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CHAPTER 1

An Overview of The Molecular Basis of

Epigenetics



1.1Epigenetics: The Science of Change

Epigenetics is the study of heritable phenotype changes that are not linked to alterations
in the DNA sequenckEpigenetic changes play a key role in cellular plasticity that is
responsible for cellular reprogramming and response to the enviroAfment.

In eukaryotic cells, genomic material is highly orgad: ~ 146 bpof DNA is wrapped
around nucleosomes, which comprise the basic building blocks of chromatin and is tightly
regulated to control gene transcription. The nucleosome is formed by a core containing
histone octamer and each histone octamer contains two ofoéable core histone
proteins (H2A, H2B, H3, H4). Furthermore, in order to maintain higher order chromatin
structure, various lengths of linker DNA separate each nucleosome by interactions with
histone H14° The histone protruding Nerminal ends are characterized by the presence

of many wellconserved residues that are targets dovariety of postranslational
modifications including acetylation, methylation, ubiquitination, phosphorylation.
(Figurel) Altogether, changes in the epigenome include methylation of cytosines bases
in DNA, and postranslationalmodification (PTMs) 6 the N-terminal tails of core
histones” These modifications have direct effect on the degreectubmatin
compaction, affecting indirectly the accessibility of the underlying DNA template for the
transcription machinery. Indeed, while DNA sequence encodes for genetic information,
events as transcription recombination, DNA replication and DNA repairegulated by
fiepi ge®nThenehvomatin basically exists in two interchangeable forms:
heterochromatin, in the closed state, and euchromatin, in the opened state. The balance
between these two states is regulated by epigenetic marks, which switch genes
transcriptionifmomespoadsdotio extracellul ar
form suppresses the activity of transcriptional factors, such as RNA polymerase etc. and
this is mainly associated with gene silencing. On the other hand, when the chromatin is
in the opened states accessible to transcriptional machinery and is associated with active
transcriptior®? Although all cells in an organism contain the same genetic material,
epgenetic regulators are responsible for different packaging of DNA and chromatin.
Indeed these enzymes, organizing the genome into accessible and closed regions, regulate
there-modelling of the chromatin configuration, the accessibility to transcriptiotoffs

and ensure the correct transcriptional program in a given cell type. Thus, epigenetic

regulation is crucial for maintaining the unique physical characteristics and biological



functions of specific tissues and organs and is implicated in fundanpeotaisses such

as proliferation, development, differentiation and genome integrity.

In the last decade, a considerable amount of studies provide evidence that aberrant
patterns of gene expression are not only from the resukemétg mutations, but also
determined by epigenetic changes. These alterations are known to have an important role
in a number of diseases, such as cancer, but also inflammation, metabolic diseases and
neurodegenerative disorders. In particular, epigerttsregulation are widespread in
several human cancer$!4

In contrast to genetic alterations, wiiare almost impossible to reverse, epigenetic

modifications are potentially reversible, suggesting that they are of therapeutic relevance

in the prevention and treatment of cancers.

Figure 1. Chromatin structure and podtanslational modifications.

1.2 Epigenetic modifications and the Histone code hypothesis

Epigenetic modification are broadly stable marks, resulting from covalent modifications
to DNA and the histone proteins. ledg of histone modifications are dynamically
regulated by the activities of histon@odifying enzymes that add or remove specific
marks. Aberrant histone modification levels can result from an increasing or decreasing
of these modifying enzymes, thus catiag the levels of a dysregulated enzyme could
restore the physiological balance in the affected éelsotein responsible to modulate
epigenetic marks can be divided into three categories based on their relative function
including writers, that place the modification, erasers that remove the modification and
readers that recognize the marksl shen regulate gene expression, resulting in active or
silent genes (Figur®).1® The combination of how readers, writers and erasers modify and

read the specific amino acids on the histones forms the basis of the histone code



hypothess, which assumes that a single histone modification does not function alone but
multiple histone modifications, on single or multiple tails, acting in a combinatorial or

sequential manner, results in unique biological outcos.
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Figure 2. Classification of epigenetic m

regul ators as promising therapg®utic target

At molecular level, epigenetic alterations result in a series of events that determine re
modelling of chromatin configuration and affect gene expoasd/lethylation of DNA

is catalysed by DNA methyltransferases (DNMTs) and, uShaglenosyl methionine

(SAM) as methyl donor, occurs a-fphodplateposi t i
guanosine (CpG) dinucleotides. These regionsesmiched in sites known as CpG

islands, many of which are coincident with the promoter of protein encoding genes.
Methylation of these promoter regions results in transcriptional repre€stbynamic

distribution of cytosine methylation plays a pivotal role in genomiprinting, X-
inactivation, genome stability and tisssigecific gene expression, especially during

embryonic developmerit.
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To date,several families of epigenetic enzymes in thenao genome that catalyzed
specific histongost translational modifications, which are commonly referred to as
histone marks, have been reported. Among these, there are protein methyl transferases
which catalyze both lysine and arginine methylation, pnademethylases which remove

the methyl groups from lysine and arginine residues, histone acetyltransferases (HATS)
which add the acetyl group to lysine residues and that can be reropvbe histone
deacetylases (HDACSs). In addition there are specifiades which phosphorylate histone

tails and ubiquitin ligases which add ubiquitin to specific lysine resitiudistone de
acetylation of lysine residues is generally associated with closed chromatin state and gene
silencing. Indeed, deacetylated lysine residues carry a positive charge that makes an ionic
interaction with tke negative charges of DNA, leading to condense of the nucleosomes
and then, of the chromatin structure. Instead, acetylation of lysine residues results in a
neutral charge, generating the open chromatin stru¢téte.

Conversely, the interpretation of histone methylation is more complex. Different
methylation states may occur on histone lysine residues: unmethylated, of dioao
trimethylated {mel, -me2;me3). The histone methylation can result in different
chromatin and transcription states depending on the extent of methylation and the
particular residues in which occurs. Indeed, maraihylation of H3K9, H3K27, and
H3K79 histone proteins is associatedhndtctive transcription, whereas-tniethylation

of these histones leads to transcription silenéilrgaddition, di and trimethylation of

lysine 9 on histone H3 (H3K9me2/me3), trimethylation of lysine 27 on histone H3
(H3K27me3) and trimethylatioof lysine 20 on histone H4 (H4K20me3) are associated

to transcription inactivation whereas dnd trimethylation of lysine 4 (H3K4me2/ me3)

and trimethylation oflysine 36 and 79 (H3K36me3, H3K79me3) result in active
transcriptior?” 29

Finally, the third class of epigenetic proteins is formed by different nuclear factors
containing specialized structural domains, such as chromodomalm®modomains,

that recognize and interact with the histone marks introduced by histone modification
enzymes. The bromodomain and exweminal (BET) protein family is formed by
bromodomaincontaining protein BRD2, BRD3, BRD4 and bind acetylated lysine
residues of histone, leading to transcriptional activaliéA These proteins act as readers

11



of the epigenetic code and control the impact of histone modification on cellular
phenotype, mediating its translation into a given functional effect.

Hence, considering the pivotal role of epigenetic modifications in genome
reprogrammingijt is evident that their dynamic regulation is fundamental to maintain

homeostasis in several biological process.

1.3 Epigenetic changes in cancer

As mentioned above, epigenetic modifications are characteristic of different cell types
and play a key role for defining the cellular transcriptome at several levels. Aberrant
changes in the pattern of epigenetic modifications may result in altered iptorser,

which may transform the identity of the cell. In the last decade, several researches linked
mutations in gene encoding proteins that regulate epigenetic modification to human
cancers. These mutations have been found to drive tumour initiation nienevasion,
metastasis and drug resistance and involve most of the major classes of epigenetic
proteins including DNA methylation enzymes, histone modification enzymes and histone
modification readers enzymes. In human cancer, apart from mutations, gene
anplifications, translocation and indirect upregulation or inactivation of enzyme
frequently occur.The recognition of abnormal DNA methylation was the first epigenetic
alteration identified in cancer cells. DNA methylation is a dynamic process regulated by
the balance between DNA methyltransferases DNMT1, DNMT3A and DNMT3B, which
mediate active methylation and DNA demethylases, such as ten eleven translocation
enzymes, TET1, TET2 and TETS3, that catalyze demethylation redéfiénln tumor

cells, aberrant DNA methylation events are assediaith hypomethylation of the wide
genome, as well as hypermethylation of the promoter reégith.Genomewide
hypomethylation has been linked to oncogene activation and genome instability whereas
promoteé hypermethylation has been associated with suppression of gene expression,
including different genes encoding for tumor suppres$&fs.

Overexpression of tHeistone methyltransferase (HMT) EZH2, which acts on histone H3
lysine 27 (H3K27), is one of the major hallmark in several types of leukemia and in
various solid tumoré* In addition, aberrant modifications thatooc in HMT include
translocation of MLL (also known as KMT2A, ALL1 or MLL1) that causes an improper

recruitment of other epigenetic proteins, such as the methyltransferaseliR©pibtein
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(DOT1L). This correlation was showed in tumor xenograft modetasoad MLL
translocations, in which inhibition of DOT1L resulted in block of H3K79 methylation
and selective MLLrearranged cells death?® In several types of cancers were also
identified mutations in gene encoding histone demethylases (HMDs). Most of HDMs
mutations were found on KDM1 (also known as LSD1) which encodes H3K4 and H3K9
demethylases and in KDM4 subfamily, which encodes H3K9 and H3K36.

Human cancers also showed altered dynamic equilibrium between histone acetylation and
deacetylation. The imbalance of histone acetylation marks resulted in abnormally
regulation of gene expreion, leading to development of cancer. Histone
acetyltransferases (HATs) family is composed by three groups: general control non
depressible 5 Gen5/PCAF, p300/CBP and MYST14 families, mutated in different forms
of leukemia!®®® The histone deacetylated enzymes are amongst the most studied
epigenett target and due to their crucial role in tumorigenesis have attracted increasing
attention®* Furthermore, it was also reported dysregulation in phosphorylase proteins,
such as overexpression of Aurora kinase B, which phosphorylates serine 10 ofdistone
(H3S10) and blocks the interaction between heterochromatin protein 1 homblogue
(HP1b) with trimethylated H3K9 (H3K9me3)
to alteration of gene transcription and cell cycle corvfrefl.

Epigenetic reader proteins bind the histone modifications and modulate effector
functions. Overexpression and translocation of the gene encoding the broaio@dmd
extraterminal (BET) family protein bromodomanontaining protein 4 (BRD4), has
been found implicated in dysregulation in many cancer type, such acute myeloid
leukemia (AML)1°32 BRD4 has also been identified as key player in modulation of
oncogene expression in multiple myeloma and-Hodgkin ymphoma2’:58

Considering the large number of mutations in epigenetic genes, acting as driver in all
stage of carcinogenesis, it canhypothesisethat targeting epigenetic modulators could

be a promising strategy to discover effective anticancer agents.

Furthermorejn contrast to genetic mutations, which are challenging to inhibit directly,
epigenetic modifications are largely reversible and offer the potential to modulate
undruggable genetic changes. Indeed to date, targeting transcription factors such as MYC,
using small molecules, proved to be very diffictdtDysregulation of the oncoprotein

MYC is a common genetic alteration in human cancers and has been showed that it can
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be modulate through the inhibition of BRB#%2In fact, BRD4, through the binding with
acetylated histone, regulates chromat@pendent signaling and transcription at MYC
target loci. Inhibition of BRD4 protein resulted in suppression of transcription of the
MYC gene, thus showing theofential of epigenetic therapy for targeting undruggable
oncogenic transcription factots®?

1.4 Epidrugs approved for clinical uses

Due to their dynamic and reversible nature, epigenetic alterations piavidtractive
opportunity for therapeutic intervention in many diseases including cancer.

In the past few years, knowledge of the proteins involved in-tpmsslational
modifications of histone has grown greatly, leading to the discovery of a rich sdurce
potential therapeutic targets. Inhibitors of DNA methylation and histone deacetylase
(HDAC) inhibitors have been approved for clinical use in myelodysplastic syndrome
(MDS) and cutaneous T cell lymphoma, respectively, and several epigenetic drugs are
undergoing clinical trials, thus providing proof of concept in patients for epigenetic
therapie$?

Based on their mechanism of action, DNMT inhibitors can be divided in two classes:
nucleoside analogues, which act through incorporation into DNA, andhundaoside
analogues which directly binttie catalytic site of DNMTs. To date, several molecules
that inhibit DNMT activity and reactivate gene expression, includiragdcytidine
(azacitidire), 5-aza2 @eoxycytidine {ecitabind, have been clinically investigated.
Both thesenucleoside analogues were approved by Food and Drug Administration (FDA)
for the treatment of myelodysplastic syndrothé® On the basis of their different
mechanism of actiorthat includes cytotoxic activity due to incorporation into DNA,
these agents are characterized by a significant toxicity and lower chemical stability. These
issues were addressed, employing a strategy to develop a gpuwmrdtion DNMT
inhibitors, which @ mostly predrugs ofazacitidire and decitabine, with improved
pharmacokinetic and pharmacodynamic propefti€® Therefore, many others DMNT
inhibitors were investigated, leading to the discovery of new potent compounds with
improved safety profile, such gaadegtabine (SGI-110),zebularing CR-4200% 74

DNMT inhibitors are being tested in several clinical trials for leukemia as well as solid

tumors, even if they showed lack singlgent efficacy in solid tumors.
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Another successful example of epigenetic taige¢presented by HDAC. To date three
HDAC inhibitors have been approved for clinical uses by FRérinostat(also known
asSAHA for the treatment of cutaneous T cell lymphoma (CTERomidepsirfor the
treatment peripheral T cell dyphoma (PTCL¥ and CTCL andBelinostatfor the
treatment of PTCL’/ As well as for DNMT1 inhibitors, the use of first generation HDAC
inhibitors has been limited to hematological tumors and significative adverse effects were
reported. Their toxicity is probably due to broad activity across Bisdforms and the

lack of selectivity over HDAC family enzymes. A second generation of HDAC inhibitors
was then developed and currently, many of these compounds are in clinical trials for both
solid and hematological tumof%8 Furthermore, several studies showed an
improvement of their therapeutic efficacy in combination with other agents, such as
DNMT inhibitors, resulting in geater reexpression of epigenetically silenced tumor
suppressor genes and cell cycle reguldtbi®;, immunomodulators agent, showing
increase of the host antitumor response iamprovement of immunotherapeutic agents
efficacy®°091To date, seval agents targeting epigenetic proteins, including HMTs,
KDMs, HATs, BETs etc., are under clinical investigation, highlighting the great
therapeutic potential of this field. Overall, the results obtained by scientific community
in the last decade show#that epigenetic cancer therapy may represent a good weapon in

the battle against cancer.

1.5 Histone Methylation balance

Histone methylation is an epigenetic mark extensively investigated in recent years and
the large amount of research allowed the discovery of different druggable proteins
sensitive to modulation by small molecul@espite several histone posttranslational
modifications showed their important role in the epigenetic gene regulation and were
linked to several type of cancers, in my woflidused on the mediators of methyl histone
marks.The histone methylation and demethylation can occur, sequentiallyioe &
arginine residues and each enzyme family has a specificity for particular residues and
degree of methylation. A more in depth description of these twoeslas®pigenetic
proteins will be discussed later. As mentioned above, histone methystwomtrolled

by the interplay of methyltransferases and demethylases. The loss of function of a specific

demethylase may be compensated through the inhibition of the methyltransferase
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modulating the same histone mark, amce versaFor example, severalges of cancer
including esophageal, pancreatic and bladder cancers, and multiple myeloma,
medulloblastoma, acute lymphoblastic leukemia, showedabfsction of KDMG6A, a
demethylase protein that acts at lysine 27 of histone H3 (H3K27me3), countethetin
activity of EZH2, the enzyme that places this modification. The-déédanction of
KDMBGA results in increase of H3K27me3 levels and then transcriptional repression of
tumor suppressor genes. It was found that KDM@#tant myeloma cells are more
dependent on EZH2 to maintain high H3K27me3 levels at specific loci, and are
hypersensitive to EZH2 inhibitor GSK343.Hence, inhibition of EZH2 reverses
aberrations promoted by KDM6A loss, showing that restoring the balance between

methyltransferases and demethylases may be usekpllyited to treat cancer.

T H I\llle I\|Ile
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H HDM H HDM H HDM H
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Figure 3. Sequential methylation and demethylation of lysine catalyzed by histone

methyl transferases (HMTs) and histone demethylases (HDMs) respectively.
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CHAPTER 2

Histone Demethylases and KDM4s subfamily

2.1 Histone demethylases

Histone methylation was initially considered a stable and irreversible modification that
could be onlyerased during histone exchange or DNA replication. However, only after
the demonstration that lysine specific demethylase 1 (LSD1) catalyses the demethylation
of H3K4mel/me2, it was recognised that this mark can be dynamically regulated, through
the recrument of methyltransferases and demethylaseésllowing studies led to
discovery of demethylase enzymes contaitirggcatalytic Jumonji C (JmjC) dom&in.

To date, since the identification of LSD1, over 30 histone demethylases have been
identified and have shown demethylase or hydroxylase activity.

