutic 

and pharmacological potential of targeting PRMTs, selective inhibitors are still in high demand.  

To this aim, different medicinal chemistry approaches were applied to obtain different classes 

of compounds.  The main strategy exploited a deconstruction–reconstruction and fragment 

growing approach, starting from naphtalene-based type I PRMT inhibitors, previously 

identified by us. These ligands were deconstructed into a 4-hydroxy-2-naphthoic fragment 

which was firstly bridged to an arginine mimetic group and then to an adenosine scaffold. An 

intensive synthetic optimization process allowed to obtain a series of compounds, with different 

linker length between the three aforementioned groups. A radioisotope-based filter-binding 

assay was used to profile the activity of these compounds against a panel of PRMTs, identifying 

the EML981 as the best candidate with a nanomolar activity toward PRMT4 (IC50 of 3 nM). 

Crystallographic and SPR studies confirmed a specific and strong binding interaction between 

PRMT4 and EML981 with a KD values in the nanomolar range (KD = of 75.9 nM; tR = 62.5 

sec). In addition, EML981 was able to modestly reduce the cellular activity of PRMT4 in a 

concentration-dependent way, offering a good starting point for further development of cell 

active PRMT4 inhibitors. Subsequently, based on a careful review of the results obtained, the 

attention was focused on PRMT7 and PRMT9 identifying the lower homologous EML734 of 

EML981 as the first in class dual inhibitor of PRMT7 and PRMT9 with an IC50 of 0.32 M 

and 0.89 M, respectively. At the University of Vienna, under the supervision of Prof. Nuno 

Maulide, a new synthetic methodology defined as Alkene 1,3-Functionalization has been 

developed. This general, diastereoselective and broad in substrate scope procedure was applied 

to selected naphthalene compounds by developing ketone-based analogues bearing sp3-rich 

fragments with a view to strengthen the intermolecular interactions with protein target. In fact, 

ketone-based compounds showed a higher affinity on PRMT4 compared to their naphthalene 
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analogues, suggesting that the 4-hydroxy-2-naphthoic group could be efficiently replaced by a 

3-hydroxy-(cyclohexyl)phenyl-methanone scaffold. Concurrently, three side approaches were 

investigated. The pro-drug strategy was applied to promising pyrrole-based lead compounds 

previously identified by us. Indeed, despite their interesting in vitro activity, these compounds 

did not evidence a great activity in cells, mainly due to their low cellular permeability. The pro-

drug strategy has been used to mask the primary amino group of alanine to increase their 

lipophilicity and promote their cell permeability. Therefore, in order to verify the efficacy of 

our approach, the cellular activity of the new small collection of pro-drug derivatives was 

evaluated. Unfortunately, none of the prepared compounds showed an interesting activity in 

cells. The second approach involved the design and synthesis of new putative PROTACsTM 

(PROteolysis TArgeting Chimeras). These hetero-bifunctional molecules are able to hijack the 

target protein to ubiquitin-proteasome machinery for its selective degradation. Structurally, 

these compounds include a high affinity ligand for PRMTs (MS023) and two different E3 ligase 

(CRBN and VHL) ligands connected by different linkers. The combination of these components 

yielded a collection of compounds. Unfortunately, we observed no degradation on target 

proteins. These results need to be considered in the perspective of both the complexity of 

protein-induced degradation mechanism and the multifaceted aspects involved in the 

PROTACs design. In the third approach, the tetrahydroisoquinoline core of the hit compound 

EPZ007345, a reported PRMT5 inhibitor, was replaced by our validated amino 

hydroxynaphtoic scaffold, in order to obtain new putative type I PRMTs inhibitors. SPR studies 

were performed to evaluate the binding to the target protein (PRMT4), showing a good 

interaction with the immobilized PRMT4, with KD values in the micromolar range. These 

outcomes showed wide margins for improvement, considering the designed compounds as a 

starting point for further evaluation and optimization.  
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8.1. General Information 

All chemicals were purchased from Sigma-Aldrich Srl (Milan, Italy) or from Fluorochem 

Ltd. (Hadfield, UK) and were of the highest purity. All solvents were of reagent grade and, 

when necessary, were purified and dried by standard methods. All reactions requiring 

anhydrous conditions were conducted under a positive atmosphere of nitrogen in oven-dried 

glassware. Standard syringe techniques were used for anhydrous addition of liquids. Reactions 

were routinely monitored by thin-layer chromatography (TLC) performed on aluminum-backed 

silica gel plates (Merck DC, Alufolien Kieselgel 60 F254) with spots visualized by UV light (λ 

= 254, 365 nm) or using a KMnO4 alkaline solution. Solvents were removed using a rotary 

evaporator operating at a reduced pressure of ∼10 Torr. Organic solutions were dried over 

anhydrous Na2SO4. Chromatographic purification was done on an automated flash 

chromatography system (Isolera Dalton 2000, Biotage) using cartridges packed with KP-SIL, 

60 Å (40−63 μm particle size). All microwave-assisted reactions were conducted in a CEM 

Discover SP microwave synthesizer equipped with vertically focused IR temperature sensor. 

Analytical high performance liquid chromatography (HPLC) was performed on a Shimadzu 

SPD 20A UV/VIS detector (= 220 and 254 nm) using C-18 column Phenomenex Synergi 

Fusion - RP 80A (75× 4.60 mm; 4 m) at 25 °C using a mobile phase A (water + 0.1% TFA) 

and B (ACN + 0.1% TFA) at a flow rate of 1 mL/min Preparative HPLC was performed using 

a Shimadzu Prominence LC-20AP with the UV detector set to 220 nm and 254 nm. Samples 

were inJected onto a Phenomenex Synergi Fusion–RP 80A (150 × 21 mm; 4 mm) C-18 column 

at room temperature. Mobile phases of A (water + 0.1% TFA) and B (ACN + 0.1% TFA) were 

used with a flow rate of 20 mL/min. 

1H spectra were recorded at 400 MHz on a Bruker Ascend 400 spectrometer while 13C NMR 

spectra were obtained by distortionless enhancement by polarization transfer quater-nary 
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(DEPTQ) spectroscopy on the same spectrometer. Chemical shifts are reported in  (ppm) 

relative to the inter-nal reference tetramethylsilane (TMS). Low resolution mass spectra were 

recorded on a Finnigan LCQ DECA TermoQuest mass spectrometer in electrospray positive 

and negative ionization modes (ESI-MS). High resolution mass spectra were recorded on a 

ThermoFisher Scientific Orbitrap XL mass spectrometer in electrospray positive ionization 

modes (ESI-MS). All tested compounds possessed a purity of at least 95% established by HPLC 

unless otherwise noted. VHL ligand 112 and CRBN ligand 113 were prepared in according 

with the reported procedure and all the 1H-NMR and 13C-NMR spectra are consistent with those 

already reported to literature.176,178 

8.2. Synthetic Procedures 

8.2.1. Preparation of compounds 1 – 38  

Methyl 6-(3-(3-(3-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4 dihydroxytetrahy 

drofuran-2-yl)methyl)guanidino)propyl)ureido)-4-hydroxy-2-naphthoate  (1) 

 

Compound 27b (0.100 g, 0.118 mmol) was dissolved in a solution of DCM/TFA 1:1 and then 

a drop of water was added. The resulting mixture was stirred at room temperature for 1 h. The 

solvent was evaporated, and the resulting solid was washed with CHCl3 to afford the TFA salt 

1 as white solid (0.064 g, 76%).  1H NMR (400 MHz, DMSO- d6) δ 10.30 (s, 1H, exchangeable 

with D2O), 8.95 (s, 1H, exchangeable with D2O), 8.45 (s, 1H), 8.27–8.21 (m, 2H), 7.98 (s, 1H), 

7.88 (d, J = 8.9 Hz, 1H), 7.86 (br s, 2H, exchangeable with D2O), 7.56 (dd, J = 9.0, 2.2 Hz, 1H), 

7.49–7.42 (m, 4H, exchangeable with D2O), 7.30 (s, 1H), 6.39 (br t, 1H, exchangeable with 

D2O), 5.95 (d, J = 5.7 Hz, 1H), 4.72 (t, J = 5.4 Hz, 1H), 4.18–4.16 (m, 1H), 4.06–4.01 (m, 1H), 
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3.87 (s, 3H), 3.18–3.12 (m, 4H), 1.70–1.60 (m, 2H); 13C NMR (100 MHz, DMSO- d6) δ 166.6, 

155.9, 155.3, 152.5, 149.0, 140.7, 139.7, 129.7, 128.8, 127.9, 124.7, 121.2, 120.2, 119.2, 107.2, 

106.5, 87.8, 82.3, 72.7, 71.1, 51.9, 43.2, 36.5, 29.3; HRMS (ESI): m/z [M + H]+ calcd. for 

C27H32N10O7 +
 H+: 609.2528. Found: 609.2520. 

Methyl6-(3-(5-(3-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy 

tetrahydrofuran-2-yl)methyl)guanidino)butyl)ureido)-4-hydroxy-2-naphthoate (2) 

 

Compound 2 was obtained as a white solid (0.033 g, 75%) starting from compound 27c (0.052 

g, 0.060 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-d6) δ 

10.28 (s, 1H, exchangeable with D2O), 8.90 (s, 1H, exchangeable with D2O), 8.42 (s, 1H), 8.28–

8.21(m, 2H), 7.97 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.78 (br s, 2H, exchangeable with D2O), 

7.54 (dd, J = 8.9, 2.2 Hz, 1H), 7.42–7.33 (m, 4H, exchangeable with D2O), 7.30 (s, 1H), 6.34 

(br t, 1H, exchangeable with D2O), 5.93 (d, J = 5.7 Hz, 1H), 4.71 (t, J = 5.7 Hz, 1H), 4.17–4.15 

(m, 1H), 4.06–3.98 (m, 1H), 3.86 (s, 3H), 3.60–3.48 (m, 2H), 3.17–3.05 (m, 4H), 1.51–1.45 (m, 

4H); 13C NMR (101 MHz, DMSO-d6) δ 166.6, 155.8, 155.1, 152.5, 151.1, 149.0, 140.6, 139.8, 

129.7, 128.7, 127.9, 121.2, 120.1, 119.2, 107.1, 106.4, 87.8, 82.3, 72.6, 71.0, 51.9, 43.1, 26.9, 

25.9; HRMS (ESI): m/z [M + H]+ calcd. for C28H34N10O7 + H+: 623.2685. Found: 623.2689. 

Methyl6-(3-(5-(3-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy 

tetrahydrofuran-2-yl)methyl)guanidino)pentyl)ureido)-4-hydroxy-2-naphthoate (3) 
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Compound 3 was obtained as a pale yellow solid (0.063 g, 78%) starting from compound 27d 

(0.095 g, 0.108 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-

d6) δ 10.28 (s, 1H, exchangeable with D2O), 8.83 (s, 1H, exchangeable with D2O), 8.38 (s, 1H), 

8.25 (d, J = 2.2 Hz, 1H), 8.20 (s,1H), 7.96 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.59 (s, 2H, 

exchangeable with D2O), 7.53 (dd, J = 8.9, 2.2 Hz, 1H),  7.37–7.32 (m, 4H, exchangeable with 

D2O), 7.29 (s, 1H), 6.25 (br t, 1H, exchangeable with D2O), 5.92 (d, J = 5.7 Hz, 1H), 4.71 (t, J 

= 5.4 Hz, 1H), 4.16–4.14 (m, 1H), 4.03–3.99 (m, 1H), 3.85 (s, 3H), 3.10–3.05 (m, 4H), 1.47–

1.40 (m, 4H), 1.28–1.24 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 167.1, 156.3, 155.6, 153.0, 

149.5, 141.0, 140.3, 130.2, 129.2, 128.4, 125.1, 121.7, 120.6, 119.8, 107.5, 106.9, 88.3, 82.9, 

73.1, 71.5, 52.4, 43.6, 41.5, 29.9, 28.6, 23.9; HRMS (ESI): m/z [M + H]+ calcd. for C29H36N10O7 

+ H+: 637.2841. Found: 637.2843. 

Methyl6-(3-(5-(3-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy 

tetrahydrofuran-2-yl)methyl)guanidino)hexyl)ureido)-4-hydroxy-2-naphthoate (4) 

 

Compound 4 was obtained as a pale yellow solid (0.065 g, 74%) starting from compound 27e 

(0.092 g, 0.103 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-

d6) δ 10.27 (s, 1H, exchangeable with D2O), 8.86 (s, 1H, exchangeable with D2O), 8.41 (s, 1H), 

8.25 (d, J = 2.2 Hz, 1H), 8.24 (s,1H), 7.46 (s, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.80 (s, 2H, 

exchangeable with D2O), 7.53 (dd, J = 8.9, 2.2 Hz, 1H),  7.42–7.35 (m, 4H), 7.29 (s, 1H), 6.30 

(br t, 1H, exchangeable with D2O), 5.92 (d, J = 5.7 Hz, 1H), 4.69 (t, J = 5.4 Hz, 1H), 4.18–4.14 

(m, 1H), 4.03–3.99 (m, 1H), 3.85 (s, 3H), 3.58–3.45 (m, 2H), 3.12–3.03 (m, 4H), 1.48–1.34 (m, 

4H), 1.26–1.18 (m, 4H); 13C NMR (101 MHz, DMSO-d6) δ 166.6, 155.8, 155.1, 152.5, 151.0, 
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149.0, 140.6, 139.3, 129.7, 128.7, 127.9, 124.5, 121.2, 120.1, 119.2, 107.0, 106.4, 87.8, 82.4, 

72.7, 71.0, 51.9, 43.1, 40.9, 29.6, 28.3, 25.9, 25.8; HRMS (ESI): m/z [M + H]+ calcd. for 

C30H38N10O7 + H+: 651.2998. Found: 651.2997. 

Methyl6-(3-(5-(3-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy 

tetrahydrofuran-2-yl)methyl)guanidino)heptyl)ureido)-4-hydroxy-2-naphthoate (5) 

 

Compound 5 was obtained as a pale yellow solid (0.058 g, 75%) starting from compound 27f 

(0.100 g, 0.110 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-

d6) δ 10.28 (s, 1H, exchangeable with D2O), 8.85 (s, 1H, exchangeable with D2O), 8.42 (s, 1H), 

8.27 (d, J = 2.1 Hz, 1H), 8.24 (s,1H), 7.97 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.80 (s, 2H, 

exchangeable with D2O), 7.54 (dd, J = 8.9, 2.1 Hz, 1H), 7.42–7.26 (m, 5H, 4H exchangeable 

with D2O), 6.29 (br t, 1H, exchangeable with D2O), 5.93 (d, J = 5.7 Hz, 1H), 4.70 (t, J = 5.4 

Hz, 1H), 4.17–4.14 (m, 1H), 4.03–4.01 (m, 1H), 3.86 (s, 3H), 3.56–3.50 (m, 2H), 3.13–3.03 (m, 

4H), 1.44–1.40 (m, 4H), 1.29–1.24 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 167.1, 156.3, 

155.6, 153.0, 151.6, 149.5, 141.1, 140.3, 130.2, 129.2, 128.4, 125.0, 121.7, 120.6, 119.7, 107.5, 

106.9, 88.3, 82.9, 73.2, 71.5, 52.4, 43.6, 41.5, 30.2, 28.8, 26.8, 26.5; HRMS (ESI): m/z [M + 

H]+ calcd. for C31H40N10O7 + H+: 665.3154. Found: 665.3148. 

Methyl6-(3-(4-(3-(2-((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy 

tetrahydrofuran-2-yl)ethyl)guanidino)butyl)ureido)-4-hydroxy-2-naphthoate (6) 
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Compound 6 was obtained as a pale yellow solid (0.085 g, 80%) starting from compound 28 

(0.011 g, 0.141 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-

d6) δ 10.28 (s, 1H, exchangeable with D2O), 8.90 (s, 1H, exchangeable with D2O), 8.41 (s, 1H), 

8.27 (d, J = 2.2 Hz, 1H), 8.22 (s, 1H),  7.97 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.66 (br s, 2H, 

exchangeable with D2O), 7.55 (dd, J = 8.9, 2.2 Hz, 1H), 7.34–7.24 (m, 5H, 4H, exchangeable 

with D2O), 6.36 (br t, 1H, exchangeable with D2O), 5.90 (d, J = 5.0 Hz, 1H), 4.69 (t, J = 5.4 

Hz, 1H), 4.13–4.11 (m, 1H), 3.94–3.89 (m, 1H), 3.86 (s, 3H), 3.23–3.18 (m, 2H), 3.16–3.09 (m, 

4H), 1.95–1.86 (m, 2H), 1.50–1.46 (m, 4H); 13C NMR (100 MHz, DMSO-d6) δ 167.1, 156.0, 

155.6, 153.0, 149.6, 140.9, 140.3, 130.2, 129.2, 128.4, 125.1, 121.7, 120.6, 119.7, 107.6, 106.9, 

88.3, 81.6, 73.8, 73.4, 52.4, 46.2, 41.1, 38.5, 32.8, 27.5, 26.5; HRMS (ESI): m/z [M + H]+ calcd. 

for C29H36N10O7 + H+: 637.2841. Found: 637.2838. 

Methyl6-(3-(4-(3-(3-((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy 

tetrahydrofuran-2-yl)propyl)guanidino)butyl)ureido)-4-hydroxy-2-naphthoate (7) 

 

Compound 7 was obtained as a white solid (0.071 g, 78%) starting from compound 29 (0.095 

g, 0.120 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-d6) δ 

10.29 (s, 1H, exchangeable with D2O), 8.90 (s, 1H, exchangeable with D2O), 8.38 (s, 1H), 8.27 

(d, J = 2.1 Hz, 1H), 8.23 (s, 1H), 7.97 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.70 (s, 2H, exchangeable 

with D2O), 7.55 (dd, J = 8.9, 2.1 Hz, 1H), 7.34–7.28 (m, 5H, 4H exchangeable with D2O), 6.36 

(br t, 1H, exchangeable with D2O), 5.87 (d, J = 5.0 Hz, 1H), 4.64 (t, J = 5.4 Hz, 1H), 4.08–4.06 

(m, 1H), 3.86 (s, 3H), 3.16–3.12 (m, 6H), 1.70–1.48 (m, 8H); 13C NMR (100 MHz, DMSO-d6) 

δ  167.1, 155.9, 155.7, 153.0, 149.6, 140.9, 140.3, 130.2, 129.2, 128.4, 125.1, 121.7, 120.6, 
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107.6, 106.9, 88.3, 83.6, 73.7, 73.5, 52.4, 41.2, 41.1, 39.1, 30.5, 27.5, 26.5, 25.5; HRMS (ESI): 

m/z [M + H]+ calcd. for C30H38N10O7 + H+: 651.2998. Found: 651.2996. 

Methyl 6-(3-(4-(3-((E)-3-((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy tetra 

hydrofuran-2-yl)allyl)guanidino)butyl)ureido)-4-hydroxy-2-naphthoate (8) 

 

Compound 8 was obtained as a white solid (0.063 g, 78%) starting from compound 30 (0.084 

g, 0.106 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-d6) δ 

10.28 (s, 1H, exchangeable with D2O), 8.92 (s, 1H, exchangeable with D2O), 8.39 (s, 1H), 8.27 

(d, J = 2.1 Hz, 1H), 8.24 (s, 1H), 7.97 (s, 1H), 7.88 (d, J = 9.0 Hz, 1H), 7.72 (s, 2H, exchangeable 

with D2O), 7.57–7.49 (m, 2H, 1H exchangeable with D2O), 7.43 (br t, 1H, exchangeable with 

D2O), 7.35 (s, 2H, exchangeable with D2O), 7.30 (s, 1H), 6.37 (br t, 1H, exchangeable with 

D2O), 5.93 (d, J = 5.0 Hz, 1H), 5.89–5.86 (m, 1H), 4.69 (t, J = 5.4 Hz, 1H), 4.38–4.36 (m, 1H), 

4.15–4.12 (m, 1H), 3.84 (s, 3H), 3.84–3.81 (m, 2H), 3.17–3.13 (m, 4H), 1.55–1.42 (m, 4H);  13C 

NMR (100 MHz, DMSO-d6) δ  167.1, 155.9, 155.7, 153.0, 149.6, 140.9, 140.3, 130.5, 130.2, 

129.2, 128.4, 125.1, 121.7, 120.6, 88.4, 84.2, 74.4, 73.3, 54.1, 52.4, 44.7, 42.3, 41.2, 27.5, 26.5; 

HRMS (ESI): m/z [M + H]+ calcd. for C30H36N10O7 + H+: 649.2841. Found: 649.2829. 

Methyl 6-(3-(3-(3-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4 dihydroxytetrahy 

drofuran-2-yl)methyl)guanidino)ethyl)ureido)-4-hydroxy-2-naphthoate  (9) 
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Compound 9 was obtained as a white solid (0.064 g, 76%) starting from compound 27a (0.100 

g, 0.136 mmol) following the procedure described for 1. 1H NMR (400 MHz, DMSO-d6) δ 

10.34 (s, 1H, exchangeable with D2O), 9.17 (s, 1H, exchangeable with D2O), 8.52 (s, 1H), 8.34 

(s, 1H), 8.26 (d, J = 2.4 Hz, 1H), 7.97 (s, 1H), 7.89 (d, J = 9.0 Hz, 1H), 7.63 – 7.38 (m, 4H, 

exchangeable with D2O ), 7.30 (s, 1H), 6.49 (br t, J = 5.7 Hz, 1H, exchangeable with D2O), 

5.95 (d, J = 5.7 Hz, 1H), 4.69 (t, J = 5.5 Hz, 1H), 4.16 (t, J = 4.6 Hz, 1H), 4.06 (dt, J = 8.4, 4.2 

Hz, 1H), 3.86 (s, 3H), 3.59 – 3.55 (m, 2H, overlaps with H2O peak), 3.42 – 3.10 (m, 4H). 13C 

NMR (100 MHz, DMSO- d6) δ 167.1, 156.6, 156.0, 153.1, 150.3, 149.4, 141.5, 139.9, 130.3, 

129.4, 128.3, 125.3, 121.7, 120.7, 119.6, 115.1, 108.0, 106.9, 88.3, 82.8, 73.3, 71.6, 52.6, 43.7, 

41.9, 38.8. HRMS (ESI): m/z [M + H]+ calcd. for C26H30N10O7 +
 H+: 595.2372. Found: 

595.2376. 

Methyl 4-acetoxy-6-amino-2-naphthoate (10) 

 

To a solution of 17 (3.00 g, 10.37 mmol) in acetic acid (50 mL), Zn dust (5.10 g, 82.40 mmol) 

was added. The resulting mixture was stirred for 1 h at room temperature, filtered, and 

concentrated in vacuo. The acid residue was dissolved in saturated aqueous solution of NaHCO3 

(50 mL) and extracted with AcOEt (3 x 50 mL). The organic layer was washed with brine (50 

mL), dried (Na2SO4), and filtered. Vacuum evaporation of the solvent gave the title compound 

10 (2.69 g, 98%) as a pale-yellow solid which was directly used in the next step without further 

purification. 1H NMR (400 MHz, DMSO-d6) δ 8.28 (s, 1H), 7.86 (d, J = 9 Hz, 1 H), 7.54 (s, 1 

H), 7.06 (d, J = 9 Hz, 1 H), 6.79 (s, 1H), 6.04 (s, 2 H, exchangeable with D2O), 3.87 (s, 3 H), 

2.42 (s, 3H); MS (ESI) m/z: 260 (M+H)+. 

Tert-butyl (2-aminoethyl)carbamate (11a) 
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In a two necked round-bottom flask under nitrogen atmosphere, a solution of Boc2O (1.00 g, 

4.6 mmol) in dry dichloromethane (25 mL) was added dropwise to a solution of diamine 19a 

(0.828 g, 13.8 mmol) in dry dichloromethane (50 mL) at 0 °C. The reaction mixture was stirred 

1h at 0 °C then overnight at room temperature. Water (25mL) was added. Then, the organic 

layer was washed with water (2 x 25 mL) and dried over Na2SO4. After filtration, solvent was 

removed under vacuum to afford compound 11a (0.596 g, 81%) which was directly used in the 

next step without further purification step.  1H NMR (400 MHz, CDCl3) δ 4.93 (br s, 1H), 3.16 

(q, J = 5.8 Hz, 2H), 2.79 (t, J = 5.8 Hz, 2H), 1.44 (s, 9H). MS (ESI) m/z: 161 (M+H)+. 

Tert-butyl (2-aminopropyl)carbamate (11b) 

 

Compound 11b was obtained as a colourless oil (0.640 g, 80%) starting from 19b (1.03 g, 13.8 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ  4.92 (s, 1H,), 

3.19 (t, J = 6.2 Hz, 2H), 2.74 (t, J = 6.6 Hz, 2H) 1.67 (br s, 2H), 1.59 – 1.55 (m, 4H), 1.40 (s, 

9H). MS (ESI) m/z: 175 (M+H)+. 

Tert-butyl (2-aminobutyl)carbamate (11c) 

 

Compound 11c was obtained as a white solid (0.743 g, 85%) starting from 19c (1.24 g, 13.8 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ 4.68 (br s, 

1H), 3.13 (m, 2H), 2.70 – 2.65 (m, 2H), 1.62 − 1.33 (m, 13H). MS (ESI) m/z: 190 (M+H)+. 

Tert-butyl (2-aminopentyl)carbamate (11d) 
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Compound 11d was obtained as a white solid (0.754 g, 80%) starting from 19d (1.45 g, 13.8 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ 4.59 (br s, 

1H), 3.10 – 3.07 (m, 2H), 2.68 (t, J = 6.6 Hz, 2H,), 1.55 − 1.27 (m, 15H). MS (ESI) m/z: 205 

(M+H)+. 

Tert-butyl (2-aminohexyl)carbamate (11e) 

 

Compound 11e was obtained as a white solid (0.789 g, 78%) starting from 19e (1.66 g, 13.8 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ 4.57 (br s, 

1H), 3.12 – 3.05 (m, 2H), 2.64 (t, J = 6.6 Hz, 2H,), 1.50 − 1.43 (m, 13H), 1.34 – 1.31 (m, 4H). 

MS (ESI) m/z: 220 (M+H)+. 

Tert-butyl (2-aminoheptyl)carbamate (11f) 

 

Compound 11f was obtained as a white solid (0.854 g, 79%) starting from 19f (1.87 g, 13.8 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ 4.59 (br s, 

1H), 3.10 – 3.05 (m, 2H), 2.65 (t, J = 6.8 Hz, 2H,), 1.55 − 1.41 (m, 15H), 1.33 – 1.30 (m, 4H). 

MS (ESI) m/z: 235 (M+H)+. 

Methyl 6-(3-(3-aminoethyl)ureido)-4-hydroxy-2-naphthoate (12a) 

 

Compound 21a (0.700 g, 1.73 mmol) was dissolved in 10 mL of a solution of DCM/TFA (9:1) 

and the mixture was stirred for 48 h. The solvent was evaporated, and the resulting solid was 

washed with CHCl3 to give TFA salt of compound 12a as a brown solid (0.558 g, 80%). 1H 
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NMR (400 MHz, DMSO-d6) δ 10.27 (s, 1H, exchangeable with D2O), 9.01 (s, 1H, 

exchangeable with D2O), 8.24 (d, J = 2.1 Hz, 1H), 7.98 –7.92 (m, 1H), 7.88 (d, J = 8.9 Hz, 1H), 

7.68 (br s, 3H, exchangeable with D2O), 7.53 (dd, J = 8.9, 2.1 Hz, 1H), 7.31 (s, 1H), 6.47 (br t, 

1H, exchangeable with D2O), 3.87 (s, 3H), 3.29 –3.12 (m, 2H), 2.97 –2.78 (m, 2H). MS (ESI) 

m/z: 303 (M+H)+.  

Methyl 6-(3-(3-aminopropyl)ureido)-4-hydroxy-2-naphthoate (12b) 

 

TFA salt of compound 12b was obtained as a white solid (578 mg, 80%) starting from 21b (700 

mg, 1.67 mmol) following the procedure described for 12a. 1H NMR (400 MHz, DMSO-d6) δ 

10.29 (s, 1H, exchangeable with D2O), 9.02 (s, 1H, exchangeable with D2O), 8.28 (d, J = 2.1 

Hz, 1H), 7.99–7.94 (m, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.69 (br s, 3H, exchangeable with D2O), 

7.55 (dd, J = 8.9, 2.1 Hz, 1H), 7.30 (s, 1H), 6.49 (br t, 1H, exchangeable with D2O), 3.86 (s, 

3H), 3.29–3.10 (m, 2H), 2.99–2.79 (m, 2H), 1.85–1.58 (m, 2H).; MS (ESI) m/z: 318 (M+H)+. 

Methyl 6-(3-(4-aminobutyl)ureido)-4-hydroxy-2-naphthoate (12c) 

 

TFA salt of compound 12c was obtained as a white solid (679 mg, 82%) starting from 21c (800 

mg, 1.86 mmol) following the procedure described for 12a. 1H NMR (400 MHz, DMSO-d6) δ 

10.31 (s, 1H, exchangeable with D2O), 8.99 (s, 1H, exchangeable with D2O), 8.30 (d, J = 2.1 

Hz, 1H),  7.98 (s, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.71 (br s, 3H, exchangeable with D2O) 7.56 

(dd, J = 8.9, 2.1 Hz, 1H), 7.31 (s, 1H), 6.45 (br t, 1H, exchangeable with D2O), 3.85 (s, 3H), 

3.16–3.08 (m, 2H), 2.83–2.74 (m, 2H), 1.66–1.43 (m, 4H); MS (ESI) m/z: 332 (M+H)+. 
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Methyl 6-(3-(5-aminopentyl)ureido)-4-hydroxy-2-naphthoate (12d) 

 

TFA salt of compound 12d was obtained as a white solid (728 mg, 83%) starting from 21d (850 

mg, 1.91 mmol) following the procedure described for 12a. 1H NMR (400 MHz, DMSO-d6) δ 

10.34 (s, 1H, exchangeable with D2O), 8.95 (s, 1H, exchangeable with D2O), 8.26 (d, J = 2.1 

Hz, 1H), 7.97 (s, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.67 (br s, 3H, exchangeable with D2O), 7.54 

(dd, J = 8.9, 2.1 Hz, 1H), 7.29 (s, 1H), 6.85 (br t, 1H, exchangeable with D2O), 3.86 (s, 3H), 

3.11 (m, 2H), 2.85–2.73 (m, 2H), 1.63–1.42 (m, 4H), 1.39–1.27 (m, 2H).; MS (ESI) m/z: 346 

(M+H)+.  

Methyl 6-(3-(6-aminohexyl)ureido)-4-hydroxy-2-naphthoate (12e) 

 

TFA salt of compound 12e was obtained as a white solid (745 mg, 85%) starting from 

compound 21e (850 mg, 1.85 mmol) following the procedure described for 12a. 1H NMR (400 

MHz, DMSO-d6) δ 10.34 (s, 1H, exchangeable with D2O), 8.92 (s, 1H, exchangeable with 

D2O), 8.28 (d, J = 2.1 Hz, 1H), 7.99–7.94 (m, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.68 (br s, 3H, 

exchangeable with D2O), 7.54 (dd, J = 8.9, 2.1 Hz, 1H), 7.29 (s, 1H), 6.37 (br t, 1H, 

exchangeable with D2O), 3.86 (s, 3H), 3.16–3.09 (m, 2H), 2.83–2.75 (m, 2H), 1.59–1.46 (m, 

6H), 1.39–1.34 (m, 2H). MS (ESI) m/z: 360 (M+H)+. 

Methyl 6-(3-(7-aminoheptyl)ureido)-4-hydroxy-2-naphthoate (12f) 
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TFA salt of compound 12f was obtained as a white solid (750 mg, 81%) starting from 

compound 21f (900 mg, 1.90 mmol) following the procedure described for 12a. 1H NMR (400 

MHz, DMSO-d6) δ 10.29 (s, 1H, exchangeable with D2O), 8.82 (s, 1H, exchangeable with 

D2O), 8.27 (d, J = 2.2 Hz, 1H), 7.98–7.94 (m, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.68 (br s, 3H, 

exchangeable with D2O), 7.53 (dd, J = 8.8, 2.2 Hz, 1H), 7.30 (s, 1H), 6.26 (br t, 1H, 

exchangeable with D2O), 3.86 (s, 3H), 3.16–3.05 (m, 4H), 1.51–1.42 (m, 6H), 1.34–1.30 (m, 

4H). MS (ESI) m/z: 374 (M+H)+. 

Tert-butyl (9-((3aR,4R,6R,6aR)-6-((3-tert-butyloxythioureido)methyl)-2,2-dimethy 

ltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)carbamate (13a) 

 

To a cooled solution of N,N'-bis-tert-butoxycarbonylthiourea 26 (1.00 g, 3.62 mmol) dissolved 

in dry THF, NaH (60% dispersion in mineral oil, 173 mg, 4.34 mmol) was added and the 

resulting mixture was stirred at the same temperature for 1 h. Then, TFAA (603 L, 4.34 mmol) 

was added and the stirring continued for additional 1 h at 0 °C, afterward amine 22 (1.61 g, 

3.96 mmol) was added and the resulting suspension was stirred for 16 h. The crude was diluted 

with brine (50 mL) and the aqueous phase was extracted with AcOEt (3 × 25 mL). The collected 

organic phases were washed with brine, dried (Na2SO4) and concentrated under vacuum, 

yielding a residue that was purified by column chromatography (gradient Hex/AcOEt 80:20 to 

40:50 + 10% MeOH) to give 13a as white solid (716 mg, 35%). 1H NMR (400 MHz, CDCl3) 

δ 9.80 (t, J = 4.3 Hz, 1H, exchangeable with D2O), 8.76 (s, 1H, exchangeable with D2O), 8.07 

(s, 1H, exchangeable with D2O), 7.92 (s, 1H), 7.84 (s, 1H), 6.14 (d, J = 2.5 Hz, 1H), 5.42 (dd, 
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J = 6.4, 2.5 Hz, 1H), 5.09 (dd, J = 6.4, 3.7 Hz, 1H), 4.54–4.50 (m, 1H), 4.18–3.94 (m, 2H), 1.62 

(s, 3H), 1.57 (s, 9H), 1.45 (s, 9H), 1.39 (s, 3H); MS (ESI) m/z: 566 (M+H)+. 