Depending on the sequence homology and structural similarities, the KDMs are clustered
into seven subfamilies, (KDMT) while based on their catalytic mechanism these are
grouped into two large families: KDM1 (LSDs) and KDMZ

The first family includs lysine-specific demethylases: LSD1 (also called KDM1A,
AOF2, BHC110 or KIAA0601) and LSD2 (also called KDM1B or AOPvhich are
closely relatedto flavin adenine dinucleotide (FAR)ependent monoamine oxidases
(MAOs). The catalytic activity resides on the amine oxiddse(AOL) domain, which

is characteristic of several metabolic enzymes, and is formed by two lobes: the cofactor
FAD-binding site and the substrate recognition site. The histone substrate site is
positioned close to another lobe, the SWIRM domain, thus forming a hydrophobic cleft
that allows LSD1 to accommodate histone H3 tail, and performs the demethylase
activity.’ The mechanism proposed involves the methyl grouidation via hydride
transfer from the Nmethyl group onto FAD, forming an imine which is unstable to
hydrolysis!® (Figure1A) This class of enzymes, according to their mechanism of action,

is unable to remove trimethyl histone mark, since they require a lone pair of electrons on
the lysine nitrogen atom!!?Indeed, LSDs act on monan dimethyl histone lysine
residues, specifically LSD1 demethylates moaod dimethyllysine residues ai3K4

and H3K9, while LSD2 acts only on H3K4. In addition, LSD1 has also been shown to
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demethylate several ndmnstone substrates, as transcription factor p53 on the K370
residue, DNA methyltransferase 1 (DNMT1) on the K1096 residue, E2F1 on the K185
residie and MYPTL, that play a key role during gene expres3ibi. Furthermore,
several studies suggested that substrate recognition is regulated by the interaction with
other protein partners. Depending on the substrate or protein partners, it has been
demonstrated that LSD1 adtiv may results either in transcriptional repression or
promotion. Indeed, LSD1 suppresses gene transcription as part of the CoREST complex
whereas promotes transcriptional activation by binding to the androgen receptor (AR) or
estrogen receptor (ER). The second family of hi stone
ket og | u-KG@ ramadt Fe(llldepéndent opgenases and is characterized by the
presence of the Jumonji C (JmjC) domain. In humans, around 20 histone demethylases
containing the JmjC domain have been identified and, based on the structural homology,
this class can be divided into five subfamili&®M2/7, KDM3, KDM4, KDM5, and

KDM6. 819 The JmjC domaitontaining proteins act through an oxidative mechanism

t hat reqguires t wo-K&(aldo&motvroas dDxoglukamate [ZDG])) and
which interact vith the JmjC domain and demethylate lysine residues througtetRyl
hydroxylation. In particular, the two cofactors react with dioxygen to form a highly
reactive oxoferryl (Fe(IV)=0) species, leading to the incorporation of an oxygen atom
(hydroxylation)on the methyl group of the methylated lysine substrate. The resulting
hemiaminal product is unstable and spontaneously undergoes a hydrolysis reaction that
yields a demethylated compound and formaldehyde. (FigByeContrary to the first

class, the mech&m of these enzymes does not require a protomedremonium group,

allowing the removal of mondali- and trimethyl histone lysine marks.
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Figure 1. Reaction mechanism of demethylation. Demethylation catalyzed by (A)

LSD1/KDM1 family and (B) Jmjc family enzymes.
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2.2KDM4 subfamily

The human KDM4 subfamily is composed of four members KDM4A, KDM4B, KDM4C,
KDM4D. In addition, KDM4D forms alaster with two different genes, generating two
further pseudogenes: KDM4E and KDM#&FThe enzymes KDM4AC share more than

50% sequence identity and consist of a catalytic histone demethylase domains formed by
Jumoji C (JmjC) domain and Jumoniji N (JmjN) domain and agatalytic domains: two

plant homeodomains (PHD) and two Tudor domaifsanwhile, KDM4D contains only

the catalytic domain and lacks PHD and Tudor domahgFigure 2) The catalytic
function is carried out by the JmjC domain, while the close JmjN domain, interacting
extensively with itprovides a structural integrity. Moreover, the faatalytic domains
perform different functions by determining substrate specificity and controlling enzyme

activity. 2324

JmiN  JmjC PHD  Tudor
KDM4A

2

1 13 55 142 308 709 885 895 1011 1064

KDM4B

T

1 14 56 143 309 31 907 917 1031 1096

KDM4C

I

1 16 58 144 310 689 865 877 991 1056

KDM4E

f

1 17 59 146 312 523

KDM4F

i

1 14 56 131 308 638

Figure 2. Schematic representation of KDM4s structure.

2.2.1 KDM4A structure
The catalytic domain JmjC is characterized by a destrtendedb-helix (DSBH) fold

which is shared with the other members efxaglutarate oxygenases family. The

sheets folding forms the active site pocket that bounds the two cofactors: Fe (I}) and
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KG. The Fe (ll) coordination is mediated by three conserved mesidmown as facial
triad and two addkK@%%nal residues bound U
The KDM4A crystal structure reveals a lysibmding site inwhich substrates are bound

in distinct bent conformations involving the -Bimding site. Indeed, the Zinc ion
exhibited a structural role in the formation of an active enz/me.

Full-length KDM4A protein comprise 1.064 residues, for an overall surface area of 580

A2 and, as mentioned above, is characterized by a tiatetye formed by JmjN domain,

JmjC domain and a zinc finger motif. In addition, the protein contains double non

catalytic domains as two plant homeodomains (PHD), and two Tudor dofr@jare
3A)

Figure 3. Structure of KDM4A (JMJD2A)(A) TheJmjC domain (red) and JmjN (green)

are depicted in cartoon representation, while the mixed region (orange) is depicted in
thin tube representation,-@G showed in green stick and Nickel ion in green sphere.
(PDB code: 5TVR)

(B) Trimethylated lysine side chain in catalytic region. (PDB code:20@8)2showed

in green stick, peptide in light blue stick and Nickel ion in green sphere.

The crystal structure of the histone demethylase KDM4A catalytic domain in complex
with 20G evealed the Fe(ll) is coordinated by three residues: His188, Glu190 and
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His276, and the ctactor 20G in a bidentate manner. In several complexes the Ni(ll)
occupies the endogenous Fe(ll) site and NOG replaces’20G.

The histone substrates are bound in a broad hydrophobic cleft and the methylated nitrogen
of the lysne side chain is positioned in a deep catalytic pocket close to the metal cofactor
(Figure 3B). The binding site is characterized by a polar environmental, due to the
presence of hydroxyl groups of residues Tyrl77, Ser288 and three carbonyl groups of
Glyl70, GIlul90 and Asn290. These residues establish electrostatic (Coulomb)
interactions with methylated lysine nitrogen atom positively charged. The polar
environmental in the binding pocket has been showed to be crucial for the catalytic
activity because it my enable the methyl group to assume the correct orientation toward
the Fe(ll) ion, in order to facilitate the reaction. As shown in figure 4, in the catalytic core
the 5carboxylic acid group of 20G forms a salt bridge with the basic residue Lys 206
and n parallel establishes-bond interactions with the sigdhain of two Hbond donor
residues: Lys206 and Tyrl32. In the binding site the histone methyl groups are
coordinated by a network of GHO hydrogen bond& 31

Figure 4. A detailed view of-©G binding mode in 3D and 2D.
2-OG shows green stick. The hydrogen bonds are depicted in yellow and electrostatic

interaction in purple.

The structure folding of double Tudor domain was found to play a key role in the

interaction with methylated histone tails. It was shown thaidiamsain can directly bind
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methylated H3K4, H3K9 and H4K20 through a specific chroraatigeting module. In
particular, a cluster of aromatic residues surrounded the Tudor dathamacterized by
a negatively charged electrostatic potential, consistetit it8 supposed role in the

binding of methyllysine substrate’?

2.2.2 Histone substrate specificity

Histone methylation can occur on the lysine residues of histone H3 and H4. KDMs
catalyze the demethylation of-@dind trimethylated histone H3 on four lysine residues:

K9 (H3K9me2/3y, K27 (H3K27me2/3¥, K36 (H3K36me3) K4 (H3K4), and histone

H4 at lysine20 (H4K20J3 Furthermore, the linker histone H1.4 can be methylated at
lysine 26 (H1.4K267. The histone methylation plays a key role in modulating gene
transcription and restslin several functional outcomes depending on the specific methyl
substrate recognized by the protein or the number of methyl marks added or removed,
leading to a different effect on the chromatin state. Overall, methylation at H3K4, and
H3K36 is associad with transcriptionally active regions, while methylation at H3K?9,
H3K27, H4K20 and H1.4K26 is associated with gene silentirg).

The KDM4 subfamily Bowed functional diversity according to their differential
substrate specificities. Indeed, despite a sequence identity higher than 75% within their
catalytic domainKDM4 enzymes exhibited a considerable variability in the substrate
specificities. KDM4AB-C can more efficiently demethylate H3K9me3, H3K36me3 than
H3K9me2/H3K36me2 whereas KDM4D is more efficient at H3K9me2 than H3K9me3
but is unable to recognize H3K36m&3.

Structural comparison between the crystal structures of these homolog enzymes reveals
that KDM4A-B-C conserved the residues that can suitably accommodate H3K36
substrate, while KDM4D contains divergent residues in the same region, displaying ste
and electrostatic clashes as well as lack of efficacious interactions that hamper the
recognition of H3K36me3 sité.In details, analyzing the crystal structure of KDM4A
protein in complex with H3K9 (PDB ID: 20Q6) and H3K36 (PDB 1D:20S2) (Figlye

it can be noticed that the two peptides adopt different conformation and orientation and
H3K36 interacts with a loop (Arg308let312) that is well conserved also in KDM4B

and KDM4C but is divergent in KDM4D. Furthermore, structural studies of KDM4
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protens reveal that KDM4A substrate specificity relies also on peculiar residues position
surrounding the methylation site, thus explaining the demethylases activity with similar
efficiency on H3K9 and H3K36, despite their low sequence similarity. KDM4A binds
the histone peptide predominantly through main cha@in chain interactions.
Specifically, the substrates is bound in the aromatic cage through-patitaraction and

is recognized through a network of €HD hydrogen bonds’®3° In addition to the
catalytic domain specificities, the Tudor and PHD domains have been found to play a key
role in the recognition of methylated histone tail, discriminating among both site and
degree of lysine methylation. Specifically, structural and biochemical studies have
demonstrated that the TD of KDM4A are able to recognize and bind H3K20me3/me2 and
H3K4me3/me2 markg324.3839

Every histone mark is related to the expression efi§ip target genes. Considering these
broad substrate specificit y-regulatioikKibDkdD#4ss ub f ar

activity can affect the physiological functions, leading to the onset of a diSease.

B
Figure 5. Substrate binding posgA) KDM4AH3K9me3 (PDB code: 20Q6). (B)
KDM4A-H3K36me3 (PDB code: 20S2)-(G shows green stick. Peptide shows light
blue stick and the green sphere is nickel ion.
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2.2.3 KDM4 role in cancer

Histone methylation and demethylation balanceegsential to maintain cellular
homeostasis. Aberrant activity of lysine demethylases is frequently observed in cancer
and can results in different biological outcomes, depending on the specific gene
expression pathway/network involved. Changes in expmessiels has been found more
frequently rather than mutations and translocation of genes encoding demethylases in
several types of cancer, but also in cardiovascular diseases, mental retardation, and
neurodegenerative disordéts'? In cancer, deregulation of KDMs has been correlated
directly or indirectly, to chromosomal stability changg@nor suppressor inactivation,
promotion of oncogene expression, hormone receptor binding and downstream
signaling?¥4°

Genetic studies have shown that decrease of H3K9me3 is related to carcinogenesis in
different mouse models. Indeed, H3K9me3 is wusually an hallmark of stable
heterochromatin regions of the genome that are transcriptionally inactive, and loss or
reduction of this trimethylated histone level led to a conformational change from
heterochromatin to euchromatin state, enabling the activation of genetic transcription.
Therefore, overexpression of lysine demethylases targeting H3K9me3, such as KDM4
subfamily, can results in downregulation of H3K9me3, leading to genomic instability and
aberrant gene activatidhTo date, it has been demonstrated that the amplification and
overexpression of histone demethylases are involved in tum@rgssion and in
particular, deregulation of KDM4-C has been linked to breast, prostate, esophageal,
lung, and lymphatic cancet$*>4”For instance, several studies reveal that KDMA4C is
overexpressed in squam®well carcinoma, breast cancer and medulloblastdrifa,
whereas KDM4B has been showed to be involved in tumor proliferation and development
as well as in breast cancer, colorectal cancer, prostate cancer and can promote cell growth
through increased expression of cell cycle regul&tbrs.

Although KDM4A-C share high sequence homology they display different subcellular
localization in cancer cells: KDM4A is expressed similarly in both the nucleus and
cytoplasm, KDM4B is mainly expressed in the nucleumsl KDM4C is linked to
chromatin. Thus, according to their different distribution theirragulation can results

in distinct oncogenic function.
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KDMA4A-C were found overexpressed in prostate tumors aadll lines The KDM4
subfamily is capable to activate the androgen receptor (AR) signaling that is known to be
a key driver of prostate cancercéyprogression. In particular, KDM4A forms a complex
with AR and acts as activator of prostafeecific antigen (PSA) gene by demethylating
H3K9me3 at the PSA promoter>6 Furthermore, KDM4A through the binding with ETS
transcription factor ETV1 regulates the expression of theagssciated protein 1 (YAP1)
that is correlated to prostate tumor pragien>’>8

In breast cancer the prevalent KDM4 isoforms overexpressed are KDM4A and
KDM4D.%° KDMA4A is involved inbreast carcinogenesis due to its interaction wittathe
estrogen receptor (ER). In fact, KDM4A forming a complex vateR, stimulate its
activity and also promot@ER-mediated transcriptioff.In addition KDMA4A levels were
found to be correlated to tumor stage, TNM and diséasesurvival (DFS). KDM4A
promotes matastasis and impacts tumor grade by silencing Smtein that is negatively
associated with TNM stagé®?Accordingly, inhibition of KDMA4A resulted in reduction

of proliferation, migration and invasion in bréaancer cell line MCH 53

Furthermore, KDM4A has been found overexpressed insnaall cell lung cancer
(NSCLC) and has been negatively correlated with overall sufi@éveral studies
reported that through the regulation of H3K9me2/3 levels, is involved in lung
carcinogenesis by increasing the expression of twamsociated genes, such as
ADAM12, CXCL5, and JAG1, and by acting as negative regulator of tumor suppressor
genes® In colon cancer cell line HGI16 all KDM4A, KDM4B, KDM4C are
overexpressetf.In this context the role of KDM4A seems to be associated with different
functions in DNA damage pathway. Indeed, KDM4A act as a suppressor of p21 protein,
that is a cell cycle inhibitor recruited in response to DNA damage, thus promoting
tumorigenesis. Donregulation of KDM4A results in increase of p21 expression, then
increase of apoptosis and consequently inhibition of CRC cell prolifefdtion.
Reseathers, identified KDM4A as promising therapeutic target also for pancreatic and
gastric cancer treatmef#t/° Decreased levels of KDM4A induces apoptosis through dual
medanism: activation of prapoptotic proteins and downregulation of antiapoptotic
proteins.

KDMA4A is further associated with proliferation, migration and metastasis in endometrial

cancer cell lines RL92 , ISK and in glioma cell lines U87 and T98%32 In both studies
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downregulation of KDM4A inhibits invasion and induces apoptosis, but in the latter case
also reduces glioma cell survival by activating autophadyoreover, KDM4A shaved
a crucial role in bladder cancer tissue, activating, always via H3K9 modulation,-tumor

associated genes and ARluced genes transcriptidh.

2.3.4 KDM4 inhibitors

As described in the section above, there are several evidencesggest that
overexpression and amplification of KDM4 proteins are involved in carcinogenesis and
tumor progression, acting as both promoter of oncogenes and negative modulators of
oncasuppressor. Therefore, KDM4 subfamily and in particular KDM4A mayesspit

a suitable therapeutic target for cancer treatment.

To date, since the discovery of the demethylases proteins, several lysine demethylases
inhibitors were identified®>’® Thesecompounds can be divided into three categories
depending on their mechanism of action. The first class is compose®6y@ompound

1) with metaichelated moiety and includes molecules that compete with the natural
cofactor and bind the metal iontime catalytic sit€Figure6). The second class includes

the metal cofactor disruptors that blocked the catalytic activity interacting with the metal
ions in the binding pocket and then causing its structural ejection. The last class is
represented by thhistone substrate inhibitors, such metlydine histone substrate
mimics (Figure7).

To date, several chemotype of KDMs inhibitors have been identified and most of the
published compounds act asOZ competitive inhibitors. Nevertheless, clinical

compounls have not yet been reported for KDM4 subfamily.

1 2-OG cofactor mimics with metalchelated moiety
The research of histone demethylases JmjC domain containing the developm@d of 2
cofactor competitive inhibitors represents the major strategy followedtéo This class
of compounds competitively binds Fe (Il) ion and occupies the key region inside the
binding pocket, displacing the naturaO& required for the catalytic activity.
The 20G analogues reported could be divided based on the different chemotype in a)

oxalyl acid derivatives, b) hydroxamic acid derivatives, c) hydrazide derivatives, d) 8
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hydroxyquinoline derivatives, e) benzimidazole pyrazolone devestand f) pyridine

derivatives.

1. Oxalyl acid derivatives
TheN-oxalylglycing(NOG) (compoun@) is an oxalyl acid derivative discovered initially
as HIF prolyl hydroxylase PHD2 inhibitor and then characterized also as KDM4A and
KDMA4C inhibitor showing a 24M ICsovalue for KDM4A!” The cocrystal structure of
NOG inside KDM4A binding pocket showed that the oxalyl group of NOG binds to the
Fe(ll) ion, while the carboxyl group of glycine interacts with Lys241 and Tyrl177 residues
through hydrogen bonds pathw&Despite some of oxalyl derivatives showed a potent
inhibition of KDMs, their further development to deliver a lead compound is limited due
to their high hydrophilicity and poor cell penetration abitity.
Structural study revealed that KDM4A possesses gsgket adjacent to the active site
that is not present in the PHD2 domain. Therefore a suitable approach to design inhibitors
seletive toward KDM4A could be the addition to the oxalyl acid scaffold of a big side
chain that can be accommodated into this hydrophobic area. Moreover, depending on the
different NOG side chain selectivity can be achieved toward tkEs2dependent

oxygenaseubfamily’87°

2. Hydroxamic acid and hydrazide derivatives
The hydroxamic acid (compoulis a potent chelator of Fe (1) ion in KDM4 subfamily
binding site. One of the first compounds tested on KDMs has been SAHA (conj)ound
an HDAC inhibitor with a hydroxamic acid group as mefadlating moiety’
Compoundis a hydroxamic acid derivative that exhibited activity in the low micromolar
range with 1Go= 3 M and selectivity toward KDM4s over PDH2The replacement of
dimethylamino group with a cyclopropyl ring lead to compou@dthat showed
selectivity to KDM2/7 family8! Docking studies revealed that this selectivity can be due
to the different environment in the binding site of KDM4 subfamily and KDM2/7. Indeed
the KDM4A pocket is characterized by polar residues such as Tgd7/Asp137, whereas
KDMT7A presents hydrophobic residues, as Phe250 and Phe359. The conmpsund
another potent KDM4A inhibitor with 1= 1.7 M that contains two hydroxamic acid

group. This compound showed antiproliferative effect against KYSE and HL60
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cancer cell lines with Gé= 44nmM and 53 respectively?? Despite the wide variety of
KDMs inhibitors with hydroxamic acidcaffold discovered, only few have reached
clinical experimentation in Phase | and Il. However to date there are four approved

hydroxamic aciebased drugs.

3. Hydrazide derivatives
In general the hydrazide group is not a good choice as metal chelator because the amino
nitrogen may be protonated and lose its lone pair electrons. Nevertheless, some successful
and selective hydrazide derivatives were reported as KDMs inhibitors, wittytinazide
moiety coordinating the metal ion in a bidentate manner. For instance, com®aund
tetrazolyl hydrazide compound showed activity witBoFE1.7mM against KDM4A. The
tetrazole moiety occupies a similar position of the carboxylic grougd&2ofactor and

contributes to maintain high binding affinity.

4. 8-Hydroxyquinoline (8HQ) derivatives
The 8Hydroxyauinoline (8HQ) moiety was identified as successful scaffold with potent
metatchelator group. The -Barboxy8-hydroxyquinoline (compoun®, I0X1) is a
potent KDM4s inhibitor with 1G of 0.6 MM against KDM4A. IOX1 binds the Fe(ll) ion
in a bidentate mannghrough nitrogen atom of quinoline moiety and phenol oxygen
atom, while with the f£arboxylic group interacts with Tyr 132 and Lys 206, mimicking
the natural cofactor-©G. The 4carboxy8-hydroxyquinoline (4C8HQ), compourid,
showed a similar binding ode to their isomer, but is less potent withsoGf 2 niM,
probably because IOX1 can determine the translocation of the Fe(ll) ion in binding
site 8485
Rational approaches as structural based drug design (SBDD) and high throughput
screening campaigns lead tihe discovery of several -4 5, 7-substituted 8
hydroxyquinoline derivatives. The compoudd exhibited antiproliferative activities
against HCT116, MCH and A549 cancer cell lines withd4& 1.5nM, 27.61M, and
21.7 M respectively?® The compound 2 is a potent and selective ibitor of histone
trimethyklysine demethylases KDM4 and blocks the growth of prostate cancer cells and
PC3 xenograft model in vivo preventing the interaction between KDM4B and its

promoters®
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5. Benzimidazole derivative
Starting from a HTS campaigsf small molecules library, a new KDM4s inhibitor was
identified with benzimidazole scaffold. Compouhd showed activity with IGin the
low micromolar range and antiproliferative effects ioaRcellular models, and was

selected as starting point to lait-to-lead optimization campaigt.

6. Pyridine derivatives
The pyridine moiety is one of the most exploited scaffold in KDM4 inhibitors. In the last
few years several pyridine dicarboxylates (PD@aked inhibitors were identifie
Compoundl4, the 2,4 PDCA, is a potent derivative in which the nitrogen atom in the
pyridine moiety and the carboxylic acid group in 2 position chelate the metal ion in a
bidentate manner and the carboxylic group in 4 position forms hydrogen bonds with Lys
206 and Tyl132. The introduction of a hydrophobic moiety epd&ition (e.g. compound
15) lead to selectivity toward KDMs over PHD288
The compound.6is a potent pyridindased inhibitor against KDM4A with Kg= 0.94
nmM. The crystal structure of KDM4A protein in complex with compotb6ghowed that
the nitrogen atoms of pyridine bindbet metal ion in a bidentate manner and the
carboxylic group interacts with Tyrl32 and Lys206. The secondary amine binds the
carboxylate group of Glu190 and the terminal pyridine is inserted in a pocket formed by
Tyrl75, Val171, and Asp19®t.
The compoundl?7 is formed by a 4arboxylicpyridine with a triazole moiety ir2-
position and showed moderate activity toward KDM4 subfamily {gi&5° 0.33). The
triazole moiety replaced the carboxylic acid group as chelator together with the pyridine
nitrogen. Starting from an HTS campaign Bavetsias et al. identifisdlstituted4-
(pyridine-2-yl)thiazole2-amine derivatives as KDMs inhibito?$. An optimizaton
strategy of compounds contain#pgridine scaffold yielded to compoud®in which the
carboxylic group on osition was isosterically replaced by pyridof8ijpyrimidin-
4(3H)-one group, leading to a potent compounds witailCthe nanomolar range @an
enhancement of physiathemical properties and cellular permeability maintaining the
binding affinity. Furthermore, docking studies of compout®l revealed that the
chlorobenzyl piperidine moiety is positioned into the histone substrate bindinthatte,

could explain the selectivity toward KDM4%92
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Chen et al. discovered potencdrboxylic pyridine derivatives KDM4s inhibitor with
antiproliferative activity and high cellular permeability. The researchers started with a
fragment screening identifying compoub8@as activecompound with 1G=1.4nM and
ligand efficiency (LE)=0.732 Like other compounds of this class, the fragment binds the
metal ion with the nitrogen atom of pyridine and forms hydrogen bonds with Tyr132 and
Lys206 with the carboxylic group irgosition. Due to its high hydrophilicity compound

19 showed poor cellutapermeability. Molecular modeling studies were performed and
compound20 (QC6352) was obtained with improved cellular potency and reasonable
pharmacokinetics and bioavailability properties. QC6352 exhibited enzymatic activity
against KDM4s with 16 in the nanomolar range and in vivo efficacy in a mouse
xenograft model (E&€=3.5nM in KYSE150 cell line and 61% of tumor growth
inhibition at dose level 50mg/kgj.

Another successful fragmebhtsed stragy was reported by Korczynska et al. in which

a fragment library was docked into the higdsolution KDM4A structure. Two of the
most interesting compounds;carboxypyridine and -‘aminosalicilate, that docked in
distinct but overlapping orientation wezkosen and linked in order to create a new potent
scaffold containing a carboxyyridine and a phenol moieties. The new fragment were
further derivatized and optimized to obtain compout with a Ki=43nM and
ICs0=0.064mM on KDM4C %

1 Metal cofactor disruptors

Disruption of iron and zinc ions is another suitable strategy to inhibit KDNbuctural

study revealed that the Zn (Il) binding site (His220, Cys234, Cys306 and Cys308) is
located very close to the catalytic domain and the substeatgnition residues (Lys241,
Arg309) in KDMA4A playing a key role in substrate positioning prodesghermore it is

not present in other-@G-dependent oxygenase. Ziefection compounds, including
disulfiram @2) and ebseler2@), could locally release the metal ion and inhibit KDM4A
activity with 1Cs0=3 nM and 10.6nM. Although this strategy can beuitable for
development of selective KDM4 inhibitors, there are a large number of human proteins
containing zinc ion, therefore the selectivity of metal cofactor disruptors requires further

investigation$®
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1 Histone substrate competitive inhibitors
Truncated or modified substrate peptides were designed with the aim to develop substrate
mimics inhibitors,. In this context, truncated H3K9me3 substrate -HI8JKmes was
identified and showed affinity to KDM4A with ik121mM and Kea=0.01 mint.%’
Moreover, several methysine histone substrate mimics have been developed by
introducing a metathelated moiety, such as uracil group, carboxylate group or oxalyl
acid group, leading to compoung4, 25, and26.°"-%8
JIB-04 (compoun@?7) is one of thdirst reported KDM4 inhibitor that seems to act with
mixed-mechanism of action, asQG mimic and in part as histone substrate competitors.
JIB-04 inhibits selectively KDM4AKDM4B, KDM4C not affecting the activity of other
2-OG dependent enzymes and reducancer growth in vitro and in vivo in JB! treated
mice?® Furthermore structural data and docking studies indicates thdi4JiBeracts
with Lys241 and Tyrl77 through hydrogen bonds, thus disrupting the bindingasfdD
the substrate in the binding sH¥.
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Figure 6. Structures of 20G cofactor mimics with metathelated moiety
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CHAPTER 3

Design and synthesis of N-substituted-2-oxo-1,2-
dihydroquinoline -4-carboxamide derivatives

Computer aided drug design is one of the most promising sestiegexpedite the
development of new therapeutics. In the last decade computational methodologies and
high-performance computational resources were subjected to a rapid advancement,
speedingup the drug discovery process. To date, a multitudie sifico tools have been
developed and have proven to be a useful method to quickly discover new bioactive hits
specially in the early phases of drug discovery. In particular, due to the exploitation of
3D protein structure crystallography, structbeesed virtual @eening (SBVS) has
emerged as powerful and convenient tool to identify novel hit and lead compounds. The
virtual library screening is a valid approach that allows prompt access to millions of
compounds which can be purchased and tested.

The recent availality of multiple crystal structures of KDM4A protein prompted us to
employ a SBVS approach. Therefore in order to identify small molecules with potential
inhibitory activity on KDM4A, a virtual screening campaign was performed with
commercially availablevirtual library. Standard precision algorithm for molecular
docking in GLIDE was used and, after visual inspection, thedoged 32 compounds

were selected for biological assay. The primary assay was performed by Professor
Al tucci 6s t e anPreaidion Mesipiree roft Umieersity Lwogi Vanvitelli of
Naples.

The assays results showealif potential hits: RIM141, RIM145, RIM148, RIM149.
(Figurel)
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Figure 1. Structures of primary actives identified from the first virtual screening.

Among then, RIM145 (methyl (2o0xo-1,2-dihydroquinoline4-carbonyl)glycinate)
showed a relevant inhibitory activity with IC50 of 27,88 uM.(Fig2ire

IC50
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Figure 2. Doseresponse curves of compound 145 inhibition with IC50 value.
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3.1 Docking studies

In order to further investigate the RIM145 binding pose, docking studies were performed
also in extra precision (XP) mode and compared with those of the previous virtual
screening in standard precision (SP) mode. In the first virtual screening, theqatedict
binding mode of compound 145 revealed that the carbonyl group and the nitrogen atom
of the quinolin-2(1H)-one core binds the Lys206 and Tyrl32 residues, respectively,
through a Hbond network, occupying the protein pocket in which is normally
accommodied the natural cofactor-QG. Furthermore, the compound side chain
establishes key interactions with the protein. Indeed, the cationic zinc ion interacts with
the carbonyl group of the side chain amide, whereas the nitrogen atom of the side chain
amide fams a hydrogen bond with residue Tyr177, which also establiphestacking
interaction with theyridin-2(1H)-onescaffold (Figure3A).

In the binding pose retrieved from XP docking performance (FigBje the residue
Asnl198 replaces Lys206 in the hydrogen bond with the carbonyl group oditiain-
2(1H)-onemoiety and the residue Ser288 substitutes Tyrl177 is actingbas¢iacceptor.

The binding poses retrieved from XP and SP docking were superimposed, maintaining a
similar orientation and interactions pattern (Fig8€. Overall, compound 145 binding

mode, elucidated by this study, is consistent with the critical interactions émgmigon

reported in the literature.

LYN
206

55



Figure 3. Binding poses compound 145, shown in green, in KDM4A protein (PDB ID:
5F32) A) Pose of compound RIM145 identified in the initial docking screens in SP mode
and corresponding 2D ligandrotein interactions. B) Pose of the compound 145
retrieved from docking in XP mode and corresponding ligaradein interactions. C)
Superimposition of the two predicted compound 145 poses. The overlay shows that in

both docking performance the molecule comiation is maintained.
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3.2 Molecular dynamics

To investigate the complex stability and explore further potential key interactions, 50 ns
molecular dynamics (MD) simulation was subsequently performed. Themeat

square deviation (RMSD) plot graphs indicated that the system was stable. During the
simulation small fluctuations were identified and only in the last part of the simulation
medium fluctuations of around 1A were reported. Analysing the simulation it can be
deducted that compound 145 conformation was stable and the pattern interaction was
conparable with the one retrieved from docking experiment. THaohtl networks
between thepyridin-2(1H)-one moiety with Tyrl32 and Lys206 residues were
maintained consistently, whereas the nitrogen of the amide group in the compound side
chain formed two Kbond with Ser288 and Asn198 via mediating water molecules.
Furthermore, the simulation highlighted that the zinc ion is strongly bound in a bidentate
manner. Indeed, it has been elucidated that both carbonyl groups in the compound side
chain are involved ithe chelation of the metal inside the binding pockae utility of

using dynamic technics aims at exploring different ligand conformations inside the
binding site, identifying all the ligangrotein interactions, otherwise hidden in a static
moleculardocking study. The structural information retrieved from MD simulation and

XP docking provided guidance for hit optimization strategy.
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PHE 0%— 226
185 H
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2 o AN e Ne !
l H ; 0.4
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@ Charged (posttive) Polar e Pi-Pistacking Solvent exposure

Figure 4. Ligand-Protein interaction diagram from MD simulationA detailed diagram
of ligand atominteraction with protein residues and division of protkgand contacts

into four cluster.
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3.3 Virtual combinational library

Recent studies about KDMA4A inhibitors in the literature showed that the interactions with

Tyrl32 and Lys206 residues togethathwhe metal ion binding are crucial features for

protein inhibition. With the aim of validating and expanding the hit family and optimize

compound RIM145 activity, it was decided to maintain tpgnolin-2(1H)-one central

core and substitute thepbsiion side chain, in order to identify other potent zinc binder

groups and to explore the pocket beside the interaction site of the natural cofactor.

Therefore a virtual combinational library was created. In particular, it was decided to

pursue two strategse (Schemd) Firstly, starting from the consideration that compound

145 side chain is a glycinmethyl ester, this moiety was strategically changed with other

natural amino acid groups, in order to design new analogues and to generate a possible

structureact i vity rel ationshi p CoShkxd&grial libtdry i n g M

enumeration a combinatori al

| i b quanolin2(1k-are

creat

central core was merged with different amino acids, generating all the possible

combinations. Furthemore, a second strategy was based on the design of another

combinatorial library in which, this time, the side chain was substituted with several zinc

binding groupsThe ZBG swapping is a common approach in molecular design to identify

novel inhibitors tlat are able to interact with the zinc in the target protein. In addition,

the ZBGs are characterized by different physicochemical properties, thus the ZBG

replacement may be also useful to change and significantly improve the properties of the

moleculel’3

HN o) / o

Scheme 1. Hit optimization strategy

Zn_Binders_Group
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The second library was created using the-kmetvn zinc binding groups (ZBGs) in the
literature. Kawai et al. published an analysis of zinc binding groups present in protein
data bank (PDBY}.In this study, using corystal structures in the PDB, the most common
ZBGs were identified by calculating the distance between the zinc ion and the functional
group of the ligand. Analysg all the metaligand interactions, it was found that the few
heteroatoms, including oxygen, nitrogen and sulphur atoms are able to interact directly
with zinc ion and that an ideal distance exists between the heteroatoms and the metal
ion*5

In order to obtain an up-date list of ZBGs, it was done axpdoration of the structures

of most recent welknown inhibitors of proteins with a metal ion inside their binding site

such as, HDAC or metalloproteinase inhibit&r.

Figure 5. Example of frequently found ZBGs taken into account in our enumerate

library
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The enumerated virtual libraries created were screened on the docking model used in the
first screening campaign and the best compounds, in terms of pose and docking score,
were selected to be synthesized (Tdble

The best compounds, resulted from théuwal screening of the combinatorial library with

the amino acid group, were those containing Alanine, Leucine and Proline side chains.
Furthermore, it was decided to synthesize the new compounds using both enantiomers (
D and-L) either capped as the mgthester of the amino acid or with the terminal
carboxylic group, considering that the carboxylic group is a-kvelwn strong metal
binding group and could contribute to the binding with the zinc ion. Indeed, as can be
seen in Table 1, the best resultsenms of docking score for the derivatives with the
terminal carboxylic group supported the assumption that this group may contribute to
improve the activity of these compounds. Whereas, the pyrazole, the oxazole and
benzimidazole moiety were chosen asG&8replacing the methyl ester glycine in the

starting compound side chain.

_ Docking
Title 3D pose 2D pose RO5
score

RIMJL1 -8.195 0

RIMJL2 -6.610 0
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RIMJL3

RIMJL4

RIMJL7

RIMJL8

RIMJL9

-6.156 0
-6.203 0
-7.00 0
-9.836 0
-10.155 |0
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RIMJL10

RIMJL11

RIMJL12

RIMJL33

RIMJL36

-10.155 |0
-10.548 |0
O
-9.715 0
-6.655 0
\ -6.266 0
A\,
)1
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by
B3

RIMJL41 / -6.644 0

Table 1. Binding pose of compounds that were chosen to be synthesized (PDB ID:
5F32) and their corresponding ligangrotein 2D interactions. The docking score and

Rule of five values are also indicated.

3.4 Chemistry

Synthesis of theN-substitutee?-oxo-1,2-dihydroquinoline4-carboxamide derivatives
3af was achieved by EDCI/HOBhediated coupling of commercially availabl®®o-
1,2-dihydroquinoline4-carboxylic acidl with amino acid methyl ester derivativesf
(Scheme?). This proedure has been frequently reported, for example for the synthesis
of N-(4-(pyridine-2-yl)thiazol2-yl)benzamides$. In addition to the new compounds
designed, in order to validate the primary biological results and confirm its assigned

chamical structure, compound 145 (compound 3a) waynthesized (TabB.

0]
H
HO 0] 0) N
R! w)‘\RQ
EDC R
X R2 HOBt X
LITAY
2 DMF
N o N o]
H H
1 f

(0]
2 a-f 3a-

Scheme 2. Reagent and conditions: EDCGICI, 1-hydroxybenzotriazole, DMF, room

temperature, 2h.
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Compound | R? R? Yield
3° -H -OCHs 70%
3b -L-CHs -OCHs 60%
3c -D-CHs -OCHs 80%
(0]
3d OH -OCHs 60%
M,
(o]
3e Yﬁ)‘\w _OCHs 85%
NH
SJJ‘
3f -H- -NH2 85%

Table 2. Structure of MNsubstituted2-oxo-1,2-dihydroquinoline-4-carboxamide
derivatives synthesized merging the -@o-1,2-dihydroquinoline-4-carboxylic acid

scaffold with the selected amino acid groups and the yield achieved.