Tert-butyl (9-((3aR,4R,6R,6aR)-6-((3-tert-butyloxythioureido)ethyl)-2,2-dimethyl 

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)carbamate (13b) 

 

Compound 13b was obtained as a white solid (198 mg, 53%) starting from 23 (350 mg, 1.09 

mmol) following the procedure described for 13a. 1H NMR (400 MHz, CDCl3) δ 9.77 (br s, 

1H, exchangeable with D2O), 8.34 (s, 1H), 8.14 (br s, 1H, exchangeable with D2O), 7.88 (s, 

1H), 6.04 (d, J = 2.5 Hz, 1H), 5.89 (br s, 2H, exchangeable with D2O), 5.47 (dd, J = 6.6, 2.5 

Hz, 1H), 4.97 (dd, J = 6.6, 4.0 Hz, 1H), 4.29–4.24 (m, 1H), 3.90–3.80 (m, 1H), 3.69–3.59 (m, 

1H), 2.17–2.10 (m, 2H), 1.60 (s, 3H), 1.38 (s, 12H); MS (ESI) m/z: 480 (M+H)+. 

Tert-butyl (9-((3aR,4R,6R,6aR)-6-((3-tert-butyloxythioureido)propyl-1-en)-2,2-dimethyl 

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)carbamate (13c) 

 

Compound 13c was obtained as a white solid (121 mg, 33%) starting from 24 (250 mg, 0.75 

mmol) following the procedure described for 13a. 1H NMR (400 MHz, CHCl3) δ 9.70 (br s, 

1H exchangeable with D2O), 8.37 (s, 1H), 8.01 (br s, 1H, exchangeable with D2O), 7.88 (s, 1H), 

6.09 (d, J = 2.1 Hz, 1H), 5.85–5.79 (m, 2H), 5.75 (br s, 2H, exchangeable with D2O), 5.51 (dd, 
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J = 6.3, 2.0 Hz, 1H), 5.03 (dd, J = 6.4, 3.5 Hz, 1H), 4.73–4.66 (m, 1H), 4.23–4.19 (m, 2H), 1.62 

(s, 3H), 1.48 (s, 9H), 1.39 (s, 3H); MS (ESI) m/z: 492 (M+H)+. 

Tert-butyl (9-((3aR,4R,6R,6aR)-6-((3-tert-butyloxythioureido)propyl)-2,2-dimethyl 

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl)carbamate (13d) 

 

Compound 13d was obtained as a white solid (191 mg, 35%) starting from 25 (250 mg, 0.75 

mmol) following the procedure described for 13a. 1H NMR (400 MHz, CDCl3) δ 9.77 (br s, 

1H, exchangeable with D2O), 8.34 (s, 1H), 8.14 (br s, 1H, exchangeable with D2O), 7.88 (s, 

1H), 6.03 (d, J = 2.5 Hz, 1H), 5.89 (br s, 2H, exchangeable with D2O), 5.45 (dd, J = 6.6, 2.5 

Hz, 1H), 4.92 (dd, J = 6.6, 4.0 Hz, 1H), 4.29–4.24 (m, 1H), 3.70–3.58 (m, 2H), 1.82–1.74 (m, 

2H), 1.70–1.64 (m, 2H), 1.61 (s, 3H), 1.47 (s, 9H), 1.38 (s, 3H); MS (ESI) m/z: 494 (M+H)+. 

(E)-3-(Methoxycarbonyl)-4-(4-nitrophenyl)but-3-enoic acid (16) 

 

Carboxyphosphorane 15 (13.0 g, 35.2 mmol) was suspended in toluene (150 mL) and 4-

nitrobenzaldehyde 14 (5.74 g, 38.0 mmol) was then added. The resulting mixture was stirred at 

25 °C for 48 h and then extracted with saturated solution of NaHCO3(3 x 70 mL). The aqueous 

phase was washed with Et2O, acidified with concd HCl and the white solid formed was collected 

by filtration (8.60 g, 92%) and directly used in the following step without further purification. 
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1H NMR (400 MHz, DMSO-d6) δ (d, J = 9 Hz,2H), 7.86 (s, 1H), 7.69 (d, J = 9 Hz, 2H), 3.78 

(s, 3H), 3.43 (s, 2H); MS (ESI) m/z: 266 [M+H]+. 

Methyl 4-acetoxy-6-nitro-2-naphthoate (17) 

 

A round-bottomed flask containing a magnetic stirring bar and fitted with a reflux condenser 

was charged with a mixture of 16 (5.0 g, 18.85 mmol), Ac2O (35 mL) and NaOAc (2.30 g, 

28.27 mmol). The flask was subjected to MW irradiation (power 300 W) for 15 min keeping 

temperature below 120°C (air flow cooling). The reaction mixture was filtered, and the filtrate 

was concentrated to give 17 as a yellow solid (5.17 g, 95%). 1H NMR (400 MHz, CDCl3) δ 

8.89 (d, J = 2 Hz, 1H), 8.62 (s, 1H), 8.38 (dd, J = 9 ,2 Hz, 1H), 8.17 (d, J = 9 Hz, 1H), 8.05 

(s, 1H), 4.05 (s, 3H), 2.59 (s, 3H); MS (ESI)m/z: 290 [M+H]+. 

Methyl 4-acetoxy-6-((phenoxycarbonyl)amino)-2-naphthoate (18) 

 

Compound 10 (2.68 g, 10.33 mmol) was dissolved in AcOEt and then TEA (1.58 mL, 11.37 

mmol) was added. The resulting mixture was cooled at 0° C and phenyl chloroformate (1.94 

mL, 15.50 mmol) was added dropwise. The yellow suspension obtained was allowed to warm 

to room temperature and stirred for 16 h. The reaction was then diluted with AcOEt (60 mL), 

washed with water (3 × 20 mL), HCl 1N (3× 20 mL), NaHCO3 saturated solution (3 × 20 mL), 

and brine (30 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

resulting solid was crystallized from AcOEt to give the title compound 18 as a pale-yellow solid 



149 

 

(2.74 g, 70%). 1H NMR (400 MHz, DMSO-d6) δ 10.74 (s, 1H, exchangeable with D2O), 8.50 

(s, 1H), 8.23–8.14 (m, 2H), 7.79–7.72 (m, 2H), 7.49-7.43 (m, 2H), 7.33–7.24 (m, 3H), 3.91 (s, 

3H), 2.41 (s, 3H); MS (ESI) m/z: 380 (M+H)+. 

Methyl 6-(3-(3-((tert-butoxycarbonyl)amino)ethyl)ureido)-4-hydroxy-2-naphthoate (21a) 

 

To a stirring solution of methyl 4-acetoxy-6-((phenoxycarbonyl)amino)-2-naphthoate 18 (0.40 

g, 1.05 mmol) in dry DMF (5 mL), a solution of tert-butyl (2-aminoethyl)carbamate 11a (0.336 

g, 2.1 mmol) and TEA (294 L, 2.1 mmol) in dry DMF (5 mL) was added and the reaction was 

stirred at room temperature for 2 h. NaHCO3 saturated solution was added (25 mL) and the 

resulting mixture was extracted with AcOEt (3 × 25 mL). The combined organic layers were 

washed with NaHCO3 saturated solution (2 × 10 mL) and brine (10 mL), dried over Na2SO4, 

filtered, and concentrated under reduced pressure to give a light brown solid that was purified 

by flash chromatography (gradient AcOEt/MeOH 100:0 to 90:10) yielding a mixture of 

acetylated and deacetylated compounds. Therefore, the solid was suspended in DCM (30 mL) 

and piperidine (580 L) was added. After 1 h, the solvent was removed, and the crude product 

was diluted with AcOEt (50 mL). The organic layer was washed with HCl 1 N (3× 20 mL) and 

brine (30 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure, yielding 

compound 21a as an orange solid. 1H NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H, 

exchangeable with D2O), 8.91 (s, 1H, exchangeable with D2O), 8.27 (d, J = 2.1 Hz, 1H), 7.97 

(s, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.55 (dd, J = 8.9, 2.1 Hz, 1H), 7.30 (s, 1H), 6.85 (t, J = 5.0 

Hz, 1H, exchangeable with D2O), 6.25 (t, J = 5.7 Hz, 1H, exchangeable with D2O), 3.87 (s, 

3H), 3.14–3.08 (m, 2H), 3.01–2.94 (m, 2H), 1.40 (s, 9H). MS (ESI) m/z: 404 (M+H)+. 
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Methyl 6-(3-(3-((tert-butoxycarbonyl)amino)propyl)ureido)-4-hydroxy-2-naphthoate (21b) 

 

Compound 21b was obtained as a yellow solid by reaction of 18 (856 mg, 2.26 mmol) with 

tert-butyl (3-aminopropyl)carbamate 11b (786 mg, 4.51 mmol), following the procedure 

described for 21a. 1H NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H, exchangeable with D2O), 

8.91 (s, 1H, exchangeable with D2O), 8.27 (d, J = 2.1 Hz, 1H), 7.97 (s, 1H), 7.89 (d, J = 8.9 

Hz, 1H), 7.55 (dd, J = 8.9, 2.1 Hz, 1H), 7.30 (s, 1H), 6.85 (t, J = 5.0 Hz, 1H, exchangeable with 

D2O), 6.25 (t, J = 5.7 Hz, 1H, exchangeable with D2O), 3.87 (s, 3H), 3.14–3.08 (m, 2H), 3.01–

2.94 (m, 2H), 1.59–1.50 (m, 2H), 1.40 (s, 9H). MS (ESI) m/z: 418 (M+H)+. 

 

Methyl 6-(3-(4-((tert-butoxycarbonyl)amino)butyl)ureido)-4-hydroxy-2-naphthoate (21c) 

 

Compound 21c was obtained as a yellow solid by reaction of 18 (856 mg, 2.26 mmol) with tert-

butyl (4-aminobutyl)carbamate 11c (849 mg, 4.51 mmol), following the procedure described 

for 21a. 1H NMR (400 MHz, DMSO-d6) δ 10.30 (s, 1H, exchangeable with D2O), 8.80 (s, 1H, 

exchangeable with D2O), 8.26 (d, J = 2.1 Hz, 1H), 7.97 (s, 1H), 7.90 (d, J = 8.9 Hz, 1H), 7.54 

(dd, J = 8.9, 2.1 Hz, 1H), 7.29 (s, 1H), 6.82 (t, J = 5.0 Hz, 1H, exchangeable with D2O), 6.22 

(t, J = 5.7 Hz, 1H, exchangeable with D2O), 3.85 (s, 3H), 3.17–3.03 (m, 2H), 3.02–2.86 (m, 

2H), 1.53–1.29 (m, 13H); MS (ESI) m/z: 432 (M+H)+. 

Methyl 6-(3-(5-((tert-butoxycarbonyl)amino)pentyl)ureido)-4-hydroxy-2-naphthoate (21d) 
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Compound 21d was obtained as a yellow solid by reaction of 18 (856 mg, 2.26 mmol) with 

tert-butyl (5-aminopentyl)carbamate 11d (911 mg, 4.51 mmol), following the procedure 

described for 21a. 1H NMR (400 MHz, DMSO-d6) δ 10.31 (s, 1H, exchangeable with D2O), 

8.83 (s, 1H, exchangeable with D2O), 8.27 (d, J = 2.3 Hz 1H), 7.96 (s, 1H), 7.88 (d, J = 8.7 Hz, 

1H), 7.52 (dd, J = 8.7, 2.3 Hz, 1H), 7.30 (s, 1H), 6.81 (t, J = 4.8 Hz, 1H, exchangeable with 

D2O), 6.25 (t, J = 5.1 Hz, 1H, exchangeable with D2O), 3.85 (s, 3H), 3.17–3.03 (m, 2H), 3.02–

2.86 (m, 2H), 1.53–1.29 (m, 15H); MS (ESI) m/z: 446 (M+H)+. 

 

 

 

Methyl 6-(3-(6-((tert-butoxycarbonyl)amino)hexyl)ureido)-4-hydroxy-2-naphthoate (21e) 

 

Compound 21e was obtained as a yellow solid by reaction of 18 (856 mg, 2.26 mmol) with tert-

butyl (6-aminohexyl)carbamate 11e (974 mg, 4.51 mmol), following the procedure described 

for 21a. 1H NMR (400 MHz, DMSO-d6) δ 10.32 (s, 1H, exchangeable with D2O), 8.84 (s, 1H, 

exchangeable with D2O), 8.28 (d, J = 2.4 Hz 1H), 7.96 (s, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.52 

(dd, J = 8.5, 2.4 Hz, 1H), 7.28 (s, 1H), 6.80 (t, J = 5.1 Hz, 1H, exchangeable with D2O), 6.24 

(t, J = 5.0 Hz, 1H, exchangeable with D2O), 3.85 (s, 3H), 3.19–3.05 (m, 2H), 3.03–2.89 (m, 

2H), 1.58–1.26 (m, 17H); MS (ESI) m/z: 460 (M+H)+. 
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Methyl 6-(3-(7-((tert-butoxycarbonyl)amino)heptyl)ureido)-4-hydroxy-2-naphthoate (21f) 

 

Compound 21f was obtained as a yellow solid by reaction of 18 (856 mg, 2.26 mmol) with tert-

butyl (7-aminoheptyl)carbamate 11f (1.04 g, 4.51 mmol), following the procedure described 

for 21a. 1H NMR (400 MHz, DMSO-d6) δ 10.27 (s, 1H, exchangeable with D2O), 8.82 (s, 1H, 

exchangeable with D2O), 8.27 (d, J = 2.1 Hz, 1H), 7.97 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.53 

(dd, J = 8.9, 2.2 Hz, 1H), 7.30 (s, 1H), 6.81 (t, J = 5.0 Hz, 1H, exchangeable with D2O), 6.26 

(t, J = 5.2 Hz, 1H, exchangeable with D2O), 3.86 (s, 3H), 3.16–3.05 (m, 4H), 1.51–1.42 (m, 

4H), 1.53–1.30 (m, 15H). MS (ESI) m/z: 474 (M+H)+. 

9-((4R,6R)-6-(aminomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-

6-amine (22)  

 

Pd/C (5 wt % on activated carbon, 0.1 equiv) was added to a solution of 33 (1.00 g, 3.01 mmol) 

in MeOH (100 mL) and the reaction was stirred under H2 (1 atm, balloon) for 16 h. The reaction 

mixture was filtered and concentrated to give the title compound 22, used in the next step 

without further purification. 1H NMR (400 MHz, DMSO-d6) δ 8.37 (s, 1H), 8.16 (s, 1H), 7.32 

(br s, 2H), 6.08 (d, J = 3.2 Hz, 1H), 5.45 (dd, J = 6.4, 3.3 Hz, 1H), 4.98 (dd, J = 6.4, 2.7 Hz, 

1H), 4.09 (td, J = 5.8, 2.6 Hz, 1H), 2.70 (m, 2H), 1.54 (s, 3H), 1.33 (s, 3H); MS (ESI) m/z: 307 

(M+H)+. 
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9-((4R,6R)-6-(2-aminoethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-

6-amine (23)  

 

35 (0.25 g, 0.60 mmol) was dissolved in 10 mL of a solution of DCM/TFA (95:5) and the 

mixture was stirred at room temperature. After 24 h, the solvent was removed under vacuum, 

the crude was resuspended in a solution of citric acid 10%. The aqueous solution was washed 

with DCM (3 × 25 mL), basified with NaOH 2 N until pH 12 and then extracted with CHCl3 (3 

× 25 mL). The collected organic phases were dried (Na2SO4), filtered and concentrated under 

vacuum to give 23 as a white solid (0.30 g, 65%). 1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 

7.89 (s, 1H), 6.03 (d, J = 2.4 Hz, 1H), 5.70 (br s, 2H), 5.48 (dd, J = 6.5, 2.4 Hz, 1H), 4.90 (dd, 

J = 6.5, 4.1 Hz, 1H), 4.33–4.21 (m, 1H), 2.86–2.72 (m, 2H), 1.90–1.78 (m, 2H), 1.61 (s, 3H), 

1.39 (s, 3H); MS (ESI) m/z: 321 (M+H)+. 

9-((4R,6R)-6-((E)-3-aminoprop-1-en-1-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

yl)-9H-purin-6-amine (24) 

 

To a stirred solution of compound 38 (0.40 g, 0.86 mmol) in MeOH (2 mL), a solution of 

hydrazine monohydrate (0.87 g, 1.73 mmol) was added, and the mixture was stirred at room 

temperature for 16 h. Then, the solvent was evaporated, and the crude reside was resuspended 
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in a solution of citric acid 10%. The aqueous solution was washed with DCM (3 × 25 mL), 

basified with NaOH 2 N until pH 12 and then extracted with CHCl3 (3 × 25 mL). The collected 

organic phases were dried (Na2SO4), filtered and concentrated under vacuum to give the amine 

24 as a white solid (0.26 g, 90%). 1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 7.87 (s, 1H), 

6.08 (d, J = 2.0 Hz, 1H), 5.87 (br s, 2H), 5.82–5.79 (m, 1H), 5.75–5.65 (m, 1H), 5.53 (dd, J = 

6.3, 2.0 Hz, 1H), 4.99 (dd, J = 6.4, 3.5 Hz, 1H), 4.71–4.66 (m, 1H), 3.23–3.20 (m, 2H), 1.62 (s, 

3H), 1.39 (s, 3H); MS (ESI) m/z: 333 (M+H)+. 

9-((4R,6R)-6-(3-aminopropyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-

purin-6-amine (25) 

 

Compound 25 was obtained as a white solid (0.35 g, 99%) starting from 24 (0.35 g, 1.05 mmol) 

following the procedure described for 22. 1H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 7.89 (s, 

1H), 6.06 (d, J = 2.4 Hz, 1H), 5.72 (br s, 2H), 5.48 (dd, J = 6.5, 2.4 Hz, 1H), 4.95 (dd, J = 6.5, 

4.1 Hz, 1H), 4.35–4.24 (m, 1H), 2.86–2.72 (m, 2H), 1.97–1.65 (m, 4H), 1.61 (s, 3H), 1.39 (s, 

3H); MS (ESI) m/z: 335 (M+H)+. 

Methyl 6-(3-(3-((E)-2-(tert-butoxycarbonyl)-3-(((3aR,4R,6R,6aR)-6-(6-((tert-butoxy 

carbonyl)amino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) methyl) 

guanidino)ethyl)ureido)-4-hydroxy-2-naphthoate (27a) 
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To a stirred suspension of 13a (100 mg, 0.177 mmol) and 12a (0.147 g, 0.354 mmol) in dry 

DCM, EDC hydrochloride (69 mg, 0.354 mmol) and TEA (74 L, 0.531 mmol) were added at 

room temperature. The resulting mixture was stirred for 18 h, then solvent was evaporated under 

reduced pressure and the resulting oil was taken up with water. The aqueous phase was 

extracted with AcOEt (3 x 25 mL), the collected organic phases were washed with brine, dried 

(Na2SO4) and concentrated under reduced pressure. The crude material was purified by flash 

chromatography (gradient DCM/MeOH 95:5 to 90:10) yielding 27a as white solid (0.109 g, 

74%). 1H NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H, exchangeable with D2O), 10.18 (s, 1H, 

exchangeable with D2O), 8.83 (s, 1H, exchangeable with D2O), 8.66–8.62 (m, 2H), 8.24 (d, J 

= 2.2 Hz, 1H), 7.95 (s, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.54 (dd, J = 8.9, 2.2 Hz, 1H), 7.28 (s, 

1H), 6.32 (br t, 1H, exchangeable with D2O), 6.25 (s, 1H), 5.51–5.46 (m, 1H), 5.08–5.02 (m, 

1H), 4.34–4.29 (m, 1H), 3.85 (s, 3H), 3.45–3.39 (m, 2H), 3.20–3.08 (m, 4H), 1.54 (s, 3H), 1.46 

(s, 9H), 1.35 (s, 9H), 1.32 (s, 3H); MS (ESI) m/z: 835 (M+H)+.  

Methyl 6-(3-(3-((E)-2-(tert-butoxycarbonyl)-3-(((3aR,4R,6R,6aR)-6-(6-((tert-butoxy 

carbonylamino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) 

methyl)guanidino)propyl)ureido)-4-hydroxy-2-naphthoate (27b) 
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Compound 27b was obtained as a white solid (114 mg, 75%) by reaction of 13a (100 mg, 0.177 

mmol) with compound 12b (152 mg, 0.354 mmol) following the procedure described for 27a. 

1H NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H, exchangeable with D2O), 10.18 (s, 1H, 

exchangeable with D2O), 8.83 (s, 1H, exchangeable with D2O), 8.66–8.62 (m, 2H), 8.24 (d, J 

= 2.2 Hz, 1H), 7.95 (s, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.54 (dd, J = 8.9, 2.2 Hz, 1H), 7.28 (s, 

1H), 6.32 (br t, 1H, exchangeable with D2O), 6.25 (s, 1H), 5.51–5.46 (m, 1H), 5.08–5.02 (m, 

1H), 4.34–4.29 (m, 1H), 3.85 (s, 3H), 3.45–3.39 (m, 2H), 3.20–3.08 (m, 4H), 1.70–1.60 (m, 

2H), 1.54 (s, 3H), 1.46 (s, 9H), 1.35 (s, 9H), 1.32 (s, 3H); MS (ESI) m/z: 849 (M+H)+.  

Methyl 6-(3-(4-((E)-2-(tert-butoxycarbonyl)-3-(((3aR,4R,6R,6aR)-6-(6-((tert-butoxy 

carbonyl)amino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) 

methyl)guanidino)butyl)ureido)-4-hydroxy-2-naphthoate (27c) 

 

Compound 27c was obtained as a white solid (37 mg, 72%) by reaction of 13a (52 mg, 0.060 

mmol) with compound 12c (53 mg, 0.120 mmol) following the procedure described for 27a. 

1H NMR (400 MHz, DMSO-d6) δ 10.27 (s, 1H, exchangeable with D2O), 10.15 (s, 1H, 

exchangeable with D2O), 8.86 (s, 1H, exchangeable with D2O), 8.69–8.58 (m, 2H), 8.26 (d, J 

= 2.2 Hz, 1H), 7.96 (s, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.55 (dd, J = 8.9, 2.2 Hz, 1H), 7.29 (s, 

1H), 6.31 (br t, 1H, exchangeable with D2O), 6.24 (s, 1H), 5.53–5.45 (m, 1H), 5.12–4.94 (m, 

1H), 4.39–4.28 (m, 1H), 3.85 (s, 3H), 3.44–3. 38 (m, 2H), 3.17–3.07 (m, 4H), 1.58–1.51 (m, 

4H), 1.49–1.46 (m, 12H), 1.37 (s, 9H), 1.30 (s, 3H); MS (ESI) m/z: 863 (M+H)+.  
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Methyl 6-(3-(5-((E)-2-(tert-butoxycarbonyl)-3-(((3aR,4R,6R,6aR)-6-(6-((tert-butoxy 

carbonyl)amino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) 

methyl)guanidino)pentyl)ureido)-4-hydroxy-2-naphthoate (27d) 

 

Compound 27d was obtained as a white solid (197 mg, 77%) by reaction of compound 13a 

(165 mg, 0.292 mmol) with compound 12d (268 mg, 0.584 mmol) following the procedure 

described for 27a. 1H NMR (400 MHz, DMSO-d6) δ 10.29 (s, 1H, exchangeable with D2O), 

10.15 (s, 1H, exchangeable with D2O), 8.86 (s, 1H, exchangeable with D2O), 8.64–8.59 (m, 

2H), 8.26 (d, J = 2.2 Hz, 1H), 7.96 (s, 1H), 7.88 (d, J = 8.9 Hz, 1H), 7.55 (dd, J = 8.9, 2.2 Hz, 

1H), 7.29 (s, 1H), 6.29 (br t, 1H, exchangeable with D2O), 6.24 (s, 1H), 5.52–5.46 (m, 1H), 

5.13–5.02 (m, 1H), 4.36–4.31 (m, 1H), 3.86 (s, 3H), 3.45–3.39 (m, 2H), 3.21–3.11 (m, 4H), 

1.55(s, 3H), 1.48 (s, 9H), 1.40–1.17 (m, 18H); MS (ESI) m/z: 878 (M+H)+. 

Methyl 6-(3-(6-((E)-2-(tert-butoxycarbonyl)-3-(((3aR,4R,6R,6aR)-6-(6-((tert-butoxy 

carbonyl)amino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) 

methyl)guanidino)hexyl)ureido)-4-hydroxy-2-naphthoate (27e) 

 

Compound 27e was obtained as a white solid (195 mg, 73%) by reaction of 13a (170 mg, 0.300 

mmol) with compound 12e (284 mg, 0.600 mmol) following the procedure described for 27a. 

1H NMR (400 MHz, DMSO-d6) δ 10.29 (s, 1H, exchangeable with D2O), 10.16 (s, 1H, 
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exchangeable with D2O), 8.85 (s, 1H, exchangeable with D2O), 8.60–8.54 (m, 2H), 8.27 (d, J 

= 2.3 Hz, 1H), 7.98 (s, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.61 (dd, J = 8.9, 2.3 Hz, 1H), 7.33 (s, 

1H), 6.34 (br t, 1H, exchangeable with D2O), 6.29 (s, 1H), 5.55–5.49 (m, 1H), 5.13–5.05 (m, 

1H), 4.34–4.28 (m, 1H), 3.86 (s, 3H), 3.47–3.41 (m, 2H), 3.26–3.13 (m, 4H), 2.31–2.23 (m, 

4H), 1.59 (s, 3H), 1.48–1.43 (m, 13H), 1.39- 1.32 (m, 12H); MS (ESI) m/z: 892 (M+H)+.  

Methyl 6-(3-(7-((E)-2-(tert-butoxycarbonyl)-3-(((3aR,4R,6R,6aR)-6-(6-((tert-butoxy 

carbonyl)amino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) 

methyl)guanidino)heptyl)ureido)-4-hydroxy-2-naphthoate (27f) 

 

 

Compound 27f was obtained as a white solid (201 mg, 72%) by reaction of compound 13a (175 

mg, 0.309 mmol) with compound 12f (301 mg, 0.618 mmol) following the procedure described 

for 27a. 1H NMR (400 MHz, DMSO-d6) δ 10.31 (s, 1H, exchangeable with D2O), 10.25 (s, 1H, 

exchangeable with D2O), 8.79 (s, 1H, exchangeable with D2O), 8.63–8.58 (m, 2H), 8.25 (d, J 

= 1.7 Hz, 1H), 7.96 (s, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.51 (dd, J = 8.9, 1.7 Hz, 1H), 7.31 (s, 

1H), 6.33 (br t, exchangeable with D2O), 6.21 (s, 1H), 5.52–5.49 (m, 1H), 5.08–5.04 (m, 1H), 

4.37–4.30 (m, 1H), 3.81 (s, 3H), 3.40–3.27 (m, 2H), 3.19–3.09 (m, 4H), 1.54 (s, 3H), 1.51–1.42 

(m, 13H), 1.36 (s, 9H), 1.29–1.17 (m, 9H); MS (ESI) m/z: 906 (M+H)+.  

Methyl 6-(3-(4-((E)-3-(2-((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyl 

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)ethyl)-2-(tert-butoxycarbonyl) guanidino) butyl) 

ureido)-4-hydroxy-2-naphthoate (28) 
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Compound 28 was obtained as a white solid (129 mg, 80%) by reaction of compound 13b (100 

mg, 0.208 mmol) with compound 12c (185 mg, 0.416 mmol) following the procedure described 

for 27a. 1H NMR (400 MHz, DMSO-d6) δ 10.26 (s, 1H, exchangeable with D2O), 8.80 (s, 1H, 

exchangeable with D2O), 8.34–8.30 (m, 2H), 8.25 (d, J = 2.1 Hz, 1H), 8.19–8.13 (m, 1H), 7.96 

(s, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.54 (dd, J = 8.9, 2.1 Hz, 1H), 7.36–7.25 (m, 3H, 2H 

exchangeable with D2O), 6.27 (br t, 1H, exchangeable with D2O), 6.11 (s, 1H), 5.47–5.34 (m, 

1H), 5.01–4.89 (m, 1H), 4.17–4.05 (m, 1H), 3.86 (s, 3H), 3.20–3.09 (m, 6H), 1.99–1.73 (m, 

2H), 1.53 (s, 3H), 1.49–1.42 (m, 4H), 1.35 (s, 9H), 1.31 (s, 3H); MS (ESI) m/z: 778 (M+H)+. 

Methyl 6-(3-(4-((E)-3-(3-((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyl 

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)propyl)-2-(tert-butoxycarbonyl) guanidino) butyl) 

ureido)-4-hydroxy-2-naphthoate (29) 

 

Compound 29 was obtained as a white solid (155 mg, 79%) starting from compound 28c (123 

mg, 0.249 mmol) with compound 12c (222 mg, 0.498 mmol) following the procedure described 

for 29a. 1H NMR (400 MHz, DMSO-d6) δ 10.29 (s, 1H, exchangeable with D2O), 8.85 (s, 1H, 

exchangeable with D2O), 8.29–8.21 (m, 2H), 8.26 (d, J = 2.2 Hz, 1H), 7.92 (s, 1H), 7.85 (d, J 

= 8.9 Hz, 1H), 7.56 (dd, J = 8.9, 2.2 Hz, 1H), 7.30–7.22 (m, 3H, 2H exchangeable with D2O), 
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6.27 (br t, 1H, exchangeable with D2O), 6.07 (s, 1H), 5.47–5.44 (m, 1H), 4.89–4.77 (m, 1H), 

4.11–4.02 (m, 1H), 3.86 (s, 3H), 3.46–3.37 (m, 2H), 3.17–3.10 (m, 4H), 1.67–1.58 (m, 2H), 

1.57–1.44 (m, 9H), 1.37 (s, 9H), 1.30 (s,3H); MS (ESI) m/z: 791 (M+H)+. 

Methyl 6-(3-(4-((E)-3-((E)-3-((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)allyl)-2-(tert-butoxy carbonyl) guanidino) 

butyl)ureido)-4-hydroxy-2-naphthoate (30) 

 

Compound 30 was obtained as a white solid (143 mg, 81%) by reaction of compound 13c (110 

mg, 0.224 mmol) with compound 12c (199 mg, 0.448 mmol) following the procedure described 

for 27a. 1H NMR (400 MHz, DMSO-d6) δ 10.27 (s, 1H, exchangeable with D2O), 8.84 (s, 1H, 

exchangeable with D2O), 8.31–8.23 (m, 2H), 8.16 (d, J = 1.9 Hz, 1H), 7.96 (s, 1H), 7.87 (d, J 

= 8.9 Hz, 1H), 7.54 (dd, J = 8.9, 1.9 Hz, 1H), 7.33–7.25 (m, 3H, 2H exchangeable with D2O), 

6.30 (br t, exchangeable with D2O), 6.15 (s, 1H), 5.76–5.70 (m, 2H), 5.43 (m, 1H), 4.95 (m, 

1H), 4.60–4.55 (m, 1H), 3.85 (s, 3H), 3.78–3.73 (m, 2H), 3.15–3.10 (m, 4H), 1.55 (s, 3H), 1.47–

1.38 (m, 4H), 1.36 (s, 9H), 1.31 (s, 3H); MS (ESI) m/z: 789 (M+H)+. 

((4R,6R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

yl)methanol (32) 
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To a suspension of adenosine 31 (2.00 g, 7.50 mmol) in dry acetone (150 mL), 0.75 mL of 

HClO4 were added dropwise. After stirring overnight, the clear solution was treated with a 

saturated solution of NaHCO3 until the pH was 7. The solvent was concentrated under vacuum 

and the product extracted with AcOEt (3 × 25 mL). The collected organic phases were washed 

with brine (30 mL), dried (Na2SO4), filtered and concentrated under vacuum, yielding 

compound 32 as a white solid (1.86 g, 81%). 1H NMR (400 MHz, DMSO-d6) δ 8.16 (s, 1H), 

8.00 (s, 1H), 6.48 (br s, 2H), 6.09 (s, 1H), 5.25 (s, 1H), 5.01 (s, 1H), 4.47 (s, 1H), 4.24 (m, 2H), 

1.53 (s, 3H), 1.30 (s, 3H); MS (ESI) m/z: 308 (M+H)+. 

9-((4R,6R)-6-(azidomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-

amine (33) 

 

To a solution of 32 (1.00 g, 3.25 mmol) in dry 1,4-dioxane (10 mL), DPPA (1.48 mL, 6.50 

mmol) and DBU (1.50 mL, 9.80 mmol) were added dropwise, and the reaction mixture was 

stirred at room temperature. After 24 h, sodium azide (1.06 g, 16.3 mmol) and 15-crown-5 (0.06 

mL, 0.33 mmol) were added, and the resulting mixture was refluxed for 2 h. The mixture was 

warmed up to room temperature, filtered and concentrated under vacuum. The residue was 

taken up with CHCl3 (50 mL), washed with water (50 mL) and brine (50 mL), dried (Na2SO4), 

filtered and concentrated under vacuum. The crude brown oil was purified by flash column 

chromatography (gradient DCM/AcOEt/MeOH 80:20:0 to 20:80:10) yielding the azide 33 as a 

yellow solid (0.93 g, 86%).  1H NMR (400 MHz, DMSO-d6) δ 8.35 (s, 1H), 8.18 (s, 1H), 7.34 

(br s, 2H), 6.21 (d, J = 3.2 Hz, 1H), 5.52 (dd, J = 6.4, 3.3 Hz, 1H), 5.01 (dd, J = 6.4, 2.7 Hz, 
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1H), 4.31 (td, J = 5.8, 2.6 Hz, 1H), 3.68 – 3.48 (m, 2H), 1.55 (s, 3H), 1.34 (s, 3H); MS (ESI) 

m/z: 333 (M+H)+. 

2-((4R,6R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

yl)acetonitrile (34) 

 

To a solution of 34 (0.76 g, 2.47 mmol) and PPh3 (1.62 g, 6.17 mmol) in THF (25 mL), acetone 

cyanohydrin (0.57 mL, 6.20 mmol) was added. Within 5 min, DEAD (40% in toluene, 2.79 

mL, 6.10 mmol) was added at 0 °C. The solution was stirred at the same temperature for 10 min 

and then warmed to room temperature. After 16 h, the solvent was evaporated, and the crude 

residue was purified by flash column chromatography (gradient AcOEt / MeOH 99:1 to 80:20) 

yielding the title compound 34 (0.70 g, 89%) as a brown oil. 1H NMR (400 MHz, CDCl3) δ 

8.35 (s, 1H), 7.88 (s, 1H), 6.09 (s, 1H), 5.60 (br s, 2H), 5.48 (dd, J = 6.4, 2.0 Hz, 1H), 5.13 (dd, 

J = 6.3, 3.1 Hz, 1H), 4.56–4.50 (m, 1H), 3.03–2.86 (m, 2H), 1.62 (s, 3H), 1.40 (s, 3H); MS 

(ESI) m/z: 317 (M+H)+. 

tert-butyl (2-((4R,6R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3] 

dioxol-4-yl)ethyl)carbamate (35) 
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To a stirred solution of 34 (0.50 g, 1.58 mmol) in MeOH (20 mL), di-tert-butyl dicarbonate 

(1.03 g, 4.74 mmol) and nickel(II) chloride hexahydrate (0.04 g, 0.16 mmol) were added. The 

solution was cooled at 0 °C and sodium borohydride (0.42 g, 11.1 mmol) was added portion-

wise, and the black suspension was stirred at room temperature for 4 h. Then, 

diethylenetriamine (0.17 mL, 1.58 mmol) was added and the resulting mixture was stirred for 

24 h. The solvent was removed under vacuum and the crude was extracted with AcOEt (3 × 50 

mL).  The collected organic phases were washed with water (50 mL) and brine (50 mL), dried 

(Na2SO4), filtered and concentrated under vacuum. The crude product was purified by flash 

column chromatography (gradient DCM/MeOH 99:1 to 90:10) yielding the protected amine 35 

as a pale-yellow solid (0.53 g, 80%).  1H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H), 7.87 (s, 1H), 

5.99 (d, J = 2.6 Hz, 1H), 5.60 (br s, 2H), 5.48 (dd, J = 6.6, 2.7 Hz, 1H), 5.03 (s, 1H), 4.91 (dd, 

J = 6.6, 4.0 Hz, 1H), 4.28–4.18 (m, 1H), 3.30–3.11 (m, 1H), 1.97–1.87 (m, 2H), 1.60 (s, 3H), 

1.41 (s, 9H), 1.38 (s, 3H); MS (ESI) m/z: 421 (M+H)+. 

Ethyl (E)-3-((4R,6R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethylperhydrofuro[3,4-d][1,3] 

dioxol-4-yl)acrylate (36) 

 

To a solution of 32 (1.50 g, 4.88 mmol) in 15 mL of DMSO, (ethoxycarbonylmethylene) 

triphenylphosphorane (4.25 g, 12.2 mmol) and o-iodoxybenzoic acid (IBX) (1.37 g, 12.2 mmol) 

were added. The mixture was stirred at room temperature for 72 h. Water (25 mL) was added 

and the mixture was extracted with AcOEt (3 × 50 mL). The combined organic phases were 

dried (Na2SO4), filtered and concentrated under vacuum to obtain a crude residue which was 
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purified by column chromatography (AcOEt /MeOH 95:5) to give the title compound as an 

orange solid (1.28 g, 70%).  1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 7.87 (s, 1H), 6.96 (dd, 

J = 15.7, 5.5 Hz, 1H), 6.13 (d, J = 1.9 Hz, 1H), 5.81 (dd, J = 15.6, 1.7 Hz, 1H), 5.61 (br s, 2H), 

5.56 (dd, J = 6.2, 1.9 Hz, 1H), 5.14 (dd, J = 6.3, 3.5 Hz, 1H), 4.84–4.77 (m, 1H), 4.12 (q, J = 

7.1 Hz, 2H), 1.63 (s, 3H), 1.40 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H); MS (ESI) m/z: 376 (M+H)+. 

(E)-3-((4R,6R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-

yl)prop-2-en-1-ol (37) 

 

To a solution of 36 (1.00 g, 2.65 mmol) in dry DCM (10 mL), DIBAL-H (1 M in THF, 20 mL, 

20.0 mmol) was added dropwise at -78 °C and the mixture was stirred for 2 hours. Then, the 

reaction was quenched with MeOH (8 mL) and warmed to room temperature. A saturated 

solution of Rochelle salt (40 mL) was added, and the resulting suspension was stirred overnight, 

then the aqueous phase was extracted with AcOEt (3 × 25 mL). The collected organic phases 

were washed with brine (30 mL), dried (Na2SO4) and filtered. Evaporation under vacuum of 

the solvent gave the title compound 37 (0.86 g, 98%) as a white yellow solid, which was directly 

used in the next step without further purification. 1H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H), 

7.87 (s, 1H), 6.10 (d, J = 2.0 Hz, 1H), 5.87–5.84 (m, 1H), 5.58 – 5.53 (m, 3H), 5.02 (dd, J = 

6.3, 3.4 Hz, 1H), 4.73–4.71 (m, 1H), 4.09–4.06 (m, 2H), 1.63 (s, 3H), 1.40 (s, 3H); MS (ESI) 

m/z: 334 (M+H)+. 

2-((E)-3-((4R,6R)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-

4 yl)allyl)isoindoline-1,3-dione (38) 
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To a stirred suspension of 37 (0.48 g, 1.44 mmol), phthalimide (0.21 g, 1.44 mmol) and Ph3P 

(0.38 g, 1.44 mmol) in THF (10 mL), DEAD (40% in toluene, 0.66 mL, 1.44 mmol) was added 

dropwise. After stirring for 1.5 h at room temperature, a colourless solid started to precipitate. 

Stirring was continued for 1 h, after which the mixture was cooled to 0 °C and filtered. The 

residue was washed with Et2O and dried in vacuum to give 38 (0.47 g, 70%) as a white solid.  

1H NMR (400 MHz, CDCl3) δ 8.24 (s, 1H), 7.86–7.83 (m, 3H), 7.74–7.71 (m, 2H), 6.07 (d, J 

= 2.0 Hz, 1H), 5.87–5.80 (m, 1H), 5.77–5.68 (m, 1H), 5.60 (br s, 2H), 5.48 (dd, J = 6.3, 2.0 Hz, 

1H), 4.98 (dd, J = 6.3, 3.3 Hz, 1H), 4.71–4.65 (m, 1H), 4.21–4.18 (m, 2H), 1.59 (s, 3H), 1.37 

(s, 3H); MS (ESI) m/z: 463 (M+H)+.  

8.2.2. Preparation of compounds 39 – 64  

8.2.2.1. General Procedure for the 1,3-hydroxyacylation of alkenes with acylium ions 

 

In a flame-dried Schlenk tube at ambient temperature, a solution of alkene (1.00 equiv.) and 

acyl chloride (1.05 equiv.) in dichloromethane (0.1 M) was treated with silver 

hexafluoroantimonate (1.1 equiv.) and the resulting suspension was immediately placed in a 

pre-heated oil bath at 35 °C. After vigorously stirring the reaction mixture at the same 

temperature for 10 min, the reaction vessel was removed from the oil bath and a saturated 
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aqueous solution of sodium bicarbonate (equivalent to the amount of dichloromethane used) 

was added, followed by vigorous stirring for 10 min. After this time, the phases were separated, 

the aqueous phase was extracted with dichloromethane and the combined organic phases were 

dried over anhydrous Na2SO4, filtered and the filtrate was concentrated under reduced pressure. 

The resulting crude material was purified by flash column chromatography on silica gel 

(heptane/ethyl acetate) to give the title compound. 

3-hydroxycyclohexyl)(phenyl)methanone (39) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), benzoyl chloride (24.4 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography gave the title compound (> 50:1 r.r., 34.1 mg, 83%) as a white solid. 1H NMR 

(600 MHz, CDCl3): δ 7.95 – 7.90 (m, 2H), 7.59 – 7.52 (m, 1H), 7.50 – 7.42 (m, 2H), 3.77 (td, 

J = 10.5, 4.2 Hz, 1H), 3.37 (tt, J = 11.2, 3.4 Hz, 1H), 2.18 – 2.11 (m, 1H), 2.02 (app d, J = 12.4 

Hz, 1H), 1.97 – 1.81 (m, 2H), 1.58 – 1.49 (m, 1H), 1.47 – 1.39 (m, 2H), 1.33 – 1.22 (m, 1H). 

13C NMR (151 MHz, CDCl3): δ 202.3, 135.9, 133.0, 128.6 (2C), 128.3 (2C), 69.9, 44.0, 37.6, 

35.1, 28.5, 23.3. HRMS (ESI+): exact mass calculated for [M+Na]+ (C13H16O2Na) requires m/z 

257.1154, found m/z 257.1153. 

3-hydroxycyclohexyl)(m-tolyl)methanone (41a) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), o-toluoyl chloride (27.4 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (> 19:1 r.r., 

28.9 mg, 66%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.56 – 7.42 (m, 1H), 7.40 – 

7.29 (m, 1H), 7.29 – 7.17 (m, 2H),3.69 (td, J = 10.5, 4.0 Hz, 1H), 3.13 (tt, J = 11.4, 4.1 Hz, 

1H), 2.42 (s, 3H), 2.13 (app d, J = 12.4 Hz, 1H), 2.00 (app d, J = 11.5 Hz, 1H), 1.95 – 1.71 (m, 

2H), 1.53 – 1.17 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 207.1, 138.4, 137.5, 131.7, 130.7, 

127.3, 125.6, 70.1, 47.3, 37.3, 35.1, 27.8, 23.3, 20.7. HRMS (ESI+): exact mass calculated for 

[M+Na]+ (C14H18O2Na) requires m/z 241.1205, found m/z 241.1198. 

3-hydroxycyclohexyl)(m-tolyl)methanone (41b) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), m-toluoyl chloride (27.7 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (> 20:1 r.r., 

35.8 mg, 82%) as a white solid. 1H NMR (500 MHz, CDCl3): δ 7.77 – 7.62 (m, 2H), 7.40 – 

7.30 (m, 2H), 3.87 – 3.62 (m, 1H), 3.36 (tt, J = 11.1, 3.4 Hz, 1H), 2.41 (s, 3H), 2.20 – 2.08 (m, 

1H), 2.05 – 1.95 (m, 1H), 1.95 – 1.80 (m, 2H), 1.56 – 1.37 (m, 4H), 1.36 – 1.17 (m, 1H). 13C 

NMR (126 MHz, CDCl3): δ 201.7, 137.5, 135.0, 132.8, 127.8, 127.5, 124.5, 68.9, 42.9, 36.7, 

34.2, 27.5, 22.3, 20.4. HRMS (ESI+): exact mass calculated for [M+Na]+ (C14H18O2Na) 

requires m/z 241.1205, found m/z 241.1199. 

(4-(tert-butyl)phenyl)((1R,3S)-3-hydroxycyclohexyl)methanone (41c) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 4-tert-butylbenzoyl chloride (41.3 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the 

title compound (> 19:1 r.r., 44.6 mg, 86%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 

7.91 – 7.85 (m, 2H), 7.54 – 7.42 (m, 2H), 3.86 – 3.66 (m, 1H), 3.43 – 3.28 (m, 1H), 2.16 – 2.06 

(m, 1H), 2.08 – 1.95 (m, 1H), 1.93 – 1.78 (m, 2H), 1.60 – 1.39 (m, 4H), 1.34 (s, 9H). 13C NMR 

(151 MHz, CDCl3): δ 202.1, 156.8, 133.3, 128.3 (2C), 125.5 (2C), 69.9, 43.8, 37.7, 35.2, 32.1, 

31.1 (3C), 28.6, 23.3. HRMS (ESI+): exact mass calculated for [M+Na]+ (C17H24O2Na) requires 

m/z 283.1674, found m/z 283.1658. 

3-hydroxycyclohexyl)(mesityl)methanone (41d) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 2,4,6-trimethylbenzoyl chloride (35.0 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 7:1 r.r., 20.5 mg, 41%) as a colorless oil. 1H NMR (500 MHz, CDCl3): δ 

6.84 (s, 2H), 3.68 – 3.51 (m, 1H), 2.76 (app ddd, J = 11.9, 8.8, 3.1 Hz, 1H), 2.28 (s, 3H), 2.20 

– 2.16 (m, 7H), 1.98 (dd, J = 10.6, 3.3 Hz, 1H), 1.91 – 1.80 (m, 2H), 1.50 – 1.19 (m, 4H).13C 

NMR (126 MHz, CDCl3): δ 212.0, 138.7, 138.5, 133.2 (2C), 128.7 (2C), 70.3, 50.6, 36.8, 35.2, 
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27.1, 23.5, 21.0, 19.7 (2C). HRMS (ESI+): exact mass calculated for [M+Na]+ (C16H22O2Na) 

requires m/z 269.1518, found m/z 269.1513. 

3-hydroxycyclohexyl)(naphthalen-2-yl)methanone (41e) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 2-naphthoyl chloride (19.1 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flashcolumn 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (> 19:1 r.r., 

41.1 mg, 80%) as a white solid. 1H NMR (700 MHz, CDCl3): δ 8.44 (s, 1H), 8.00 (d, J = 8.6 

Hz, 1H), 7.96 (d, J = 8.1 Hz, 1H), 7.88 (dd, J = 17.0, 8.3 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 

7.55 (t, J = 7.4 Hz, 1H), 3.86 – 3.80 (m, 1H), 3.54 (m, 1H), 2.21 (app d, J = 12.6 Hz, 1H), 2.06 

(app d, J = 12.2 Hz, 1H), 1.92 (app d, J = 8.4 Hz, 2H), 1.60 (m, 1H), 1.54 – 1.44 (m, 2H), 1.33–

1.31 (m, 1H). 13C NMR (176 MHz, CDCl3): δ 202.4, 135.5, 133.3, 132.5, 129.7, 129.5, 128.5, 

128.4, 127.7, 126.8, 124.2, 70.0, 43.9, 37.8, 35.2, 28.6, 23.4. HRMS (ESI+): exact mass 

calculated for [M+Na]+ (C17H18O2Na) requires m/z 277.1205, found m/z 277.1200. 

3-hydroxycyclohexyl)(p-tolyl)methanone (41f) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), p-toluoyl chloride (27.8 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (> 20:1 r.r., 

34.2 mg, 78%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.88 – 7.78 (m, 2H), 7.31 – 
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7.18 (m, 2H), 3.84 – 3.64 (tt, J = 10.5, 3.2 Hz, 1H), 3.41 – 3.25 (tt, J = 10.7, 4.2 Hz, 1H), 2.41 

(s, 3H), 2.17 – 2.08 (m, 1H), 2.06 – 1.97 (m, 1H), 1.92 – 1.77 (m, 2H), 1.55 – 1.38 (m, 4H), 

1.33 – 1.31 (m, 1H). 13C NMR (101 MHz, CDCl3): δ 202.1, 143.9, 133.4, 129.4 (2C), 128.5 

(2C), 70.0, 43.8, 37.7, 35.2, 28.6, 23.4, 21.7. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C14H18O2Na) requires m/z 241.1205, found m/z 241.1197. 

3-hydroxycyclohexyl(2-iodophenyl)methanone (41g) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 2-iodobenzoyl chloride (29.0 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the title compound (> 12:1 r.r., 

48.0 mg, 73%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 7.9 Hz, 1H), 7.39 

(td, J = 7.5, 0.7 Hz, 1H), 7.28 – 7.22 (m, 2H, overlaps with CDCl3 peak), 7.12 (td, J = 7.7, 1.6 

Hz, 1H), 3.74 – 3.53 (m, 1H), 3.20 – 2.96 (m, 1H), 2.26 – 2.12 (m, 1H), 2.05 – 1.94 (m, 1H), 

1.93 – 1.81 (m, 2H), 1.54 – 1.19 (m, 4H). 13C NMR (176 MHz, CDCl3): δ 207.0, 145.1, 140.1, 

131.2, 127.9, 127.5, 91.1, 70.1, 47.9, 36.9, 35.1, 27.4, 23.4. HRMS (ESI+): exact mass 

calculated for [M+Na]+ (C13H15IO2Na) requires m/z 353.0015, found m/z 353.0011. 

(3,4-dichlorophenyl)(-3-hydroxycyclohexyl)methanone (41h) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 3,4-dichlorobenzoyl chloride (44.9 mg, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 
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Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 15:1 r.r., 39.8 mg, 73%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 

8.00 (s, 1H), 7.75 (d, J = 8.3 Hz, 1H), 7.55 (d, J = 8.3 Hz, 1H), 3.83 – 3.65 (m, 1H), 3.35 – 

3.13 (m, 1H), 2.17 – 2.08 (m, 1H), 2.08 – 1.98 (m, 1H), 1.96 – 1.80 (m, 2H), 1.68 (brs, 1H), 

1.57 – 1.20 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 200.0, 137.6, 135.6, 133.4, 130.8, 130.3, 

127.4, 70.0, 44.1, 37.5, 35.1, 28.3, 23.4. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C13H14Cl2O2Na) requires m/z 295.0269, found m/z 295.0249. 

Methyl 4-(-3-hydroxycyclohexane-1-carbonyl)benzoate (41j) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), methyl 4- chlorocarbonylbenzoate (43.9 mg, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 11:1 r.r., 36.8 mg, 70%) as a white solid. 1H NMR (700 MHz, CDCl3): δ 

8.11 (d, J = 8.3 Hz, 2H), 7.96 (d, J = 8.3 Hz, 2H), 3.94 (s, 3H), 3.82 – 3.70 (m, 1H), 3.36 (tt, J 

= 11.3, 3.2 Hz, 1H), 2.21 – 2.09 (m, 1H), 2.08 – 1.98 (m, 1H), 1.95 – 1.81 (m, 2H), 1.81 – 1.65 

(brs, 1H), 1.59 – 1.37 (m, 2H), 1.37 – 1.18 (m, 1H). 13C NMR (176 MHz, CDCl3): δ 201.9, 

166.2, 139.3, 133.8, 129.9 (2C), 128.2 (2C), 69.9, 52.4, 44.4, 37.5, 35.1, 28.4, 23.4. HRMS 

(ESI+): exact mass calculated for [M+Na]+ (C15H18O4Na) requires m/z 285.1103, found m/z 

285.1102. 

3-hydroxycyclohexyl(4-nitrophenyl)methanone (41k) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 4-nitrobenzoyl chloride (39.0 mg, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 10:1 r.r., 30.0 mg, 60%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 

8.31 (d, J = 7.9 Hz, 2H), 8.07 (d, J = 8.0 Hz, 2H), 3.87 – 3.64 (m, 1H), 3.43 – 3.19 (m, 1H), 

2.22 – 2.10 (m, 1H), 2.09 – 2.00 (m, 1H), 1.97 – 1.79 (m, 2H),1.78 – 1.70 (brs, 1H) 1.59 – 1.36 

(m, 3H), 1.35 – 1.17 (m, 1H). 13C NMR (101 MHz, CDCl3): δ 200.8, 150.3, 140.7, 129.3 (2C), 

123.9 (2C), 69.9, 44.6, 37.4, 35.1, 28.2, 23.4. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C13H15NO4Na) requires m/z 272.0899, found m/z 272.0893. 

4-fluorophenyl-(3-hydroxycyclohexyl)methanone (41l) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 4-fluorobenzoyl chloride (24.8 μL, 0.21 mmol, 1.05 equiv.), 

silver hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 13:1 r.r., 37.1 mg, 83%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 

8.01 – 7.84 (m, 2H), 7.17 – 7.02 (m, 2H), 3.84 – 3.66 (m, 1H), 3.32 (app dd, J = 15.0, 6.7 Hz, 

1H), 2.17 – 2.06 (m, 1H), 2.08 – 1.97 (m, 1H), 1.93 – 1.80 (m, 2H), 1.77 (brs, 1H), 1.57 – 1.46 

(m, 1H), 1.49 – 1.39 (m, 2H), 1.37 – 1.19 (m, 1H). 13C NMR (151 MHz, CDCl3): δ 200.7, 

165.6 (d, J = 253.5 Hz), 132.3(d, J = 3.0 Hz), 130.9 (d, J = 9.0 Hz, 2C), 115.8 (d, J = 22.5 Hz, 
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2C),  69.9, 43.9, 37.7, 35.2, 28.5, 23.3. 19F (372 MHz, CDCl3): δ – 107.3. HRMS (ESI+): exact 

mass calculated for [M+Na]+ (C13H15FO2Na) requires m/z 245.0954, found m/z 245.0949. 

 

3-hydroxycyclohexyl(2-bromophenyl)methanone (41n) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 2-bromobenzoyl chloride (27.4 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 11:1 r.r., 34.2 mg, 60%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 

7.53 (d, J = 7.9 Hz, 1H), 7.34 – 7.25 (m, 1H), 7.25 – 7.11 (m, 2H, overlaps with CDCl3 peak), 

3.65 – 3.47 (m, 1H), 3.07 (m, 1H), 2.23 – 2.06 (m, 1H), 1.97 – 1.87 (m, 1H), 1.99 – 1.76 (m, 

2H), 1.44 – 1.07 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 133.4, 131.2, 128.2, 127.3, 118.6, 

70.1, 48.5, 36.9, 35.1, 27.4, 23.4. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C13H15BrO2Na) requires m/z 305.0153, found m/z 305.0132 + 307.0113 (81Br). 

Furan-2-yl(-3-hydroxycyclohexyl)methanone (41p) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 2-furoyl chloride (22.7 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the title compound (> 10:1 r.r., 
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20.0 mg, 51%) as a colorless oil. 1H NMR (600 MHz, CDCl3): δ 7.57 (m, 1H), 7.19 (m, 1H), 

6.57 – 6.42 (m, 1H), 3.74 (tt, J = 10.4, 4.2 Hz, 1H), 3.18 (tt, J = 11.2, 3.6 Hz, 1H), 2.18 – 2.07 

(m, 1H), 2.06 – 1.97 (m, 1H), 1.95 – 1.78 (m, 2H), 1.57 – 1.48 (m, 1H), 1.50 – 1.36 (m, 2H), 

1.34 – 1.16 (m, 1H). 13C NMR (151 MHz, CDCl3): δ 191.4, 152.1, 146.3, 117.3, 112.3, 69.8, 

44.6, 37.1, 35.0, 27.9, 23.3. HRMS (ESI+): exact mass calculated for [M+Na]+ (C11H14O3Na) 

requires m/z 217.0841, found m/z 217.0837. 

3-hydroxycyclohexyl)(thiophen-2-yl)methanone (41q) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 2-thenoyl chloride (22.7 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the title compound (> 13:1 r.r., 

31.2 mg, 74%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.78 – 7.66 (m, 1H), 7.66 – 

7.60 (m, 1H), 7.17 – 7.01 (m, 1H), 3.76 (app d, J = 10.2 Hz, 1H), 3.19 (m, 1H), 2.21 – 2.06 (m, 

1H), 2.08 – 1.96 (m, 1H), 1.94 – 1.77 (m, 2H), 1.64 – 1.38 (m, 3H), 1.37 – 1.21 (m, 1H). 13C 

NMR (101 MHz, CDCl3): δ 195.3, 143.4, 133.8, 131.8, 128.2, 69.8, 45.7, 37.8, 35.1, 28.8, 23.3. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C11H14O2SNa) requires m/z 233.0613, 

found m/z 233.0610. 

Benzo[b]thiophen-2-yl(3-hydroxycyclohexyl)methanone (41r) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), benzo[b]thiophene-2-carbonyl chloride (42.1 mg, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 8:1 r.r., 31.9 mg, 61%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 7.97 

(s, 1H), 7.91 – 7.83 (m, 2H), 7.49 – 7.44 (m, 1H), 7.44 – 7.39 (m, 1H), 3.84 – 3.68 (m, 1H), 

3.35 (tt, J = 11.3, 3.2 Hz, 1H), 2.26 – 2.16 (m, 1H), 2.10 – 2.00 (m, 1H), 1.94 (m, 2H), 1.77 

(app brs, 1H), 1.67 – 1.56 (m, 1H, overlaps with water peak), 1.55 – 1.44 (m, 2H), 1.37 – 1.27 

(m, 1H). 13C NMR (151 MHz, CDCl3): δ 196.7, 142.8, 142.6, 139.1, 128.8, 127.5, 125.9, 125.1, 

123.0, 69.9, 45.6, 37.9, 35.1, 28.8, 23.4. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C15H16O2SNa) requires m/z 283.0769, found m/z 283.0765. 

Benzo[d][1,3]dioxol-5-yl(-3-hydroxycyclohexyl)methanone (41s) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), piperonyloyl chloride (38.8 mg, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the title compound (> 15:1 r.r., 

28.9 mg, 58%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 7.54 (d, J = 8.2 Hz, 1H), 7.41 

(s, 1H), 6.85 (d, J = 8.1 Hz, 1H), 6.04 (s, 2H), 3.81 – 3.63 (m, 1H), 3.34 – 3.17 (m, 1H), 2.14 

– 2.06 (m, 1H), 2.06 – 1.98 (m, 1H), 1.94 – 1.79 (m, 2H), 1.68 (app brs, 1H), 1.58 – 1.47 (m, 

1H), 1.47 – 1.38 (m, 2H), 1.32 – 1.24 (m, 1H). 13C NMR (151 MHz, CDCl3): δ 200.4, 151.7, 

148.3, 130.7, 124.4, 108.2, 107.9, 101.8, 69.9, 43.6, 37.8, 35.2, 28.7, 23.3. HRMS (ESI+): exact 

mass calculated for [M+Na]+ (C14H16O4Na) requires m/z 271.0947, found m/z 271.0947. 
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3-hydroxycyclohexyl)(3-methoxyphenyl)methanone (41t) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), 3-methoxybenzoyl chloride (30.1 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 17:1 r.r., 35.5 mg, 75%) as a white solid. 1H NMR (700 MHz, CDCl3): δ 

7.51 (d, J = 7.6 Hz, 1H), 7.47 (s, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.11 (dd, J = 8.1, 2.4 Hz, 1H), 

3.86 (s, 3H), 3.80 – 3.72 (m, 1H), 3.38 – 3.31 (m, 1H), 2.18 – 2.11 (m, 1H), 2.07 – 1.99 (m, 

1H), 1.93 – 1.82 (m, 2H), 1.76 – 1.68 (app br s, 1H),1.55 – 1.50 (m, 1H), 1.47 – 1.41 (m, 2H), 

1.34 – 1.27 (m, 1H). 13C NMR (176 MHz, CDCl3): δ 202.2, 159.9, 137.4, 129.4, 120.7, 119.3, 

112.8, 70.0, 55.4, 44.1, 37.7, 35.1, 28.6, 23.4. HRMS (ESI+): exact mass calculated for 

[M+Na]+ (C14H18O3Na) requires m/z 257.1154, found m/z 257.1150. 

3-hydroxycyclohexyl)(4-methoxyphenyl)methanone (41u) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 

1.00 equiv.), 4-methoxybenzoyl chloride (28.4 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 13:1 r.r., 26.1 mg, 55%) as a white solid. 1H NMR (700 MHz, CDCl3): δ 

7.92 (d, J = 8.0, 2H), 6.93 (d, J = 8.0, 2H), 3.86 (s, 3H), 3.79 – 3.70 (m, 1H), 3.37 – 3.30 (m, 

1H), 2.13 – 2.09 (m, 1H), 2.03 – 1.96 (m, 1H), 1.90 – 1.76 (m, 2H), 1.57 – 1.51 (m, 1H), 1.46 
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– 1.41 (m, 2H), 1.34 – 1.26 (m, 1H). 13C NMR (176 MHz, CDCl3): δ 200.9, 163.4, 130.6 (2C), 

128.8, 113.8 (2C), 69.9, 55.4, 43.5, 37.7, 35.2, 28.6, 23.3. HRMS (ESI+): exact mass calculated 

for [M+Na]+ (C14H18O3Na) requires m/z 257.1154, found m/z 257.1147. 

Cyclopropyl((1S,3S)-3-hydroxycyclohexyl)methanone (42a) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), cyclopropanecarbonyl chloride (19.1 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 28:1 r.r., 31.0 mg, 81%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 

3.65 (tt, J = 10.1, 4.2 Hz, 1H), 2.59 (tt, J = 11.0, 3.7 Hz, 1H), 2.15 – 2.08 (m, 1H), 1.97 – 1.89 

(m, 2H), 1.87 – 1.83 (m, 1H), 1.83 – 1.78 (m, 1H), 1.39 – 1.26 (m, 3H), 1.22–1.19 (m, 1H), 

0.97 – 0.92 (m, 2H), 0.84 – 0.80 (m, 2H). 13C NMR (151 MHz, CDCl3): δ 212.7, 69.7, 49.9, 

36.8, 35.2, 27.5, 23.0, 19.0, 11.0, 10.9. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C10H16O2Na) requires m/z 191.1042, found m/z 191.1043. 

3-hydroxycyclohexyl)-2-methylpropan-1-one (42b) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 

1.00 equiv.), isobutyryl chloride (22.0 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the 

title compound (> 32:1 r.r., 20.0 mg, 59%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 
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3.62 (tt, J = 10.4, 4.2 Hz, 1H), 2.78 – 2.70 (m, 1H), 2.58 (tt, J = 11.3, 3.6 Hz, 1H), 2.05 – 1.97 

(m, 1H), 1.97 – 1.90 (m, 1H), 1.85 – 1.79 (m, 1H), 1.75 – 1.67 (m, 1H), 1.37 – 1.16 (m, 4H), 

1.09 – 0.97 (m, 6H). 13C NMR (151 MHz, CDCl3): δ 216.4, 69.9, 47.4, 38.9, 37.1, 35.1, 27.6, 

23.2, 18.5, 18.4. HRMS (ESI+): exact mass calculated for [M+Na]+ (C10H18O2Na) requires m/z 

193.1187, found m/z 193.1192. 

 

 

3-hydroxycyclohexyl)undecan-1-one (42c) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), lauroyl chloride (50.6 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (> 15:1 r.r., 

39.7 mg, 70%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 3.64 (tt, J = 10.4, 4.2 Hz, 1H), 

2.46 – 2.41 (m, 3H), 2.14 – 2.03 (m, 1H), 2.00 – 1.90 (m, 1H), 1.87 – 1.76 (m, 2H), 1.59 – 1.50 

(m, 1H, overlaps with water peak), 1.40 – 1.16 (m, 22H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR 

(151 MHz, CDCl3): δ 213.0, 69.9, 49.1, 40.7, 36.9, 35.1, 31.9, 29.6 (2C), 29.5, 29.4, 29.3, 29.2, 

27.4, 23.7, 23.2, 22.7, 14.1. HRMS (ESI+): exact mass calculated for [M+Na]+ (C18H34O2Na) 

requires m/z 305.2457, found m/z 305.2449. 

3-hydroxycyclohexyl)nonan-1-one (42d) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), nonanoyl chloride (37.9 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (> 28:1 r.r., 

32.1 mg, 66%) as a white solid. 1H NMR (600 MHz, CDCl3): δ 3.64 (tt, J = 10.4, 4.2 Hz, 1H), 

2.48 – 2.38 (m, 3H), 2.11 – 2.04 (m, 1H), 1.98 – 1.90 (m, 1H), 1.87 – 1.74 (m, 2H), 1.57 – 1.52 

(m, 2H), 1.36 – 1.17 (m, 15H), 0.88 – 0.86 (m, 3H). 13C NMR (151 MHz, CDCl3): δ 213.0, 

69.9, 49.2, 40.7, 36.9, 35.1, 31.8, 29.4, 29.3, 29.1, 27.5, 23.7, 23.2, 22.6, 14.1. HRMS (ESI+): 

exact mass calculated for [M+Na]+ (C15H28O2Na) requires m/z 263.1987, found m/z 263.1974. 

3-hydroxycyclohexyl)-2,2-dimethylpropan-1-one (42e) 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), pivaloyl chloride (25.9 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the title compound (> 17:1 r.r., 

31.6 mg, 86%) as a white solid. 1H NMR (500 MHz, CDCl3): δ 3.62 (app ddd, J = 14.3, 10.2, 

3.9 Hz, 1H), 2.98 – 2.84 (m, 1H), 2.02 – 1.93 (m, J = 12.5 Hz, 1H), 1.92 – 1.79 (m, 2H), 1.63 

– 1.53 (m, 1H, overlaps with water peak), 1.46 – 1.23 (m, 4H), 1.14 (s, 9H). 13C NMR (126 

MHz, CDCl3): δ 217.7, 70.3, 43.3, 39.9, 38.8, 35.5, 29.2, 26.3 (3C), 23.9. HRMS (ESI+): exact 

mass calculated for [M+Na]+ (C11H20O2Na) requires m/z 207.1361, found m/z 207.1355. 

3-cyclopentyl-1-(-3-hydroxycyclohexyl)propan-1-one (42g) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 

1.00 equiv.), cyclopentanepropionyl chloride (32.2 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 40:60) gave the 

title compound (> 19:1 r.r., 19.1 mg, 42%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 

3.64 (app dq, J = 10.2, 4.9, 4.1 Hz, 1H), 2.59 – 2.27 (m, 3H), 2.09 (app dd, J = 11.6, 4.6 Hz, 

1H), 1.96 (app dd, J = 12.1, 4.7 Hz, 1H), 1.89 – 1.63 (m, 6H), 1.65 – 1.44 (m,  7H), 1.41 – 1.18 

(m, 5H). 13C NMR (151 MHz, CDCl3):  δ 213.1, 69.9, 49.1, 40.0 (2C), 39.7, 36.9, 35.1, 32.5, 

29.9, 27.5, 25.1 (2C), 23.2. HRMS (ESI+): exact mass calculated for [M+Na]+ (C14H24O2Na) 

requires m/z 247.1674, found m/z 247.1666. 

3-hydroxycyclohexyl)-3,3-dimethylbutan-1-one (42h) 

 

 

Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 

1.00 equiv.), 3,3-dimethylbutyryl chloride (29.4 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the 

title compound (> 18:1 r.r., 16.0 mg, 40%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 3.77 

– 3.29 (m, 1H), 2.47 – 2.34 (m, 1H), 2.34 (s, 2H), 2.05 (ddt, J = 12.4, 4.0, 2.1 Hz, 1H), 1.99 – 

1.87 (m, 1H), 1.89 – 1.71 (m, 2H), 1.27 (m, 4H), 1.00 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 

212.7, 69.9, 52.9, 50.6, 36.7, 35.1, 31.0, 29.7 (3C), 27.2, 23.2. HRMS (ESI+): exact mass 

calculated for [M+Na]+ (C12H22O2Na) requires m/z 221.1518, found m/z 221.1505. 

Adamantan-1-yl(-3-hydroxycyclohexyl)methanone (42i) 
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Synthesized following the general procedure, using cyclohexene (20.3 μL, 0.20 mmol, 1.00 

equiv.), adamantane-1-carbonyl chloride (41.7 mg, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). 

Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the 

title compound (> 15:1 r.r., 43.1 mg, 82%) as a white solid. 1H NMR (400 MHz, CDCl3): δ 

3.75 – 3.36 (m, 1H), 2.95 (tt, J = 11.3, 3.5 Hz, 1H), 2.05 (m, 3H), 2.00 – 1.92 (m, 1H), 1.91 – 

1.62 (m, 15H), 1.54 (app dd, J = 9.9, 4.3 Hz, 1H), 1.46 – 1.18 (m, 4H). 13C NMR (101 MHz, 

CDCl3): δ 216.8, 70.0, 46.9, 41.9, 38.2, 37.7 (3C), 36.5 (3C), 35.2, 28.6, 27.8 (3C), 23.6. HRMS 

(ESI+): exact mass calculated for [M+Na]+ (C17H26O2Na) requires m/z 285.1831, found m/z 

285.1822. 

4-hydroxy-7-oxo-7-phenylheptyl 2,2,2-trifluoroacetate (43d) 

 

Synthesized following the general procedure, using hex-5-en-1-yl 2,2,2-trifluoroacetate 

(39.2 mg, 0.20 mmol, 1.00 equiv.), benzoyl chloride (24.2 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL), with a 

reaction time of 30 minutes. Purification by flash column chromatography (heptane/ethyl 

acetate 90:10 to 20:80) gave the title compound (> 19:1 r.r., 40.1 mg, 63%) as a pale orange oil. 

1H NMR (400 MHz, CDCl3): δ 8.03 – 7.85 (m, 2H), 7.62 – 7.52 (m, 1H), 7.47 (t, J = 7.7 Hz, 

2H), 4.44 – 4.30 (m, 2H), 3.72 (dt, J = 8.2, 4.1 Hz, 1H), 3.17 (t, J = 6.7 Hz, 2H), 2.17 (brs, 1H), 

2.04 – 1.92 (m, 2H), 1.92 – 1.80 (m, 2H), 1.66 – 1.49 (m, 2H). 13C NMR (101 MHz, CDCl3): 

δ 200.8, 157.3, 136.7, 133.3, 128.6 (2C), 128.1 (2C), 115.9, 70.8, 68.2, 34.9, 33.6, 31.4, 24.6. 
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19F NMR (376 MHz, CDCl3) δ -75.09. HRMS (ESI+): exact mass calculated for [M+H]+ 

(C15H17F3O4H) requires m/z 319.1079, found m/z 319.1143. 

2-hydroxy-7,7-dimethylbicyclo[2.2.1]heptan-1-yl)-1-phenylethan-1-one (43f) 

 

Synthesized following the general procedure, using (±)-camphene (64.2 μL, 0.40 mmol, 

1.00 equiv.), benzoyl chloride (48.4 μL, 0.42 mmol, 1.05 equiv.), silver hexafluoroantimonate 

(151.2 mg, 0.44 mmol, 1.10 equiv.) and dichloromethane (4 mL), with a reaction time of 30 

minutes. Purification by flash column chromatography (heptane/ethyl acetate 90:10 to 20:80) 

gave the title compound (33.0 mg, 32%) as a pale yellow solid.  1H NMR (400 MHz, CDCl3): 

δ 8.00 (d, J = 7.4 Hz, 2H), 7.62 – 7.53 (m, 1H), 7.48 (t, J = 7.7 Hz, 2H), 3.89 – 3.74 (m, 1H), 

3.43 (d, J = 2.6 Hz, 1H), 3.22 (d, J = 13.5 Hz, 1H), 2.83 (d, J = 13.5 Hz, 1H), 1.87 – 1.76 (m, 

1H), 1.77 – 1.63 (m, 3H), 1.52 – 1.42 (m, 1H), 1.15 (s, 3H), 1.05 – 0.96 (m, 1H), 0.94 (s, 3H). 

13C NMR (101 MHz, CDCl3): δ 203.6, 137.7, 133.4, 128.7 (2C), 128.5 (2C), 77.0, 52.5, 47.5, 

44.6, 38.8, 34.7, 30.9, 27.2, 20.7, 20.1. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C17H22O2Na) requires m/z 281.3498, 281.2499. 

(3-benzyl-3-hydroxycyclopentyl)(phenyl)methanone (43g) 

 

Synthesized following the general procedure, using (cyclopent-3-en-1-ylmethyl)benzene 

(XX) (31.6 mg, 0.20 mmol, 1.00 equiv.), benzoyl chloride (24.2 μL, 0.21 mmol, 1.05 equiv.), 

silver hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL), 

with a reaction time of 30 minutes. Purification by flash column chromatography 
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(Heptane/ethyl acetate 90:10 to 20:80) gave the title compound (42.0 mg, 71%) as a colorless 

oil. 1H NMR (400 MHz, CDCl3): δ 7.93 – 7.76 (m, 2H), 7.49 (t, J = 7.4 Hz, 1H), 7.43 – 7.36 

(m, 2H), 7.26 – 7.11 (m, 5H, overlaps with CDCl3 peak), 3.95 – 3.69 (m, 1H), 3.17 (brs, 1H), 

2.89 (app q, J = 13.4 Hz, 1H), 2.14 – 2.00 (m, 1H), 2.00 – 1.84 (m, 3H), 1.76 – 1.61 (m, 2H). 

13C NMR (101 MHz, CDCl3): δ 204.6, 138.5, 136.1, 133.3, 130.3 (2C), 128.7 (2C), 128.6 (2C), 

128.1 (2C), 126.2, 81.8, 45.9, 44.3, 40.9, 39.9, 29.2. HRMS (ESI+): exact mass calculated for 

[M+Na]+ (C19H20O2Na) requires m/z 303.1361, found m/z 303.1353.  

2-(2-hydroxy-5-oxo-5-phenylpentyl)isoindoline-1,3-dione (43h) 

 

Synthesized following the general procedure, using N-(3-buten-1-yl)phthalimide (41.1 

mg, 0.20 mmol, 1.00 equiv.), benzoyl chloride (24.2 μL, 0.21 mmol, 1.05 equiv.), silver 

hexafluoroantimonate (75.6 mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL), with a 

reaction time of 30 minutes. Purification by flash column chromatography (toluene/ethyl 

acetate 100:0 to 60:40) gave the title compound (34.2 mg, 54%) as a pale yellow solid. 1H 

NMR (400 MHz, CDCl3): δ 7.94 (d, J = 7.7 Hz, 2H), 7.85 (dd, J = 5.4, 3.1 Hz, 2H), 7.72 (dd, 

J = 5.4, 3.1 Hz, 2H), 7.61 – 7.54 (m, 1H), 7.46 (t, J = 7.6 Hz, 2H), 4.26 (dt, J = 12.4, 4.2 Hz, 

1H), 3.92 (t, J = 6.6 Hz, 1H), 3.49 (d, J = 3.7 Hz, 1H), 3.32 – 2.94 (m, 2H), 1.92 (m, 2H). 13C 

NMR (101 MHz, CDCl3): δ 199.9, 168.7 (2C), 136.8, 134.0 (2C), 133.5, 132.1 (2C), 128.7 

(2C), 128.1 (2C), 123.3 (2C), 65.3, 44.8, 35.3, 34.7. HRMS (ESI+): exact mass calculated for 

[M+Na]+ (C19H17NO4Na) requires m/z 346.1056, found m/z 346.1039. 

3-hydroxycyclopentyl)(phenyl)methanone (43j) 
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Synthesized following the general procedure, using cyclopentene (17.7 μL, 0.20 mmol, 1.00 

equiv.), benzoyl chloride (24.4 μL, 0.21 mmol, 1.05 equiv.), silver hexafluoroantimonate (75.6 

mg, 0.22 mmol, 1.10 equiv.) and dichloromethane (2 mL). Purification by flash column 

chromatography (heptane/ethyl acetate 90:10 to 20:80) gave the title compound (26.3 mg, 78%) 

as a colorless oil. 1H NMR (500 MHz, CDCl3): δ  7.95 – 7.90 (m, 2H), 7.59 – 7.52 (m, 1H), 

7.50 – 7.42 (m, 2H), 4.37 – 4.15 (m, 1H), 3.14 – 2.98 (m, 1H), 2.01 – 1.79 (m, 4H), 1.78 – 1.71 

(m, 2H), 13C NMR (126 MHz, CDCl3): δ 215.9, 133.0, 128.6 (2C), 128.3 (2C), 73.5, 48.9, 

42.3, 37.5, 35.9, 31.8, 29.3, 29.2. HRMS (ESI+): exact mass calculated for [M+Na]+ 

(C12H14O2Na) requires m/z 213.0886, found m/z 213.0882. 

1-(3-(3-(((3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)guanidino)propyl)-3-(4-((1S,3R)-3-hydroxycyclohexane-1-carbonyl)cyclohexa-

1,5-dien-1-yl)urea (46) 

 

Compound 51 (0.100 g, 0.110 mmol) was dissolved in a solution of DCM/TFA/H20 4:5:1. The 

resulting mixture was stirred at room temperature for 24 h. The solvent was evaporated, and the 

crude was purified by HPLC with a gradient from 5% to 90% v/v acetonitrile with 0.1% solution 

of TFA over 15 min to yield the TFA salt 46 as a white solid. (55 mg, 70%). 1H NMR (400 MHz, 

DMSO-d6) δ 9.00 (s, 1H, exchangeable with D2O), 8.46 (s, 1H), 8.29 (s, 1H), 7.99 (br s, 1H, 

exchangeable with D2O), 7.86 (d, J = 9.0 Hz, 2H), 7.52 (d, J = 9.0 Hz, 2H), 7.45 – 7.33 (m, 4H, 

exchangeable with D2O), 6.45 (br t, J = 5.9 Hz, 1H, exchangeable with D2O), 5.95 (d, J = 5.7 
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Hz, 1H), 4.71 (t, J = 5.5 Hz, 1H), 4.23 – 4.10 (m, 1H), 4.03 (dt, J = 8.4, 4.2 Hz, 1H), 3.59 – 

3.48 (m, 1H, overlaps with H20 peak), 3.43 – 3.29 (m, 1H), 3.18 – 2.97 (m, 4H), 1.96 – 1.80 

(m, 2H), 1.80 – 1.71 (m, 1H), 1.71 – 1.60 (m, 1H), 1.50 – 1.34 (m, 4H), 1.26 – 0.98 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 200.9, 156.3, 155.3, 154.8, 150.9, 149.5, 145.6, 141.3, 

130.1, 128.8, 119.7, 117.1, 88.3, 82.9, 73.2, 71.5, 68.8, 43.6, 43.3, 41.2, 35.8, 28.9, 27.4, 26.3, 

23.9. HRMS (ESI): m/z [M + H]+ calcd. for C29H40N10O6 + H+: 625.3205. Found: 613.3209. 

1-(3-(3-(2-((3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)ethyl)guanidino)propyl)-3-(4-((1S,3R)-3-hydroxycyclohexane-1-carbonyl)cyclohexa-1,5-

dien-1-yl)urea (47) 

 

Compound 47 was obtained as a white solid (0.042 g, 75%) starting from compound 52 (0.080 

g, 0.075 mmol) following the procedure described for 46. 1H NMR (400 MHz, DMSO-d6) δ 

9.01 (s, 1H, exchangeable with D2O), 8.46 (s, 1H), 8.27 (s, 1H), 7.97 (br s, 1H, exchangeable 

with D2O), 7.85 (d, J = 9.0 Hz, 1H), 7.52 (d, J = 9.0 Hz, 2H), 7.41 – 7.25 (m, 4H, exchangeable 

with D2O ), 6.48 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 5.90 (d, J = 5.1 Hz, 1H), 4.67 

(t, J = 5.2 Hz, 1H), 4.11 (t, J = 4.9 Hz, 1H), 3.98 – 3.91 (m, 1H), 3.41 – 3.30 (m, 1H, overlaps 

with H20 peak), 3.26 – 3.16 (m, 2H), 3.20 – 2.85 (m, 5H), 1.99 – 1.80 (m, 4H), 1.79 – 1.71 (m, 

1H), 1.71 – 1.61 (m, 1H), 1.52 – 1.34 (m, 4H), 1.27 – 0.98 (m, 4H). 13C NMR (100 MHz, 

DMSO-d6) δ 200.9, 156.0, 155.3, 154.7, 150.8, 149.5, 145.6, 141.3, 130.1, 128.8, 119.6, 117.1, 

88.4, 81.7, 73.7, 73.5, 68.8, 43.3, 41.1, 39.0, 38.5, 35.8, 32.8, 28.9, 27.4, 26.4, 23.9. HRMS 

(ESI): m/z [M + H]+ calcd. for C30H42N10O6 + H+: 639.3362 Found: 639.3360. 



186 

 

1-(3-(3-(3-((3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)propyl)guanidino)propyl)-3-(4-((1S,3R)-3-hydroxycyclohexane-1-carbonyl)phenyl)urea 

(48) 

 

Compound 48 was obtained as a white solid (0.056 g, 80%) starting from compound 53 (0.090 

g, 0.095 mmol) following the procedure described for 46. 1H NMR (400 MHz, DMSO-d6) δ 

8.99 (s, 1H, exchangeable with D2O), 8.43 (s, 1H), 8.27 (s, 1H), 7.98 – 7.76 (m, 3H, 1H 

exchangeable with D2O), 7.60 – 7.47 (m, 2H), 7.41 – 7.23 (m, 4H, exchangeable with D2O), 

6.46 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 5.88 (d, J = 5.0 Hz, 1H), 4.64 (t, J = 5.1 

Hz, 1H), 4.07 (t, J = 5.1 Hz, 1H), 3.88 – 3.79 (m, 1H, overlaps with H20 peak), 3.59 – 3.52 (m, 

1H, overlaps with H20 peak), 3.42 – 3.31 (m, 1H), 3.20 – 3.03 (m, 6H), 1.96 – 1.81 (m, 2H), 

1.79 – 1.63 (m, 4H), 1.61 – 1.52 (m, 2H), 1.51 – 1.36 (m, 4H), 1.29 – 0.93 (m, 4H). 13C NMR 

(100 MHz, DMSO-d6) δ 200.9, 155.9, 155.3, 154.9, 149.5, 145.6, 141.2, 130.1, 128.8, 119.6, 

117.1, 88.3, 83.7, 73.7, 73.6, 68.8, 43.5, 41.2, 41.1, 39.0, 35.8, 30.5, 28.9, 27.4, 26.4, 25.5, 23.9. 

HRMS (ESI): m/z [M + H]+ calcd. for C31H44N10O6 + H+: 654.7716 Found: 654.7710. 

1-(4-(3-((E)-3-((3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)allyl)guanidino)butyl)-3-(4-((1S,3R)-3-hydroxycyclohexane-1-carbonyl)phenyl)urea (49) 
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Compound 49 was obtained as a white solid (0.033 g, 70%) starting from compound 54 (0.060 

g, 0.063 mmol) following the procedure described for 46. 1H NMR (400 MHz, DMSO-d6) δ 

9.08 (s, 1H, exchangeable with D2O), 8.37 (s, 1H), 8.22 (s, 1H), 7.86 (d, J = 9.0 Hz, 2H), 7.69 

– 7.55 (m, 2H, exchangeable with D2O), 7.58 – 7.44 (m, 3H, 1H exchangeable with D2O), 7.38 

(s, 1H, exchangeable with D2O), 6.57 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 5.96 – 

5.80 (m, 2H), 5.80 – 5.61 (m, 1H), 4.69 (t, J = 5.0 Hz, 1H), 4.44 – 4.33 (m, 1H), 4.13 (t, J = 4.9 

Hz, 1H), 3.92 – 3.72 (m, 2H), 3.62 – 3.33 (m, 2H, overlaps with H20 peak), 3.22 – 3.04 (m, 

4H), 1.96 – 1.82 (m, 2H), 1.80 – 1.61 (m, 2H), 1.52 – 1.37 (m, 4H), 1.29 – 1.01 (m, 4H). 13C 

NMR (100 MHz, DMSO-d6) δ 200.9, 158.7, 158.4, 155.9, 155.4, 152.0, 149.7, 145.7, 140.8, 

130.5, 130.0, 128.8, 128.3, 117.1, 88.3, 84.2, 74.5, 73.3, 68.8, 43.3, 42.3, 41.2, 39.0, 35.7, 28.9, 

27.4, 26.4, 23.9. HRMS (ESI): m/z [M + H]+ calcd. for C31H42N10O6 + H+: 651.3362 Found: 

651.3359. 

1-(4-aminobutyl)-3-(4-(2-((3R)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-

yl)phenyl)urea (50) 

 

A mixture of 64 (0.400 g, 0.61 mmol), Pd/C 10% (0.040 g), and ammonium formate (0.800 g, 

12.8 mmol) in MeOH (10 mL) was heated at reflux with stirring for 1 h. After cooling, the 

reaction mixture was extracted with ethyl acetate (3 x 50 mL). The extract was washed with 

water (50 mL) and brine (50 mL) and dried over Na2SO4, filtered and the solvent was 

concentrated under vacuum. The crude product was purified by flash column chromatography 

on silica gel (hexane/ethyl acetate 6:4 to 2:8) to give the title compound 50 as an uncoloured 

oil (0.30 g, 99%). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.28 (m, 2H), 7.25 – 7.19 (m, 2H), 

6.46 (br s, 1H), 5.16 (br s, 1H), 4.03 – 3.89 (m, 2H), 3.81 – 3.64 (m, 2H), 3.53 – 3.43 (m, 1H), 
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3.27 (q, J = 7.7 Hz, 2H), 2.73 (t, J = 6.7 Hz, 2H), 2.05 – 1.88 (m, 1H), 1.86 – 1.73 (m, 2H), 

1.66 – 1.39 (m, 8H), 1.17 – 0.98 (m, 2H), 0.86 (s, 9H), 0.02 (s, 6H). MS (ESI) m/z: 492 (M+H)+. 

1-(4-((E)-3-(((3aR,4R,6R,6aR)-6-(6- tert-butoxycarbonyl amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-2-methylguanidino)butyl)-3-(4-(2-

((1R,3S)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-yl)phenyl)urea--2-

methylpropan-2-ol (51) 

 

Compound 51 was obtained as a white solid (0.060 mg, 65%) starting from compound 13a 

(0.047 mg, 0.10 mmol) with compound 50 (0.060 g, 0.12 mmol) following the procedure 

described for 27a. 1H NMR (400 MHz, DMSO-d6) δ 8.41 (br s, 1H, exchangeable with D2O), 

8.36 (s, 1H), 8.19 (s, 1H), 7.44 – 7.27 (m, 4H, 2H exchangeable with D2O), 7.25 – 7.11 (m, 

2H), 6.25 – 6.03 (m, 2H, 1H exchangeable with D2O), 5.53 – 5.31 (m, 1H), 5.10 – 4.91 (m, 

1H), 4.37 – 4.13 (m, 1H), 3.99 – 3.84 (m, 2H), 3.69 – 3.55 (m, 2H), 3.54 – 3.47 (m, 1H), 3.48 

– 3.40 (m, 2H), 3.18 – 3.02 (m, 4H), 1.90 – 1.81 (m, 1H), 1.82 – 1.69 (m, 2H), 1.67 – 1.57 (m, 

1H), 1.54 (s, 3H), 1.46 – 1.38 (m, 4H), 1.37 (s, 9H), 1.33 (s, 3H), 1.19 – 1.02 (m, 1H), 1.02 – 

0.88 (m, 4H), 0.83 (s, 9H), 0.02 (s, 3H). MS (ESI) m/z: 924 (M+H)+. 

1-(4-((E)-3-(((3aR,4R,6R,6aR)-6-(6- tert-butoxycarbonyl amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) ethyl)-2-methylguanidino)butyl)-3-(4-(2-

((1R,3S)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-yl)phenyl)urea--2-

methylpropan-2-ol (52) 
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Compound 52 was obtained as a white solid (0.065 mg, 70%) starting from compound 13b 

(0.048 mg, 0.10 mmol) with compound 50 (0.060 g, 0.12 mmol) following the procedure 

described for 27a. 1H NMR (400 MHz, DMSO-d6) δ 8.40 (br s, 1H, exchangeable with D2O), 

8.34 (s, 1H), 8.18 (s, 1H), 7.43 – 7.25 (m, 4H, 2H exchangeable with D2O), 7.20 – 7.13 (m, 

2H), 6.25 – 6.01 (m, 2H, 1H exchangeable with D2O), 5.50 – 5.29 (m, 1H), 5.15 – 4.94 (m, 

1H), 4.37 – 4.13 (m, 1H), 3.95 – 3.80 (m, 2H), 3.67 – 3.50 (m, 2H), 3.50 – 3.44(m, 1H), 3.48 – 

3.40 (m, 2H), 3.18 – 3.02 (m, 4H), 189 – 1.81 (m, 1H), 1.82 – 1.69 (m, 4H), 1.67 – 1.55 (m, 

1H), 1.52(s, 3H), 1.46 – 1.35 (m, 4H), 1.38 (s, 9H), 1.34 (s, 3H), 1.15 – 1.02 (m, 1H), 1.00 – 

0.88 (m, 4H), 0.85 (s, 9H), 0.02 (s, 3H). MS (ESI) m/z: 938 (M+H)+. 

1-(4-((E)-3-(((3aR,4R,6R,6aR)-6-(6- tert-butoxycarbonyl amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) propyl)-2-methylguanidino)butyl)-3-(4-(2-

((1R,3S)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-yl)phenyl)urea--2-

methylpropan-2-ol (53) 

 

Compound 53 was obtained as a white solid (0.069 mg, 73%) starting from compound 13c 

(0.050 mg, 0.10 mmol) with compound 50 (0.060 g, 0.12 mmol) following the procedure 
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described for 27a. 1H NMR (400 MHz, DMSO-d6) δ 8.39 (br s, 1H, exchangeable with D2O), 

8.33 (s, 1H), 8.16 (s, 1H), 7.41 – 7.23 (m, 4H, 2H exchangeable with D2O), 7.21 – 7.17 (m, 

2H), 6.24 – 6.00 (m, 2H, 1H exchangeable with D2O), 5.51 – 5.28 (m, 1H), 5.13 – 4.93 (m, 

1H), 4.37 – 4.12 (m, 1H), 3.97 – 3.80 (m, 2H), 3.65 – 3.49 (m, 2H), 3.48 – 3.42 (m, 1H), 3.40 

– 3.37 (m, 2H), 3.16 – 3.02 (m, 4H), 1.89 – 1.81 (m, 1H), 1.82 – 1.69 (m, 4H), 1.67 – 1.50 (m, 

3H), 1.49 (s, 3H), 1.46 – 1.37 (m, 4H), 1.36 (s, 9H), 1.33 (s, 3H), 1.12 – 1.02 (m, 1H), 1.00 – 

0.89 (m, 4H), 0.82 (s, 9H), 0.02 (s, 3H). MS (ESI) m/z: 952 (M+H)+. 

1-(4-((E)-3-(((3aR,4R,6R,6aR)-6-(6- tert-butoxycarbonyl amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl) propyl)-allyl)guanidino)butyl)-3-(4-(2-

((1R,3S)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-yl)phenyl)urea--2-

methylpropan-2-ol (54) 

 

 

Compound 54 was obtained as a white solid (0.076 mg, 80%) starting from compound 13d 

(0.049 mg, 0.10 mmol) with compound 50 (0.060 g, 0.12 mmol) following the procedure 

described for 27a. 1H NMR (400 MHz, DMSO-d6) δ 8.40 (br s, 1H, exchangeable with D2O), 

8.30 (s, 1H), 8.17 (s, 1H), 7.38 – 7.27 (m, 4H, 2H exchangeable with D2O), 7.20 – 7.10 (m, 

2H), 6.21 – 5.99 (m, 2H, 1H exchangeable with D2O), 5.80 – 5.63 (m, 2H), 5.49 – 5.31 (m, 

1H), 5.02 – 4.87 (m, 1H), 4.66 – 4.50 (m, 1H), 3.94 – 3.83 (m, 2H), 3.79 – 3.71 (m, 2H), 3.65 

– 3.54 (m, 2H), 3.54 – 3.45 (m, 1H), 3.16 – 3.02 (m, 4H), 1.88 – 1.82 (m, 1H), 1.81 – 1.67 (m, 

2H), 1.65 – 1.55 (m, 1H), 1.55 (s, 3H), 1.35 (s, 9H), 1.24 (s, 3H), 1.18 – 1.06 (m, 1H), 1.00 – 

0.87 (m, 3H), 0.82 (s, 9H), 0.02 (s, 6H). MS (ESI) m/z: 950 (M+H)+. 
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((1S,3R)-3-hydroxycyclohexyl)(4-nitrophenyl)methanone (57) 

 

In a flame-dried Schlenk tube at ambient temperature, a solution of cyclohexene (103 L, 1 

mmol) and 4-nitrobenzoylchloride (0.195 g, 1.05 mmol) in dichloromethane (10 mL) was 

treated with silver hexafluoroantimonate (0.378 g, 1.1 mmol) and the resulting suspension was 

immediately placed in a pre-heated oil bath at 35 °C. After vigorously stirring the reaction 

mixture at the same temperature for 10 min, the reaction vessel was removed from the oil bath 

and a saturated aqueous solution of sodium bicarbonate (the same amount of DCM) was added, 

followed by vigorous stirring for 10 min. After this time, the phases were separated, the aqueous 

phase was extracted with DCM (3 × 25 mL) and the combined organic phases were dried over 

Na2SO4, filtered and the filtrate was concentrated under reduced pressure. The resulting crude 

material was purified by flash column chromatography on silica gel (hexane/ethyl acetate 8:2 

to 2:8) to give the title compound 57 as yellow solid (0.157 g, 63 %). 1H NMR (400 MHz, 

Chloroform-d) δ 8.36 – 8.26 (m, 2H), 8.10 – 8.03 (m, 2H), 3.84 – 3.70 (m, 1H), 3.34 (ddd, J = 

14.9, 7.4, 3.5 Hz, 1H), 2.21 – 2.10 (m, 1H), 2.09 – 2.00 (m, 1H), 1.99 – 1.81 (m, 2H), 1.51 – 

1.39 (m, 2H), 1.38 – 1.18 (m, 2H). MS (ESI) m/z: 250 (M+H)+. 

((1S,3R)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)(4-nitrophenyl)methanone (58) 

 

To a solution of 57 (0.157 g, 0.63 mmol) in dichloromethane (1 mL) were added tert-

butyldimethylsilyl chloride (0.143 g, 0.95 mmol) and imidazole (0.064 g, 0.95 mmol), and this 

was stirred for 1 h at room temperature. Then the reaction mixture was diluted with brine 

solution (25 mL) and then extracted with ethyl acetate (3 × 25 mL). The organic phase was 
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dried over anhydrous Na2SO4 and filtered. Solvent was removed using a rotary evaporator. The 

crude was directly used in the next step without further purification step. 1H NMR (400 MHz, 

Chloroform-d) δ 8.42 – 8.22 (m, 2H), 8.18 – 7.93 (m, 2H), 3.81 – 3.58 (m, 1H), 3.42 – 3.09 (m, 

1H), 2.10 – 1.74 (m, 4H), 1.64 – 1.22 (m, 4H), 0.88 (s, 9H), 0.07 (s, 6H). MS (ESI) m/z: 364 

(M+H)+. 

tert-butyldimethyl(((1R)-3-(2-(4-nitrophenyl)-1,3-dioxolan-2-yl)cyclohexyl)oxy)silane (59) 

 

To a solution of 58 (0.229 g, 0.63 mmol) in dichloromethane (3 mL) were added at 0 °C 1,2-

Ethanediol (0.632 mL, 11.34 mmol) and boron trifluoride diethyl etherate (0.778 mL, 6.3 

mmol), and this was stirred for 12 h at room temperature. Then the reaction mixture was diluted 

with NaHCO3 (25 mL) and then extracted with DCM (3 × 25 mL). The organic phase was dried 

over anhydrous Na2SO4 and filtered. Solvent was removed using a rotary evaporator. The crude 

was directly used in the next step without further purification step. 1H NMR (400 MHz, CDCl3) 

δ 8.27 – 8.09 (m, 2H), 7.66 – 7.53 (m, 2H), 4.10 – 3.86 (m, 2H), 3.82 – 3.65 (m, 2H), 3.56 – 

3.40 (m, 1H), 1.97 – 1.87 (m, 1H), 1.87 – 1.74 (m, 2H), 1.71 – 1.64 (m, 1H), 1.56 – 1.43 (m, 

3H), 1.17 – 0.98 (m, 2H), 0.86 (s, 9H), 0.10 (s, 3H), 0.02 (s, 3H). MS (ESI) m/z: 408 (M+H)+. 

4-(2-((3R)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-yl)aniline (60) 

 

A mixture of 59 (0.258 g, 0.63 mmol), Pd/C 10% (0.03 g) in EtOH (6 mL) was stirred under 

H2 for 24 h. After, the reaction mixture was filtered, and the solvent was concentrated under 

vacuum. The resulting crude material was purified by flash column chromatography on silica 
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gel (hexane/ethyl acetate 8:2 to 2:8) to give the title compound 60 as pale yellow solid (0.157 

g, 63%). 1H NMR (400 MHz, CDCl3) δ 7.21 – 7.13 (m, 2H), 6.67 – 6.57 (m, 2H), 3.97 – 3.89 

(m, 2H), 3.76 – 3.70 (m, 2H), 3.65 (br s, 2H, exchangeable with D2O), 3.55 – 3.46 (m, 1H), 

2.03 – 1.92 (m, 1H), 1.82 – 1.73 (m, 2H), 1.72 – 1.64 (m, 1H), 1.17 – 1.00 (m, 4H), 0.86 (s, 

9H), 0.02 (s, 6H). MS (ESI) m/z: 378 (M+H)+. 

Phenyl (4-(2-((3R)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-

yl)phenyl)carbamate (61) 

 

Compound 61 was obtained as a white solid (0.397 g, 80%) starting from compound 60 (0.140 

g, 0.37 mmol) following the procedure described for 18. 1H NMR (400 MHz, CDCl3) δ 7.47 – 

7.33 (m, 5H), 7.28 – 7.23 (m, 2H), 7.22 – 7.16 (m, 2H), 6.97 (br s, 1H, exchangeable with D2O), 

3.97 – 3.87 (m, 2H), 3.76 – 3.71 (m, 2H), 3.55 – 3.45 (m, 1H), 2.00 – 1.92 (m, 1H), 1.84 – 1.72 

(m, 2H), 1.71 – 1.63 (m, 1H), 1.15 – 1.00 (m, 4H), 0.84 (s, 9H), 0.02 (s, 6H). MS (ESI) m/z: 

498 (M+H)+. 

Benzyl (3-aminobutyl)carbamate (63) 

 

Compound 63 was obtained as a white solid (1.11 g, 85%) starting from 55 (1.59 g, 17.6 mmol) 

with benzyl chloroformate (4.90 mL, 5.88 mmol) following the procedure described for 11a. 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.25 (m, 5H), 5.74 (br s, 1H), 5.06 (s, 2H), 3.14 (q, J = 

6.0 Hz, 2H), 2.65 (t, J = 6.0 Hz, 2H), 1.48 − 1.33 (m, 6H). MS (ESI) m/z: 223 (M+H)+. 
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Benzyl (3-(3-(4-(2-((3R)-3-((tert-butyldimethylsilyl)oxy)cyclohexyl)-1,3-dioxolan-2-

yl)phenyl)ureido)butyl)carbamate (64) 

 

Compound 64 was obtained as a white solid (0.400 g, 80%) by reaction of 61 (0.397 g, 0.80 

mmol) with 63 (0.355 g, 1.60 mmol), following the procedure described for 21a. 1H NMR (400 

MHz, CDCl3) δ 7.31 – 7.25 (m, 5H), 7.25 – 7.22 (m, 2H), 7.18 – 7.12 (m, 2H), 6.45 (br s, 1H), 

5.16 (br s, 1H), 5.04 (s, 2H), 4.00 – 3.88 (m, 2H), 3.80 – 3.62 (m, 2H), 3.53 – 3.46 (m, 1H), 

3.27 – 3.21 (m, 4H), 2.03 – 1.85 (m, 1H), 1.84 – 1.73 (m, 2H), 1.67 – 1.37 (m, 8H), 1.17 – 0.99 

(m, 2H), 0.89 (s, 9H), 0.02 (s, 6H). MS (ESI) m/z: 626 (M+H)+. 

8.2.3. Preparation of compounds 67 - 108  

Ethyl(S)-5-(benzylcarbamoyl)-1-(3-(2-(3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-

dien-1-yl) butanamido)propanamido)phenyl)-1H-pyrrole-3-carboxylate (67) 

 

To a solution of 73 (0.50 g, 0.95 mmol), 76 (0.285 g, 1.14 mmol), N-methylmorpholine (0.52 

mL, 4.75 mmol), and EDC (0.31 g, 1.61 mmol) in dry DMF (20 mL) was added HOBt (0.247 

g, 1.61 mmol) under N2 atmosphere. The reaction was left to stir at room temperature overnight, 

filtered, and concentrated in vacuum. The residue was dissolved in ethyl acetate (100 mL) and 

washed with saturated aqueous solution of NaHCO3 (3 x 50 mL), and brine (50 mL). The 
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organic phase was dried on Na2SO4, filtered and concentrated in vacuo. The crude was purified 

by flash column chromatography (DCM/ethyl acetate 9:1 to 5:5) to afford the desired product 

67 as yellow solid (0.54 g, 85%). 1H NMR (400 MHz, CDCl3) δ 8.77 (br s, 1H, exchangeable 

with D2O), 7.72 – 7.62 (m, 1H), 7.49 – 7.42 (m, 1H), 7.35 – 7.17 (m, 7H), 7.16 – 7.08 (m, 1H), 

7.05 – 6.94 (m, 1H), 6.38 (t, J = 5.8 Hz, 1H, exchangeable with D2O), 6.13 (d, J = 7.4 Hz, 1H, 

exchangeable with D2O), 4.51 – 4.40 (m, 3H), 4.29 (q, J = 7.1 Hz, 2H), 2.86 (s, 2H), 2.08 (s, 

3H), 1.92 (s, 3H), 1.88 (s, 3H), 1.45 (s, 3H), 1.41 (s, 3H), 1.36 – 1.25 (m, 6H). 13C NMR (100 

MHz, CDCl3) δ 191.2, 187.4, 172.6, 170.2, 163.9, 160.3, 152.e, 143.1, 139.9, 138.8, 138.6, 

138.4, 137.9, 131.5, 129.3, 128.7, 127.9, 127.7, 127.6, 121.3, 119.1, 116.9, 116.4, 114.2, 60.2, 

49.3, 49.1, 43.6, 29.4, 29.4, 17.2, 14.4, 14.2, 12.7, 12.1. HRMS (ESI): m/z [M + H]+ calcd. for 

C38H42N4O7 + H+: 667.3126. Found: 667.3129. 