Subsequently, thmethyl (2oxo-1,2-dihydroquinoline4-carbonyl) derivative8a-ewere
hydrolysed using an excesdlitiium hydroxide, affording the corresponding compounds

da-e (Schemes).
o)

o s
O/
=Y LIOH
X
THF/ H,O
(6]

3 a-e 4 a-e

Iz

Scheme 3. Reagent and conditions: lithium hydroxide, THF, room temperatuw2h 1
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Compound R! Yield
40 _H 70%
4b -L-CHs 70%
4c -D-CHs 60%
(0]
4d MOH 80%
NH
N
(o]
4e OH 65%
N,

Table 3. Structure of (2xo-1,2-dihydroquinoline-4-carbonyl) derivatives synthesized

and the yield achieved.

Furthermore, the EDCI/HOBnediated coupling was also employed to afford

compound$ba-c (Schemed).

HO (0] o R
EDC
X
+ R HOBt . AN
HN-ZBG DMF
N ° N o
1 Sa-c

Scheme 4. Reagent andonditions: EDCI, Xhydroxybenzotriazole, DMF, room

temperature, 2h.
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Compound R Yield

5° ", \/NIKX 40%

Sb HN 30%

N=—
5¢ thly 40%

Table 4. Structure of Nsubstituted2-oxo-1,2-dihydroquinoline-4-carboxamide

derivatives synthesized merging theofo-1,2-dihydroquinoline-4-carboxylic acid

scaffold with the selected zinc binders and the yield achieved.

Unfortunately, thesynthesized compounds did not show good results in a enzymatic

assay. All the compounds tested at® reported an inhibition rate under 20%.
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3.5Material and methods

Molecular Docking workflow

1 Protein preparation:
The crystabtructure of the protein KDM4A in complex with a ligand with PDB ID: 5F32,
and resolution of 2,05 A, was chosen from the Protein Data Bank {PDB}he setup
of our model. The protein was prepared ustngtein Preparation Wizard*! a tool from
Schrodinger software addjnbond orders and hydrogens to the crystal structure and
deleting waters beyond 5.00 Bpik was used to generate het states at pH 7.4 + 0.2 and
then the protonation state of the protein and the ligand were optimizedRusipiga at
pH 7.4.1213

1 Docking grid generation:
The docking grid was generated us@lide software 14 The scaling factor was set at 1.0
A with a partial charge cwdff of 0.25, and the ligand was chosen to define the grid

centroid.

1 Ligands preparation:
LigPrep a tool of MAESTRO software, was employed to prepare the ligands. OPLS3e
was used as force field aimhizergenerated all the possible states at pH: 7.0 + 0.2. Desalt
and generate tautomers were flagged on, the chiralities were retaidegt most 32

conformers per ligand were generated.

1 Ligands docking:
Molecular docking was carried out usit@lide softwaré* released by Schrodinger
(release X). The simulation was performed both in standard precision (SP) and extra
precision (XP) using OPLS3e as force fieftiThe ligands were considered as flexible,
and Epik state penalties were included to docking score. The van der Waals (vdW) radii
scaling factor was set as 0.8, with a partial charge cut off by 0.15. The searchirtgralgori
on our model was tested using a cognate docking of Hueystallized ligand, and we
obtained an RMSD value of 0.578.
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Molecular dynamics

The dynamics simulations were run for 50 ns using DESMONIDd OPLS3e as force
field.1517. The systems stability was evaluated checking the RMSD values of the aligned
protein and ligand coordinate set calculadgainst the initial frame. The systems were
built solvating the complex proteiigand in orthorhombic boxes using the TIP3P water
model. Then the box volumes were minimized and equilibrated at the temperature of 300
K and at 1.01325 bar pressure, and N#isemble was used. In order to analyze MD
simulations, we usesimulation interactions diagrarthat reported the graph of RMSD

and RMSF values both for ligands and pratethe protein secondary structure changes,
ligand-protein interactions, including #onds, hydrophobic, ionic, and watatdge

contacts and the ligand torsion and properties.

Virtual combinatorial library

Firstly, the zinc binders group were prepamgging Reagent Preparatiora tool of
MAESTRO. The ZBGs structures were designed and used to create functional groups.
Then, the functional groups were ionizepét: 7.0 £ 0.2 and tautomers were generated.
Furthermore, 10 stereoisomers and 1 -Ewergy confamation for reagent were
generated. Then, the combinatorial libraries were generated employing the tool
Combinatorial Library Enumerationincorporating the reagents list previously created.
(Schrodinger Release 2020 CombiGlide, Schrddinger, LLC, Nework, NY, 2020)

Chemistry

Commercially available starting materials, reagents, and anhydrous solvents were used

as supplied. Flash column chromatography was performed using Merck silica gel 60
(0.02517T0.04 mm) . Thin | ayer Bbérak Miipoteogr ap h
TLC silica gel 60 F254 sheets and visualized by UV (254 and 356 nm) iodine, and
KmnQOea.

General procedure 1:A solution of the starting materia;oxo-1,2-dihydroquinoline
4-carboxylic acid (1 equivin anhydrous DMF (3 ml) was cooled at 0°C, treated with
EDCI hydrochloride (2 equiv) and-Hydroxybenzotriazole hydrate (2 equiv) and was
stirred for 30 minutes. Then, the amine (1,5 equiv) and DIREZq(iv) were added and
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the reaction mixture was stirred at room temperature for 1 or 2 h. After completion, the
mixture was quenched with water, extracted with Ethyl acetate, dried wiBNand

concentrated in vacuo.

Methyl (2oxo-1,2-dihydroquinolire-4-carbonyl)glycinatg3a):

According to general procedure }pfo-1,2-dihydroquinoline4-carboxylic acid (0.150

g, 0,79 mmol) and Glycine methyl ester hydrochloride (0.152 g, 1.20 mmol) were
dissolved in DMF. After completion, the mixture was quenchdth water (12 ml)
extracted with ethyl acetatdried with NacSQs and concentrated in vacuo. The crude
obtained was washed with diethyl ether in order to provide a pure white solid. (0.145 g,
70%)

IH NMR (200 MHz, DMSO) 11.99 (s, 1H), 9.24 (1 = 5.9 Hz, 1H), 7.80 (dJ = 8.2

Hz, 1H), 7.62 7.50 (m, 1H), 7.35 (d] = 8.2 Hz, 1H), 7.22 () = 7.5 Hz, 1H), 6.51 (s,

1H), 4.06 (dJ = 5.9 Hz, 2H), 3.71 (s, 3H).

methyl (20xo-1,2-dihydroquinoline4-carbonyl}L-alaninate(3b)

According to general procedure }pf0o-1,2-dihydroquinoline4-carboxylic acid (0.150

g, 0,79 mmol) and {Alanine methyl ester hydrochloride (0.167 g, 1.20 mmol) were
dissolved in DMF. After completion the mixture was quenched with water extracted with
ethyl acetatedried with N&eSQw and concentrated in vacuo to provide the product as
white solid. (0.132 g, 60%)

HNMR (200 MHz, DMSO) u 11.98 (s, 1H), 9.21
1.3 Hz, 1H), 7.61 7.48 (m, 1H), 7.35 (d, J = 8.1 Hz, 1H)2%1 7.16 (m, 1H), 6.50 (d,
J=1.4Hz, 1H),4.51 (d, J =7.1 Hz, 1H), 3.71 (s, 3H), 1.38 (d, J = 7.3 Hz, 3H).

13C NMR (201 MHz, DMSO)i 172.81, 165.97, 161.30, 145.94, 139.24, 131.01, 125.98,
122.17,119.82, 116.23, 115.71, 52.18, 48.11, 16.54.

methyl @-oxo-1,2-dihydroquinoline4-carbonyl}D-alaninate(3c)
According to general procedure 1pfo-1,2-dihydroquinoline4-carboxylic acid (0.150
g, 0,79 mmol) and BAlanine methyl ester hydrochloride (0.167 g, 1.20 mmol) were

dissolved in DMF. After completion the mixture was diluted with water extracted with
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ethyl acetatedried with N&eSQw and concentrated in vacuo to provide the product as
white solid.(0.180 g, 80%)

IH NMR (200 MHz, DMSO)ti 11.98 (s, 1H), 9.21 (dl = 6.8 Hz, 1H), 7.75 (d]= 7.9

Hz, 1H), 7.601 7.47 (m, 1H), 7.35 (d] = 8.0 Hz, 1H), 7.22 ()= 7.4 Hz, 1H), 6.50 (s,
1H), 4.49 (tJ= 7.1 Hz, 1H), 3.71 (s, 3H), 1.38 (dbk 7.4, 3.0 Hz, 3H).

3C NMR (201 MHz, DMSO)i172.81, 165.97, 161.30, 145.94, 139.24, 131.01, 125.98,
122.17,119.82, 116.23, 115.71, 52.18, 48.11, 16.54

methyl (2oxo-1,2-dihydroquinoline4-carbonyl}L-prolinate (3d)

According to general procedure 1pR0-1,2-dihydroquinoline4-carboxylic acid @.150

g, 0,79 mmol) and {Proline methyl ester hydrochloride (0.2 g, 1.20 mmol) were
dissolved in DMFAfter completion the mixture was diluted with water extracted with
ethyl acetatedried with N&eSQs and concentrated in vacuo. The crude product was
purified by silica gel column chromatography eluting with 2%6MeOH in DCM to provide
the title compound as a white sol{@.140 g, 60%)

H NMR (200 MHz, DMSO)i 11.98 (s, 1H), 7.71 7.47 (m, 2H), 7.36 (d] = 8.0 Hz,
1H), 7.23 (tJ= 7.7 Hz, 1H), 6.44 (s, 1H), 4.58 (dil= 8.9, 4.3 Hz, 1H), 3.74 (s, 3H),
2.31 (ddJ=12.0, 7.6 Hz, 2H), 2.021.78 (m, 4H).

13C NMR (201 MHz, DMSO)i172.27, 164.96, 161.43, 146.82, 139.49, 131.38, 125.44,
122.57,118.48, 115.98, 115.68, 58.27, 5248B/47, 29.15, 24.57

methyl (20xo-1,2-dihydroquinoline4-carbonyl)D-leucinate(3e)

According to general procedure }pf0o-1,2-dihydroquinoline4-carboxylic acid (0.150

g, 0,79 mmol) and 1Leucine methyl ester hydrochloride (0.218 g, 1.20 mmol) were
dissolved in DMF. After completion the mixture was quenched with water extracted with
ethyl acetate,dried with N&eSQs and concentrated in vacuo. The crude product was
purified by silica gel column chromatography eluting with 5%MeOH in DCM to provide
the title compound as white powder. (0.215 g, 85%)

HNMR (200 MHz, DMSO) 18(d,127.40H, 1)s7,71 (ddH)=,8.2,9 .
1.3 Hz, 1H), 7.65 7.47 (m, 1H), 7.37 (d, J = 8.1 Hz, 1H), 713@.15 (m, 1H), 6.48 (d,

J = 1.3 Hz, 1H), 4.58 4.42 (m, 1H), 3.71 (s, 3H), 1.69 (q, J = 8.4 Hz, 2H), 1.26 (d, J =
7.1 Hz, 1H), 0.93 (d, J = 6.0 H&H).
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13C NMR (201 MHz, DMSO)i 173.09, 166.67, 161.71, 146.36, 139.61, 131.46, 126.22,
122.65, 120.18, 116.59, 116.17, 52.60, 51.18, 24.95, 23.23, 21.57.

N-(2-aminc2-oxoethyl)2-oxo-1,2-dihydroquinoline4-carboxamidg 3f)

According to general procedure xpf0-1,2-dihydroquinoline4-carboxylic acid (0.150

g, 0,79 mmol) and-2minoacetamide (0.133 g, 1.20 mmol) were dissolved in DMF. After
completion the mixture was quenched with water and extracted with ethyl adetate,
with NaeSQu and concentrated in vacuo to provide the product as white solid. (0.172 g,
85%)

IHNMR (200 MHz, DMSO) & 11.95776¢m, 1H),A57, 8.

7.08 (m, 5H), 6.62 (s, 1H), 3.83 (d, J = 6.0 Hz, 2H).
13C NMR (201 MHz, DMSO)i 170.71, 166.59, 161.68, 146.48, 139.51, 131.14, 126.65,
122.29, 120.23, 116.57, 115.87, 42.32.

N-(oxazot2-ylmethyl}2-oxo-1,2-dihydroquinolined-carboxamidg5a)

According to general procedure }pf0o-1,2-dihydroquinoline4-carboxylic acid (0.150

mg, 0,79 mmol) and oxazelmethanamine (0.12 mg, 1.20 mmol) were dissolved in
DMF. After completion the mixture was diluted with water extracted with ethyl acetate,
dried withNa&SQsand concentrated in vacuo to provide the product as white solid. (0.08
g, 40%)

'H NMR (800 MHz, DMSO)Ui 11.94 (s, 1H), 9.30 (= 5.7 Hz, 1H), 8.34 (s, 1H), 7.67
(dd,J= 8.1, 1.4 Hz, 1H), 7.54 (ddd= 8.4, 7.2, 1.4 Hz, 1H), 7.35 (dd= 8.3, 1.2 Hz,

1H), 7.20 (dddJ= 8.2, 7.2, 1.2 Hz, 1H), 7.12 (s, 1H), 6.53Jd, 1.8 Hz, 1H), 4.57 (dd,
J=5.8, 1.0 Hz, 2H).

13C NMR (201 MHz, DMSO)i166.13, 161.47, 152.07, 149.19, 145.97, 139.53, 131.21,
126.05 123.79, 122.39, 120.26, 116.33, 115.99, 33.90.

4-(1H-benzo[d]imidazolel-carbonyl)quinolin2(1H)-one(5b)
According to general procedure 1pfo-1,2-dihydroquinoline4-carboxylic acid (0.150
g, 0,79 mmol) and benzimidazole (0.142 g, 1.20 mmol) wesoldisd in DMF.. After

completion the mixture was diluted with water extracted with ethyl acetagsl with
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NaSQsand concentrated in vacuo. The residue was crystallized with EtOH to provide
the pure product as white solid. (0.068 g, 30%)

H NMR (800 MHz, DMSO)i12.16 (s, 1H), 8.65 (s, 1H), 8.29 (t; 8.0 Hz, 1H), 7.82
(d,J=7.9 Hz, 1H), 7.59 (ddd1= 8.4, 7.1, 1.3 Hz, 1H), 7.53 (td= 7.7, 1.2 Hz, 1H),
7.50i 7.46 (m, 2H), 7.44 7.42 (m, 1H), 7.17 (ddd= 8.2, 7.1, 1.2 Hz, 1H), 7.08J

= 1.9 Hz, 1H).

13C NMR (201 MHz, DMSO)i 164.61, 161.05, 144.85, 144.42, 142.55, 139.87, 131.68,
131.58, 126.13, 125.89, 125.35, 123.21, 122.76, 120.61, 116.26, 115.98, 115.80.

4-(1H-pyrazolel-carbonylgyuinolin-2(1H)-one(5c)

According to general procedure 1p20-1,2-dihydroquinoline4-carboxylic acid (0.150

mg, 0,79 mmol) and pyrazole (81.69 mg, 1.20 mmol) were reacted in DMF. After
completion the mixture was diluted with water extracted with ethyl acetagsl with
NaSQu and concentrated in vacuo to provide the product as white solid. (0.075 g, 40%)
'H NMR (800 MHz, DMSO)i12.13 (s, 1H), 8.66 (d,= 3.0 Hz, 1H), 7.91 (s, 1H), 7.56
(ddd,J = 8.3, 7.2, 1.4 Hz, 1H), 7.40 (dd= 8.4, 1.2 Hz, 1H), 7.25 (dd,= 8.1, 1.4 Hz,

1H), 7.15 (dddJ = 8.1, 7.1, 1.2 Hz, 1H), 6.82 (d= 1.9 Hz, 1H), 6.76 (dd]= 3.0, 1.4

Hz, 1H).

13C NMR (201 MHz, DMSO)i 164.85, 160.91, 146.36, 143.57, 139.23, 131.46, 130.52,
125.33, 122.73, 122.15, 116.18, 116.15, 111.69.

General procedure 2:

Lithium hydroxide (3 equiv) was added to a solution of the SM (1 equiv) in 1:1
THF/H20O.The reaction was stirred at RT for 1 h. After completion, the reaction mixture
was neutralized with 6N aq HCI and extracted with EtOAc. The organic |sgedvied

with NaeSQs and concentrated in vacuo.

(2-oxo-1,2-dihydroquinoline4-carbonyl)glycing4a)
According to general procedure 2, methyl -of-1,2-dihydroquinoline4-
carbonyl)glycinate (100 mg, 0.38 mmol) and LiOH (27.6 mg, 1.15 mmol) were reacted.

Then, the reaction mixture was neutralized with 6N ag HCI and extracted with EtOAc.
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The organic layewas dried with Ne&SQs and concentrated in vacuo, providing the title
compound as white solid. (0.68 g, 70%)

H NMR (200 MHz, DMSOYi 12.79 (s, 1H), 11.98 (s, 1H), 9.13J& 5.9 Hz, 1H), 7.82
(dd,J=8.1, 1.4 Hz, 1H), 7.54 (ddd= 8.5, 7.1, 1.5 Hz, 1} 7.44i 7.30 (m, 1H), 7.20
(ddd,J=8.2, 7.1, 1.2 Hz, 1H), 6.50 (s, 1H), 3.95J¢;, 6.0 Hz, 2H).

13C NMR (201 MHz, DMSO)i 170.87, 166.43, 161.34, 146.17, 139.19, 131.02, 126.11,
122.14, 119.65, 116.19, 115.68, 40.95.

(2-oxo-1,2-dihydroquinolined-carbonyl}L-alanine(4b)

According to general procedure 2, methylof@-1,2-dihydroquinoline4-carbonyl}L -
alaninate (100 mg, 86 mmol) and LiOH (26.2 mg, 1.09 mmol) were reacted. Then, the
reaction mixture was neutralized with 6N agq HCI and extracted with EtOAc. The organic
layer was dried with N&Qu and concentrated in vacuo, providing the title compound as
white solid. (0.66 g70%)

'H NMR (200 MHz, DMSO)Ui 12.73 (s, 1H), 11.96 (s, 1H), 9.07 @5 7.0 Hz, 1H),
7.77 (ddJ=8.1, 1.4 Hz, 1H), 7.59 7.46 (m, 1H), 7.44 7.28 (m, 1H), 7.25 7.09 (m,

1H), 6.49 (s, 1H), 4.40 (3,= 7.1 Hz, 1H), 1.37 (d]= 7.3 Hz, 3H).

13C NMR (201 MHz, DMSO)i173.81, 165.86, 161.31, 146.12, 139.22, 130.93, 126.09,
122.06, 119.78, 116.28, 115.65, 48.04, 16.65.

(2-oxo-1,2-dihydroquinoline4-carbonyl}D-alanine (4c)

According to general procedure 2, methyof@-1,2-dihydroquinoline4-carbaoyl)-D-
alaninate (100 mg, 0.36 mmol) and LiOH (26.2 mg, 1.09 mmol) were reacted. Then, the
reaction mixture was neutralized with 6N ag HCI and extracted with EtOAc. The organic
layer was dried with N&Os and concentrated in vacuo, providing the title coomm as
white solid. (0.58 g, 60%)

'H NMR (200 MHz, DMSO)Ui 12.74 (s, 1H), 11.97 (s, 1H), 9.08 5 7.1 Hz, 1H),

7.78 (ddJ=8.1, 1.4 Hz, 1H), 7.54 (ddd,= 8.4, 7.0, 1.4 Hz, 1H), 7.35 (d= 8.1 Hz,

1H), 7.30i 7.12 (m, 1H), 6.49 (s, 1H), 4.524.32 (m, 1H), 1.37 (d]= 7.3 Hz, 3H).

13C NMR (201 MHz, DMSO)i172.97, 166.16, 161.53, 146.14, 139.30, 131.21, 126.09,
122.40, 119.84, 116.37, 115.88, 48.28, 16.64.
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(2-oxo-1,2-dihydroquinoline4-carbonyl)}D-leucine(4d)

According to general procedure 2, methyofd-1,2-dihydroquinoline4-carbonyl}D-

leucinate (100 mg, 0.28 mmol) and LIOH (20.36 mg, 0.85 mmol) were reacted. Then, the
reaction mixture was neutralized with 6N aq HCI and extrastdtdEtOAC. The organic

layer was dried with N&Qs and concentrated in vacuo, providing the title compound as
white solid. (0.75 g, 80%)

IHNMR( 200 MHz, DMS O) a 12.68 (s, 1H) ,11. 98
(dd, J = 8.2, 1.3 Hz, 1H), 7.657.47 (m, 1H), 7.37 (d, J = 8.1 Hz, 1H), 713@.15 (m,

1H), 6.48 (d, J = 1.3 Hz, 1H), 4.584.42 (m, 1H), 1.69 (q, J = 8.4 Hz, 2H), 1.26 (d, J =

7.1 Hz, 1H), 0.93 (d, J = 6.0 Hz, 6H).

(2-oxo-1,2-dihydroquinoline4-carbonyl}L-proline (4e)

According to general procedure 2, methyof@-1,2-dihydroquinolined-carbonyl}L -
prolinate (100 mg, 0.297 mmol) and LiOH (21.33 mg, 0.89 mmol) were reacted. Then,
the reaction mixture was neutra with 6N aq HCI and extracted with EtOAc. The
organic layer was dried with M&Q: and concentrated in vacuo, providing the title
compound as white solid. (0.60 g, 65%)

IH NMR (200 MHz, DMSO)ii 12.20 (s, 1H), 11.98 (s, 1H), 7.717.47 (m, 2H), 7.36
(d,J=8.0 Hz, 1H), 7.23 (t) = 7.7 Hz, 1H), 6.44 (s, 1H), 4.58 (dilz 8.9, 4.3 Hz, 1H),

2.31 (ddJ=12.0, 7.6 Hz, 2H), 2.0 1.78 (m, 4H).

Biochemical assay
Assay was performed using a homogeneoustaselved fluorescence resonance energy

transfer (TRFRET, EpiGeneticshttps://www.cisbio.eu/media/asset/l/stitsjmjd2c-

histoneh3k9-monademethylatiorme3me?2.pdj.

The principle of the assay relies on a g@imm cryptatelabelled antibody specific to the
substratebs methylation state and a strep
the substrate biotinylated peptide. When the donor europium chelate is excited at 320 nm,
energy in the form of FRET eiis fluorescence emission at 665 nm from the nearby
streptavidintagged acceptor. HTRF signal is proportional to the concentration of

demethylated H3(R1) lysine 9 timethylated peptide.
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The assay run in two steps: enzymatic reaction and detectiom&ptnditions for both

steps were determined with manual experiments considering: time and temperature of
incubation, substrate and DMSO concentration, purity of reagents, plates format.

Kdm4 enzyme concentration was set at 400 nm in buaéiestituted by: Bovine Serum

Albumin 0.01 % (BSA EMD Millipore 3458509), HEPES 50nM (EuroClone
ECMO0180D), Tween20 0,01 % (Sigma Aldrich P2287) and deionized water (Sigma

Al drich 38796). Enzyme subst KetdglataricAcdncent r
Monopotassium (DG, Sigma Aldrich K2000) and 300 nm for Histone H2{) lysine

9 tri-methylated biotinylated peptide (AnaSpec-8&360). 5uM Ammonium iron (Il)

sulfate hexehydrate (Sigma Aldrich 215406) and 1mM of Sodium ascorbate (Sigma
Aldrich 1140) wee added as efactors.

16 ¢L of compounds were incubated for 1 h
16 ¢eL of substrates solution in | area 9
Dimethyl sulfoxide (DMSO Sigm&ldrich D58791) final concenation was 1 %.

40 ¢l of antibodies sol utEuls6lKBCKAE Bnido Bi o
Streptavidin XL1-:665 Cisbio Bioassays 610SAXLA, in detection buffer 62SDBRDD)

were added to each well and incubated o. night at 20 °C. Fluorescence was meiéisured

a TECAN Spark teeool M-200 reader (Mannedorf, Switzerland), excitation wavelength

of 320 nm and emission wavelength of 620 and 665 Aatomation was performed

using Bravo (Agilent) platform. Robustnes:
determination over 3 kinds of experiments: evaluation of max, min and mid signal by

using 2,4pyridinedicarboxylic acid monohydrate (2ZROCA, Sigma Aldrich P63395) at

I C100 (10eM), | C50 (50 nM)-response clive witk ; eva
references @mpounds (PDCA and ihouse); evaluation of singl#gose experiments
reproducibility. Dose response curves were performed by addressing 10 point of 1. 3

compound dilutions, departing from 100 ¢ M.
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CHAPTER 4

A Fragment-Based Approach to Identify and Optimize
KDMA4A inhibitors

4.1 Fragment-Based DrugDiscovery
In the last 20 years, FragmeBased Drug Discovery (FBDD) has emerged as a

successful approach for discovering new drug lead. To date, fradpased pproach

has enabled the discovery of at least eighteen drugs that have entered the clinic, including
PLX4032 and Zelboraf (vemurafenibj, is the latter being the first drug FBsfoproved

based on FBDDH({tp://practicalfragments.blogspot.cgm/

The aim of FBDD is to design more efficient lead candidate starting from a smaller
compound with less complex structure, that can be subsequently expanded ot linked.
Over the past years the most common approach for hit identification has been high
throughput screening, with the possibility to screen several large elifaaries$ during

the hit identification phase. The typical hit compound from HTS screening was a
relatively big molecule with affinity in the low micromolar range with several-non
optimised binding interactions. The rapid advance of technologies, especially in
biophyscal screening, has had a positive impact within important effort on trying to
increase the success rate of the drug discovery process. Unfortunately, the success rate
from HTS of combinatorial libraries has not been as high as exgetfesimentioned,

the issue is due to the fact that the screening collections contains several highly complex
compounds, with large and extensively hydrophobic groups, which are unsuitable to be
used as viable hits and leads in tpimization process towards a clinical candidte.
Indeed, starting from a complex compound likely results in devedop of lead
compounds that do not respect the diikgness parameters, as described by Lipinski
rule'® with consequent solubility and cell permeability issues. In géndfe libraries

are screened at 10 micromolar and sample a relatively largdikieughemical space.

That been said, considering the number of interactions during the recognition process,
these compounds make several unfavourable interactions withoteephus decreasing

the possibility to promote a favourable recognition event and often delivering hits not

suitable to enter lead optimizatidh?
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Moreover, the HTS process is really expensive and time consuming with typical
screening campaign in large pharma costing aroundlibmeuro and lasting about6

12 months between the assay validation and library screehiix million molecules.
According to the fragmestased approach, the discovery begins identifying weak
binding ligands with a relatively simple structure and taolecular weight, that therefore

are called fragment$.One of the many advantages in fragmeased screening is that

the chemical space of fragmesize compound is smaller and then can be searched more
efficiently.*415 Certainly, BDD delivers low affinity (eg., 100 to 1 mM) fragment

hit toward the target compared to a hit from HTS (rM}. In FBDD the affinity has not

been considered as first aspect during drug discovery, because this parameter if often
associated to moleculsize. Indeed, the increment of affinity during optimization phases

is translated in increase of molecular weight, typically by introducing lipophilic groups,
which contribute to hydrophobic effect without the need of specific good interactions
with the taget. 8617t is now recognised that a suitable clinical candidate has to be
characterized by favourable physicochemical propeftiés. fact, to date, the drug
dscovery process is strongloff iimed u,e ntcreat biy
on a statistical analysis of theysicochemical properties of orally bioavailable drugs in
clinical Phase Il. The rule predicts that poor absorption or permeatioorés likely to

occur when there are more than 8bhd donors, 10 Hhond acceptors, the molecular
weight (MW) is greater than 500 and the calculated LoglBg®) is greater than'8:3
Consistently, it was also shown that (ADMET) profile is negatively inflednby
increasing MW and Log P.

In order to avoid the bias discussed above, useful parameters that can be taken into
account are the ligand efficiency scores. The concept of Ligand efficiency (LE) was
developed by Hopkins et al., and correlates the binding affinity with the number of heavy
atoms (norhydrogen atoms), in order to normalize the potency and MW of a
compound?

|

ﬂ —_
(-0G is the free energy of binding and HA is the number ofhyoinogen atom of the

7

ligand)
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The lipophilicity, as discussed above, plays a key role in achieving good ADMET
properties, whih in turn, are crucial in determining the fate of the compounds in vivo.
Hence an additional parameter to consider is the ligiaoghilicity efficiency (LLE) that

evaluates the compound binding affinity related to its lipophilféity.

R 1

Highly lipophilic compounds, tend to decrease their selectivity and therefore LLE
parameter can be used during the design phase to synthesise molecules with higher
potential to be selective compounds.

Overall, LE and LLE hve proven to be useful tools in the selection of lead compounds
and in the optimization process, and have become the most accepted metric for fragment
hit selection. The starting fragment should show a high?I0E3( considering that during
optimization fhases this value may decrease.

Whereas a clinical candidate should follow the Rule of five, a specifically rule was
developed by researchers at Astex, for the fragments, namely the Rule &t fiiased

on the Rule of three a suitable fragment should be characterize8@ Hybond donors¢

3 H-bond acceptors, the molecular weight (M®300 Da, predicted Log P (@yP)¢ 3

and polar surface area (PS#$0A2. The comparison of fragmefike and druglike

properties are summarized in talle

Type of compound Fragmentlike Drug-like
Rule Rule of three Rule of five
MW <300 ¢500
cLogP ¢3 ¢5
H-bond donors ¢3 ¢5
H-bondacceptors ¢3 ¢10
Rotatable bonds ¢3 ¢10
PSA ¢60 ¢110

Table 1. Comparison of fragmerike and druglike compounds
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The fragment hits are generally identified by biophysical screening technologies such as
NMR, X-ray or Surface Plasmon Resonance and are subsequently optimized by a rational
approach carefully adding functionalities to increase binding affinity while aiaing

high LE in order to create a lead compound with improved potency, selectivity,
physicochemical properties and novelty. The main followed approaches in fragments
optimization are merging, linking and growing.

In fragment merging approach, the commstmuctural features from fragments,
substructure or known ligand were combined in order to create a hybrid mafetule.

The second approach involves the identification of fragments that bind adjacent sites in
the protein, that are subsequently linked together to generate new chemical%stities.
Fragment growing method includes the fragment building using the structure coordinates
of the fragment crystallized into protein target. In general, the fragment is grown adding
hydrogen bond donors or acceptors in a particular site on thadragn order to form
possible electrostatic interactions with the proféithe most appropriate fragments

substituents are chosen based on the visual inspection of the locahemmt around

the binding pocket?
N

)

Figurel. Fragment development strategieop: fragment linking, where fragments

g

4%

binding in adjacent regions of the binding site are linked to create a larger, more potent
compound. Middle: fragment fusion, where fragments in overlapping space are
amalgamé#ed to form a larger more potent compound. Bottom: fragment growth, where
rational design is used to grow the core fragment into adjacent regions of the binding
site. The pictur e waBasedrDrug IDiseewtry: fArPmcticali Fr a g
Appr oac hoypEdeatd R Zadler and Michael J. Shapiro and published by Wiley.
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FBDD was employed to discover several new compounds, including KDM4s inhibitors.
Celgeneds story is an exampl e StStatimgfranucces s
a screening of known inhibitors of KDM4, compound 1 was identified (Figur€hen,

the growing of this fragment with the inclusion of tetrahydronaphthalene lead to a more
potent compounds 2 and subsequently 3. Gamg 3 was potent in the enzymatic assay

but due to its carboxylic group, it showed a l@ogD and then poor cellular
permeability. Therefore, it was decided to increase the lipophilicity of the molecule and

was obtained the lead compound QC6352, a potent and active |&mdast and colon

cancer PDX models. This study also highlighted that icasrect to avoid high
lipophilicity of the molecule but also polar functional group could impact

pharmacokinetic (PK) properties.

Ho. o HO. 0 HO. 0 HO. o
oo | ~ X | ~ X | AN . /@
‘ . P N/ N/ T N/ T

Compound 1 Compound 2 Compound 3 QC6352

IC5= 1.4 uM IC55= 0.008 uM IC5= 0.006 uM IC5= 0.035 uM
LE= 0.73 LE= 0.53 LE= 0.49 LE= 0.35
ECs= 4uM ECsp= 0.830 uM EC5= 0.035uM
cLogD= 0.27 cLogD= 2.09

Figure 2. Fragment elaboration by fragment growing.

In order to discover a potent and selective compound active agddgtA, it was

decided to start the lead discovery process adopting the fradpased approach.
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4.2 Virtual fragment library

In order to perform am silico screening, a virtual fragment library was created. In the
literature, there are several variants over the definition of fragments properties. In general,
the most relevant fragment property profile is related to the rule of three. During the
generation ofragment library, such rules for physicochemical properties can be applied
to a list of commercially available compounds, in order to select and purchase the most
suitable fragments. The fragments diversity is an important requisite, especially since
chenical space for fragment compounds is expected to be significantly smaller than the
chemical space of drdike molecules. In general, the fragments show weak potency,
often in the mM range, but during SAR development, increasing their MW the binding
affinity can greatly increas8&Furthermore, it should be considered thatroftal novelty

is not an important condition for the inclusion in the fragments library and during
selection of fragment hits considering the scaffold will be subjected to important
modifications during hit to lead optization. Since it has been notedttlome marketed
drugs shared a substructure with other marketed drugs, it has become common to include
substructure drugs in the fragment libradésndeed, unique composition for patent
protection could be achieved during fragment elaboration ar-fgad optimization

process.

4.2.1Compound selection

In this study, compounds were selected from multiple virtual commercially available
libraries, including Prestwick, Life Chemical, BioAscent, ChemDiv, Asinex,
chemBridge, Discovery Chemistry and Enamine. All the compounds in the libkeries

prepared in terms of conformation and protonation state using LigPrep.

4.2.2Computational Filters

All the compounds in the libraries, after preparation using LigPrep, were further filtered
off of all the Parassay interference compounds (PAIN&J a&eos compounds, to remove

all the species that may lead to false positive due to the intrinsic reactivity or may cause
assay interferencé$. These chemical compounds furthermore tend to react non
specifically with multiple biological targets rather than specifically affecting one desired

target. A molecular weight filter with a value in the range of¢M®/ ¢300 was applied
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and only the compousdwith at least one ring system were considered. In addition, all
the compounds properties were evaluated using quikprop, a Schrodinger tool, and all the
molecules that did not comply the rule of three parameters were discarded. Finally, a

unique virtual fagment library with@250000 compounds was obtained.

4.2.3Fragment Diversity

Diversity metric is an important parameter that should be used to prevent the inclusion of
close analogues in the library. In order to evaluate the struétagahent variability in

our fragment library, according to linear fingerprint, a similarity matrix was created.
Using a sample of fragments, equivalent to 10% of the total, the average value was

calculated, showing a sufficient structural difference infthgment library.

4.3 Virtual screening campaign

The aim of this study was to identify fragment hits active as inhibitor on KDM4A, upon
which apply an optimization strategy to improve potency and physicochemical properties.
The virtual fragment library of 250000 compounds, was employed to perform a virtual
screening campaign characterized by docking and pharmacophore approaches. The
compounds were ranked by their docking and pharmacophore score and the best

compounds, afterasual inspection, were selected to be purchased.

4.3.1Pharmacophore screening

The fragment pharmacophore screening was performed using LigandScout software. The
pharmacophore model was generated using the crystal structure of KDM4A protein in
complexwith an active inhibitor developed by Celgene QC6352 (PDB ID: 5VMP). The
pharmacophore was characterized by five different features, and all of them were
retrieved in the central core of molecule, constituted by carpgrigine moiety,
indicating that itwas a preferred scaffold playing a crucial rmehe binding activity
(Figure3). The pharmacophore was characterized by twmhid acceptor features, one
positional feature in the aromatic pyridine ring, and a metal chelator feature formed by
the nitrogen atom of the pyridine moiety. The screening was performed with 0 and 1

omitted features and the compounds with the bephBirmacophore score were selected.
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These features are consistent with those retrieved in multiple crystal structure of KDM4A

in complex with different inhibitors and also reported as important features in literature.