Ethyl(S)-1-(3-(2-(3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-yl)butanamido) 

propanamido) phenyl)-5-((3-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-

carboxylate (68) 

 

Compound 68 was obtained as a white solid (0.92 g, 88%) by reaction of 74 (0.76 g, 1.21 mmol) 

following the procedure described for 67. 1H NMR (400 MHz, CDCl3) δ 8.74 (br s, 1H, 

exchangeable with D2O), 7.73 – 7.69  (m, 1H), 7.47 (d, J = 2.0 Hz, 1H), 7.29 – 7.19 (m, 3H), 

7.15 – 7.07 (m, 4H), 7.06 – 7.01 (m, 1H), 6.32 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 

6.04 (br s, 1H, exchangeable with D2O), 4.52 – 4.41 (m, 3H), 4.29 (q, J = 7.1 Hz, 2H), 2.93 – 

2.74 (m, 4H), 2.43 – 2.29 (m, 2H), 2.08 (s, 3H), 1.94 – 1.92 (m, 3H), 1.88 –  1.86 (m, 3H), 1.46 
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(s, 3H), 1.41 (s, 3H), 1.36 – 1.25 (m, 6H). 13C NMR (10o MHz, CDCl3) δ 191.2, 187.3, 172.9, 

170.1, 163.9, 160.2, 152.1, 143.1, 140.0, 139.6, 138.9, 138.5, 138.5, 131.5, 129.2, 129.1, 127.7, 

127.4, 126.0, 121.4, 119.1, 116.9, 116.4, 114.1, 60.2, 49.4, 49.1, 43.4, 35.5 (q, J = 28.4), 29.5, 

29.4, 28.1, 16.8, 14.4, 14.1, 12.6, 12.1. 19F NMR (377 MHz, CDCl3) δ -66.58. HRMS (ESI): 

m/z [M + H]+ calcd. for C41H44F3N4O7 + H+: 762.3240. Found: 762.3241. 

Ethyl(S)-1-(3-(2-(3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-

yl)butanamido)  propanamido) phenyl)-5-((2-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-

pyrrole-3-carboxylate (69) 

 

Compound 69 was obtained as a white solid (0.77 g, 80%) by reaction of 75 (0.64 g, 1.01 mmol) 

following the procedure described for 67. 1H NMR (400 MHz, CDCl3) δ 8.65 (br s, 1H, 

exchangeable with D2O), 7.69 – 7.59 (m, 1H), 7.41 (d, J = 1.7 Hz, 1H), 7.23 – 7.12 (m, 5H), 

7.12 – 7.07 (m, 1H), 7.07 – 7.04 (m, 1H), 6.99 – 6.93 (m, 1H), 6.13 (br t, J = 5.5 Hz, 1H, 

exchangeable with D2O), 5.98 (br s, 1H, exchangeable with D2O), 4.47 – 4.35 (m, 3H), 4.22 

(q, J = 7.1 Hz, 2H), 2.84 – 2.61 (m, 4H), 2.35 – 2.16 (m, 3H), 2.01 (s, 3H), 1.85 (s, 3H), 1.81 

(s, 3H), 1.39 (s, 3H), 1.34 (s, 3H), 1.30 – 1.22 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 191.2, 

187.4, 172.8, 170.1, 163.8, 160.1, 152.2, 143.1, 139.9, 138.9, 138.5, 137.1, 135.4, 131.5, 129.3, 

128.9, 128.2, 127.8, 127.3, 121.4, 119.1, 116.9, 116.4, 114.2, 60.2, 49.4, 49.1, 40.7, 38.9, 35.4 

(q, J = 28.3), 29.5, 29.4, 24.7, 16.9, 14.4, 14.2, 12.7, 12.1. 19F NMR (377 MHz, CDCl3) δ -

66.47. HRMS (ESI): m/z [M + H]+ calcd. for C41H44F3N4O7 + H+: 762.3240. Found: 762.3243. 
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Ethyl (S)-5-(benzylcarbamoyl)-1-(3-(2-((((4-(N,3-dimethyl-3-(2,4,5-trimethyl-3,6-

dioxocyclohexa-1,4-dien-1-yl)butanamido) benzyl)oxy)carbonyl) amino)propanamido) 

phenyl) -1H-pyrrole-3-carboxylate (70) 

 

Under nitrogen protection, Compound 77 (0.40 g, 1 mmol) and DMAP (1.22 mg, 0.01 

mmol) was dissolved in DCM (7 mL) and then cooled to 0 ℃. Then triphosgene (0.30 g, 1 

mmol) dissolved in DCM (3 mL) was added dropwise, then was stirred and turn to room 

temperature gradually for 12 h. Upon completion of the reaction, the solvent was removed, and 

the residue was dissolved in ethyl acetate (50 mL) and washed with brine (2 × 15 mL), dried 

over anhydrous Na2SO4, and filtered. Solvent was removed using a rotary evaporator, and the 

crude product was used without further purification. This acyl chloride product was dissolved 

DMF (2 mL). Compound 73 (0.53 g, 1 mmol) and TEA (0.14 mL, 1.1 mmol) was dissolved 

DMF (4 mL) and then cooled to 0 ℃. Then acyl chloride solution was added to the mixture 

dropwise, then was stirred and turn to room temperature gradually for 24 h. Upon completion 

of the reaction, the solvent DMF was diluted with water (150 mL), and then extracted by ethyl 

acetate (3 ×50 mL) and washed with brine, dried over anhydrous Na2SO4, and filtered. Solvent 

was removed using a rotary evaporator, and the crude was purified by flash column 

chromatography (hexane/ethyl acetate 8:2 to 4:6) to provide compound 70 as a yellow solid 

(0.58 g, 74%). 1H NMR (400 MHz, CDCl3) δ 8.49 (br s, 1H, exchangeable with D2O), 7.76 (s, 

1H), 7.53 – 7.50 (m, 1H), 7.50 – 7.43 (m, 2H), 7.43 – 7.28 (m, 8H), 7.23 (d, J = 7.8 Hz, 1H), 

7.17 – 7.14 (m, 2H), 7.10 (d, J = 7.8 Hz, 1H), 6.31 (br s, 1H, exchangeable with D2O), 5.41 (br 
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s, 1H, exchangeable with D2O), 5.24 – 5.18 (m, 1H), 5.18 – 5.14 (m, 1H), 4.54 (d, J = 5.8 Hz, 

2H), 4.46 – 4.25 (m, 3H), 3.18 (s, 3H), 2.78 (s, 2H), 2.13 (s, 3H), 2.04 (s, 3H), 2.00 (s, 3H), 

1.51 – 1.44 (m, 3H), 1.41 – 1.29 (m, 9H). 13C NMR (100 MHz, CDCl3) δ 191.3, 187.9, 172.0, 

170.4, 163.8, 160.3, 154.6, 143.9, 140.0, 138.5, 137.8, 136.4, 131.6, 129.4, 129.3, 128.8, 127.8, 

127.7, 127.6, 121.5, 119.5, 117.2, 116.4, 114.0, 66.5, 60.2, 51.2, 47.7, 43.5, 37.1, 28.5, 18.1, 

14.4, 14.1, 12.7, 12.1. HRMS (ESI): m/z [M + H]+ calcd. for C47H51N5O9 + H+: 830.3754. 

Found: 830.3755. 

Ethyl(S)-1-(3-(2-((((4-(N,3-dimethyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-yl) 

butanami-do)benzyl)oxy)carbonyl)amino)propanamido)phenyl)-5-((3-(3,3,3-trifluoro 

propylbenzyl)carba-moyl)-1H-pyrrole-3-carboxylate (71) 

 

Compound 71 was obtained as a yellow solid (0.675 g, 73%) by reaction of 74 (0.63 g, 1.00 

mmol) following the procedure described for 70. 1H NMR (400 MHz, CDCl3) δ 8.61 (br s, 1H, 

exchangeable with D2O), 7.80 – 7.70 (m, 1H), 7.52 – 7.46 (m, 1H), 7.47 – 7.41 (m, 2H), 7.41 

– 7.34 (m, 1H), 7.34 – 7.25 (m, 3H), 7.23 – 7.17 (m, 2H), 7.18 – 7.09 (m, 4H), 7.10 – 7.03 (m, 

1H), 6.36 (br t, J = 5.9 Hz, 1H, exchangeable with D2O), 5.45 (br s, 1H, exchangeable with 

D2O), 5.24 – 5.19 (m, 1H), 5.19 – 5.12 (m, 1H), 4.50 (d, J = 5.8 Hz, 2H), 4.42 – 4.25 (m, 3H), 

3.16 (s, 3H), 2.92 – 2.83 (m, 2H), 2.76 (s, 2H), 2.47 – 2.30 (m, 2H), 2.12 (s, 3H), 2.02 (s, 3H), 

1.98 (s, 3H), 1.45 (d, J = 7.0 Hz, 3H), 1.41 – 1.24 (m, 9H). 13C NMR (100 MHz, CDCl3) δ 

191.3, 187.3, 172.0, 170.4, 163.8, 160.3, 156.2, 154.6, 143.9, 140.1, 139.6, 138.4, 137.8, 136.4, 

135.5, 131.7, 129.4, 129.2, 126.0, 121.5, 119.5, 117.2, 116.4, 114.0, 66.5, 60.3, 51.2, 47.7, 43.5, 



199 

 

38.1, 37.1, 35.94, 35.4 (q, J = 28.3), 30.9, 28.8, 28.1, 18.0, 14.4, 14.0, 12.7, 12.1. 19F NMR 

(377 MHz, CDCl3) δ -66.55. HRMS (ESI): m/z [M + H]+ calcd. for C50H54F3N5O9 + H+: 

926.3947. Found: 926.3944. 

Ethyl (S)-1-(3-(2-((((4-(N,3-dimethyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-

yl)butanamido)benzyl)oxy)carbonyl)amino)propanamido)phenyl)-5-((2-(3,3,3-trifluoro 

propyl)benzyl)carbamoyl)-1H-pyrrole-3-carboxylate (72) 

 

Compound 72 was obtained as a yellow solid (0.629 g, 68%) by reaction of 75 (0.63 g, 1.00 

mmol) following the procedure described for 70. 1H NMR (400 MHz, CDCl3) δ 8.55 (br s, 1H, 

exchangeable with D2O), 7.76 (s, 1H), 7.52 – 7.48 (m, 1H), 7.47 – 7.41 (m, 2H), 7.39 – 7.25 

(m, 5H), 7.23 – 7.18 (m, 3H), 7.16 – 7.11 (m, 1H), 7.06 (d, J = 7.6 Hz, 1H), 6.21 (br s, 1H, 

exchangeable with D2O), 5.42 (br s, 1H, exchangeable with D2O), 5.28 – 5.19 (m, 1H), 5.17 – 

5.08 (m, 1H), 4.55 (d, J = 5.5 Hz, 2H), 4.44 – 4.13 (m, 3H), 3.16 (s, 3H), 2.97 – 2.85 (m, 2H), 

2.76 (s, 2H), 2.47 – 2.28 (m, 2H), 2.12 (s, 3H), 2.02 (s, 3H), 1.98 (s, 3H), 1.45 (d, J = 7.2 Hz, 

3H), 1.40 – 1.20 (m, 9H). 13C NMR (100 MHz, CDCl3) δ 191.3, 187.7, 172.0, 170.3, 163.8, 

160.1, 154.6, 143.9, 140.0, 138.4, 137.9, 137.1, 136.3, 135.3, 131.7, 129.5, 129.3, 128.9, 128.3, 

127.7, 127.4, 121.6, 119.5, 117.3, 116.5, 114.0, 66.6, 60.2, 51.3, 47.7, 40.8, 37.0, 35.0 (q, J = 

28.6), 30.9, 29.7, 28.5, 24.7, 17.8, 14.4, 14.1, 12.7, 12.1. 19F NMR (377 MHz, CDCl3) δ -66.45. 

HRMS (ESI): m/z [M + H]+ calcd. for C50H54F3N5O9 + H+: 926.3947. Found: 926.3942. 

 (S)-ethyl 1-(3-(2-aminopropanamido)phenyl)-5-(benzylcarbamoyl)-1Hpyrrole-3-

carboxylate  2,2,2-trifluoroacetate (73) 
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A mixture of TFA and DCM (1:9, 10 mL) was added to compound 94 (1.3 g, 2.45 mmol). The 

reaction was stirred at room temperature for 1h and then concentrated in vacuo to give the title 

compound 73 as a white solid (1.3 g, 99%). 1H NMR (400 MHz, DMSO-d6) δ 10.13 (s, 1H, 

exchangeable with D2O), 8.51 (t, J = 6.1 Hz, 1H, exchangeable with D2O), 7.73 (s, 3H, 

exchangeable with D2O), 7.20 – 7.17 (m, 2H), 7.17 – 7.12 (m, 1H), 7.01 – 6.94 (m, 1H), 6.90 

– 6.84 (m, 3H), 6.82 – 6.75 (m, 3H), 6.67 – 6.58 (m, 1H), 3.87 (d, J = 6.0 Hz, 2H), 3.78 (q, J = 

7.1 Hz, 2H), 3.60 – 3.53 (m, 1H), 1.01 (d, J = 7.0 Hz, 3H), 0.83 (t, J = 7.1 Hz, 3H). MS (ESI) 

m/z: 435 (M+H)+. 

Ethyl (S)-1-(3-(2-aminopropanamido)phenyl)-5-((3-(3,3,3-trifluoropropyl) benzyl) 

carbamoyl)-1H-pyrrole-3-carboxylate (74) 

 

Compound 74 was obtained as a white solid (1.52 g, 99%) by reaction of 95 (1.53 g, 2.42 mmol) 

following the procedure described for 73. 1H NMR (400 MHz, DMSO-d6) δ 10.57 (br s, 1H, 

exchangeable with D2O), 8.93 (br t, J = 6.0 Hz, 1H, exchangeable with D2O), 8.16 (br s, 3H, 
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exchangeable with D2O), 7.66 – 7.55 (m, 3H), 7.41 (t, J = 8.0 Hz, 1H), 7.36 – 7.31 (m, 1H), 

7.30 – 7.22 (m, 1H), 7.20 – 7.15 (m, 2H), 7.15 – 7.03 (m, 2H), 4.30 (d, J = 6.0 Hz, 2H), 4.24 

(q, J = 7.1 Hz, 1H), 4.01 (q, J = 7.0 Hz, 1H), 2.88 – 2.70 (m, 2H), 2.63 – 2.53 (m, 2H), 1.47 (d, 

J = 6.9 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: 531 (M+H)+. 

Ethyl (S)-1-(3-(2-aminopropanamido)phenyl)-5-((2-(3,3,3-trifluoropropyl) benzyl) 

carbamoyl)-1H-pyrrole-3-carboxylate (75) 

 

Compound 75 was obtained as a white solid (1.28 g, 99%) by reaction of 96 (1.28 g, 2.03 mmol) 

following the procedure described for 73. 1H NMR (400 MHz, DMSO-d6) δ 10.54 (br s, 1H, 

exchangeable with D2O), 8.90 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 7.86 (br s, 3H, 

exchangeable with D2O), 7.68 – 7.53 (m, 3H), 7.41 (t, J = 8.1 Hz, 1H), 7.37 – 7.30 (m, 1H), 

7.30 – 7.18 (m, 4H), 7.07 – 7.00 (m, 1H), 4.35 (d, J = 5.7 Hz, 1H), 4.24 (q, J = 7.1 Hz, 1H), 

4.07 – 3.88 (m, 1H), 2.93 – 2.77 (m, 2H), 2.72 – 2.50 (m, 2H), 1.45 (d, J = 7.0 Hz, 3H), 1.28 (t, 

J = 7.1 Hz, 3H). MS (ESI) m/z: 531 (M+H)+. 

3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-yl)butanoic acid (76) 

 

To a solution of 102 (1.1 g, 4.8 mmol) in a mixture of acetonitrile (10 mL) and water (2.5 mL) 

was added NBS (0.89 g, 5.0 mmol) in portions with stirring at room temperature. After 1 h, the 

organic solvents were evaporated under reduced pressure, and the remaining solution was 
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extracted with DCM (3 × 30 mL). The combined organic layer was dried over Na2SO4, and the 

solvent was removed to give a yellow solid product 76 (1.2 g, 99%). 1H NMR (400 MHz, 

DMSO-d6) δ 12.10 (s, 1H), 2.82 (s, 2H), 2.06 (s, 3H), 1.88 (s, 6H), 1.35 (s, 6H). MS (ESI) m/z: 

251 (M+H)+. 

N-(4-(hydroxymethyl)phenyl)-N,3-dimethyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-

1- yl)butanamide (77) 

 

Compound 77 (1.1 g, 4.5 mmol) was dissolved in DCM (100 mL), to which was added N-

methylmorpholine (3.04 g, 30.1mmol). The mixture was cooled to −55 °C. Isobutyl 

chloroformate (0.74 g, 5.4 mmol) was then added, followed by addition of 4-(((tert- S3 

butyldimethylsilyl)oxy)methyl)-N-methylaniline (1.3 g, 5.4 mmol) after 30 min. The reaction 

mixture was stirred for another 5 h. The residue obtained by evaporation of the solvent under 

reduced pressure was dissolved in ethyl acetate (50 mL), and then washed with water (50 mL), 

diluted hydrochloric acid (50 mL), saturated NaHCO3 solution (50 mL). The combined organic 

extracts were dried over anhydrous Na2SO4 and filtered. Solvent was removed using a rotary 

evaporator, and the crude product was dissolved THF (15 mL). Then TBAF (5.4 mL, 1 M in 

THF, 5.4 mmol) was added, and the solution was stirred at room temperature for 2 h. Upon 

completion of the reaction, the solvent was removed, and the residue was dissolved in DCM, 

washed with brine, dried over anhydrous Na2SO4, and filtered. Solvent was removed using a 

rotary evaporator, and the crude was purified by flash column chromatography (hexane/ethyl 

acetate) to provide compound 77 as a yellow solid (1.8 g, 90%). 1H NMR (400 MHz, DMSO-

d6) δ 7.53 (d, J = 7.8 Hz, 2H), 7.28 (d, J = 7.7 Hz, 2H), 4.80 (s, 2H), 3.07 (s, 3H), 2.66 (s, 2H), 

2.01 (s, 3H), 1.89 (s, 6H), 1.24 (s, 6H), 1.05 (t, J = 7.0 Hz, 1H). MS (ESI) m/z: 370 (M+H)+. 



203 

 

Ethyl 1H-pyrrole-3-carboxylate (80) 

 

 

A suspension of p-Toluenesulfonylmethyl isocyanide (10.5 g, 53.1 mol) and ethyl acrylates (6.1 

mL, 56.0 mol) in dry ethyl ether/DMSO (100 mL/50 mL) was added dropwise under nitrogen 

to a suspension of NaH (3.75 g, 93.8 mol) in diethyl ether (50 mL) at room temperature. Then 

the mixture was stirred for 4–5 h. Ice water (200 mL) was added into the mixture. The aqueous 

phase was extracted with ethyl ether (3 × 100 mL). The organic phase was dried with anhydrous 

Na2SO4, concentrated under vacuum to get light brown liquid compounds which was purified 

by flash chromatography (hexane/ethyl acetate 8:2 to 2:8) to give compound 80 as a yellow oil 

(6.5 g, 88%); 1H NMR (400 MHz, CDCl3) δ 9.86 (br s, 1H, exchangeable with D2O), 7.45–

7.46 (m, 1H), 6.76–6.79 (m, 1H), 6.65–6.67 (m, 1H), 4.31 (q, J = 7.1 Hz, 2H), 1.36 (t, J = 7.1 

Hz, 3H). MS (ESI) m/z: 140 (M+H)+. 

Ethyl 5-(2,2,2-trichloroacetyl)-1H-pyrrole-3-carboxylate (81) 

 

To a solution of 80 (3.5 g, 25.1 mmol) in dry DCM (25 mL) in sealed vessel was added dropwise 

ClCOCCl3 (28.2 mL, 251 mmol). The reaction was left to stir heating at 80°C for 36 h. The 

mixture of reaction was diluted with DCM (100 mL) and washed with saturated aqueous 

solution of NaHCO3 (3 x 50 mL), brine (50 mL) and dried over Na2SO4. The organic layer was 

filtered and evaporated under reduced pressure. The crude was purified by flash column 
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chromatography (hexane/ethyl acetate 7:3 to 2:8) to provide compound 81 as a yellow solid 

(3.3 g, 50%). 1H NMR (400 MHz, CDCl3) δ 9.68 (br s, 1H, exchangeable with D2O), 7.76 – 

7.72 (m, J = 2.5 Hz, 1H), 7.72 – 7.69 (m, J = 3.3 Hz, 1H), 4.34 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 

7.1 Hz, 3H). MS (ESI) m/z: 283 (M+H)+. 

(3-(3,3,3-trifluoropropyl)phenyl)methanamine (83) 

 

To a stirred solution of 99 (0.249 g, 1.22 mmol) in 25 mL of EtOH, H2SO4 (0.130 mL) and 

Pd/C 10% (0.03 g), were added. The reaction is stirred at room temperature, overnight under 

an H2 atmosphere. The mixture was filtered; the solvent was removed under vacuum to give a 

yellow oil 83 that is used for the next step without further purification. 1H NMR (400 MHz, 

DMSO-d6) δ 7.25 – 7.18 (m, 5H), 4.41 – 4.31 (m, 2H), 2.80– 2.74 (m, 2H), 2.64 – 2.47 (m, 

2H). MS (ESI) m/z: 204 (M+H)+. 

(2-(3,3,3-trifluoropropyl)phenyl)methanamine (84) 

 

Compound 84 was obtained as a yellow solid by reaction of 100 (0.240 g, 1.22 mmol), 

following the procedure described for 83. 1H NMR (400 MHz, DMSO-d6) δ 7.31 – 7.14 (m, 

5H), 4.45 – 4.34 (m, 2H), 2.92– 2.86 (m, 2H), 2.71 – 2.58 (m, 2H). MS (ESI) m/z: 204 (M+H)+. 

Ethyl 5-(benzylcarbamoyl)-1H-pyrrole-3-carboxylate (85) 
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To a solution of 81 (1.1 g, 4.2 mmol) in DCM dry (20 mL) was added benzylamine (0.46 mL, 

4.2 mmol). The reaction was left to stir at room temperature for 12h and evaporated under under 

reduced pressure. The crude was purified by flash column chromatography (hexane/ethyl 

acetate 9:1 to 7:3) to afford the desired product as white solid (0.97 g, 85%). 1H NMR (400 

MHz, CDCl3) δ 10.00 (br s, 1H, exchangeable with D2O), 7.53 – 7.46 (m, 1H), 7.41 – 7.29 (m, 

5H), 7.07 – 6.92 (m, 1H), 6.29 (t, J = 5.8 Hz, 1H, exchangeable with D2O), 4.61 (d, J = 5.8 Hz, 

2H), 4.27 (q, J = 7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: 273 (M+H)+. 

Ethyl 5-((3-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-carboxylate (86) 

 

Compound 86 was obtained as a white solid (1.25 g, 81%) by reaction of amine 83 (0.85 g, 4.2 

mmol) and 81 (1.1 g, 4.2 mmol) following the procedure described for 85. 1H NMR (400 MHz, 

DMSO-d6) δ 12.11 (brs, 1H, exchangeable with D2O), 8.76 (brt, J = 6.1 Hz, 1H, exchangeable 

with D2O), 7.41– 7.35 (m, 1H), 7.32 – 7.13 (m, 5H), 4.41 (d, J = 6.0 Hz, 2H), 4.19 (q, J = 7.1 

Hz, 2H), 2.81– 2.76 (m, 2H), 2.65 – 2.49 (m, 2H), 1.26 (t, J = 7.1 Hz, 2H). 19F NMR (377 

MHz, DMSO-d6) δ -64.88. MS (ESI) m/z: 369 (M+H)+. 

Ethyl 5-((2-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-carboxylate (87) 
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Compound 87 was obtained as a white solid (1.23 g, 80%) by reaction of amine 84 (0.85 g, 4.2 

mmol) and 81 (1.1 g, 4.2 mmol) following the procedure described for 85. 1H NMR (400 MHz, 

DMSO-d6) δ 12.13 (br s, 1H, exchangeable with D2O), 8.73 (br t, J = 5.8 Hz, 1H, exchangeable 

with D2O), 7.43 – 7.39 (m, 1H), 7.36 – 7.30 (m, 1H), 7.30 – 7.19 (m, 4H), 4.45 (d, J = 5.8 Hz, 

2H), 4.19 (q, J = 7.1 Hz, 2H), 2.98 – 2.82 (m, 2H), 2.73 – 2.50 (m, 2H), 1.26 (t, J = 7.1 Hz, 

3H). 19F NMR (377 MHz, DMSO-d6) δ -64.88. MS (ESI) m/z: 369 (M+H)+. 

Ethyl 5-(benzylcarbamoyl)-1-(3-nitrophenyl)-1H-pyrrole-3- carboxylate (88) 

 

3-bromobenzonitrile (0.75 g, 3.9 mmol) and CuI (0.74 g, 3.9 mmol) were suspended in Dioxane 

dry (5.7 mL) at room temperature in a 10 mL CEM pressure vessel equipped with a stirrer bar. 

The vial was degassed and N1,N2-dimethylethane-1,2-diamine (0.69 g, 7.92 mmol) was added 

to a mixture. The reaction was stirred at room temperature for 5 minutes and then compound 

85 (0.97 g, 3.6 mmol) and K3PO4 (1.5 g, 7.2 mmol) were added. The reaction was degassed and 

heated in a CEM Discover microwave synthesizer (max power 300W, max pressure 250 psi) to 

130 °C for 30 min, then water (25 ml) was added, and the mixture was extracted with ethyl 

acetate (3 x 25 mL). The combined organic layers were washed with brine (25 mL), dried on 

Na2SO4, filtered, and concentrated in vacuum. The crude was purified by flash column 

chromatography (hexane/ethyl acetate 9:1 to 7:3) to afford the desired product as yellow solid 
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(1.1 g, 80%). 1H NMR (400 MHz, CDCl3) δ 8.32 – 8.26 (m, 1H), 8.23 – 8.19 (m, 1H), 7.74 – 

7.59 (m, 2H), 7.54 – 7.51 (m, 1H), 7.40 – 7.25 (m, 5H), 7.17 – 7.13 (m, 1H), 6.23 (t, J = 5.8 

Hz, 1H, exchangeable with D2O), 4.49 (d, J = 5.8 Hz, 2H), 4.31 (q, J = 7.1 Hz, 2H), 1.35 (t, J 

= 7.1 Hz, 3H). MS (ESI) m/z: 394 (M+H)+. 

Ethyl 1-(3-nitrophenyl)-5-((3-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-

carboxylate (89) 

 

Compound 89 was obtained as a yellow solid (1.38 g, 83%) by reaction of 86 (1.25 g, 3.4 mmol) 

following the procedure described for 88. 1H NMR (400 MHz, CDCl3) δ 8.39 – 8.25 (m, 1H), 

8.25 – 8.13 (m, 1H), 7.75 – 7.67 (m, 1H), 7.67 – 7.57 (m, 1H), 7.36 – 7.26 (m, 1H), 7.22 – 7.01 

(m, 4H), 6.27 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 4.48 (d, J = 5.8 Hz, 2H), 4.31 (q, 

J = 7.0 Hz, 2H), 2.96 – 2.70 (m, 2H), 2.55 – 2.27 (m, 2H), 1.35 (t, J = 7.0 Hz, 3H). MS (ESI) 

m/z: 490 (M+H)+. 

Ethyl 1-(3-nitrophenyl)-5-((2-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-

carboxylate (90) 

 

Compound 90 was obtained as a yellow solid (1.27 g, 79%) by reaction of 87 (1.23 g, 3.3 mmol) 

following the procedure described for 88. 1H NMR (400 MHz, CHCl3) δ 8.30 – 8.27  (m, 1H), 
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8.25 – 8.21 (m, 1H), 7.74 – 7.59 (m, 2H), 7.53 – 7.49 (m, 1H), 7.33 – 7.27 (m, 3H), 7.24 –  7.19 

(m, 1H), 7.14 (d, J = 1.7 Hz, 1H), 6.13 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 4.52 (d, 

J = 5.8 Hz, 2H), 4.31 (q, J = 7.1 Hz, 2H), 3.02 – 2.78 (m, 2H), 2.46 – 2.20 (m, 2H), 1.35 (t, J = 

7.1 Hz, 3H). MS (ESI) m/z: 490 (M+H)+. 

Ethyl 1-(3-aminophenyl)-5-(benzylcarbamoyl)-1H-pyrrole-3-carboxylate (91) 

 

To a solution of 88 (1.1 g, 2.88 mmol) in acetic acid (60 mL) was added a powder of Zn (1.9 g, 

28.8 mmol). The reaction was stirred for 1 h at room temperature, filtered, and concentrated in 

vacuo. The residue was dissolved in saturated aqueous solution of NaHCO3 (250 mL) and 

extracted with ethyl acetate (3 × 100 mL). The combined organic layers were washed with (25 

mL), dried on Na2SO4 and filtered. Vacuum evaporation of the solvents gave the title compound 

91 (1.0 g, 99%) as a yellow solid which was directly used in the next step without further step 

of purification. 1H NMR (400 MHz, DMSO-d6) δ 9.83 (t, J = 5.5 Hz, 1H, exchangeable with 

D2O), 8.33 – 8.29 (m, 1H), 7.98 – 7.88 (m, 1H), 7.86 – 7.77 (m, 1H), 7.43 – 7.30 (m, 3H), 7.30 

– 7.22 (m, 1H), 7.20 – 7.08 (m, 1H), 6.88 – 6.72 (m, 2H), 6.62 – 6.51 (m, 1H), 5.42 (s, 2H, 

exchangeable with D2O), 4.52 (d, J = 5.5 Hz, 2H), 4.27 (q, J = 7.0 Hz, 2H), 1.28 (t, J = 7.0 Hz, 

3H). MS (ESI) m/z: 364 (M+H)+. 

Ethyl 1-(3-aminophenyl)-5-((3-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-

carboxylate (92) 
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Compound 92 was obtained as a pale yellow oil (1.29 g, 99%) by reaction of 89 (1.39 g, 2.82 

mmol) following the procedure described for 91. 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.44 

(m, 1H), 7.33 – 7.29 (m, 1H), 7.28 – 7.25 (m, 1H), 7.23 – 7.09 (m, 4H), 7.08 – 7.04 (m, 1H), 

6.76 – 6.68 (m, 2H), 6.66 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 4.48 (d, J = 5.8 Hz, 

2H), 4.32 (q, J = 7.1 Hz, 2H), 2.95 – 2.75 (m, 2H), 2.56 – 2.31 (m, 2H), 1.36 (t, J = 7.1 Hz, 

3H). MS (ESI) m/z: 460 (M+H)+. 

Ethyl 1-(3-aminophenyl)-5-((2-(3,3,3-trifluoropropyl)benzyl)carbamoyl)-1H-pyrrole-3-

carboxylate (93) 

 

Compound 93 was obtained as a pale yellow oil (1.19 g, 99%) by reaction of 90 (1.27 g, 2.60 

mmol) following the procedure described for 91. 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.42  

(m, 1H), 7.33 – 7.25 (m, 1H), 7.27 – 7.23 (m, 1H), 7.20 – 7.08 (m, 4H), 7.07 – 7.02 (m, 1H), 

6.80 –  6.68 (m, 2H), 6.53 (br t, J = 5.8 Hz, 1H, exchangeable with D2O), 4.51 (d, J = 5.8 Hz, 

2H), 4.31 (q, J = 7.1 Hz, 2H), 3.00 – 2.76 (m, 2H), 2.44 – 2.23 (m, 2H), 1.34 (t, J = 7.1 Hz, 

3H). MS (ESI) m/z: 460 (M+H)+. 

(S)-5-(benzylcarbamoyl)-1-(3-(2-((tert-butoxycarbonyl)amino) propanamido) phenyl)-1H-

pyrrole-3-carboxylate (94) 
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To a solution of 91 (1.1 g, 2.88 mmol), DIPEA (1.5 mL, 8.64 mmol), and Boc-L-AlaOH (0.60 

g, 3.17 mmol) in dry DCM (20 mL) was added HBTU (1.4 g, 3.74 mmol) under N2 atmosphere. 

The reaction was left to stir at room temperature overnight, filtered, and concentrated in 

vacuum. The residue was dissolved in DCM (100 mL) and washed with saturated aqueous 

solution of NaHCO3 (3 x 50 mL), and brine (50 mL). The organic phase was dried on Na2SO4, 

filtered, and concentrated in vacuo. The crude was purified by flash column chromatography 

(hexane/ethyl acetate 9:1 to 7:3) to afford the desired product 94 as yellow solid (1.3 g, 85%). 

1H NMR (400 MHz, CDCl3) δ 8.79 – 8.67 (m, 1H, exchangeable with D2O), 7.79 – 7.76 (m, 

1H), 7.50 – 7.48 (m, 1H), 7.38 – 7.25 (m, 8H), 7.15 – 7.12 (m, 1H), 7.09 – 7.04 (m, J = 7.1 Hz, 

1H, exchangeable with D2O), 6.25 (t, J = 5.6 Hz, 1H, exchangeable with D2O), 5.08 – 4.99 (m, 

1H), 4.50 (d, J = 5.7 Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 1.48 (s, 9H), 1.42 (d, J = 7.0 Hz, 3H), 

1.35 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: 535 (M+H)+. 

Ethyl (S)-1-(3-(2-((tert-butoxycarbonyl)amino)propanamido)phenyl)-5-((3-(3,3,3-trifluoro 

propyl) benzyl) carbamoyl)-1H-pyrrole-3-carboxylate (95) 
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Compound 95 was obtained as a yellow solid (1.53 g, 86%) by reaction of 92 (1.29 g, 2.82 

mmol) following the procedure described for 94. 1H NMR (400 MHz, CDCl3) δ 8.71 (br s, 1H, 

exchangeable with D2O), 7.93 – 7.76 (m, 1H), 7.52 – 7.45 (m, 1H), 7.40 – 7.27 (m, 4H), 7.23 

– 6.99 (m, 4H), 6.21 (br t, J = 5.6 Hz, 1H, exchangeable with D2O), 4.99 (br s, 1H, exchangeable 

with D2O), 4.49 (d, J = 5.6 Hz, 2H), 4.39 – 4.22 (m, 3H), 2.93 – 2.78 (m, 2H), 2.56 – 2.25 (m, 

2H), 1.49 (s, 9H), 1.43 (d, J = 7.0 Hz, 3H), 1.36 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: 631 (M+H)+. 

Ethyl (S)-1-(3-(2-((tert-butoxycarbonyl)amino)propanamido)phenyl)-5-((2-(3,3,3 trifluoro 

propyl) benzyl) carbamoyl)-1H-pyrrole-3-carboxylate (96) 

 

Compound 96 was obtained as a yellow solid (1.28 g, 78%) by reaction of 93 (1.19 g, 2.60 

mmol) following the procedure described for 94. 1H NMR (400 MHz, CDCl3) δ 8.72 (s, 1H, 

exchangeable with D2O), 7.89 – 7.71 (m, 1H), 7.53 – 7.46 (m, 1H), 7.44 – 7.32 (m, 3H), 7.26 

– 7.15 (m, 4H), 7.16 – 7.09 (m, 1H), 7.10 – 7.01 (m, 1H), 6.05 (br t, J = 5.6 Hz, 1H, 

exchangeable with D2O), 4.97 (br s, 1H, exchangeable with D2O), 4.53 (d, J = 5.5 Hz, 2H), 

4.35 – 4.23 (m, 2H), 2.96 – 2.76 (m, 2H), 2.43 – 2.22 (m, 2H), 1.49 (s, 9H), 1.44 (d, J = 7.1 Hz, 

3H), 1.36 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: 631 (M+H)+. 

Diphenyl(2,2,2-trifluoroethyl)phosphine oxide (98) 
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To a stirred mixture of trifluoroacetic acid (1 mL) and water (0.765 mL) was added dropwise 

diphenylchlorophosphine (10 mL, 56.61 mmol) at 0 °C for 30 min (syringe pump), and the 

mixture solidified gradually. When the mixture was allowed to warm to room temperature, it 

turned to a pale yellow solution. After 30 min, the mixture was heated within the range between 

90 and 100 °C for 2 h. After cooling, the mixture is diluted with CHCl3 and concentrated under 

reduced pressure. To the residue were added CHCl3 and an aqueous saturated solution of 

NaHCO3, and the mixture is stirred vigorously for 1 h. The organic phase was separated, and 

the aqueous phase was extracted with CHCl3. The combined organic phase was washed 

successively with an aqueous saturated solution of NaHCO3 followed by brine and dried over 

Na2SO4. After filtration, the filtrate was concentrated under reduced pressure, and the residue 

was recrystallized from AcOEt to afford 98 (2.2 g, 55%). 

3-(3,3,3-trifluoropropyl)benzonitrile (99) 

 

MS 4A (powder, 6 g) was added to a 1M solution of TBAF in THF (8.8 mL, 8.8 mmol) and the 

mixture was stirred at room-temperature overnight under an N2 atmosphere. To the mixture 

were added a solution of aldehyde (0.115 g, 0.88 mmol) and phosphine oxide (0.50 g, 1.76 

mmol) in THF (15 mL). After the mixture was stirred for 1 h, MS 4A was removed by filtration. 

Water was added to the filtrate, and the whole was extracted with AcOEt. The extract was 

washed with brine, dried over Na2SO4, and concentrated. The residue was purified using flash 

column cromatogrphy on silica gel (Hex/AcOEt 9:1 → 6:4) to give 99 (0.120 g, 70%). 1H NMR 

(400 MHz, DMSO-d6) δ 7.78 – 7.59 (m, 5H), 7.21 – 7.09 (m, 1H), 6.99 – 6.85 (m, 1H). 

2-(3,3,3-trifluoropropyl)benzonitrile (100) 
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Compound 100 was obtained as a yellow solid (0.060 g, 35%) by reaction of proper aldehyde 

(1.15 g, 0.88 mmol) following the procedure described for 99. 1H NMR (400 MHz, DMSO-

d6) δ 7.81 – 7.63 (m, 5H), 7.25 – 7.11 (m, 1H), 6.87 – 6.78 (m, 1H). 

6-hydroxy-4,4,5,7,8-pentamethylchroman-2-one (102) 

 

2,3,5-Trimethylbenzene-1,4-diol (1.0 g, 6.6 mmol) was mixed with 3-methylbut-2-enoic acid 

(0.76 g, 7.5 mmol) and methanesulfonic acid (10 mL). The mixture was stirred at 85 °C under 

nitrogen for 3 h and then cooled to room temperature. To the mixture was added 100 g of ice 

with stirring. The precipitate was extracted with ethyl acetate (3 × 100 mL). The combined 

organic layer was washed with saturated NaHCO3 (3 × 50 mL) and water (3 × 50 mL) and dried 

over Na2SO4. After filtration and evaporation, an obtained residue was recrystallized from 

hexane and ethyl acetate (2:1, v/v) to give the desired product 102 as a white solid (1.1 g, 80%). 

1H NMR (400 MHz, CDCl3) δ 4.70 (s, 1H), 2.56 (s, 2H), 2.37 (s, 3H), 2.23 (s, 3H), 2.19 (s, 

3H), 1.46 (s, 6H). MS (ESI) m/z: 235 (M+H)+. 

Methyl 4-nitrobenzoate (104) 

 

A mixture of 4-nitro benzoic acid 103 (4.0 g, 23.8 mmol), conc. H2SO4 (96%) (15 mL) in 

MeOH (50 mL) was heated under magnetic stirring at 70 °C for 4 h. Then, the residue was 
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dissolved in ethyl acetate (50 mL), washed with water (50 mL), brine (50 mL), dried with 

Na2SO4, filtered and the solvent was concentrated. The product 104 was recovered as a pale 

yellow solid (4.2 g, 99%). 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 6.2 Hz, 2H), 8.22 (d, J = 

6.3 Hz, 2H), 3.99 (s, 3H). MS (ESI) m/z: 182 (M+H)+.  

Methyl 4-aminobenzoate (105) 

 

A mixture of 104 (3.0 g, 16.5 mmol), Pd/C 10% (0.3 g), and ammonium formate (20.7 g, 330 

mmol) in MeOH (15 mL) was heated at reflux with stirring for 1 h. After cooling, the reaction 

mixture was extracted with ethyl acetate (3 x 50 mL). The extract was washed with water (50 

mL) and brine (50 mL) and dried over Na2SO4, filtered and the solvent was concentrated under 

vacuum. The crude product 105 was used in the next step without further purification step. 1H 

NMR (400 MHz, CDCl3) δ 7.83 (d, 2H, J = 8.5 Hz), 6.62 (d, J = 8.5 Hz, 2H), 4.09 (br s, 2H), 

3.84 (s, 3H). MS (ESI) m/z: 152 (M+H)+.  

Methyl 4-(methylamino)benzoate (106) 

 

A pressure vessel was charged with a magnetic stirring bar, aniline 105 (2.0 g, 13.2 mmol), 

methyl iodide (2.2 g, 15.8 mmol), potassium carbonate (1.8 g, 13.2 mmol), and acetonitrile (30 

mL). The vessel was then sealed and heated to 80 °C for 3 h. After reaction cooling, water was 

added into the mixture. The organic phase was separated, and the aqueous layer was extracted 

with ethyl acetate (3 x 50 mL).  The combined organic phase was washed with saturated brine 
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(50 mL) and dried over Na2SO4. The solvent was removed by rotary evaporation and the residue 

was transferred to a short column on silica gel hexane/ethyl acetate as the eluent to remove 

N,N-dimethyl substituted anilines, yielding the N-methyl aniline 106 as white solid (1.1 g, 49 

%). 1H NMR (400 MHz, CDCl3) δ 7.90-7.86 (m, 2H), 6.58-6.53 (m, 2H), 4.18 (s, 1H), 3.85 (s, 

3H), 2.89 (d, J = 5.1 Hz, 3H). MS (ESI) m/z: 166 (M+H)+.  

(4-(methylamino)phenyl)methanol (107) 

 

106 (1.0 g, 6.2 mmol) was dissolved in THF (20 mL) and cooled under nitrogen to 0 °C, and 

slowly LiAlH4 (0.47 g, 12.4 mmol) was added. After stirring for 15 h, the reaction mixture was 

quenched by the sequential slow addition of 3 mL of methanol and 30 mL of Rochelle salt. The 

reaction was stirred for 0.5 h. The organic phase was separated, and the aqueous layer was 

extracted with ethyl acetate (3 x 50 mL). The combined organic phase was washed with 

saturated brine (50 mL) and dried over Na2SO4. The resulting crude material was purified by 

flash column chromatography on silica gel (heptane/ethyl acetate) to give the title compound 

107 as an uncoloured oil (0.81 g, 97%). 1H NMR (400 MHz, CDCl3) δ 7.25-7.15 (m, 2H), 6.60-

6.55 (m, 2H), 4.56 (d, J = 3.2 Hz, 2H), 4.18 (s, 1H), 2.89 (d, J = 5.1 Hz, 3H). MS (ESI) m/z: 

138 (M+H)+.  

4-(((tert-butyldimethylsilyl)oxy)methyl)-N-methylaniline (108) 

 

To a solution of 107 (0.81 g, 6.0 mmol) in dichloromethane (5 mL) were added 

tertbutyldimethylsilyl chloride (0.92 g, 6.0 mmol) and imidazole (0.42 g, 6.0 mmol), and this 

was stirred for 1 h at room temperature. Then the reaction mixture was diluted with brine 
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solution (25 mL) and then extracted with ethyl acetate (3 × 25 mL). The organic phase was 

dried over anhydrous Na2SO4 and filtered. Solvent was removed using a rotary evaporator. The 

crude brown-colored oil was purified by flash column chromatography on silica gel 

(hexane/ethyl acetate) to give the compound as a yellow solid (1.3 g, 90%). 1H NMR (400 

MHz, CDCl3) δ 7.18 (d, J = 8.4 Hz, 2H), 6.72 - 6.49 (m, 2H), 4.66 (s, 2H), 2.85 (s, 3H), 0.96 

(s, 9H), 0.11 (s, 6H). MS (ESI) m/z: 252 (M+H)+.  

8.2.4. Preparation of compounds 109 - 129 

(2R,4S)-1-((R)-2-(2-(2-(2-(4-(4-(((2-aminoethyl)(methyl)amino)methyl)-1H-pyrrol-3-

yl)phenoxy)ethoxy)ethoxy)acetamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methyl 

thiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (109a) 

 

Compound 114a (0.040 g, 0.040 mmol) was dissolved in a solution of DCM/TFA 9:1. The 

resulting mixture was stirred at room temperature for 6 h. The solvent was evaporated, and the 

crude product was purified by RP-HPLC (Reverse Phase High Performance Liquid 

Cromatography) using a mixture of H20/ACN + 0.1% TFA to afford the TFA salt 109a as white 

solid (0.034 g, 95%).  1H NMR (400 MHz, MeOD) δ 11.00 (s, 1H), 8.87 (s, 1H), 7.46 (d, J = 

8.2 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.6 Hz, 2H), 7.13 – 7.10 (m, 1H), 7.00 – 6.94 

(m, 2H), 6.88 – 6.82 (m, 1H), 4.71 – 4.68 (m, 1H), 4.60 – 4.54 (m, 1H), 4.51 (s, 2H), 4.43 (s, 

2H), 4.39 – 4.31 (m, 1H), 4.18 – 4.14 (m, 2H), 4.07 (d, J = 3.0 Hz, 2H), 3.92 – 3.86 (m, 4H), 

3.79 – 3.74 (m, 5H), 3.18 – 3.14 (m, 4H), 2.64 (s, 3H), 2.45 (s, 3H), 2.27 – 2.20 (m, 1H), 2.13 

– 2.04 (m, 1H). 13C NMR (101 MHz, MeOD) δ 172.9, 170.8, 170.4, 157.8, 138.8, 130.1, 129.6, 
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129.1, 129.0, 127.8, 127.5, 114.8, 70.9, 70.3, 69.7, 69.7, 69.6, 67.3, 59.5, 56.8, 56.7, 51.9, 50.5, 

42.3, 38.8, 37.6, 35.6, 34.0, 29.3, 25.6, 14.4. HRMS (ESI): m/z [M + H]+ calcd. for 

C42H57N7O7S +
 H+: 804.4113 Found: 804.4115. 

(2R,4S)-1-((R)-15-(4-(4-(((2-aminoethyl)(methyl)amino)methyl)-1H-pyrrol-3-yl)phenoxy)-

2-(tert-butyl)-4-oxo-6,10,13-trioxa-3-azapentadecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-

5-yl)benzyl)pyrrolidine-2-carboxamide (109b) 

 

Compound 109b was obtained as a white solid (0.036 g, 95%) starting from compound 114b 

(0.042 g, 0.040 mmol) following the procedure described for 109a. 1H NMR (400 MHz, 

MeOD) δ 10.99 (s, 1H), 8.87 (s, 1H), 7.46 (d, J = 8.4 Hz, 2H), 7.44 – 7.41 (m, 2H), 7.30 – 7.25 

(m, 2H), 7.12 – 7.10 (m, 1H), 6.99 (d, J = 8.7 Hz, 2H), 6.88 – 6.85 (m, 1H), 4.69 – 4.66 (m, 

1H), 4.60 – 4.55 (m, 1H), 4.52 – 4.48 (m, 2H), 4.43 (s, 2H), 4.38 – 4.31 (m, 1H), 4.14 – 4.10 

(m, 2H), 4.04 (d, J = 4.3 Hz, 2H), 3.90 – 3.80 (m, 4H), 3.74 – 3.68 (m, 8H), 3.17 – 3.11 (m, 

4H), 2.65 (s, 3H), 2.47 (s, 3H), 2.28 – 2.19 (m, 1H), 2.13 – 2.05 (m, 1H), 1.04 (s, 9H). 13C 

NMR (101 MHz, MeOD) δ 184.9, 172.9, 170.7, 157.9, 151.5, 151.5, 138.9, 130.1, 129.0, 127.6, 

121.6, 117.5, 114.8, 70.9, 70.4, 70.3, 70.1, 69.6, 67.3, 58.1, 51.9, 50.4, 42.3, 37.6, 35.8, 33.9, 

25.6. HRMS (ESI): m/z [M + H]+ calcd. for C44H63N7O8S +
 H+: 862.4532 Found: 862.4535. 

(2R,4S)-1-((R)-17-(4-(4-(((2-aminoethyl)(methyl)amino)methyl)-1H-pyrrol-3-yl)phenoxy)-

2-(tert-butyl)-4-oxo-6,9,12,15-tetraoxa-3-azaheptadecanoyl)-4-hydroxy-N-(4-(4-methyl 

thiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (109c) 
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Compound 109c was obtained as a white solid (0.036 g, 96%) starting from compound 114c 

(0.030 g, 0.032 mmol) following the procedure described for 109a. 1H NMR (400 MHz, 

MeOD) δ 11.00 (s, 1H), 8.90 (s, 1H), 7.46 (d, J = 8.5 Hz, 2H), 7.44 – 7.40 (m, 2H), 7.29 – 7.26 

(m, 2H), 7.13 – 7.10 (m, 1H), 7.01 – 6.98 (m, 2H), 6.88 – 6.85 (m, 1H), 4.69 – 4.65 (m, 1H), 

4.59 – 4.54 (m, 1H), 4.53 – 4.49 (m, 2H), 4.44 (s, 2H), 4.38 – 4.33 (m, 1H), 4.15 – 4.11 (m, 

2H), 4.04 (d, J = 2.3 Hz, 2H), 3.89 – 3.80 (m, 4H), 3.70 – 3.64 (m, 12H), 3.17 – 3.12 (m, 4H), 

2.65 (s, 3H), 2.47 (s, 3H), 2.23 (ddt, J = 13.3, 7.6, 1.8 Hz, 1H), 2.09 (ddd, J = 13.3, 9.2, 4.4 Hz, 

1H), 1.04 (s, 9H). 13C NMR (101 MHz, MeOD) δ 172.9, 170.8, 170.3, 157.9, 151.5, 147.6, 

138.9, 130.1, 129.6, 129.3, 129.1, 129.0, 128.1, 127.6, 121.5, 114.8, 70.9, 70.8, 70.3, 70.2, 70.2, 

70.2, 70.1, 69.7, 69.5, 67.7, 67.3, 59.5, 56.9, 56.8, 56.7, 51.9, 50.5, 45.5, 42.3, 38.8, 37.5, 35.64, 

35.2, 33.9, 32.5, 29.3, 25.6. HRMS (ESI): m/z [M + H]+ calcd. for C46H65N7O9S +
 H+: 892.4637 

Found: 892.4640. 

5-(4-(2-(2-(2-(4-(4-(((2-aminoethyl)(methyl)amino)methyl)-1H-pyrrol-3-yl)phenoxy)ethoxy) 

ethoxy)acetyl)piperazin-1-yl)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (110a) 
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Compound 110a was obtained as a white solid (0.017 g, 95%) starting from compound 115a 

(0.020 g, 0.022 mmol) following the procedure described for 109a. 1H NMR (400 MHz, 

MeOD) δ 7.67 (dd, J = 8.5, 1.3 Hz, 1H), 7.31 (d, J = 2.1 Hz, 1H), 7.25 – 7.21 (m, 2H), 7.19 – 

7.17 (m, 1H), 7.09 (d, J = 2.1 Hz, 1H), 6.99 – 6.94 (m, 2H), 6.85 – 6.82 (m, 1H), 5.09 – 5.02 

(m, 1H), 4.41 (s, 2H), 4.30 (s, 2H), 4.15 – 4.10 (m, 2H), 3.85 – 3.81 (m, 2H), 3.72 – 3.63 (m, 

8H), 3.50 – 3.46 (m, 4H), 3.20 – 3.07 (m, 4H), 2.90 – 2.80 (m, 1H), 2.75 – 2.73 (m, 2H), 2.66 

(s, 3H), 2.10 – 2.05 (m, 1H). 13C NMR (101 MHz, MeOD) δ 172.6, 172.2, 169.5, 168.1, 167.8, 

157.8, 155.5, 133.2, 129.7, 129.3, 124.7, 119.8, 118.2, 114.4, 114.1, 109.1, 71.3, 70.5, 70.2, 

70.1, 69.5, 69.1, 67.5, 53.4, 52.8, 50.6, 46.7, 43.8, 41.0, 38.9, 34.1, 32.5, 30.8, 29.3, 22.8, 22.4. 

HRMS (ESI): m/z [M + H]+ calcd. for C37H45N7O8 +
 H+: 716.3403 Found: 716.3400. 

5-(4-(2-(2-(2-(2-(4-(4-(((2-aminoethyl)(methyl)amino)methyl)-1H-pyrrol-3-yl)phenoxy) 

ethoxy)ethoxy)ethoxy)acetyl)piperazin-1-yl)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-

dione (110b) 
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Compound 110b was obtained as a white solid (0.013 g, 95%) starting from compound 115b 

(0.015 g, 0.016 mmol) following the procedure described for 109a. 1H NMR (400 MHz, 

MeOD) δ 7.67 (dd, J = 8.5, 1.3 Hz, 1H), 7.33 (d, J = 2.1 Hz, 1H), 7.26 – 7.22 (m, 2H), 7.22 – 

7.19 (m, 1H), 7.10 (d, J = 2.1 Hz, 1H), 6.99 – 6.95 (m, 2H), 6.86 – 6.84 (m, 1H), 5.10 – 5.02 

(m, 1H), 4.42 (s, 2H), 4.31 (s, 2H), 4.17 – 4.10 (m, 2H), 3.86 – 3.82 (m, 2H), 3.73 – 3.66 (m, 

12H), 3.54 – 3.46 (m, 4H), 3.21 – 3.07 (m, 4H), 2.91 – 2.80 (m, 1H), 2.78 – 2.71 (m, 2H), 2.66 

(s, 3H), 2.12 – 2.05 (m, 1H). 13C NMR (101 MHz, MeOD) δ 173.6, 173.2, 169.1, 167.9, 167.5, 

157.7, 155.3, 134.2, 129.6, 129.3, 124.7, 119.7, 118.0, 114.9, 114.5, 108.1, 70.3, 70.2, 70.1, 

70.1, 69.6, 69.4, 67.3, 53.4, 51.8, 50.6, 46.6, 43.9, 41.1, 38.9, 34.1, 32.5, 30.8, 29.3, 22.8, 22.4. 

HRMS (ESI): m/z [M + H]+ calcd. for C39H49N7O9 +
 H+: 760.3665 Found: 760.3669. 

5-(4-(14-(4-(4-(((2-aminoethyl)(methyl)amino)methyl)-1H-pyrrol-3-yl)phenoxy)-3,6,9,12-

tetraoxatetradecanoyl)piperazin-1-yl)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione 

(110c) 

 

Compound 110c was obtained as a white solid (0.025 g, 95%) starting from compound 115c 

(0.030 g, 0.030 mmol) following the procedure described for 109a. 1H NMR (400 MHz, 

MeOD) δ 10.98 (s, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.37 (d, J = 2.3 Hz, 1H), 7.26 (d, J = 8.5 Hz, 

2H), 7.26 – 7.20 (m, 1H), 7.12 (d, J = 1.9 Hz, 1H), 6.99 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 1.9 Hz, 

1H), 5.12 – 5.04 (m, 1H), 4.43 (s, 2H), 4.31 (s, 2H), 4.17 – 4.11 (m, 2H), 3.85 – 3.78 (m, 2H), 

3.70 – 3.63 (m, 16H), 3.57 – 3.51 (m, 2H), 3.51 – 3.44 (m, 2H), 2.90 – 2.81 (m, 1H), 2.77 – 

2.71 (m, 2H), 2.67 (s, 3H), 2.12 – 2.06 (m, 1H). 13C NMR (101 MHz, MeOD) δ 200.3, 179.7, 
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173.2, 170.3, 169.2, 167.9, 167.5, 157.8, 155.3, 155.3, 134.2, 129.6, 127.9, 124.7, 119.7, 118.1, 

114.9, 108.1, 70.3, 70.2, 70.1, 70.0, 70.0, 69.5, 69.4, 67.3, 54.5, 51.8, 50.6, 43.3, 43.2, 41.1, 

38.9, 34.1, 30.8, 29.3, 22.4, 17.3, 15.9. HRMS (ESI): m/z [M + H]+ calcd. for C41H53N7O10 +
 

H+: 804.3927 Found: 804.3924. 

2-(2-(2-(4-(1-(tert-butoxycarbonyl)-4-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl) 

amino)methyl)-1H-pyrrol-3-yl)phenoxy)ethoxy)ethoxy)acetic acid (111a) 

 

To a solution of Tetrakis(triphenylphosphine)palladium (1.28 mg, 0.001 mmol) and 

triphenylphosphine (1.46 mg, 0.006 mmol) in dry DCM (1 mL), 118a (0.070 g, 0.11 mmol) 

was added. Then, a solution of pyrrolidine (9.8 L, 0.12 mmol) in dry DCM (300 L) was 

added and the resulting mixture was stirred until TLC showed disappearance of starting 

material. Then the reaction mixture was diluted with DCM (25 mL) and then washed with HCl 

0.5 N (3 × 25 mL). The organic phase was dried over anhydrous Na2SO4 and filtered. The 

solvent was removed under vacuum and the product was used in the next step without further 

purification steps. 1H NMR (400 MHz, CDCl3) δ 11.69 (br s, 1H), 7.68 – 7.65 (m, 1H), 7.25 

(d, J = 8.5 Hz, 1H), 7.16 (s, 1H), 6.97 (d, J = 8.5 Hz, 2H), 6.11 (br s, 1H), 4.13 (s, 2H), 3.95 – 

3.87 (m, 2H), 3.77 – 3.65 (m, 6H), 3.38 (s, 2H), 3.06 – 2.93 (m, 2H), 2.76 – 2.63 (m, 2H), 2.17 

(s, 3H), 1.63 (s, 9H), 1.41 (s, 9H). MS (ESI) m/z: 592 (M+H)+.  

2-(2-(2-(2-(4-(1-(tert-butoxycarbonyl)-4-(((2-((tert-butoxycarbonyl)amino) ethyl) (methyl) 

amino)methyl)-1H-pyrrol-3-yl)phenoxy)ethoxy)ethoxy)ethoxy)acetic acid (111b) 
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Compound 111b was obtained as a pale yellow oil (0.058 g, 91%) starting from compound 

118b (0.067 g, 0.010 mmol) following the procedure described for 111a. 1H NMR (400 MHz, 

CDCl3) δ 11.64 (br s, 1H), 7.67 – 7.63 (m, 1H), 7.25 (d, J = 8.5 Hz, 1H), 7.15 (s, 1H), 6.94 (d, 

J = 8.5 Hz, 2H), 6.10 (br s, 1H), 4.10 (s, 2H), 3.94 – 3.88 (m, 2H), 3.75 – 3.62 (m, 10H), 3.37 

(s, 2H), 3.06 – 2.93 (m, 2H), 2.76 – 2.61 (m, 2H), 2.16 (s, 3H), 1.62 (s, 9H), 1.44 (s, 9H). MS 

(ESI) m/z: 636 (M+H)+.  

14-(4-(1-(tert-butoxycarbonyl)-4-(((2-((tert-butoxycarbonyl) amino) ethyl)(methyl) amino) 

methyl)-1H-pyrrol-3-yl)phenoxy)-3,6,9,12-tetraoxatetradecanoic acid (111c) 

 

Compound 111c was obtained as a pale yellow oil (0.052 g, 90%) starting from compound 118c 

(0.061 g, 0.085 mmol) following the procedure described for 111a. 1H NMR (400 MHz, 

CDCl3) δ 11.67 (br s, 1H), 7.65 – 7.61 (m, 1H), 7.24 (d, J = 8.5 Hz, 1H), 7.13 (s, 1H), 6.95 (d, 

J = 8.5 Hz, 2H), 6.11 (br s, 1H), 4.12 (s, 2H), 3.94 – 3.88 (m, 2H), 3.74 – 3.61 (m, 14H), 3.38 

(s, 2H), 3.07 – 2.93 (m, 2H), 2.75 – 2.61 (m, 2H), 2.17 (s, 3H), 1.64 (s, 9H), 1.43 (s, 9H). MS 

(ESI) m/z: 680 (M+H)+.  
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Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-(2-(2-(2-

(((R)-1-((2R,4S)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-

3,3-dimethyl-1-oxobutan-2-yl)amino)-2-oxoethoxy)ethoxy)ethoxy)phenyl)-1H-pyrrole-1-

carboxylate (114a) 

 

To a solution of carboxylic compound 111a (0.058 g, 0.10 mmol) in dry DMF (2 mL), COMU 

(0.042 g, 0.1 mmol), compound 112 (0.052 g, 0.1 mmol) and DIPEA (0.051 mL, 0.30 mmol) 

were added. The reaction mixture was left to stir for 4 h at room temperature. Then, the reaction 

mixture was diluted with brine solution (25 mL) and then extracted with ethyl acetate (3 × 25 

mL). The organic phase was dried over anhydrous Na2SO4 and filtered. Solvent was removed 

using a rotary evaporator. The crude brown-colored oil was purified by flash column 

chromatography on silica gel (DCM/MeOH 95:5 to 80:20) to give the compound 114a as a 

yellow solid (0.040 g, 50%). 1H NMR (400 MHz, MeOD) δ 8.88 (s, 1H), 7.45(d, J = 8.2 Hz, 

2H), 7.40 (d, J = 8.3 Hz, 2H), 7.22 (d, J = 8.6 Hz, 2H), 7.13 – 7.10 (m, 1H), 7.01 – 6.92 (m, 

2H), 6.89 – 6.82 (m, 1H), 4.71 – 4.67 (m, 1H), 4.61 – 4.54 (m, 1H), 4.51 (s, 2H), 4.42 (s, 2H), 

4.39 – 4.31 (m, 1H), 4.18 – 4.13 (m, 2H), 4.05 (d, J = 3.0 Hz, 2H), 3.91 – 3.85 (m, 4H), 3.79 – 

3.73 (m, 5H), 3.18 – 3.14 (m, 4H), 2.62 (s, 3H), 2.45 (s, 3H), 2.27 – 2.20 (m, 1H), 2.13 – 2.04 

(m, 1H), 1.62 (s, 9H), 1.44 (s, 9H), 1.03 (s, 9H).  MS (ESI) m/z: 1004 (M+H)+.  

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-(((R)-14-

((2R,4S)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-
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15,15-dimethyl-12-oxo-3,6,10-trioxa-13-azahexadecyl)oxy)phenyl)-1H-pyrrole-1-

carboxylate (114b) 

 

Compound 114b was obtained as a pale yellow oil (0.049 g, 47%) starting from compound 

111b (0.058 g, 0.10 mmol) following the procedure described for 114a. 1H NMR (400 MHz, 

MeOD) δ 8.89 (s, 1H), 7.45 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.6 Hz, 

2H), 7.12 – 7.09 (m, 1H), 7.00 – 6.93 (m, 2H), 6.88 – 6.82 (m, 1H), 4.70 – 4.66 (m, 1H), 4.62 

– 4.54 (m, 1H), 4.50 (s, 2H), 4.41 (s, 2H), 4.39 – 4.30 (m, 1H), 4.18 – 4.13 (m, 2H), 4.05 (d, J 

= 3.0 Hz, 2H), 3.90 – 3.85 (m, 4H), 3.74 – 3.67 (m, 8H), 3.17 – 3.14 (m, 4H), 2.62 (s, 3H), 2.45 

(s, 3H), 2.31 – 2.20 (m, 1H), 2.10 – 2.04 (m, 1H), 1.61 (s, 9H), 1.42 (s, 9H), 1.04 (s, 9H).  MS 

(ESI) m/z: 1062 (M+H)+. 

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-(((R)-16-

((2R,4S)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-

17,17-dimethyl-14-oxo-3,6,9,12-tetraoxa-15-azaoctadecyl)oxy)phenyl)-1H-pyrrole-1-

carboxylate (114c) 
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Compound 114c was obtained as a pale yellow oil (0.035 g, 42%) starting from compound 111c 

(0.052 g, 0.077 mmol) following the procedure described for 114a. 1H NMR (400 MHz, 

MeOD) δ 8.91 (s, 1H), 7.45 (d, J = 8.5 Hz, 2H), 7.44 – 7.40 (m, 2H), 7.29 – 7.25 (m, 2H), 7.12 

– 7.10 (m, 1H), 7.01 – 6.97 (m, 2H), 6.87 – 6.84 (m, 1H), 4.69 – 4.65 (m, 1H), 4.59 – 4.54 (m, 

1H), 4.53 – 4.49 (m, 2H), 4.44 (s, 2H), 4.38 – 4.33 (m, 1H), 4.15 – 4.11 (m, 2H), 4.04 (d, J = 

2.3 Hz, 2H), 3.89 – 3.80 (m, 4H), 3.70 – 3.64 (m, 12H), 3.17 – 3.12 (m, 4H), 2.65 (s, 3H), 2.47 

(s, 3H), 2.23 (ddt, J = 13.3, 7.6, 1.8 Hz, 1H), 2.09 (ddd, J = 13.3, 9.2, 4.4 Hz, 1H), 1.61 (s, 9H), 

1.42 (s, 9H), 1.04 (s, 9H). MS (ESI) m/z: 1092 (M+H)+. 

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-(2-(2-(2-

(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)piperazin-1-yl)-2-oxoethoxy) 

ethoxy)ethoxy)phenyl)-1H-pyrrole-1-carboxylate (115a) 

 

Compound 115a was obtained as a yellow oil (0.023 g, 30%) starting from compound 111a 

(0.050 g, 0.084 mmol) and compound 113 (0.032 g, 0.084 mmol) following the procedure 

described for 114a. 1H NMR (400 MHz, MeOD) δ 7.91 (s, 1H), 7.66 (d, J = 8.5 Hz, 2H), 7.46 

(d, J = 8.9 Hz, 2H), 7.34 – 7.29 (m, 1H), 7.23 – 7.16 (m, 1H), 6.92 (d, J = 8.9 Hz, 2H), 5.07 – 

5.04 (m, 1H), 4.31 (s, 2H), 4.17 – 4.10 (m, 2H), 3.90 – 3.81 (m, 2H), 3.77 – 3.65 (m, 8H), 3.53 

– 3.50 (m, 4H), 3.15 – 3.08 (m, 2H), 2.66 (s, 3H), 2.45 (t, J = 6.5 Hz, 2H), 2.18 (s, 4H), 2.10 – 

2.06 (m, 2H), 1.62 (s, 9H), 1.44 (s, 9H). MS (ESI) m/z: 916 (M+H)+. 
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Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-(2-(2-(2-

(2-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)piperazin-1-yl)-2-oxoethoxy) 

ethoxy)ethoxy)ethoxy)phenyl)-1H-pyrrole-1-carboxylate (115b) 

 

Compound 115b was obtained as a yellow oil (0.015 g, 20%) starting from compound 111b 

(0.051 g, 0.080 mmol) and compound 113 (0.030 g, 0.080 mmol) following the procedure 

described for 114a. 1H NMR (400 MHz, MeOD) δ 7.92 (s, 1H), 7.67 (d, J = 8.5 Hz, 2H), 7.46 

(d, J = 8.9 Hz, 2H), 7.35 – 7.29 (m, 1H), 7.26 – 7.16 (m, 1H), 6.93 (d, J = 8.9 Hz, 2H), 5.08 – 

5.06 (m, 1H), 4.32 (s, 2H), 4.17 – 4.10 (m, 2H), 3.91 – 3.83 (m, 2H), 3.77 – 3.65 (m, 12H), 3.53 

– 3.51 (m, 4H), 3.18 – 3.09 (m, 2H), 2.66 (s, 3H), 2.45 (t, J = 6.5 Hz, 2H), 2.19 (s, 4H), 2.12 – 

2.06 (m, 2H), 1.64 (s, 9H), 1.43 (s, 9H). MS (ESI) m/z: 960 (M+H)+. 