S

Figure 3. QC6352 pharmacophoreRed arrows: hydrogebond acceptor, yellow
spheres: hydrophobic features, blue rings: aromatic features; red spilegmtive

ionizable feature, blue spike: metal interaction. (PDB ID: 5VMP)

4.3.2Docking screening

In the light of the unsuitable results of the previous virtual screening campaign, a new
model for docking was developed. The crystal structure of KDM4Aepran complex

with Celgene inhibitor (PDB ID: 5VGI) was used to create the docking grid. The
pharmacophore features retrieved were used as constraints, including Ty@8®i H
acceptor, Lys206 Hbond acceptor, positional constraint, and metal chelatadiriyg.

Firstly, the docking screening were performed in Higloughput virtual screening
(HTVS) mode and only the first 10000 best ranked compounds were retrieved in order to
decrease the number of molecules to screen with more precision. The folloveegiisg

was carried out in standard precision (SP) mode and only compounds that matched at
least 2 constraint features were retrieved.

Finally, a consensus approach by merging docking and pharmacophore screening results,
lead to the identification of 28@bmpounds that were purchased to be tested in a primary

biological assay.
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4.4 Fragment screening results and hit series validation

The selected compounds from the virtual fragments screening were tested by conducting
a biochemical assay to evaluate the KDM4A inhibition activity. The Celgene compound
and otherfour known inhibitors were used as positive controls and the compounds were
tested at 257M. From this primary assay eight fragments (Figdyeesulted active,

showing a protein activity inhibitioh 30%

HO (o] (o]
N\
HO~.< Y\H
N—NH
NN
\—/
N
RIMS551 RIMS565 RIMS588 RIMS518
HO (o] HO (o}
; o @ i
=
N X AN N r\{ \ AN
H N=—
CH
— P N 7 Pl
NZ N N SCH, N o
o o]
RIMS503 RIMS570 RIMS554 RIMS585
OH

Figure 4. Structure of primary fragment hits result from the biochemical assay.

4.4.1Series validation andanalogues selection

The first step to validate the hits series was the selection of close analogues of preliminary
active compounds. For each compound, a structural search was run using PubChem
databases. Since analogues should be closely similar to their corresponding start
fragment, for the structural research using PubChem fingerprint, a Tanimoto similarity
coefficient of 0.9 was applied and all the compounds retrieved were filtered by
commercial availability. Then, the analogues were docked and, based on their foses, 4

compounds were selected and purchased.
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4.4.20rthogonal assay Biophysical assay results

In general, during the drug discovery process, an orthogonal assay is necessary to validate
the primary screening results, while in FBDD an available biophyagsay becomes
really crucial?¥3” Indeed, due to the higher sensibilitige biophysical technics are the
preferred screening method that have proved to be decisive for the success of this
approach. Fragment molecules are characterized by low molecular weight and often show
weak interactins. Therefore, the enzymatic assay could fail in detection of fragments
activity or be plagued by high false positive rates, caused by aggregation phendimenon.
Bio-layer interferometry (BLP? and Saturation transfer difference (S¥Dechniques

were used to detect protdigand interactions and ad&value was calculated. (Takik

The primary fragment hits were repurchased, but unfortunately compaiveil8 was

not anymore available and thus it was not possible to test it in the orthogonal assay.
Among the remaining seven compounds, five of them confirmed their activity. In
particular, compoun®IM565 andRIM570 were the most potent molecules showing a
Kpin the low micromolar range. CompouRt#M 585 binding was detected only by STD

method and it required further studies to confirm its potential activity.
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Compound Binding by Binding by
Structure Ko (mV)
RIM BLI STD
(o]
551 164+ 4 Detected Detected
565 9+0.12 Detected Detected
588 64+1.2 Detected Detected
HO (0]
503 N T 33+ 0.6 Detected Detected
N/ N/
HO. O
570 S . 15+ 0.16 Detected Detected
N CH,
(o)
| \ OH
N/ l\\l \
554 N= NA Not-detected Not-detected
o]
OH
HO (0]
585 A NA Not-detected Detected
N N

Table 2. Biophysical assay results of primary fragment hitsthe table are indicated
the ID number of the compound in our library, the structure of primary fragment hits, the
value of dissociation constant (NA means not applicable) and the presenceairan

binding process during the assays with the two different biophysical techniques)
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In order to validate the compounds series and identify the best fragment to optimize, some
pf the fragment hit analogues were also tested in the biophysical a@syie.3) The
compounds that did not show binding during BLI screening were not further tested with
STD technic. AmondrIM551 analogues, only compound RIM712 showed @KL30

mM, better than the corresponding fragment hit but considering Rid712 is a
relatively large molecule and not really a fragment, this value cannot be consider
satisfactory. The RIM570 analogues showed binding with the protein, confirming the
series activity. Compound RIM692 is a close analogue of starting fragmens {R)Mut

its Ko value is increased, whereas compound 694 showed a similar activity to RIM570
compound. Moreover, RIM565 analogues screening validated the series. Indeed, for all
three analogues, (compounds RIM713, RIM714, RIM715) the binding with therprote

were detected and in particular compound 715 showed an improvement of activity.

Primary Ko | Binding | Binding
) Analogue Structure

Hit (mM) | by BLI | by STD
Not- Not-

551 681 2 NA
o \N,N\// detected| tested

=N,

£51 685 Ho\n/\o \N’NJN NA Not- Not-
detected| tested

0]

Aé N\N Not-

551 696 HN\H/N >1000 | Detected
o

&

tested

. L D H "
551 712 130 | Detected| Detected

0 0
N I N OH

570 692 N 41 | Detected| Detected
///k
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SN o}
| ' 0
570 694 HO\(C\/KNN N 18.5 | Detected| Detected
(@] (o]
(o] OH

y Not- | Not
503 711 | NA

X detected| tested
N O/\(

N Z N
/N X I
565 713 | 40 Detected| Detected

HN

(@]
[e]
NH
565 714 - |N/ 38 | Detected| Detected
(0]

NH

565 715 « |N/ . 6 | Detected| Detected
N VL

Table 3. Biophysical assay results of primary fragment hits analoglieshe table are

indicated the ID number of the compound in our library and the corresponding starting
fragment hit, the structure of primary fragment hits, the value of dissociation constant
(NA means not applicable) and the presence or not of bindinggdiiine assays with the

two different biophysical techniques)
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4. 5Fragment hit optimization

The RIM565 and RIM570 series were validated. Then, a fragment growing approach was

employed to enhance the fragment hits potency.

4.5.1 Induced-fit docking and design of 2Carbamoylpyridine-4-

carboxylic acid derivatives

The first step was to deepeomputational study in order to rationally design compounds
with improved activity using a structutmEsed rational drug design approach exploiting
the local environment around the binding pocket. In order to exploit possible electrostatic
interactions wit the protein, docking screening in extra precision mode and inditeed
docking were carried out. The studies were performed for all the 8 primary fragment hits
but the focus has been maintained on compounds RIM565 and RIM570. The #itluced
docking is #s0 known as flexible docking and diverges from classic docking studies
since it allows the protein side chains as more flexible and enables the receptor to change
his binding site based on the shape and the binding mode of the4tgahde compound
RIM565 inducesfit binding pose is different compared with the one retrieved in the
classic docking mode. Th& (pyridin-4-yl)pyrimidin-4(3H)-one moiety is involved in

zinc ion binding and also establishesbbind interactions with GO0 and Thr270
residues, with the pyridine moiety formingp interaction with Tyrl77 and ‘sond
interaction with Lys206 (FigurBA). In the classic docking, the position was reversed
with the pyridine moiety involved with metal binding andpyridin-4-yl)pyrimidin-
4(3H)-one moiety directed toward the@G binding site. Whereas both binding poses
retrieved with different docking protocols for compound RIM570 are convergent. The 4
position carboxylic group interacts with Tyr132 and Lys 206 inside4B&2inding site

and the metal ion is bound in a bidentate manner by the nitrogen atom of pyridine and the
carbonyl group of the side chain. (Fig&i8)

Furthermore the compound RIM570 was overlapped with the crystal structure of Celgene
lead compound and thstructures were found perfectly superimposed. (FidiCe
Hence, we decided to substitute the methyl group in the carbamoyl moiety with larger
substituents and to grow in this direction our fragment hit. (FigaD@ Several
substituents were analyzed anging as a guide the superimposition of compound
RIM570 with QC6352, different combinations were designed. The new compounds
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designed were docked with XP protocol and according to their binding mode, the most

promising compounds were selected to be sgiged.

Figure 5. Compounds binding poses (A, compound 565) (B, compound 570) retrieved
from Inducedfit docking with 2D ligandprotein interaction. C Superimposition of
Celgene compound QC6352 in yellow and compound 8V@ink inside the protein
KDM4A (PDB ID: 5VGI)
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4.5.2Synthess of 2Carbamoylpyridine -4-carboxylic acid derivatives

The 2Carbamoylpyridined-carboxylic acid derivatives were prepared by the synthetic

route shown in Schente Starting from the 4methoxycarbonyl)pyridin@-carboxylic,

the coupling reaction with the corresponding amine was mediated by EDCI
hydrochloride/Hydroxy-benzotriazole reagents, in order to form the carbamoyl group.
Subsequently, the methyl@rbamoylpyridined-carboxylate derivatives obtained were

hydrolysed using lithium hydroxide, in order to obtain the carboxylic group in 4 position.

(6] OMe (@) OMe (6] OH
EDC | ' |
= OH + R-NH2 HOBt — NH-R LiOH P NH-R
N DMF > N THF/H,0 > N
0 o 0
1 2 a-d 3a-d 4 a-d

N
\I >
2a, 3a, 4a: R 2b, 3b, 4b: R= o
5
2¢,3c4c R= .\ 2d, 3d, 4d: R= \)\

N
\
Me

Scheme 1. Reagent and conditions: 1. EDGHCI, 1-hydroxybenzotriazole, DMF,
room temperature, 3h. A.ithium hydroxide, THF, room temperature, 1h.

4.5.3Biophysical and Biochemical assays

The synthesized compounds were tested in BLI and STD assays in order to evaluate if
the activity of new fragments were improved. The results are shown in4ablee

compound 3d with methyl ester group in 4 position showed weak activity compared to
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the fragment hit and also considering the molecular weight increase, the LE and LLE
values were not sufficient for further development. Compound 4a exhibited a weaker
activity with Ko value of 28M but its LE score was acceptable. The most potent
compounds were 4b and 4c exhibiting an improved activity compared to compound
RIM570. The LE and LLE scores calculated for compounds 4b and 4c are in the optimal
range, indicating that these compoundssaiitable for further optimization, with the aim

to obtain a lead compound with activity in the nanomolar range.

BLI STD
Compound | Structure Kb (mV) o - LE LLE
binding binding
HO (o]
570 S " 15+ 0.16 | Detected Detected | 0.51 | 4.59
= N
N CHs
o
H,CO__O
3d &(Hi 55.0 £ 2.0 Detected | Detected | 0.24 | 1.88
N N
] \Me
HO (0]
4a D 28.0 £ 1.0| Detected | Detected | 0.33 | 2.49
|N/ H\/<)
(0]
HO (0}
N
4b P H w[) 6.0 + 0.08| Detected | Detected | 0.39 | 4.50
(0]
HO (¢]
4c | H 6.0+ X Detected | Detected | 0.48 | 4.18
N/ ~ N
o
HO (0]
4d &(H\/f@ >50nM | Detected | Detected | ND | ND
N N\
0] Me

Table 4. Biophysical assay results

derivatives synthesized

of theCarbamoylpyridine4-carboxylic acid
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Thecompounds 4b and 4c were further tested on enzymatic assay.
Compounds 4b and 4c showed activity witBd€20 mM and 1Go= 40 nM respectively.

100+

% inhibition

150- 150

100+ 100+

504 50

% of inhibition

% of inhibition

1 0 —rr—v r—

-2 -1 0 1 2 3 -2 -1 0 1 2 3
concentration (log pM) S0 concentration (log uM)

Figure 6. Biochemical assay resultd. Single dose test of compoundg#loe)and 4c

(green) B. Compound 4b dose response curve. C. Compound 4c dose response curve.
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4.6 Material and methods

Creation of fragments virtual screening library

The virtual fragments library was created merging in a unique file different available
virtual libraries: Prestwick, Life Chemical, BioAscent, ChemDiv, Asinex, chemBridge,
Discovery Chemistry and EnamineThe libraries compounds weregpared using
LigPrep, tool of Maestro program and their properties were calculated using Qikprop.
Then, the compounds were filtered by MW and applying the Rule of three. Furthermore
using Canvaé“3 the library was filtered by PAINS and REOS in order to discard
possible reactive compounds. In order to avoid closeguas in our library and ensure

a sufficient chemical diversity, a similarity matrix, based on linear fingerprint, using
Canvas tools, was created and medium value calculated is 0.025, indicating an acceptable

diversity in the fragment library created.

Virtual screening campaign:

Pharmacophore creation and screening

LigandScout* softwarewas employed to create the pharmacophore model and to perform

the pharmacophore screening. The pharmacophore model was created, ai$imBth
coordinate of ligangrotein complex (PDB ID: 5VMP). In the screening the
Aphar macopglhore fviats used as scoring functi
was chosen as screening mode. The select e

conformat o n 0 .

Docking screening

1 Protein preparation:
The crystal structure of the protein KDM4A in complex with the ligand QC6362 with
PDB ID: 5VGlI, and resolution of 2,07 A was used for theugeof our model. The protein
was prepared usinBrotein Preparatio Wizard #° a tool from Schrodinger softare
adding bond orders and hydrogens to the crystal structure and deleting waters beyond
5.00 A.Epikwas used to generate het states at pH 7.4 + 0.2 and then the protonation state
of the protein and the ligand were optimized ustngpKaat pH 7.44647
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1 Docking grid generation:
The docking grid was generated ustlide software *8 The scaling factor was set at 1.0
A with a partial charge cuiff of 0.25, and the ligand was chosen to define the grid
centroid. The key feates retrieved from pharmacophore model, were imposed in the
docking grid as constraintsi-bond acceptor on Tyr132, and Lys206, metal acceptor and

positional constraint.

1 Ligands preparation:
The ligands were prepared usinigPrep, a tool of MAESTROsoftware. OPLS3e was
used as force field andnizer generated all the possible states at pH: 7.0 + 0.2. Desalt
and generate tautomers were flagged on, the chiralities were retained and at most 32

conformers per ligand were generated.

1 Ligands docking:
Molecular docking was carried out usir@glide softwaré® released by Schradinger
(release 2018). The docking screening ofrtiual fragments library was firstly run in
HTVS (highthroughput virtual screening) mode, limiting the number of poses to report
at 10000 compounds. After, these 10000 fragments were screened in standard precision
(SP) mode. While during the optimizatiphase, in order to deepen the binding mode,
the 8 primary fragment hits were docked using the extra precision (XP) protocol. OPLS3e
was the force field employed for all the screenitfgThe ligands were considered as
flexible, and Epik state penalties were included to docking score. The van der Waals

(vdW) radii scaling factor was set as 0.8, with a partial charge cut @fiay

Biochemical assay
Assay was performed using a homogeneous-taselved fluorescence resonance energy
transfer (TRFRET, EpiGeneticshttps://www.cisbio.eu/media/asset/l/stitsjmjd2¢c-

histoneh3k9-monodemethylatiorme3me?2.pdj.

The principle otthe assay relies on a europium cryptébelled antibody specific to the

substratedbs methylation state and a strep
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the substrate biotinylated peptide. When the donor europium chelate is excited at 320 nm,
enggy in the form of FRET elicits fluorescence emission at 665 nm from the nearby
streptavidintagged acceptor. HTRF signal is proportional to the concentration of
demethylated H3(R1) lysine 9 timethylated peptide.

The assay run in two steps: enzymagiaation and detection. Optimal conditions for both
steps were determined with manual experiments considering: time and temperature of
incubation, substrate and DMSO concentration, purity of reagents, plates format.

Kdm4 enzyme concentration was set at A@Din buffer constituted by: Bovine Serum
Albumin 0.01 % (BSA EMD Millipore 3458509), HEPES 50nM (EuroClone
ECMO0180D), Tween20 0,01 % (Sigma Aldrich P2287) and deionized water (Sigma
Aldrich 38796).

Enzyme substrates concentrations were 0.5 pNHéetoglutaric Acid Monopotassium
(2-OG, Sigma Aldrich K2000) and 300 nm for Histone H2{)) lysine 9 timethylated
biotinylated peptide (AnaSpec A®!360). 5uM Ammonium iron (II) sulfate hexa
hydrate (Sigma Aldrich 215406) and 1mM of Sodium ascorbate (SAgdrach 1140)

were added as dactors.

16 L of compounds were incubated for 1 h at 20°C wigh. ®f enzymatic solution and

16 eL of substrates solution in ¥2 area 96 well plates (ref. 6002290m, perkinHelmer).
Dimethyl sulfoxide (DMSO Sigmaldrich D5879) final concentration was 1 %.

40 ¢l of antibodies solutions (Cisbio Bioassays H3K9 reK) Ab 61KB2KAE and
Streptavidin X1:665 CisbioBioassays 610SAXLA, in detection buffer 62SDBRDD)
were added to each well and incubated o. night at 20 °C.

Fluorescence was measured with a TECAN Spaidoté M-200 reader (Mannedorf,
Switzerland), excitation wavelength of 320 nm and emission wavelehg20 and 665

nm.