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-((14-(4-(2-

(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-yl)piperazin-1-yl)-14-oxo-3,6,9,12-tetra 

oxatetradecyl)oxy)phenyl)-1H-pyrrole-1-carboxylate (115c) 

 

Compound 115c was obtained as a yellow oil (0.030 g, 36%) starting from compound 111C 

(0.057 g, 0.084 mmol) and compound 113 (0.032 g, 0.084 mmol) following the procedure 
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described for 114a. 1H NMR (400 MHz, MeOD) δ 7.93 (s, 1H), 7.65 (d, J = 8.5 Hz, 2H), 7.45 

(d, J = 8.9 Hz, 2H), 7.34 – 7.28 (m, 1H), 7.27 – 7.14 (m, 1H), 6.91 (d, J = 8.9 Hz, 2H), 5.09 – 

5.06 (m, 1H), 4.30 (s, 2H), 4.15 – 4.11 (m, 2H), 3.90 – 3.82 (m, 2H), 3.75 – 3.62 (m, 12H), 3.52 

– 3.52 (m, 4H), 3.15 – 3.04 (m, 2H), 2.65 (s, 3H), 2.44 (t, J = 6.5 Hz, 2H), 2.17 (s, 4H), 2.11 – 

2.05 (m, 2H), 1.63 (s, 9H), 1.42 (s, 9H). MS (ESI) m/z: 1004 (M+H)+. 

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-hydroxy 

phenyl)-1H-pyrrole-1-carboxylate (116) 

 

A mixture of 125 (0.600 g, 0.12 mmol), Pd/C 10% (0.06 g) in EtOH (12 mL) was stirred under 

H2 for 5 h. After, the reaction mixture was filtered, and the solvent was concentrated under 

vacuum. The product was directly used in the next step without further purification step. 1H 

NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.6 Hz, 2H), 7.22 (s, 1H), 7.19 (s, 1H), 6.86 (d, J = 8.6 

Hz, 2H), 3.41 (s, 2H), 3.22 – 3.12 (m, 2H), 2.52 – 2.39 (m, 2H), 2.17 (s, 3H), 1.61 (s, 9H), 1.44 

(s, 9H). MS (ESI) m/z: 446 (M+H)+.  

Allyl 2-(2-(2-(tosyloxy)ethoxy)ethoxy)acetate (117a) 

 

To a solution of carboxylic acid 129a (0.922 g, 2.9 mmol) in dry DMF (19 mL), allyl iodide 

(0.290 mL, 3.19 mmol) and Ce2CO3 (1.04 g, 3.19 mmol) were added. Then, the reaction mixture 

was diluted with H2O (25 mL) and then extracted with ethyl acetate (3 × 25 mL). The organic 

phase was washed with NaHCO3 (3 × 25 mL), Na2SO3 5% solution (3 × 25 mL), brine solution 



228 

 

(3 × 25 mL), dried over anhydrous Na2SO4 and filtered. Solvent was removed using a rotary 

evaporator to give a pale yellow oil (1.01 g, 97%) that was used for the next step without further 

purification. 1H NMR (400 MHz, CDCl3) δ 7.85 – 7.62 (m, 2H), 7.39 – 7.31 (m, 2H), 6.08 – 

5.74 (m, 1H), 5.47 – 5.07 (m, 2H), 4.73 – 4.50 (m, 2H), 4.19 (s, 2H), 3.84 – 3.62 (m, 8H), 2.45 

(s, 3H). MS (ESI) m/z: 359 (M+H)+.  

Allyl 2-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)acetate (117b) 

 

Compound 117b was obtained as a yellow oil (0.69 g, 99%) starting from compound 129b 

(0.623 g, 1.72 mmol) following the procedure described for 117a. 1H NMR (400 MHz, CDCl3) 

δ 7.86 – 7.63 (m, 2H), 7.40 – 7.31 (m, 2H), 6.06 – 5.73 (m, 1H), 5.45 – 5.03 (m, 2H), 4.70 – 

4.50 (m, 2H), 4.21 (s, 2H), 3.83 – 3.61 (m, 12H), 2.44 (s, 3H). MS (ESI) m/z: 403 (M+H)+.  

Allyl 15-(tosyloxy)-3,6,10,13-tetraoxapentadecanoate (117c) 

 

Compound 117c was obtained as a yellow oil (0.67 g, 99%) starting from compound 129c (0.61 

g, 1.50 mmol) following the procedure described for 117a. 1H NMR (400 MHz, CDCl3) δ 7.88 

– 7.63 (m, 2H), 7.39 – 7.31 (m, 2H), 6.07 – 5.73 (m, 1H), 5.44 – 5.03 (m, 2H), 4.70 – 4.48 (m, 

2H), 4.20 (s, 2H), 3.91 – 3.58 (m, 16H), 2.44 (s, 3H). MS (ESI) m/z: 447 (M+H)+.  

Tert-butyl 3-(4-(2-(2-(2-(allyloxy)-2-oxoethoxy)ethoxy)ethoxy)phenyl)-4-(((2-((tert-

butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-1H-pyrrole-1-carboxylate (118a) 
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To a solution of 116 (0.20 g, 0.44 mmol) and 117a (0.194 g, 0.54 mmol) in dry DMF (2.2 mL) 

K2CO3 (0.067 g, 0.48 mmol) was added. The reaction was stirred at 80° C for 24 h under an H2 

atmosphere. Then, the solution was cooled to room temperature, H2O (25 mL) was added and 

then extracted with ethyl acetate (3 × 25 mL). The organic phase was washed with NaHCO3 (3 

× 25 mL), brine solution (3 × 25 mL), dried over anhydrous Na2SO4 and filtered. The crude 

was purified by flash column chromatography (DCM/MeOH 10:0 → 9:1) to give the title 

compound 118a as orange oil (0.170 g, 60%). 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.8 

Hz, 2H), 7.35 (s, 1H), 7.18 (s, 1H), 6.95 (d, J = 8.8 Hz, 2H), 6.04 – 5.79 (m, 1H), 5.45 – 5.14 

(m, 2H), 4.77 – 4.60 (m, 2H), 4.23 (s, 2H), 4.21 – 4.07 (m, 2H), 3.91 – 3.83 (m, 2H), 3.79 – 

3.69 (m, 4H), 3.40 (s, 2H), 3.22 – 3.11 (m, 2H), 2.47 (t, J = 6.0 Hz, 2H), 2.19 (s, 3H), 1.63 (s, 

9H), 1.45 (s, 9H). MS (ESI) m/z: 632 (M+H)+.  

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-((11-oxo-

3,6,9,12-tetraoxapentadec-14-en-1-yl)oxy)phenyl)-1H-pyrrole-1-carboxylate (118b) 

 

Compound 118b was obtained as a yellow oil (0.134 g, 45%) starting from compound 117b 

(0.216 g, 0.54 mmol) following the procedure described for 118a. 1H NMR (400 MHz, CDCl3) 
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δ 7.46 (d, J = 8.7 Hz, 2H), 7.34 (s, 1H), 7.17 (s, 1H), 6.94 (d, J = 8.7 Hz, 2H), 6.04 – 5.77 (m, 

1H), 5.45 – 5.13 (m, 2H), 4.75 – 4.60 (m, 2H), 4.21 (s, 2H), 4.20 – 4.05 (m, 2H), 3.93 – 3.85 

(m, 2H), 3.78 – 3.65 (m, 8H), 3.43 (s, 2H), 3.21 – 3.11 (m, 2H), 2.46 (t, J = 6.0 Hz, 2H), 2.21 

(s, 3H), 1.62 (s, 9H), 1.46 (s, 9H). MS (ESI) m/z: 676 (M+H)+.  

Tert-butyl 3-(((2-((tert-butoxycarbonyl)amino)ethyl)(methyl)amino)methyl)-4-(4-((14-oxo-

3,6,9,12,15-pentaoxaoctadec-17-en-1-yl)oxy)phenyl)-1H-pyrrole-1-carboxylate (118c)  

 

Compound 118c was obtained as a yellow oil (0.122 g, 45%) starting from compound 117c 

(0.240 g, 0.52 mmol) following the procedure described for 118a. 1H NMR (400 MHz, CDCl3) 

δ 7.45 (d, J = 8.7 Hz, 2H), 7.32 (s, 1H), 7.17 (s, 1H), 6.93 (d, J = 8.7 Hz, 2H), 6.04 – 5.75 (m, 

1H), 5.44 – 5.13 (m, 2H), 4.75 – 4.60 (m, 2H), 4.21 (s, 2H), 4.19 – 4.05 (m, 2H), 3.94 – 3.85 

(m, 2H), 3.78 – 3.65 (m, 12H), 3.42 (s, 2H), 3.20 – 3.11 (m, 2H), 2.44 (t, J = 6.0 Hz, 2H), 2.20 

(s, 3H), 1.64 (s, 9H), 1.46 (s, 9H). MS (ESI) m/z: 720 (M+H)+.  

4-(benzyloxy)benzaldehyde (120) 

 

To a stirred solution of 119 (5.0 g, 32.8 mmol) in anhydrous DMF was added K2CO3 (6.85 g, 

44.5 mmol) and benzyl chloride (4.52 mL, 39.5 mmol) under N2 followed. The resulting 

solution was stirred overnight at room temperature. After consumption of the starting material 
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as confirmed by TLC, the reaction was quenched by addition of saturated NH4Cl (100 mL). 

The resulting suspension was extracted with DCM (3 × 100 mL). The combined organic 

extracts were dried over Na2SO4 and filtered. The crude was purified by flash column 

chromatography (Hex/AcOEt 95:5 → 80:20) to give the title compound 120 as orange oil white 

solid (6.74 g, 97%). 1H NMR (400 MHz, CDCl3): δ 9.77 (s, 1H), 7.72 (d, J = 8.7 Hz, 2H), 7.35 

− 7.22 (m, 5H), 6.97 (d, J = 8.7 Hz, 2H), 5.03 (s, 2H). MS (ESI) m/z: 213 (M+H)+.  

Ethyl (E)-3-(4-(benzyloxy)phenyl)acrylate (121) 

 

A solution of 120 (6.74 g, 31.8 mmol), ethyl 2-(diethoxyphosphoryl)acetate (7.12 g, 31.8 mmol) 

and KOH (3.56 g, 63.6 mmol) in anhydrous THF (50 mL) was stirred at room temperature for 

4 h. The solvent was removed under reduced pressure, and the residue was purified by flash 

column chromatography (Hex/AcOEt 95:5 to 90:10) providing the product 121 as a white solid 

(7.35 g, 82%). 1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 16.0 Hz, 1H), 7.47 (d, J = 8.6 Hz, 

2H), 7.45-7.28 (m, 5H), 6.97 (d, J = 8.6 Hz, 2H), 6.31 (d, J = 15.8 Hz, 1H), 5.09 (s, 2H), 4.25 

(q, J = 7.0 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). MS (ESI) m/z: 283 (M+H)+.  

1-(tert-butyl) 3-ethyl 4-(4-(benzyloxy)phenyl)-1H-pyrrole-1,3-dicarboxylate (122) 

 

To a stirred suspension of NaH (60% in mineral oil, 2.2 g, 55.0 mmol) in 100 mL DMF/THF 

(v/v, 1:1) was added a solution of TOSMIC (4.4 g, 22.9 mmol) and 121 (5.27 g, 18.7 mmol) in 
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100 mL DMF/THF (v/v, 1:1) slowly over 30 min at 0 °C. After completion of the addition, the 

reaction was warmed to room temperature and stirred for 1.5 h. The reaction was then quenched 

with water (50 mL) and diluted with ethyl acetate. The organic phase was washed with brine (3 

× 50 mL)., dried over Na2SO4 and concentrated to give crude compound as red brown oil. The 

crude product was used for the next step without purification. To a solution of the above 

intermediate, TEA (2.83 g, 28.05 mmol) and DMAP (228 mg, 1.87 mmol) in DCM (100 mL) 

was added a solution of di-tert-butyl dicarbonate (4.9 g, 22.5 mmol) in DCM (20 mL). After 

being stirred overnight, the reaction was quenched with water and extracted with DCM. The 

combined organic phase was dried over Na2SO4, concentrated under reduced pressure, and 

purified by silica gel column to give the title compound 122 (5.90 g, 75%) as pale yellow oil. 

1H NMR (400 MHz, CDCl3): δ 7.88 (s, 1H), 7.47 (d, J = 8.6 Hz, 2H), 7.45 − 7.28 (m, 5H), 7.28 

(d, J = 8.6 Hz, 2H), 7.18 (s, 1H), 5.09 (s, 2H), 4.25 (q, J = 7.0 Hz, 2H), 1.62 (s, 9H), 1.47 (t, J 

= 7.0 Hz, 3H). MS (ESI) m/z: 422 (M+H)+.  

Tert-butyl 3-(4-(benzyloxy)phenyl)-4-(hydroxymethyl)-1H-pyrrole-1-carboxylate (123) 

 

To a solution of 122 (4.22 g, 10.0 mmol) in DCM (100 mL) was added a solution of DIBAL-H 

(1 M in hexane, 25.0 mmol) dropwise over 30 min at -78 °C. After being stirred for 6 h, the 

reaction mixture was diluted with methanol (5 mL) and was slowly warmed to room 

temperature. Aqueous saturated potassium sodium tartrate (500 mL) was then added, and the 

resulting mixture was stirred vigorously until two phases separated clearly. The organic phase 

was dried over Na2SO4, filtered, concentrated and purified by flash column chromatography 
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(Hex/AcOEt 90:10 to 50:50) to provide the desired alcohol 123 (2.28 g, 60%) as pale yellow 

oil. 1H NMR (400 MHz, CDCl3): δ 7.87 (s, 1H), 7.45 (d, J = 8.6 Hz, 2H), 7.44 − 7.28 (m, 5H), 

7.27 (d, J = 8.6 Hz, 2H), 7.16 (s, 1H), 5.09 (s, 2H), 4.63 (s, 2H), 1.60 (s, 9H). MS (ESI) m/z: 

380 (M+H)+.  

Tert-butyl 3-(4-(benzyloxy)phenyl)-4-formyl-1H-pyrrole-1-carboxylate (124) 

 

To a solution of 123 (2.10 g, 5.4 mmol) in DCM (100 mL) was added DMP (2.81 g, 6.64 mmol) 

slowly. The resulting suspension was warmed to room temperature and stirred for 2 h, at which 

time the reaction was quenched with water and extracted with DCM (3 x 25 mL). The combined 

organic phase was dried over Na2SO4, concentrated and purified by flash column 

chromatography (Hex/AcOEt 95:5 to 70:30) to give aldehyde 124 (1.83 g, 90%) as yellow oil. 

1H NMR (400 MHz, CDCl3): δ 9.92 (s, 1H), 7.88 (s, 1H), 7.45 (d, J = 8.6 Hz, 2H), 7.44 − 7.29 

(m, 5H), 7.29 (d, J = 8.6 Hz, 2H), 7.16 (s, 1H), 5.09 (s, 2H), 1.59 (s, 9H). MS (ESI) m/z: 378 

(M+H)+.  

Tert-butyl3-(4-(benzyloxy)phenyl)-4-(((2-((tert-butoxycarbonyl)amino)ethyl) (methyl) 

amino) methyl)-1H-pyrrole-1-carboxylate (125) 
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To a solution of 124 (1.4 g, 3.7 mmol) and tert-butyl (2- (methylamino)ethyl)carbamate (0.97 

g, 5.56 mmol) in DCM (100 mL) was slowly added NaBH(OAc)3 (1.41 g, 6.66 mmol). The 

resulting mixture was stirred overnight, before being quenched with water (100 mL). The 

aqueous phase was extracted with DCM (3 x 20 mL). The combined organic phase was dried 

over Na2SO4, concentrated and purified by flash column chromatography (DCM/MeOH 97:3 

to 90:10) to give the title compound 125 (1.86 g, 94%) as pale yellow oil. 1H NMR (400 MHz, 

CD3OD): δ 7.45 (d, J = 8.5 Hz, 2H), 7.44 − 7.31 (m, 5H), 7.22 (s, 2H), 6.92 (d, J = 8.6 Hz, 2H), 

3.42 (s, 2H), 3.12 (t, J = 6.4 Hz, 2H), 2.44 (t, J = 6.5 Hz, 2H), 2.19 (s, 3H), 1.62 (s, 9H), 1.41 

(s, 9H). MS (ESI) m/z: 536 (M+H)+.  

Tert-butyl 2-(2-(2-hydroxyethoxy)ethoxy)acetate (127a) 

 

NaH 60% in mixture (0.203 g, 5.08 mmol) was added under nitrogen atmosphere to a solution 

of 126a (1.35 g, 12.7 mmol) in 12 mL of dry DMF at 0 °C. The resulting mixture was stirred at 

0 °C for 30 min. Then, tert-butyl 2-bromoacetate (0.624 mL, 4.23 mmol) was added and the 

final suspension was continuously stirred for 14 h at room temperature. The crude was 

concentrated, and the residual was taken up with saturated solution of NH4Cl (30 mL). The 

aqueous phase was extracted with AcOEt (3 x 20 mL). The collected organic phases were 

washed with brine, dried over anhydrous Na2SO4 and filtered. Solvent was removed using a 

rotary evaporator. The crude product was purified using flash column chromatography 

(Hex/EtOAc 70:30 to 0:100) to yield a colorless oil 127a (0.610 g, 70%). 1H NMR (400 MHz, 

CDCl3) δ 4.02 (s, 2H), 3.76 – 3.65 (m, 6H), 3.61 (dd, J = 5.3, 3.9 Hz, 2H), 1.47 (s, 9H). MS 

(ESI) m/z: 221 (M+H)+.  

Tert-butyl 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)acetate (127b) 
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Compound 127b was obtained as a yellow oil (0.78 g, 71%) starting from compound 126a (1.92 

g, 12.7 mmol) following the procedure described for 127a. 1H NMR (400 MHz, CDCl3) δ 4.03 

(s, 2H), 3.81 – 3.62 (m, 10H), 3.60 (dd, J = 5.3, 3.9 Hz, 2H), 1.46 (s, 9H). MS (ESI) m/z: 265 

(M+H)+.  

Tert-butyl 14-hydroxy-3,6,9,12-tetraoxatetradecanoate (127c) 

 

Compound 127c was obtained as a yellow oil (0.91 g, 68%) starting from compound 126c (2.46 

g, 12.7 mmol) following the procedure described for 127a. 1H NMR (400 MHz, CDCl3) δ 4.02 

(s, 2H), 3.81 – 3.59 (m, 14H), 3.57 (dd, J = 5.3, 3.9 Hz, 2H), 1.44 (s, 9H). MS (ESI) m/z: 309 

(M+H)+.  

Tert-butyl 2-(2-(2-(tosyloxy)ethoxy)ethoxy)acetate (128a) 

 

To a solution of 127a (0.517 g, 2.34 mmol) in 26 mL of dry DCM, TEA (0.391 mL, 2.81 mmol) 

and TsCl (0.536 g, 2.81 mmol) were added. The resulting mixture was stirred for 18 h at room 

temperature under nitrogen atmosphere. Then, DCM was added (40 mL) and the organic phase 

was washed with HCl 1N (3 x 20 mL), saturated solution of NaHCO3 (3 x 20 mL), brine and 

dried over anhydrous Na2SO4. After filtration and evaporation, the crude was purified by flash 

column chromatography (Hex/EtOAc 80:20 to 50:50) to give compound 128a as a yellow oil 

(0.579 g, 66%). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.2, 2H), 7.33 (d, J = 8.2 Hz, 2H), 
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4.16 (t, J = 4.9 Hz, 2H), 4.03 (s, 2H), 3.73 – 3.64 (m, 6H), 2.44 (s, 3H), 1.45 (s, 9H). MS (ESI) 

m/z: 375 (M+H)+.  

Tert-butyl 2-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)acetate (128b) 

 

Compound 128b was obtained as colourless oil (0.626 g, 64%) starting from compound 127b 

(0.617 g, 2.34 mmol) following the procedure described for 128a. 1H NMR (400 MHz, CDCl3) 

δ 7.80 (d, J = 8.2, 2H), 7.34 (d, J = 8.2 Hz, 2H), 4.16 (t, J = 4.9 Hz, 2H), 4.00 (s, 2H), 3.73 – 

3.64 (m, 10H), 2.45 (s, 3H), 1.47 (s, 9H). MS (ESI) m/z: 419 (M+H)+.  

Tert-butyl 14-(tosyloxy)-3,6,9,12-tetraoxatetradecanoate (128c) 

 

Compound 128c was obtained as colourless oil (0.649 g, 60%) starting from compound 127c 

(0.725 g, 2.34 mmol) following the procedure described for 128a. 1H NMR (400 MHz, CDCl3) 

δ 7.83 (d, J = 8.2, 2H), 7.34 (d, J = 8.2 Hz, 2H), 4.17 (t, J = 4.9 Hz, 2H), 4.04 (s, 2H), 3.81 – 

3.62 (m, 14H), 2.44 (s, 3H), 1.45 (s, 9H). MS (ESI) m/z: 463 (M+H)+.  

2-(2-(2-(tosyloxy)ethoxy)ethoxy)acetic acid (129a) 

 

Compound 129a was obtained as colourless oil (0.477 g, 99%) starting from compound 128a 

(0.580 g, 1.5 mmol) following the procedure described for 12a. 1H NMR (400 MHz, CDCl3) δ 

7.78 (d, J = 8.2, 2H), 7.34 (d, J = 8.2 Hz, 2H), 4.16 (t, J = 4.9 Hz, 2H), 4.10 (s, 2H), 3.74 – 3.62 

(m, 6H), 2.43 (s, 3H). MS (ESI) m/z: 319 (M+H)+.  
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2-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)acetic acid (129b) 

 

Compound 129b was obtained as colourless oil (0.543 g, 99%) starting from compound 128b 

(0.626 g, 1.5 mmol) following the procedure described for 12a. 1H NMR (400 MHz, CDCl3) δ 

7.77 (d, J = 8.2, 2H), 7.32 (d, J = 8.2 Hz, 2H), 4.15 (t, J = 4.9 Hz, 2H), 4.11 (s, 2H), 3.75 – 3.66 

(m, 10H), 2.44 (s, 3H). MS (ESI) m/z: 363 (M+H)+.  

14-(tosyloxy)-3,6,9,12-tetraoxatetradecanoic acid (129c) 

 

Compound 129c was obtained as colourless oil (0.610 g, 99%) starting from compound 128c 

(0.650 g, 1.5 mmol) following the procedure described for 12a. 1H NMR (400 MHz, CDCl3) δ 

7.79 (d, J = 8.2, 2H), 7.32 (d, J = 8.2 Hz, 2H), 4.17 (t, J = 4.9 Hz, 2H), 4.10 (s, 2H), 3.75 – 3.62 

(m, 14H), 2.44 (s, 3H). MS (ESI) m/z: 407 (M+H)+.  

8.2.5. Preparation of compounds 130 - 153 

Methyl 6-(3-(3-(3-((cyclopropylamino)methyl)phenoxy)-2-hydroxypropyl)ureido)-4-hydroxy 

-2-naphthoate (130a) 

 

A mixture of TFA and DCM (1:9, 2 mL) was added to compound 151a (0.050 g, 0.09 mmol). 

The reaction was stirred at room temperature for 3h. Then, the solvent was concentrated under 

vacuum and the crude was purified by flash column chromatography (DCM/MeOH 9:1 to 8:2) 

to afford the title compound 130a as a white solid (0.023 g, 53%). 1H NMR (400 MHz, DMSO-
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d6) δ 10.28 (br s, 1H, exchangeable with D2O), 8.99 (br s, 1H, exchangeable with D2O), 8.27 

(d, J = 2.4 Hz, 1H), 7.97 (s, 1H), 7.89 (d, J = 9.1 Hz, 1H), 7.53 (dd, J = 9.1, 2.4 Hz, 1H), 7.33 

– 7.28 (m, 1H), 7.21 (t, J = 7.9 Hz, 1H), 6.98 – 6.85 (m, 2H), 6.83 – 6.78 (m, 1H), 6.36 (br t, J 

= 5.8 Hz, 1H, exchangeable with D2O), 5.39 (br d, J = 5.0 Hz, 1H, exchangeable with D2O), 

3.96 – 3.82 (m, 6H), 3.69 (s, 2H), 3.60 – 3.50 (m, 1H), 3.24 – 3.08 (m, 1H), 2.03 (dt, J = 6.6, 

3.0 Hz, 1H), 0.38 – 0.30 (m, 2H), 0.30 – 0.20 (m, 2H). 13C NMR (100 MHz, DMSO-d6) δ 

167.1, 159.0, 155.7, 153.0, 143.3, 140.2, 130.2, 129.5, 129.2, 128.4, 125.1, 121.7, 120.8, 120.5, 

114.5, 112.9, 107.5, 106.9, 70.5, 68.6, 53.2, 52.4, 42.9, 30.3, 6.6. HRMS (ESI): m/z [M + H]+ 

calcd. for C26H29N3O6 + H+: 480.2129. Found: 480.2126.  

Methyl 4-acetoxy-6-(3-(3-(3-((cyclopropylamino)methyl)phenoxy)-2-hydroxypropyl)ureido)-

2-naphthoate (130b) 

 

Compound 130b was obtained as a white solid (0.027 g, 74%) by reaction of 151b (0.045 g, 

0.07 mmol) following the procedure described for 130a 1H NMR (400 MHz, DMSO-d6) δ 9.17 

(br s, 1H, exchangeable with D2O), 8.44 (s, 1H), 8.13 – 8.04 (m, 2H), 7.71 – 7.65 (m, 1H), 7.57 

(dd, J = 9.0, 2.0 Hz, 1H), 7.20 (t, J = 7.9 Hz, 1H), 6.97 – 6.85 (m, 2H), 6.80 (dd, J = 9.1, 2.0 

Hz, 1H), 6.44 (br t, J = 5.7 Hz, 1H, exchangeable with D2O), 5.32 (br d, J = 5.0 Hz, 1H, 

exchangeable with D2O), 4.06 – 3.81 (m, 6H), 3.69 (s, 2H), 3.52 – 3.32 (m, 1H), 3.25 – 3.11 

(m, 1H), 2.44 (s, 3H), 2.13 – 1.89 (m, 1H), 0.37 – 0.29 (m, 2H), 0.28 – 0.20 (m, 2H). 13C NMR 

(100 MHz, DMSO-d6) δ 167.1, 159.0, 155.7, 153.0, 143.3, 140.2, 130.2, 129.5, 129.2, 128.4, 

125.1, 121.7, 120.8, 120.5, 114.5, 112.9, 107.5, 106.9, 70.5, 68.6, 53.2, 52.4, 42.9, 30.3, 22.6, 

6.6. HRMS (ESI): m/z [M + H]+ calcd. for C28H31N3O7 + H+: 522.2235. Found: 522.2238.  
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Methyl 4-hydroxy-6-(3-(2-hydroxy-3-(3-((oxetan-3-ylamino)methyl) phenoxy)propyl) ureido 

)-2-naphthoate (131a) 

 

Compound 131a was obtained as a white solid (0.018 g, 52%) by reaction of 152a (0.040 g, 

0.07 mmol) following the procedure described for 130a. 1H NMR (400 MHz, DMSO-d6) δ 

10.28 (br s, 1H, exchangeable with D2O), 8.99 (br s, 1H, exchangeable with D2O), 8.26 (d, J = 

2 Hz, 1H), 7.99 –7.92 (m, 1H), 7.88 (d, J = 9 Hz, 1H), 7.55 (dd, J = 9 Hz, 2 Hz, 1H), 7.31–7.24 

(m, 2H), 6.91-6.84 (m, 3H), 6.37 (br t, J = 5.4 Hz ,1H, exchangeable with D2O), 5.33 (br d, J = 

5.0 Hz, 1H, J = 5 Hz), 5.01 (t, J = 5.7 Hz, 1H, exchangeable with D2O), 4.56 –  54.50 (m, 1H), 

4.31 (t, J = 8.8 Hz, 1H), 4.19 – 4.05 (m, 2H), 3.98 – 3.88 (m, 3H), 3.86 (s, 3H), 3.68 – 3.60 (m, 

2H), 3.59 – 3.49 (m, 2H), 3.23 – 3.10 (m, 1H). 13C NMR (100 MHz, DMSO-d6) δ 167.2, 159.3, 

155.7, 153.0, 140.1, 138.8, 129.3, 128.4, 125.1, 121.7, 120.6, 120.4, 114.4, 113.8, 107.6, 106.9, 

70.5, 68.6, 64.8, 59.7, 55.8, 52.4, 45.5, 42.9. HRMS (ESI): m/z [M + H]+ calcd. for C26H29N3O7 

+ H+: 496.2079. Found: 496.2076.  

Methyl 4-acetoxy-6-(3-(2-hydroxy-3-(3-((oxetan-3-ylamino)methyl)phenoxy)propyl)ureido)-

2-naphthoate (131b) 

 

Compound 131b was obtained as a white solid (0.030 g, 62%) by reaction of 152b (0.055 g, 

0.09 mmol) following the procedure described for 131a. 1H NMR (400 MHz, DMSO-d6) δ 

9.17 (br s, 1H, exchangeable with D2O), 8.52 – 8.40 (m, 1H), 8.15 – 8.01 (m, 2H), 7.68 (d, J = 
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1.6 Hz, 1H), 7.58 (dd, J = 8.9, 2.2 Hz, 1H), 7.36 – 7.22 (m, 1H), 6.97 – 6.84 (m, 3H), 6.45 (br 

t, J = 5.6 Hz, 1H, exchangeable with D2O), 5.39 (br d, J = 5.0 Hz, 1H, exchangeable with D2O), 

5.02 (br t, J = 5.4 Hz, 1H, exchangeable with D2O), 4.56 (d, J = 15.5 Hz, 1H), 4.37 – 4.27 (m, 

1H), 4.19 – 4.03 (m, 2H), 3.97 – 3.85 (m, 6H), 3.69 – 3.60 (m, 1H), 3.60 – 3.52 (m, 1H), 3.48 

– 3.36 (m, 2H), 3.25 – 3.14 (m, 1H), 2.44 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 169.7, 

166.3, 159.3, 155.6, 146.1, 141.9, 138.9, 131.0, 130.4, 130.2, 129.1, 128.7, 124.4, 121.0, 120.4, 

118.1, 114.5, 113.8, 105.6, 70.6, 68.5, 64.8, 59.8, 55.8, 52.7, 45.5, 42.9, 21.2. HRMS (ESI): 

m/z [M + H]+ calcd. for C28H31N3O8 + H+: 538.2184. Found: 538.2186.  

Methyl 6-(3-(3-(3-((cyclopentylamino)methyl)phenoxy)-2-hydroxypropyl)ureido)-4-hydroxy 

-2-naphthoate (132a) 

 

Compound 132a was obtained as a white solid (0.040 g, 69%) by reaction of 153a (0.070 g, 

0.115 mmol) following the procedure described for 130a. 1H NMR (400 MHz, DMSO-d6) δ 

10.31 (br s, 1H, exchangeable with D2O), 9.09 (br s, 1H, exchangeable with D2O), 8.28 (d, J = 

2.5 Hz, 1H), 7.97 (s, 1H), 7.89 (d, J = 9.0 Hz, 1H), 7.53 (dd, J = 8.9, 2.5 Hz, 1H), 7.38 – 7.26 

(m, 2H), 7.19 – 7.11 (m, 1H), 7.05 (d, J = 7.9 Hz, 1H), 7.00 (dd, J = 8.9, 2.5 Hz, 1H), 6.47 (br 

t, J = 5.7 Hz, 1H, exchangeable with D2O), 5.37 (br d, J = 5.0 Hz, 1H, exchangeable with D2O), 

4.06 (s, 2H), 4.01 – 3.90 (m, 3H), 3.86 (s, 3H), 3.55 – 3.32 (m, 2H, overlaps with water peak), 

3.24 – 3.12 (m, 1H), 2.02 – 1.88 (m, 2H), 1.75 – 1.44 (m, 6H). 13C NMR (100 MHz, DMSO-

d6) δ 167.1, 159.2, 155.7, 153.0, 140.2, 130.3, 129.2, 125.1, 122.3, 121.7, 120.5, 116.2, 115.2, 

107.53, 106.9, 70.6, 68.4, 58.7, 52.4, 49.9, 42.9, 30.0, 24.1. HRMS (ESI): m/z [M + H]+ calcd. 

for C28H33N3O6 + H+: 508.2442. Found: 508.2444.  
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Methyl 4-acetoxy-6-(3-(3-(3-((cyclopentylamino)methyl)phenoxy)-2-hydroxypropyl)ureido)-

2-naphthoate (132b) 

 

Compound 132b was obtained as a white solid (0.024 g, 52%) by reaction of 153b (0.055 g, 

0.008 mmol) following the procedure described for 130a. 1H NMR (400 MHz, DMSO-d6) δ 

9.23 (br s, 1H, exchangeable with D2O), 8.55 – 8.41 (m, 1H), 8.32 (s, 1H), 8.15 – 8.00 (m, 2H), 

7.68 (d, J = 1.6 Hz, 1H), 7.58 (dd, J = 9.0, 2.1 Hz, 1H), 7.33 (t, J = 7.9 Hz, 1H), 7.11 (s, 1H), 

7.07 – 6.92 (m, 2H), 6.50 (br t, J = 5.7 Hz, 1H, exchangeable with D2O), 5.37 (br d, J = 5.0 Hz, 

1H, exchangeable with D2O), 4.03 – 3.93 (m, 5H), 3.90 (s, 3H), 3.45 – 3.30 (m, 2H, overlaps 

with water peak), 3.22 – 3.11 (m, 1H), 2.44 (s, 3H), 2.02 – 1.84 (m, 2H), 1.73 – 1.61 (m, 4H), 

1.61 – 1.44 (m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 169.6, 166.3, 159.1, 155.6, 152.9, 

146.1, 141.9, 130.9, 129.1, 128.6, 124.4, 122.2, 120.9, 118.0, 116.2, 115.1, 105.6, 70.6, 58.6, 

52.7, 49.9, 42.9, 30.1, 24.1, 21.1. HRMS (ESI): m/z [M + H]+ calcd. for C30H35N3O7 + H+: 

550.2548. Found: 550.2545.  

Tert-butyl (3-(3-amino-2-hydroxypropoxy)benzyl)(cyclopropyl)carbamate (133) 

 

Compound 144 (0.230 g, 0.72 mmol) was solubilized in MeOH (0.300 mL) and 33% NH4OH 

(1.10 mL, 9.30 mmol) was added. After 16 h, addition 10 eq of 33% NH4OH were added. The 

end of the reaction was monitored by HPLC. The solvent was removed under reduced pressure. 