Automation was performed using Bravo (Agilent) platform. Robustness of the assay was
proven by performing a Z6 determination ov
min and mid signal by using 2pgyridinedicarboxylic acid mashydrate (2,4°DCA,
Sigma Aldrich P63395) at IC100 (4®1), IC50 (50 nM) and @M; evaluation of dose
response curve with references compounds (PDCA ahduge); evaluation of single

dose experiments reproducibility. Dose response curves were perfoynaettitessing

10 point of 1: 3 compound dilutions, departing from £60Q
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Biophysical assay

STD experiment: Molar ratio RIM:Protein 50:1

Saturation Time: 1sec

Buffer: 20mM NaP pH 7.3, 150mM NacCl, 0.5mM TCEP, 5% DMSO

BLI experiment: 2/3 independent exp using singlse aliquots
Buffer: 10mM HEPES pH 7.3, 150mM NacCl, 0.5mM TCEP, 5% DMSO.

Tested concentrations of compounelt@ pM.

Analogues selection

With the aim of validating the activity of the primary fragment harsalogues of these
compounds were searched on PubChem database. objective was to identify close
analogues to the corresponding fragment hits, thus the analoguss sess carried out

with Pubchem fingerprint and setting 0.9 as similarity coefficient of Tanimoto.

Induced-fit docking

The inducedit docking was carried out using a standard protocol, generating up to 20
poses and sampling ring conformations with aergy window of 2.5Kcal/mol. The
receptor and ligand van der Waals scaling factors were set at 0.5. Prime was used for the

refinement and the redocking was performed in extra precision.

Chemistry

Commercially available starting materials, reagents, ang/drous solvents were used

as supplied. Flash column chromatography was performed using Merck silica gel 60
(0.02517T0.04 mm) . Thin | ayer chromatograph
TLC silica gel 60 F254 sheets and visualized by UV (254 and 356iotime, and

KmnOa.
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1 General procedure 1:
A solution of the dmethoxycarbonyl pyridine2-carboxylic acid (1 equ) in DMF was
cooled at 0°C and treated with EEMI (2 equ) and HOBt (2 equ). After 1 h, the amine
(1.5 eq) and DIPEA (3 eq) was added dhd reaction mixture was stirred at room
temperature. After completion, the mixture was quenched with water and then extracted
with Ethyl acetate. The organic layer was washed several times with brine, dried with
NaSQu and concentrated in vacuo. The réisgl material was purified by silica gel

column chromatography.

Methyl 2(benzylcarbamoyl)isonicotinate (3a)

According to general procedure 1, thenéthoxycarbonyl pyridine2-carboxylic acid
(0.100 g 0.55 mmol) and benzylamine (0.089 g 0.83 mmol) veareted. The reaction
mixture was stirred at RT for 3 h, then water was added and the mixture was extracted
with Ethyl acetate. The organic layer was washed several times with brine, dried with
NaSQuand concentrated in vacubhe crude product was pugat by silica gel column
chromatography eluting with 40%EtOAc in DCM to provide the product as white
powder. (0,110 g 75%)

'H NMR (200 MHz, DMSO)i 9.54 (s, 1H), 8.85 (dl = 3.2 Hz, 1H), 8.45 (s, 1H), 8.06

8.04 (m, 1H), 7.35.25 (m, 5H), 4.51 (d] = 5Hz, 2H), 3.93 (s, 3H).

13C NMR (201 MHz, DMSO)i164.88, 163.81, 150.67, 148.23, 142.52, 138.92, 128.41,
127.42,127.00, 124.84, 122.26, 52.65, 42.90.

methyl2-((oxazot5-ylmethyl)carbamoyl)isonicotinate (3b)

According to general procedure 1, thenéthoxycarbonyl pyridine2-carboxylic acid
(0.200 g 1.10 mmol) and X@azot5yl methanamine (0.162 g 1.65 mmol) were reacted.
The reaction mixture was stirredRT for 3 h, and then water was added and the mixture
was extracted with Ethyl acetate. The organic layer was washed several times with brine,
dried with NaSQs and concentrated in vacubhe crude product was purified by silica

gel columnchromatography eluting with 5% MeOH in DCM to provide the product as
white powder. (0.120 g 42%)
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1H NMR (200 MHz, DMSOYi 9.53 (d,J = 4 Hz, 1H), 8.85 (dJ = 3.2 Hz, 1H), 8.46 (d,
J=3.4 Hz, 1H), 8.32 (d] = 3.8 Hz, 1H), 8.00 (s, 1H), 7.11 ((@z 3 Hz, 1H), 4.58 (d,)
= 3.6 Hz, 2H) 3.5 (s, 3H).

BCNMR( 201 MHz, DMSO) U 170.34, 164.80, 163.
124.82, 123.71, 122.24, 52.62, 33.97.

methyl 2(propylcarbamoyl)isonicotinate (3c)

According to general procedure 1, thenéthoxycarbonyl pyridine2-carboxylic acid
(0.100 g 0.55 mmol) and Propilamine (0.05 g 0.83 mmol) were reacted. The reaction
mixture was stirred at RT for 3 h, then water was added and the mixture was extracted
with Ethyl acetate. The organic layer was washed several times with brine, dried with
NaSQuand concentrated in vacubhe crude product was purified by silica gel column
chromatography eluting with 2% MeOH in DCM to provide the product as white oil.
(0.03 g55%)

'H NMR (200 MHz, DMSO)i8.94 (t,J=5.6 Hz, 1H), 8.84 (d] = 4.9 Hz, 1H), 8.42 (d,
J=1.7 Hz, 1H), 7.97 (dd] = 4.9, 1.7 Hz, 1H), 3.80 (s, 3 H), 3.25 (i 7.2, 5.8 Hz,

2H), 1.55 (hJ= 7.3 Hz, 2H), 0.90 () = 7.4 Hz, 3H).

13C NMR (201 MHz, DMSO)i 170.35, 164.89, 150.55, 148.14, 142.83, 124.72, 122.17,
59.76, 52.60, 22.13, 11.44.

methyl 2(((1-methyl1H-benzofl]imidazole2-yl)methyl)carbamoyl)isonicotinate (3d)
According to general procedure 1, thenéthoxycarbonyl pyridine2-carboxylic acid
(0.300 g 1.65 mmol) and-Wethyl-1-H-benzimidazoRk-yl methanamine (0.400 g 2.48
mmol) were reacted. The reaction mixture was stirred overnight at RT, then water was
added and the mixture was extracted with Ethyl acetate. The organisviayavashed
several times with brine, dried with p&0Osand concentrated in vacuthe crude product
was purified by silica gel column chromatography eluting with 2% MeOH in DCM to
provide the product as white crystal. (0.110 g 20%)

'H NMR (800 MHz, DMSO) 1 10.05 (dJ = 7.7 Hz, 1H), 8.92 8.90 (m, 1H), 8.53 (d,
J=1.7 Hz, 1H), 8.11 8.09 (m, 1H), 7.95 (d] = 8.2 Hz, 1H), 7.79 (d] = 8.0 Hz, 1H),
7.627 7.55 (m, 2H), 5.05 (d] = 5.3 Hz, 2H), 4.05 (s, 3H), 3.93 (s, 3H),.
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13C NMR (201 MHz, DMSO) 11165.89, 165.10, 150.98, 150.56, 149.36, 141.47, 133.04,
126.491 125.14 (m), 124.86, 122.40, 114.67, 112.71, 51.60, 35.45, 31.38.

1 General procedure 2:
Lithium hydroxide (3 equiv) was added to a solution of the starting material (compounds
3ad) (1 equiyin 1:1 THF/H20O. The reaction was stirred at RT for 1 h. After completion,
the reaction mixture was neutralized with 6N agq HCI and extracted with EtOAc. The

organic layer was dried with N&Qs and concentrated in vacuo.

2-(benzylcarbamoyl)isonicotinic acid (4a)

According to general procedure 2, methy(b2nzylcarbamoyl)isonicotinate (0.05 g
0.185 mmol) and LiOH (0.013 g, 0.55 mmol) were reacted. Then, the reaction mixture
was neutralized with 6N aq HCI and extracted wit®A&c. The organic layer was dried
with Na&eSOs and concentrated in vacuo, providing the title compound as white solid.
(0.035 g 75%)

'H NMR (200 MHz, DMSO)i 9.54 (d,J = 2 Hz, 1H), 8.86 (dJ = 3.6 Hz, 1H), 8.48 (s,

1H), 8.02 (dJ= 3.2 Hz, 1H), 7.34.25 (m, 5H), 4.51 (d] = 3.6 Hz, 2H).

13C NMR (201 MHz, DMSO)i 164.88, 163.81, 150.67, 148.23, 142.52, 138.92, 128.41,
127.42, 127.00, 124.84, 122.26, 42.90.

2-((oxazots5-ylmethyl)carbamoyl)isonicotinic acid (4b)

According to general procedure 2, methyl-((@azot5-ylmethyl)carbamoyl)
isonicotinate (0.1 g 0.38 mmol) and LiOH (0.027 g, 1.15 mmol) were reacted. Then, the
reaction mixture was neutralized with &g HCI and extracted with EtOAc. The organic
layer was dried with N&Os and concentrated in vacubhe crude obtained was washed
with diethyl etheiproviding the product as white soli@.02 g 20%)

'H NMR (200 MHz, DMSO)li 9.53 (d,J = 4 Hz, 1H), 8.85 (d) = 3.2 Hz, 1H), 8.46 (d,
J=3.4 Hz, 1H), 8.32 (d] = 3.8 Hz, 1H), 8.00 (s, 1H), 7.11 (@@= 3 Hz, 1H), 4.58 (d)

= 3.6 Hz, 2H).

BCNMR( 201 MHz, DMSO) a 170. 34, 164. 80, 163.
124.82, 123.71,22.24, 33.97.
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2-(propylcarbamoyl)isonicotinic acid (4c)

According to general procedure @ethyl 2(propylcarbamoyl)isonicotinate(0.03 g
0.135 mmol) and LiOHO0.01 g, 0.40 mmol) were reacted. Then, the reaction mixture was
neutralized with 6N aq HCI and extracted with EtOAc. The organic layer was dried with
NaSQs and concentrated in vacudhe crude obtained was crystallized with ethanol
providing the producas white solid(0.015 g 55%)

IH NMR (800 MHz, DMSO) 118.94 (t,J = 5.6 Hz, 1H), 8.84 (d] = 4.9 Hz, 1H), 8.42
(d,J=1.7 Hz, 1H), 7.97 (dd1= 4.9, 1.7 Hz, 1H), 3.25 (td,= 7.2, 5.8 Hz, 2H), 1.55 (h,
J=7.3 Hz, 2H), 0.90 (t) = 7.4 Hz, 3H).

13C NMR (201 MHz, DMSO) 1i166.18, 164.09, 150.55, 149.43, 143.12, 124.74, 122.28,
41.48, 22.44, 11.75.

2-(((2-methyt1H-benzo[d[L03midazole2-yl)methyl)carbamoyl)isonicotinic acid (4d)
According to general procedure 2, methy((@-methyl1H-benzo[d]LO3midazole2-
yl)methyl)carbamoyl)isonicotinate (0.035 g 0.108 mmol) and LIOH (0.08 g, 0.324
mmol) were reacted. Then, the reaction mixture was neutralized with 6N ag HCI and
extracted with EtOAc. The organic layer was dried with& and concentrated in
vacuo.The crude obtained was washed with diethyl efiteviding the product as white
solid. (0.015 g 45%)

IH NMR (800 MHz, DMSO) 1 10.05 (d,J = 7.7 Hz, 1H), 8.92 8.90 (m, 1H), 8.53 (d,
J=1.7 Hz, 1H), 8.11 8.09 (m, 1H), 7.95 (d] = 8.2 Hz, 1H), 7.79 (d] = 8.0 Hz, 1H),
7.62i 7.55 (m, 2H), 5.05 (d] = 5.3 Hz, 2H), 4.05 (s, 3H).

13C NMR (201 MHz, DMSO) 1165.89, 165.10, 150.98, 150.56, 149.36, 141.47, 133.04,
126.49i 125.14 (m), 124.86, 122.40, 114.67, 112.71, 35.45, 31.38.
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CHAPTER 5

A New Family of Jumonji C Domain-Containing KDM
Inhibitors Inspired by Natural Product Purpurogallin

Recently, our group in collaboration wiBrofessor Altucci, University Luigi Vanvitelli

of Naples and Professor R de Lera, University of \igported the identification of a
new family of KDM4 subfamily inhibitors inspired by natural product Purpuragdit
particular, starting from the structure of purpurogallin, a known natural KDM4A
inhibitor, derivatives compounds were synthesized and showed improved inhibitory
activity against KDM4Ain vitro and in celt A previously high-throughput screening
(HTS) campaign leado the identification of purpurogallin as KDM4 inhibitor.
Purpurogallin {) is a natural product, member of the benzotropelmrgaining family'

’, and already displayed biological activity including antioxidant and antitumoral
activity 810 Furthermore, it has been reported its activity asidni of Toll-like receptor

% and modulators of mitogeactivated protein kinase 1/2 signaling pathway, inducing
regression of esophageal squamous carcirtdfda.

Therefore, in order to explore Purpurogallin scaffold to develop a more potent inhibitors
of KDM4A, two sets of Purpurogallin analogues were synthesized and their activity were
evaluated. (Tabl&)

OH o
OH
HO l
Rs
Ry
Ro
Compound R1 R2 Rs
1 H H OH
2 H Br COOH
3 COOH Br H
4 COOH Ph H

Table 1. Most active compounds reported among Purpurogallin analogues.



Among the first set of analogues, compou2a@sd3 weretested in a biochemical assay

at 50nM and showed 50% and 80@#hibitory activity against KDM4A, modulating also
methylation levels of lysine 9 and 36. To further characterize their activity, compounds
2 and 3 were tested at 8M for 24h on MCF7 cells. The results showed that compound
2 increased the methylatioragis of lysine 9 and 36, whereas compound 3 only affected
weakly, the methylation level of lysine 9. The lower activity of compound 3 could be due
to the presence of the carboxylic group that could limit its passive diffusion across the
cell membrane. Dedp these encouraging preliminary results, these compounds did not
exhibit activity on cell cycle modification and cell death in cancer cell lines. Then, further
modifications were applied on benzotropolone groups in order to improve their
antitumoral eféct. Ths modification lead to the discovery of compouhdn which the
benzotropolone scaffold incorporates an aromatic ring at posittaof Be catechol
moiety and a carboxylic group on the pyrogallol moiety. This compound testedstt, 50
inhibited KDM4A by 80%, exhibiting 1Goof 24.37nM in the primary enzymatic assay
and 1Goof 10.1nM in an orthogonal assay based on AlphaLISA technology. Treatment
with compound4 of MCF7 cells showed an increase in the levels of trimdffsphe 9

and 36. Furthenore, compound 4 exhibited antitumor activity inducing HIIb tumor

cells death, block of cell cycle in G2/M phase and also cell death in adimdedose

dependent manner in two leukemia lines NB4 and U397.

5.1 Molecular docking

In order tounderstand the structural basis of KDM4A inhibition by most active
compounds in the purpurogallin derivatives series, computational studies were
performed. Firstly, to deepen the putative binding mode of these compounds, docking
studies were performed ugirGlide in extra precision mode (XP)!2In the docking
screening, compoundsand 3 were prioritized and showed a docking score820
and-8.302 Kcal/mol respectively. According to the predicted binding pbseems to

act as 2oxoglutarate (Z0G) mimic, the natural enzyme substrate. Indeed, as observed
for other known KDM4 inhibitors belonging to the class D& cofactor mimicsvith
metatchelated moiety (i.e. QC6352 from Celgekegompound4 mimics the key 2
oxoglutarate interaction. (Figufg. In detail, the carboxylic group in the heptane ring

forms two HBond with Tyr132 and Lys 206, crucial residues involved in the interactions

11C



with the natural cofactor-©G, while the carbonyl group directly interact with the Ni
metal ion (surrogate in the PDB of the natural Fe in the binding site). The binding pose is
further stallized by two Hbond acceptors involving hydroxyl groups of the catechol
moiety as shown in figuresand3. Compounddg and3 exhibited a similar binding mode.

The enhanced potency could be explained considering that the benzene substitution of
the para-bromine group probably did not affect the binding mode of the central core that
maintained the pattern interactions, but contributed to increase the lipophilicity of the

compound, allowing an improved cellular permeability.

A Y

TYR 132
\ /
- S I\ LYs 206
[ —
4
i
\

/  AsN 198

* NI 501

/
Z N1 LYs 241

Figure 1. Superimposition of compound 4 (green) with QC6352 (pink), the co
crystallized ligand in the PDB used for our studies (5VGHs shown in the picture, the
carboxyl group of the-4oyridine carboxylic acid (QC6352) is perfectly overlapped with
that of heptae ring, and the both cores retrieved the same crucial interactions,

suggesting that compound 4 could act asxgglutarate mimic.
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Figure 2. Compound 4 binding pose retrieved from XP docking simulation and 2D

ligand interactions.
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Figure 3. Compound 3 binding pose retrieved from XP docking simulation and 2D
ligand interactions.
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5.2 MM/GBSA Analysis

In order to evaluate the ligatsidnding affinities and estimate accurately the binding free
energy of the interaction, starting from XP docking output a MM/GBSA analysis was
assessed. Theolecular mechanics generalized Born surface gidd/GBSA) is a
common approach for binding free energy prediction that has been successfully used to
study the binding affinity between small molecules and biological macromolecules. Since
it has been proven to be more accurate than most scoring functions of moleculag,docki

it has been widely employed to improve the results of virtual screening and docking, and
to rationalize experimental results. The MM/GBSA analysis confirmed the previous
results and showed that also in this experiment compduves prioritized withDG= -

27.47 Kcal/mol4 16

5.3 Inducedfit docking

In standard virtual docking studies, ligands are docked into the binding site of a protein
and, while the protein is maintained rigid, the ligand is free to move. The limited protein
flexibility can generate misleading results since, as already demonstrated, the protein side
chains are induced to adapt their position due to a dynamic interaction with thetligand.
20Then, to strengthen the putative binding mode hypothesis, an Infludedking was

carried out, focusing on the Purpurogafitructure, compount], and on the most actives
compounds from this studg,and4. Inducedfit docking, also known as flexible docking,
adapting atoms vdWadius and side chains position, allows the protein side chain or
backbone movements and enables the receptor to change his binding site based on the
shape and the binding mode of the ligand. From this experiment, XP binding méde of
and3 were confirmedwe noticed the same key interactions with Tyr 132, Lys 206 and
the metal binding with Ni, crucial for the protein activity. (Figdje

Moreover, the inducefit docking was performed to explore the binding mode of the
natural product Purpurogallii), and the pose reported is different compared &dhd

4. (Figure4C) The absence of the carboxylic group in the heptane ring seems to lead a
conformational change in the ligand pose. However, the interaction with Ty132 and the
metal ion were retained, wdhi could explain the purpurogallin inhibitory activity, even

if weak. This modification, according to the assays results, could suggest that the



carboxylic group is crucial for the correct ligand orientation and interactions stability that

can be translatein an activity modulation.
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Figure 4. Inducedfit docking pose of compound 4 (A), compound 3 (B) and
purpurogallin (C)
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5.4 Material and methods

Ligands preparation

The ligands were prepared by LigPrep, a tool of MAESTEe@ware, using OPLS3e as

force fielcP¥22and ionizer to generate all the possible states at pH= 7.0 + 0.2. Desalt and
generate tautomers were flagged on, the chirality were retained and at most 32 conformers

per ligand were generated.