The residue was washed with toluene (3 x 5 mL) and with EtOH (3 x 5 mL). The yield was 

quantitative. 1H NMR (400 MHz, CDCl3) δ 7.22 (dd, J = 8 Hz, 3 Hz, 1H), 6.87 – 6.77 (m, 3H), 
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4.40 (d, J = 3 Hz, 2H), 4.01 – 3.92 (m, 3H), 3.01 – 2.82 (m, 2H), 2.47 (s, 1H), 1.46 (d, J = 3 

Hz, 9H), 0.75 – 0.61 (m, 4H); MS (ESI) m/z: 337 (M+H)+. 

Tert-butyl (3-(3-amino-2-hydroxypropoxy)benzyl)(oxetan-3-yl)carbamate (134) 

 

Compound 134 was obtained as a white solid by reaction of 145 (0.313 g, 0.93 mmol) following 

the procedure described for 133. 1H NMR (400 MHz, CDCl3) δ 7.26 – 7.20 (m, 1H), 6.82 – 

6.70 (m, 3H), 4.73 – 4.58 (m, 4H), 4.54 (s, 2H), 4.01 – 3.94 (m, 3H), 3.00 – 2.78 (m, 2H), 1.43 

(s, 9H); MS (ESI) m/z: 353 (M+H)+. 

Tert-butyl (3-(3-amino-2-hydroxypropoxy)benzyl)(cyclopentyl)carbamate (135) 

 

Compound 135 was obtained as a white solid (0.201 g, 99%) by reaction of 146 (0.190 g, 0.55 

mmol) following the procedure described for 133. 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.18 

(m, 1H), 6.81 – 6.77 (m, 3H), 4.33 (s, 2H), 3.96 (d, J = 9 Hz, 3H), 3.72 (q, J = 7 Hz, 1H), 1.77 

(d, J = 14 Hz, 2H), 1.62 (s, 2H), 1.53 – 1.45 (m, 4H), 1.39 (s, 9H); MS (ESI) m/z: 365 (M+H)+. 

Oxiran-2-ylmethyl 4-methylbenzenesulfonate (137) 

 

The commercially available glycidol (2.00g, 27.0 mmol) was dissolved in dry DCM (30 mL), 

TEA (7.52 mL, 54 mmol) and DMAP (0.165g, 1.35 mmol) were added under nitrogen. The 

reaction mixture was cooling to 0 ° C. A solution containing tosyl chloride (4.88g, 25.7 mmol), 

previously solubilized in dry DCM (20 mL) was slowly added in 2h. Then, a solution of KHSO4 
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(0.5M, 50 mL) was added and the aqueous phase was extracted with DCM (3 x 50 mL). The 

organic phase was washed with brine (50 mL), dried dried over Na2SO4 and filtrate. The solvent 

was removed at reduced pressure. The residue was purified by flash chromatography 

(Hex/AcOEt 9: 1 to 1: 1) to recover the product 137 as a colorless oil (4.57 g, 74%). 1H NMR 

(400 MHz, CDCl3) δ 7.83 – 7.79 (m, 2H), 7.36 (d, J = 8 Hz, 2H), 4.27 – 4.22 (m, 1H), 3.99 – 

3.92 (m, 1H), 3.21 – 3.16 (m, 1H), 2.81 (t, J = 4Hz, 1H), 2.62 – 2.57 (m, 1H), 2.45 (s, 3H); MS 

(ESI) m/z: 229 (M+H)+. 

3-(oxiran-2-ylmethoxy)benzaldehyde (138) 

 

Compound 137 (4.52g, 19.8 mmol) and 3-hydroxy benzaldehyde 136 (2.20g, 18 mmol) were 

solubilized in dry ACN (90 mL) and K2CO3 (2.74g, 19.8 mmol) was added, under nitrogen. 

The mixture reaction was heated to reflux. After 2h, the reaction mixture was cooling, and water 

was added. The mixture obtained was concentrated in the rotavapor. The aqueous phase was 

extracted with AcOEt (3 x 50 mL). The organic phase was washed with brine (50 mL), dried 

dried over Na2SO4 and filtrate. The solvent was removed under reduced pressure. The residue 

was purified via flash chromatography (DCM/AcOEt 10:0 to 8:2) to give the desired compound 

as a colorless oil (3.06g, 95%). 1H NMR (400 MHz, CDCl3) δ 9.98 (s, 1H), 7.51–7.34 (m, 3H), 

7.24 – 7.19 (m, 1H), 4.35 – 4.32 (m, 1H), 4.01 – 3.97 (m, 1H), 3.42 – 3.34 (m, 1H), 2.93 (t, J = 

5 Hz, 1H), 2.81 – 2.77 (m, 1H); MS (ESI) m/z: 179 (M+H) +. 

(3-(oxiran-2-ylmethoxy)phenyl)methanol (139) 
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Aldehyde 138 (0.500g, 2.81 mmol) was solubilized in dry MeOH (14 mL). The mixture reaction 

was cooling to 0 ° C and NaBH4 (0.064g, 1.69 mmol) was added, under nitrogen. After 1h, 

water was added, and the reaction mixture was concentrated to the rotavapor. The aqueous 

phase was extracted with AcOEt (3 x 50 mL). The organic phase was washed with brine (50 

mL), dried dried over Na2SO4 and filtrate. The solvent was removed under reduced pressure. 

The crude was used in the next step without further purification steps (0.390g, 77%). 1H NMR 

(400 MHz, CDCl3) δ 7.28 (d, J = 8 Hz, 1H), 6.96 (d, J = 6 Hz, 2H), 6.85 (dd, J = 8 Hz, 3 Hz, 

1H), 4.68 (s, 2H), 4.27 – 4.22 (m, 1H), 3.99 – 3.96 (m, 1H), 3.39 – 3.32 (m, 1H), 2.91 (t, J = 

4.5 Hz, 1H), 2.79 – 2.74 (m, 1H); MS (ESI) m/z: 181 (M+H) +. 

2-((3-(bromomethyl)phenoxy)methyl)oxirane (140) 

 

139 (0.380 g, 2.11 mmol) was dissolved in THF (4 mL). The reaction was cooling to 0 ° C and 

PPH3 (0.565 g, 2.15 mmol) and N-bromosuccinimide (0.368 g, 2.07 mmol) were added. The 

reaction was monitored by TLC, then the solvent was removed under reduced pressure. The 

residue was directly purified by flash chromatography (Hex/AcOEt 95: 5 to 7: 3) to afford the 

desired compound as a white solid (0.214g, 42%). 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.27 

(m, 1H), 7.05 – 6.95 (m, 2H), 6.89 (dd, J = 8, 2.5 Hz, 1H), 4.48 (s, 2H), 4.28 – 4.24 (m, 1H), 

4.03 – 3.94 (m, 1H), 3.40 – 3.33 (m, 1H), 2.94 (t, J = 5 Hz, 1H), 2.81 – 2.77 (m, 1H); MS (ESI) 

m/z: 243 (M+H) +. 

Tert-butyl cyclopropylcarbamate (141) 
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Compound 141 was obtained as a colourless oil (1.10 g, 96%) starting from 148 (0.412 g, 7.22 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ 4.78 (br, 1H), 

2.53 (s, 1H), 1.45 (s, 9H), 0.68 (d, J = 6.0 Hz, 2H), 0.49 (s, 2H); MS (ESI) m/z: 158 (M+H)+. 

Tert-butyl oxetan-3-ylcarbamate (142) 

 

Compound 142 was obtained as a colourless oil (1.05 g, 90%) starting from 149 (0.500 g, 6.85 

mmol) following the procedure described for 11a. 1H NMR (400 MHz, DMSO) δ 7.2 (br s, 

1H), 5.10 – 5.06 (m, 2H), 4.78 – 4.65 (m, 3H), 1.44 (s, 9H); MS (ESI) m/z: 174 (M+H)+. 

Tert-butyl cyclopentylcarbamate (143) 

 

Compound 143 was obtained as a colourless oil (1.85 g, 98%) starting from 150 (0.700 mL, 

10.1 mmol) following the procedure described for 11a. 1H NMR (400 MHz, CDCl3) δ 4.45 (br 

s, 1H), 3.91 (m, 1H), 1.92 (m, 2H), 1.50-1.70 (m, 4H), 1.43 (s, 9H), 1.35 (m, 2H); MS (ESI) 

m/z: 186 (M+H)+. 

Tert-butyl cyclopropyl(3-(oxiran-2-ylmethoxy)benzyl)carbamate (144) 

 

The amine 141 (0.146 g, 0.93 mmol) was solubilized in dry DMF (2 mL). The reaction was 

cooling to 0 ° C and NaH (0.010g, 0.41 mmol) was added. After stirring for 30 min at room 
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temperature, compound 140 (0.100 g, 0.41 mmol) was added dropwise, under nitrogen, to the 

first solution in dry DMF (1.7 mL). The reaction mixture was heated to room temperature and 

stirred for 24h. Then, water was added. The aqueous phase was extracted with AcOEt (3 x 10 

mL). The organic phase was washed with NaHCO3 (3 x 10 mL), with brine (25 mL), dried dried 

over Na2SO4 and filtrate. The solvent was removed a reduced pressure. The crude residue was 

purified by flash column chromatography (Hex/ AcOEt 95:5 to 5:5) to afford the desired 

product 144 (0.245 g, 82%). 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.19 (m, 1H), 6.87 – 6.77 

(m, 3H), 4.39 (s, 2H), 4.23 – 4.17 (m, 1H), 3.98 – 3.92 (m, 1H), 3.37 – 3.32 (m, 1H), 2.93 – 

2.87 (m, 1H), 2.78 – 2.73 (m, 1H), 1.46 (s, 9H), 0.74 – 0.59 (m, 4H); MS (ESI) m/z: 320 

(M+H)+. 

Tert-butyl oxetan-3-yl(3-(oxiran-2-ylmethoxy)benzyl)carbamate (145) 

 

Compound 145 was obtained as a colourless oil (0.110 g, 89%) by reaction of 142 (0.065 g, 

0.37 mmol) following the procedure described for 144. 1H NMR (400 MHz, CDCl3) δ 7.28 (s, 

1H), 6.86 – 6.76 (m, 3H), 4.74 – 4.70 (m, 4H), 4.57 (s, 2H), 4.26 – 4.22 (m, 1H), 3.98-3.94 (m, 

1H), 3.40 – 3.34 (m, 1H), 2.94 (t, J = 5 Hz, 1H), 2.80 – 2.76 (m, 1H), 1.47 (s, 9H); MS (ESI) 

m/z: 336 (M+H) +. 

Tert-butyl cyclopentyl(3-(oxiran-2-ylmethoxy)benzyl)carbamate (146) 

 

Compound 146 was obtained as a colourless oil (0.190 g, 60%) by reaction of 143 (0.172 g, 

0.93 mmol) following the procedure described for 144. 1H NMR (400 MHz, CDCl3) δ 7.22 – 
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7.17 (m, 1H), 6.83 – 6.71 (m, 3H), 4.36 – 4.29 (m, 2H), 4.23 – 4.17 (m, 1H), 4.02 – 3.90 (m, 

1H), 3.38 – 3.31 (m, 1H), 2.90 (t, J = 5 Hz, 1H), 2.79 – 2.73 (m, 1H), 1.77 (d, J = 13 Hz, 2H), 

1.63 (s, 2H), 1.48 (d, J = 9 Hz, 4H), 1.39 (s, 9H); MS (ESI) m/z: 348 (M+H)+. 

Methyl6-(3-(3-(3-(((tert-butoxycarbonyl)(cyclopropyl)amino)methyl)phenoxy)-2-hydroxy 

propyl) ureido)-4-hydroxy-2-naphthoate (151a) 

 

Compound 133 (0.242 g, 0.72 mmol) and 18 (0.138 g, 0.36 mmol) were solubilized in dry DMF 

(2.1 mL). Under nitrogen, TEA (0.060 mL, 0.43 mmol) was added. The disappearance of the 

starting material was monitored by TLC, then water was added. The aqueous phase was 

extracted with AcOEt (3 x 10 mL). The phase organic was washed with NaHCO3 (3 x 10 mL), 

brine (10 mL) dried dried over Na2SO4 and filtrate. The solvent was removed under reduced 

pressure. The crude residue was purified by flash column chromatography 

(Hex/AcOEt/DCM/MeOH 1: 1: 0: 0 to 0: 0: 97: 3 to 0: 0: 85: 15) to afford the title compound 

151a as white solid (0.153 g, 63%).1H NMR (400 MHz, DMSO-d6) δ  10.27 (s, 1H), 8.98 (s, 

1H), 8.26 (d, J = 2 Hz, 1H), 7.96 (s, 1H), 7.88 (d, J = 9 Hz, 1H), 7.52 (dd, J = 9 Hz, 2 Hz, 1H), 

7.29 (d, J = 2 Hz, 1H), 7.23 – 7.17 (m, 1H), 6.94 – 6.86 (m, 2H), 6.80 (dd, J = 8 Hz, 2.5 Hz, 

1H), 6.38 – 6.30 (m, 1H), 5.30 (d, J = 4 Hz, 1H), 3.04 – 3.88 (m, 6H), 3.68 (s, 2H), 3.44 – 3.35 

(m, 2H), 1.40 (s, 9H),  0.67 –0.55 (m, 4H); MS (ESI) m/z: 580 (M+H)+. 

Methyl 4-acetoxy-6-(3-(3-(3-(((tert-butoxycarbonyl)(cyclopropyl)amino)methyl)phenoxy)-2-

hydroxypropyl)ureido)-2-naphthoate (151b) 
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Compound 151b was obtained as a colourless solid (0.107 g, 48%) following the procedure 

described for 151a. 1H NMR (400 MHz, DMSO-d6) δ 8.43 (s, 1H), 8.07 (d, J = 9 Hz, 2H), 7.67 

(d, J = 2 Hz, 1H), 7.57 (dd, J = 9 Hz, 2 Hz, 1H), 7.30  7.22 (m, 1H), 6.87 – 6.75 (m, 3H), 4.32 

(s, 2H), 3.95 – 3.83 (m, 6H), 3.56 – 3.40 (m, 3H), 2.43 (s, 3H), 1.39 (s, 9H), 0.66-0.54 (m, 4H); 

MS (ESI) m/z: 622 (M+H)+. 

Methyl6-(3-(3-(3-(((tert-butoxycarbonyl)(oxetan-3-yl)amino)methyl)phenoxy)-2-hydroxy 

propyl) ureido)-4-hydroxy-2-naphthoate (152a) 

 

Compound 152a was obtained as a white solid (0.052g, 41%) by reaction of 134 (0.150 g, 0.43 

mmol) following the procedure described for 151a. 1H NMR (400 MHz, DMSO-d6) δ 8.32 – 

8.23 (m, 1H), 7.96 (s, 1H), 7.91 – 7.85 (m, 1H), 7.55 – 7.50 (m, 1H), 7.31 – 7.22 (m, 2H), 6.85 

(d, J = 8 Hz, 1H), 6.74 (d, J = 8 Hz, 2H), 4.60 –  4.41 (m, 7H), 3.90 (d, J = 3 Hz, 4H), 3.86 (s, 

3H), 1.36 (s, 9H); MS (ESI) m/z: 596 (M+H)+. 

Methyl 4-acetoxy-6-(3-(3-(3-(((tert-butoxycarbonyl)(oxetan-3-yl)amino)methyl)phenoxy)-2-

hydroxypropyl)ureido)-2-naphthoate (152b) 
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Compound 152b was obtained as a colourless solid (0.073 g, 54%) following the procedure 

described for 151a. 1H NMR (400 MHz, DMSO-d6) δ 8.45 – 8.41 (m, 1H), 8.07 (d, J = 9 Hz, 

2H), 7.67 (d, J = 2 Hz, 1H), 7.57 (dd, J = 9 Hz, 2 Hz, 1H), 7.29 – 7.21 (m, 1H), 6.87 – 6.83 (m, 

1H), 6.74 (d, J = 8 Hz, 2H), 4.57 (t, J = 7 Hz, 4H), 4.44 (d, J = 5 Hz, 3H), 3.95 – 3.85 (m, 7H), 

2.43 (s, 3H), 1.36 (s, 9H); MS (ESI) m/z: 638 (M+H)+. 

Methyl6-(3-(3-(3-(((tert-butoxycarbonyl)(cyclopentyl)amino)methyl)phenoxy)-2-hydroxy 

propyl)ureido)-4-hydroxy-2-naphthoate (153a) 

 

Compound 153a was obtained as a white solid (0.105 g, 63%) by reaction of 135 (0.200 g, 0.55 

mmol) following the procedure described for 151a. 1H NMR (400 MHz, DMSO-d6) δ 8.32 –  

8.25 (m, 1H), 7.97 –  7.85 (m, 2H), 7.52 (dd, J = 9 Hz, 2 Hz, 1H), 7.30 – 7.19 (m, 2H), 6.82 – 

6.72 (m, 3H), 4.30 (s, 2H), 3.94 – 3.78 (m, 6H), 1.66 – 1.62 (m, 2H), 1.58 – 1.50  (m, 2H), 1.44 

– 1.32 (m, 4H), 1.34 (s, 9H); MS (ESI) m/z: 608 (M+H)+. 

Methyl 4-acetoxy-6-(3-(3-(3-(((tert-butoxycarbonyl)(cyclopentyl)amino)methyl)phenoxy)-2-

hydroxypropyl)ureido)-2-naphthoate (153b) 

 

Compound 153b was obtained as a colourless solid (0.055 g, 31%) following the procedure 

described for 151a. 1H NMR (400 MHz, DMSO-d6) δ 8.38 (s, 1H), 8.04 (s, 1H), 7.82 – 7.76 

(m, 2H), 7.35 (dd, J= 9 Hz, 2 Hz, 1H), 7.20 – 7.14 (m, 1H), 6.73 – 6.53 (m, 3H), 4.32 (s, 2H), 
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4.04 – 3.93 (m, 3H), 3.94 – 3.85 (m, 6H), 2.44 (s, 3H), 1.82 – 1.77 (m, 2H), 1.63 – 1.50 (m, 

2H), 1.49 – 1.43 (m, 4H), 1.41 (s, 9H); MS (ESI) m/z: 650 (M+H)+. 
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8.3. Biological Protocols  

8.3.1. Radioisotope-based filter-binding assay  

The effects of compounds on the catalytic activity of PRMT1, PRMT3, PRMT4, PRMT5, 

PRMT6, PRMT7, and PRMT8 were determined with a radioisotope-based filter-binding assay 

(HotSpot) PRMT activity assay by Reaction Biology Corporation (Malvern, PA, USA) 

according to the company’s standard operating procedure. The radioisotope-based filter-

binding assay is a well-established technology useful for detecting total methylation of any 

substrate on both lysine and arginine residues. This assay is based on the use of tritium-labeled 

SAM (3H-SAM) as the methyl donor by the selected methyltransferase which catalyses the 

introduction of the radioactive methyl group from the tritium-labeled SAM to the histone 

substrate. After the reaction mixture incubation, filtration and washing steps, the bound 

radiolabelled substrate is detected. This assay represents a highly sensitive and reliable 

technology to detect enzyme activity without substrate modifications, coupling enzymes, or the 

need for specific antibodies for detection.179 

Briefly, a mixture of the proper substrate (histone H4 for PRMT1, PRMT3, and PRMT8; 

histone H3.3 for PRMT4; histone H2A for PRMT5/MEP50; GST-GAR for PRMT6 and 

PRMT7; final concentration 5 M) in freshly prepared reaction buffer (50 mM Tris-HCl (pH 

8.5), 5 mM MgCl2, 50 mM NaCl, 1 mM DTT, 1 mM PMSF, 1% DMSO) was treated and gently 

mixed with the full-length human recombinant proteins PRMT1 (residues 2–371, C-terminus; 

with an N-terminal GST-tag; MW = 68.3 kDa; Genbank Accession # NM_001536) or PRMT3 

(residues 2–531, C-terminus; with an N-terminal His-tag; MW = 62.0 kDa; Genbank Accession 

# NM_005788), or PRMT4 (residues 2–608, C-terminus; with an N-terminal GST-tag; MW = 

91.7 kDa; Genbank Accession # NM_199141), or PRMT5/MEP50 complex (residues PRMT5 

2–637, C-terminus, and MEP50 2–342, C-terminus; with an N-terminal FLAG-tag, PRMT5, or 
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His-tag, MEP50; MW = 73.7/39.9 kDa; Genbank Accession # NM_006109, NM_006109), or 

PRMT6 (residues 2–375, C-terminus; with an N-terminal GST-tag; MW = 67.8 kDa; Genbank 

Accession # NM_018137), or PRMT7 (residues 2–692, C-terminus; with an N-terminal His-

tag; MW = 81.7 kDa; Genbank Accession # NM_019023), or N(1–60)-PRMT8 (residues 61–

394, C-terminus; with C- and N-terminal His-tags; MW = 43.2 kDa; Genbank Accession # 

NM_019854). The DMSO solution of compounds 1 – 9 was transferred into the PRMT reaction 

mixture by using Acoustic Technology (Echo 550, LabCyte Inc. Sunnyvale, CA), and incubated 

for 20 min. Then, 3H-SAM (final concentration 1 M) was added. After incubation for 60 min 

at 30 °C, the reaction mixture was transferred to filter-paper for detection (as assessed by 

scintillation). Data were analyzed using Excel and GraphPad Prism 6.0 software (GraphPad 

Software Inc., San Diego, CA) for IC50 curve fits using sigmoidal dose vs. response - variable 

slope (four parameters) equations.  

8.3.2. AlphaLISA 

PRMT1 and PRMT9 activity assays were performed Dott.ssa Alessandra Feoli (EMCL, 

University of Salerno) using AlphaLISA homogeneous proximity assay. AlphaLISA bead-

based technology is a highly sensitive homogeneous luminescent amplification assay that relies 

on the use of donor and acceptor beads to capture the target analyte. Specifically, the 

streptavidin-coated donor binds to a biotinylated antibody and, similarly, a second antibody 

binds to the AlphaLISA acceptor beads. Following addition into the sample, the analyte binds 

with the two antibodies, bringing the donor and acceptor beads into close proximity. After 

excitation of the donor beads at 680 nm, a photosensitizer within them converts ambient oxygen 

into an excited singlet state, initiating several chemical events in the neighbouring acceptor 

beads, resulting in chemiluminescent emission at 615 nm. The amount of light is comparable 

to the amount of analyte present in the sample.180  
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8.3.2.1. PRMT1 activity assay 

The assays were performed in white opaque OptiPlate-384 (PerkinElmer, # 6007299) at 

22°C in a final volume of 25 L, using a proper assay buffer (30 mM Tris−HCl pH 8.0, 1 mM 

DTT, 0.01% BSA, 0.01% Tween-20). In each well, 3 L of human recombinant PRMT1 (BPS 

BioScience, # 51041) (final concentration, 0.9 nM) was incubated for 30 min with 2.5 L of 

each compound (dissolved in DMSO and diluted in assay buffer to obtain 1% DMSO). Then, 

4.5 L of a mixture of histone H4 (1−21), peptide biotinylated (AnaSpec, # 62555) (final 

concentration, 100 nM) and SAM (Sigma, # A7007) (final concentration, 2 M) was added and 

the reaction was incubated for 60 min. Then, it was stopped by the addition of 5 L of anti-

methyl-histone H4 arginine 3 (H4R3me) AlphaLISA acceptor beads (PerkinElmer, # AL150) 

(final concentration, 20 g/mL) diluted in Epigenetic Buffer 1X (PerkinElmer, # AL008). After 

an incubation of 60 min, 10 L of streptavidin donor beads (PerkinElmer, # 6760002) diluted 

in Epigenetic Buffer 1X was added in each well (final concentration, 20 g/mL) and incubated 

for 30 min. Signals were read in Alpha mode with a PerkinElmer EnSight mul-timode 

microplate reader (excitation at 680 nm and emission at 615 nm). For each incubation step, the 

OptiPlate was sealed with protective foil to prevent evaporation and contamination. Donor and 

Acceptor beads were added in subdued light. The 100% activity (positive control) was reached 

using vehicle (DMSO) while the 0% activity (negative control) was obtained without the 

protein. Data were analyzed using Excel software. Values obtained for each compound are 

mean ± SD determined for three separate experiments. 

8.3.2.2. PRMT9 activity assay  

PRMT9 activity assay was performed by AlphaLISA on the basis of the “PRMT9 

Homogeneous assay Kit” (BPS BioScience, #52069), which was opportunely modified. 
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The assays were performed in white opaque OptiPlate-384 (PerkinElmer, # 6007299) at 

22°C in a final volume of 30 μL, using the HMT assay buffer 2A (BPS-BioScience #52170-A). 

In each well, 2 μL of human recombinant PRMT9 (BPS BioScience, # 79124) (50 ng/μL) was 

first incubated for 30 min with 3 μL of each compound (dissolved in DMSO and diluted in 

assay buffer to obtain 1% DMSO). Then, in each well 0.5 μL of the biotinylated substrate 

peptide SAP-145 (aa 500−519) (Pepmic, custom synthesis) (final concentration, 100 nM), 1 μL 

of SAM 250 μM, 1.5 μL of water and 2 μL of 4x HMT assay buffer 2A were added to reach 

the final volume of 10 μL. The reaction was incubated for 60 min. Subsequently, in each well 

5 μL of a 1:100 dilution of Primary antibody 28 (BPS BioScience, #52140Z3) in Detection 

buffer (BPS BioScience) and 5 μL of anti-Rabbit acceptor beads (PerkinElmer, #AL104C) were 

added to obtain a final concentration of 20 μg/mL. After an incubation of 60 min, 10 μL of 

streptavidin donor beads (PerkinElmer, # 6760002) diluted in detection buffer was added in 

each well (final concentration, 20 μg/mL). After an incubation of 30 min, signals were read in 

Alpha mode with a PerkinElmer EnSight multimode microplate reader (excitation at 680 nm 

and emission at 615 nm). 

For each incubation step, the OptiPlate was sealed with protective foil to prevent 

evaporation and contamination. Donor and Acceptor beads were added in subdued light. The 

100% activity (positive control) was reached using vehicle (DMSO) while the 0% activity 

(negative control) was obtained without the protein. Data were analyzed using Excel and Prism 

softwares. Values obtained for each compound are mean ± SD determined for three separate 

experiments. 

8.3.3. SPR 

The direct binding of compounds with PRMT4 was evaluated by Dott.ssa Alessandra 

Feoli (EMCL, University of Salerno) using Surface Plasmon Resonance (SPR). SPR is an 
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optical technique for the qualitative and quantitative characterization of the specific binding of 

a mobile analyte to a binding partner, immobilized on the sensor surface. Briefly, an analyte is 

covalently bound to the sensor surface, a prism coated with a thin film of metal (usually silver 

or gold). In the buffer flow, a second mobile reagent is injected in fixed doses over the sensor 

surface. As a result of the binding of the two analytes, the refractive index of the metal film 

changes, causing a shift in the resonance angle that, to a good approximation, has been shown 

to be proportional to the surface concentration of the macromolecules. The cycle of binding, 

dissociation and regeneration of the sensor surface is repeated using different concentrations of 

the mobile reagent. The obtained sequence of binding curves allows the determination of the 

chemical rate and thermodynamic equilibrium constants.181 

SPR experiments were performed on a Biacore T200 biosensor (Cytiva). PBS buffer 

(phosphate buffered saline, pH 7.4) supplemented with 0.05% Tween-20 was used as the 

running buffer. Full length recombinant PRMT4 (Active motif, # 81107) was diluted at the 

concentration of 50 μg/mL in 10 mM of sodium acetate pH 4.5 and then immobilized on a 

Series S Sensor Chip CM5 at a flow rate of 10 μL/min by using standard amine-coupling 

protocols to obtain densities of 4.6 kRU. One flow cell was left empty for background 

subtractions. Compounds were diluted in PBS supplemented with 0.05% Tween-20, keeping a 

final 2% DMSO concentration. Each compound was tested in 12 serial dilutions, prepared 

starting from 640 nM to 10 nM. Binding experiments were performed at 25 °C by using a flow 

rate of 30 μL/min, with 90 s monitoring of association and 90 s monitoring of dissociation. 

Regeneration of the surfaces was performed, when necessary, by a 10 s injection of 5 mM 

NaOH. The sensorgrams obtained at the 12 concentrations of each compound were first 

corrected taking advantage of the solvent correction performed by the instrument (correction 

range from 1.5% to 2.8% DMSO), then they were double referenced. The corrected 

sensorgrams for each compound were fitted simultaneously using a 1:1 Langmuir model to 



256 

 

obtain equilibrium dissociation constants (KD) and kinetic dissociation (koff) and association 

(kon) constants. 

8.3.4. PAMPA 

The apparent cellular permeability of compounds was evaluated by Dott.ssa Alessandra 

Feoli (EMCL, University of Salerno) using the Parallel Artificial Membrane Permeability 

Assay (PAMPA). PAMPA is a screening technique for evaluating the passive permeability of 

compounds across various biological membrane systems in a microplate format. This assay is 

based on the use of a "sandwich-type" multiwell microplate, consisting of an acceptor plate and 

a donor plate that are separated by a lipid-infused microporous filter. The compound is added 

into the donor plate and allowed to pass through the lipid layer during an incubation period. 

After that, samples from the acceptor plate are transferred to a UV-Vis-compatible microplate 

and measured optically or sampled by mass-spectrometric analysis. Compounds with high and 

low permeability are added as positive and negative controls, respectively. In this way, the 

ability of the compound to passively cross the membrane can be assessed.182 

Donor solution (0.2 mM) was prepared by diluting 20 mM dimethylsulfoxide (DMSO) 

compound stock solution using phosphate buffer (pH 7.4, 0.01 M). Filters were coated with 5 

μL of a 1% (w/v) dodecane solution of L-α-phosphatidylcholine. Donor solution (150 μL) was 

added to each well of the filter plate. To each well of the acceptor plate, 300 μL of solution (5% 

DMSO in phosphate buffer) was added. Selected compounds were tested in triplicate, 

propranolol and furosemide were used as positive and negative controls, respectively. The 

sandwich was incubated for 24 h at room temperature under gentle shaking. After the incubation 

time, the sandwich plates were separated and 250 μL of the acceptor plate was transferred to a 

UV quartz microtiter plate and measured by UV spectroscopy, using a Multiskan GO 

microplate spectrophotometer (Thermo Fisher Scientific) at 250−500 nm at a step of 5 nm. 
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Reference solutions (250 μL) were prepared diluting the sample stock solutions to the same 

concentration as that with no membrane barrier. The apparent permeability value Papp is 

determined from the ratio r of the absorbance of compound found in the acceptor chamber 

divided by the theoretical equilibrium absorbance (determined independently), the Faller 

modification of Sugano equation: 

𝑃𝑎𝑝𝑝 =  −
𝑉𝐷𝑉𝑅

(𝑉𝐷 + 𝑉𝑅)𝐴𝑡
× 𝑙𝑛(1 − 𝑟) 

In this equation, VR is the volume of the acceptor compartment (0.3 cm3), VD is the 

donor volume (0.15 cm3), A is the accessible filter area (0.24 cm2), and t is the incubation time 

in seconds. 

8.3.5. MTT assay  

The cell toxicity of compounds was evaluated by Dott.ssa Alessandra Feoli (EMCL, 

University of Salerno) using the MTT assay. This method is a widely used procedure to assess 

the in vitro cytotoxic effects of compounds, using metabolic activity as an indicator of cell 

viability. This colorimetric assay is based on the conversion of MTT (3-[4,5-dimethylthiazol-

2-yl]-2,5-diphenyl tetrazolium bromide) into purple formazan crystals by live cells, which are 

characterized by mitochondrial activity. Indeed, total mitochondrial activity is strongly 

associated with the number of viable cells, the only ones that contain NAD(P)H-dependent 

oxidoreductase enzymes that catalyse the reduction. Insoluble formazan crystals are dissolved, 

and the resulting-coloured solution is quantified by measuring absorbance at 500-600 nm with 

a multi-well spectrophotometer. The obtained solution colour is directly proportional to the 

number of viable, metabolically active cells.  

The HEK293T cell line was cultured in DMEM (Euroclone) supplemented with 10% 

(v/v) fetal bovine serum (Euroclone), 100 U/mL penicillin, 100 μg/mL streptomycin 
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(Euroclone) and 2 mM L-glutamine (Euroclone) at 37 °C in a 5% CO2 atmosphere. A total of 

200 μL of cells seeded in 96-well microtiter plates (5 × 104 cells/mL) were exposed for 24h to 

different concentrations of compounds (10, 50 and 100 mM) in media containing 0.2% DMSO. 

The resulting formazan was solubilized in DMSO, and absorbance was measured at 550 nm 

and corrected for 620 nm background. Experiments were performed in quadruplicate and all 

values are expressed as the percentage of the control containing 0.2% DMSO. 

8.3.6. Western blot  

Cellular activity of compounds was evaluated by western blotting in collaboration with 

Prof. Mark Bedford. Western blotting is an important method for separating specific proteins 

from a mixture of proteins extracted from cells. Basically, a mixture of proteins is separated by 

molecular weight through an electrophoresis gel. The latter is transferred to a solid membrane 

support to obtain a band for each protein. After incubation with an appropriate primary and 

secondary antibody, the target protein is visualized as a single band, considering that the 

antibodies bind only to the protein of interest. The thickness of the band corresponds to the 

amount of protein present and therefore the use of a standard can reveal the amount of protein 

present. 

Cells were collected and lysed, and the cell lysates were applied to Western blot analysis. 

In brief, cells were harvested and washed three times with cold PBS, and then cell lysis buffer 

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1% sodium 

deoxycholate, 5 mM EDTA, supplemented with proteinase inhibitor mixture) was added to 

obtain the cell lysates. Cell debris was pelleted and discarded, whereas the supernatant was 

kept. Protein samples were added with SDS loading buffer and boiled for 10 minutes, followed 

by SDS-PAGE. Then the proteins were transferred to a PVDF membrane. The membrane was 

blocked with 5% fat-free milk for 1 h at room temperature and then incubated with the proper 
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primary antibodies (anti-histone H3, Abcam, #ab18521; pan-PRMT4 substrate antibody, made 

in-house; anti-PRMT1, anti-PRMT4, anti-PRMT6) at 4 °C overnight. The blot was then washed 

three times with PBST and incubated with secondary antibodies for 1 h at room temperature. 

After washing three times with PBST, the membrane was incubated with ECL reagent, and the 

signals were detected on X-ray film.
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8.4. NMR DATA 
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