Protein preparation

A crystal structure of therotein KDM4A in complex with a ligand (PDB ID: 5VGl,
Resolution: 2,7 A) was chosen from the Protein Data Bank (PB®)the setup of our

model. Protein was prepared via Protein PremaratVizard Maestro tool® Epik was

used to generate het states at pH= 7.4 + 0.2, deleting waters beyond 5.00 A and then side

chains protonation state was optimized using ProPKa3 at pH2%24.

Docking grid generation and ligandsdocking

The grid was generated with Glide, setting a scaling factor 1.0, and identifying the grid
centroid onto the ligand. Molecular docking was carried out using Glide software released
by Schrodinger (release 2048)2” The simulation was performed in extra precision
(XP), using OPLS3e as force field, considering ligands as Flexible and including Epik
state penalties to doglg score. In this step, the vdW radii scaling factor was set as 0.8
and the partial charge cut off was of 0.15. The searching algorithm on our model was
tested using a cognate docking of thecegstallized ligand, and we obtained an RMSD
value of 0.5813XP docking were performed both with constraints. As constraints 2 H
Bond on Tyr1l32 and Lys 206, a positional and a metal constraints were fixed, setting 2

of them as mandatory.

MM GBSA
The binding affinity was also investigated, starting from XP dockioges with Prime
MM-GBSA by Schrodinger software, using VSGB as solvation model and OPLS3e as

force field.28
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Induced-fit docking

Inducedfit docking?® was carried out. A standard protocol was used, generating up to 20
poses. (Sample ring conformations with an energy window of 2.5Kcal/mol). The receptor
and ligand van der Waals scaling factors were set at 0.5. Prime was used for the

refinement and the decking was performed in extra precision.
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CHAPTER 6

Polycomb Repressive Complex 2

Histone methyl transferas@HMTSs) catalyse the addition of methyl group donated from
S-adenosylmethionine to histonesmong HMTs three families of enzymes have been
identified, the SEIdomain containing proteinsand DOTtlike proteing that methylate
lysine, and the protein arginine -iNethyltransferase (PRMT) famflythat acts
methylating arginine residues.

The Polycomb Repressive Complex 2 (PRC2) is a lysine methyltransferase (KMT) that
catalyses the three sequential methylation trimethylaifod3K27 and belongto the
Polycomb group proteins that are transcriptional repressors in eukaryotes. PRC2
complex comprised multiple subunits: Enhancer of zeste homolog 2 (EZH2), embryonic
ectoderm development (EED), suppressor of zeste 12 (SUZ1@ndilsnding protein
RBBP4 (RbAp48) and Adipocyte Enhand&inding Protein 2 (AEBP2). (Figuré)

EZH2 is the catalytic subunit of the complex arsihgS-adenosimethionine (SAM) as

the cofactoracts as methyltransferase mainly through #g@hinal SETdomain, which

has been found in several KM'$.Efficient histone methylation activity requires the
cooperation of multiple PRC2 components, inithg EZH2, SUZ 12 and EE®*! The
RbAp48 and AEBP2 are not essential for methyltransferase activity but probably help to
stabilize the overall architecture of the complex. PRC2 is involved in multiple @alogi
processes, including cell cycle regulatnapoptosi®’, and regulation of cellular

senescenc¥.Indeed, PRC2 deregulation has been linked to several dis@adading

cancer.
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Figure 1. PRC2 subunits and mechanism of action
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6.1 Structure of PRC2 complex

As shown from the resolved crystal structure depicted in FIgRDB ID: 51J7), the
active complex is formed by EED subunit wrapped around by EZH2 and SUZ 12,
positioned between EED and the SET domain of EZH2.

Figure2. PRC2 complex: EED igreen; EZH2 in red and SUZ12 in yellow (PDB ID:
5137)

EZH2, the catalytic subunit, is formed by multiple domains, including EED binding
domain (EBD) and cysteirgch domain (CXC domain) in the -Mrminal region
(residues 4259), while suppressor of vagation 39, enhance of zeste and trithorax
domain (SET domain) together with an inserted SET (iISET) antean@nal set (CSET)

in the Gterminal region (residues 25312). The Nterminal domain is not involved in
the catalytic activity but is required ftine structural integrity of the comple’®:'® The
CcSET region in the isolateZH2 subunit showed a disordered state distant from the
cofactor binding site, that avoid the substrate binding and thus the catalytic activity.
The EED domain interacts with EZH2 through the EBD, that is composed-bysiiues
(residues 3%8)1’ The interactions between EEEYH2 subunits are mainly represedit

by hydrogen bonds and van der Waal®iactionsThe recognition of H3K27Me3 by
EED was found to be crucial for the PRC2 activity, enabling efficient methylation activity
of the complex. Indeed, the peptide binding results in stabilization of stimulation
responsive motif (SRM) in EED thatdoces a conformational changes in the cSET of

EZH2 leading to a repositioning of residues m @adinated state and allowing the
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catalytic activity*>1"18 Then, the H3K27 binding with EED mediates the allosteric
activation of EZH2. Mutations in EED that prevent the recognition of its substrate results
in inhibition of PRC2 activity.

6.2 Histone substrate specificity

The crystal structures resolvethdicated that EED specifically binds to histone
methylation sites involved in gene silencing including, H1K26me3, H3K9me3,
H3K27me3, and H4K20me3. Insidéhe EED subunit the trimethylysine, is
accommodated into an aromatic cage formed by Phe97, Tyr148ye8&b viap-cation
interactions. A comparison between the repressive histone methyl marks showed that
H1K26me3, H3K9me3, and H3K27me3 exhibit an alanine residue two amino acids N
terminal to lysine, which fit into a small hydrophobic pocket on the seidd&ED. This
pocket is small and any group bulkier than alanin@ctnind it. While H4K20me3 bind
EED through its leucine in position +2 of lysine that fit with a second hydrophobic pocket.
The ability to bind one of these small pockets establishdsaie for EED recognition.
Notably, the histone methyl marks associated to active transcription in position +2 and
2 contain a bulky groups, indicating that the selective binding of EED with repressive
histone marks allosterically activate the PRC2 dem}{?

Mutations have been reported on EZH2 sequence, sigloaine 641 (Tyr641) residue

in the catalytic domain, including Tyr641F, Tyr641N, Tyr641S, Tyr641H, Tyr641C. The
wild type have a substrate preference for unmethylated H3K27 and-methgylated
H3K27, while Tyr641 mutants showed a substrate specifiaity di-methylated
H3K2720.21

6.3 PRC2Role in cancer

EZH2 phys a pivotal role in cell cycle regulation, then dysregulation of its activity can
lead to carcinogenesis and cancer development. Overexpression or mutations of EZH2
were found in several malignancies and its expression is correlated with aggressiveness,
metastasis, and poor progno%is.

For instance, overexpression of EZH2 was found in breast cancer and high levels of this
enzyme ha been linked to invasiveness and increased proliferation rate of breast

carcinoma®?* EZH2 is overexpressed in prostate cancer and also in this case is
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associated with poor prognosis. High lsvef EZH2 were reported in a majority of
aggressive or metastatic prostate cancers and loss of its activity lead to tumour
regressiort>?6In gastric cancer overexpression of EZH2 is associated with tumour size,
invasion, TNM stage, poor prognosis and poor diséase survivak® Furthermore
several studies linked EZH2 overexpression to additional typesaméer, such as
endometrial carcinonig lung cancer, lymphomas and oesophageal c&nderH2
showed a fundamental role in cancer cellstastasis through regulation of epithelial
mesenchymal transition (EMT) tumour angiogenesis procé$&dsnockdown of EZH2

in human lung cancer cell lines and in melangoaitive model mice resultesh
significant reduction of migration and invasion abifity??

Moreover, mutations of EZH2 were identified in hematologic nmaligcies, resulting in
enhancement of EZH2 activity. The most frequent mutation occurs at Tyr641 and was
found in different type of lymphoma including germinal centre B cell lymphoma, diffuse
large Bcell ymphomas (DLBCL) and follicular lymphom&#%3®

Furthermore, EZH2 could suppress arghcer immunity in cancer cefl3’ Inhibition

of EZH2 activity in Tcells resited in enhancement of Thl, Th2 and cell plastigjty
improvement of mature natural killer (NK) cells activftyand modification of
microenvironment of tumour cells, enhancing the recruitment of T cell effectors, CD8+

and CD4+, leading to a robust antmour immunity*°

6.4PRC2 Inhibitors

Modulation of PRC2 activity became an attractive goal for cancer treatduento its
broad involvement in cancer pathophysiologiile PRC2 methyltransferase activity can
be inhibited through different mechanism of actiortluding acting as SAM, natural
cofactor, competitive inhibitors, breaking the PRC2 structure disrupting interactions
through EZH2 with EED or SUZ12, and suppressing EZH2 activity through triggering
EZH2 degradation (Tablé) Over the past years several PRC2 inhibitors have been
discoveed and several compounds are ongoing in clinical thdlke 3deazaneplanocin
(DZNep) was the first PRC2 inhibitoeported that increassthe level of Sadenosw
homocysteine (SAHandinhibits the SAMdependent methyltransferase activity.



1 SAM-competitive inhibitors
UNC1999 was the first oral SAMompetitors in both wildype and Y641 mutant EZH2,
that showed inhibition of MLtrearranged leukemia in mié¢g#*
GSK 126 (GSK2816126) is a potent and selective inhibitor of wild type and
Tyr641(Y641) mutant EZH2developed by Glaxo. The GSK126 efficacy, safety,
pharmacokinetic and pharmacodynamic profile were evaluated in patients with atlvance
hematologic and solid tumours, in phase 1 clinical trial (NCT02082977). The trial was
terminated showing insufficient evddce of clinical activity>46
EPZ005687, another potent SAd®mpetitor inhibitor, during clinical trial showed
unsuitable pharmacokinetic profile that limited its clinical application.
EI1 inhibits selectively EZH2 actity in diffused large Bcell lymphomas cells carrying
the Y641 mutations, leading to decreasing of proliferation, cell cycle arrest, and
apoptosis®Glaxo Smith Kline developed other two potent EZH2 inhibitors, GSK343 and
GSK926 that showek high affinity and selectivity in vitro but also substandard
pharmacokinetics properties in rat motfeEpizime identified different potent EZH2
SAM-competitor inhibitors, including EPZ005687, EPZ011989 and EPZ6438 or
TazemtostatY 52 The latter compound, Tazemetostat, was recently approved by FDA for
adult, paediatric and oldgratientswith advance metastatic epithelioid sarcoma not
eligible for complete resection. Meanigihis compound is under evaluation in different
clinical trials showing efficacy and safety profile in other hematologic tumour such
relapsed/refractory follicular lymphonia.
CIP-1205 is an indokbased compounanda potent and orally available EZH2 inhibitor,
that was evaluated in phase 1 clinical trial fecdl lymphoma. (NCT0239560%}.This
compound was optimized from GIF69, that showed artimour activity in a mouse
xenograft model of a KARPA822 lymphoma but weak oral bioavailabilfy.
Furthermore, CIFL205 is undergoing pisel/2 clinical trial for advance solid tumours
(NCT03525795) and phasel/2 clinical trial for metastatic castratigistant prostate
cancer (NCT03480646). ZLD1039, exhibited selectivity, oral bioavailability and
regression of breast cancer and metastasi~06821497 is undergoing a phase 1
clinical trial in patients with relapsed/refractory small cell lung canceZL(S,
castrationresistant prostate cancer (CRPC), and DLBCL (NCT03460977).
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1 PRC2 disruptors
An alternative strategy to targeting the enzyme catalytic domdo disrupt the protein
protein interaction between EZH2 and the other two subunits EED or SUZ12.
SAH-EZH2 is a peptide that targdEED and disrupt its interaction with EZH2, showing
an increase of H3K27 levels and inhibition of growth and differentiation of MER
leukemic cell? Astemizole, is a FDA approved antagonist of H1 receptor and exhibited
capability to break the EEBZH2 interaction, arresting the proliferation of PR@#&en
lymphoma®
Novartis developed different EED inhibitors targeting the EED binding pocket that results
in PRC2 allosteric inhibitioR? Among these inhibitors EED226 (or MAKG683) in
currently undergoing phase % clinical trial for advanced malignancies including sarcoma,
DLBCL, gastic cancer, ovarian cancer, nasopharyngeal carcinoma and prostate cancer
(NCT029006515*
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Table 1 PRC2 complex inhibitors: structures activity and mechanism of action
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CHAPTER 7

Dynamic-Shared Pharmacophore Approach As Tool To
Design New Allosteric PRC2 Inhibitors, Targeting EED
Binding Pocket.

The EZH2 binding protein has been widely studied. The majority of $AMpetitive
inhibitors contains a pyridone scaffold that fits perfectly in the catalytic core. Several
inhibitors are currently undergoing clinical trials. However some of them resultiedg
resistance and presented several side effects, probably du¢amgeffactivity, since the

SET domain is shared with multiple human enzyf&®n the other hand, the allosteric
inhibitors of PRC2 should be more selective because they act specifically modulating
EED-EZH2 interaction. It has been shown that inhibition of H3K27 binding with the
allostericsite EED prevents the EED capability to bind EZH2, resulting in inactivation

of the whole PRC2. Then, the design of molecules acting on EED subunit would be an
interesting approach in modulating PRC2 functibh#\s shown in the crystal structures

of EED in complex with the inhibitor EED226 (PDB ID: 5H15, Figune the EED
binding pocket is located on the top surface, close dostiivertexposed region and
comprises a hydrophobic region composed by an aromatic cage involving residues such
as Tyr365, Tyrl48, Phe97 and Arg367. The hydrophobic residues in the aromatic cage of
EED play a pivotal role for the binding to repressiveédmne marks and then for the PRC2

complex activity?

Figure 1. Known EED inhibitor (EED226) binding mode: EED226 in blue and EED
in green (PDB ID: 5H15)



In my thesis work, a Computé&ided Drug Degjn method based on the allosteric
modulation of PRC2 was sap using molecular dynamics and pharmacophwdeling

to identify eventual hidden proteligand interactions. The use ofighapproach is
increasinglyappliedin drug designFor instance in MYSHAPE (Molecular dYnamics
SHAred PharmacophorkE) workflowhe use of dynamic pharmacophore model has
shown severahdvantages compared to classical methodolddidhe advantage of a
dynamic system in drug design, relies on the possibility to overcome the bias generated
from the consideration of the protein as a staticstne?% 1* The concept of the protein

as rigid compx has been superseded since the evidence that the protein is a flexible
macromolecule that can incumto conformational changes and then affecting the ligand
binding posé?'3 The molecular dynamic approach has proven to be useful to explore the
protein conformational space and has been emplayttdother classic computational
techniques, such as docking or pharmacophnogleling in order to improve the
performance in virtual screening procéss.

In this study, multiple molecular dynamic simulations were used to identify the most
significant ligandprotein interactions from multiple crystal struts of the same protein

in complex with different ligands. The use of a single ligand could induce a bias in the
side chains conformation, then the choice of different ligands aims at widely explore the
active conformation of the binding site. From PDBatt@se four complexes of EED with
different known inhibitors (PDB ID: 5H18H145H155GSA) were chosen fdheset

up of our workflow.

The analysis of ligands interaction pattern during the simulation lead to the creation of a
Adynami c phar manacopghdreomodedis defiied as an ensemble of steric
and electronic features necessary for optimal binding in the protein binding pocket. In
structurebased pharmacophoraodelingthe interactions derived from ligasmtotein
complex, obtained from crydkagraphic structure analysis or NMR experiment are used

to createhe pharmacophore feature$.The static nature of the technique by which the
crystal structures are resolved can result in prdigand systems in which several
interactiors are shown, but only a few of them play a key role in the binding process, and

arepotentially accountable for biological activity® Hence, the aim of this approach is
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to identify the crucial interactions that are predicted to be shared among the different
complexes argsed, and use them to improve the virtual screening performérte.

The workflow followed in this approach are summarised in scHenhe details, in order

to discern le critical interactions from the occasional ones, three different MD
simulatiors for each proteidigand complex of EED with different ligands, were carried

out. Then, the information derived from the simulations were analysed, and the common
interactono f t he three simulations were used toc
each system.

A pharmacophore screening was carried out both on static pharmacophore, built with the
classic method andn dynamic pharmacophores using a dataset of active andvaact
molecules retrieved from ChEMBL datab#isin order to analyse and compare their
performance in a retrospective way. The three dynamic pharmacophores created were
aligned and theircommon observed features were used to create a new shared
pharmacophore. Moreover, the shared dynamic pharmacophore features were then used
to add constraints to the docking grid, and docking studies were performed both with and

without constraints in ot to evaluate a possible improvement in the docking screening

performance.
Docking
Systems Protein- / without constraints
Ligand from PDB
database — Static
pharmacophores
l generation
MD simulations |__, Dynamic > Dynamic shared Docking
(3 for each complex) pharmacophores pharmacophore with constraints
generation generation

Scheme 1. Workflow followed in our dynamsghared pharmacophore approach
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7.1 Molecular Dynamics

The crystallized structures of the EED protein in complex witferent ligands (PDB

ID: 5SH13-5H145H155GSA) chosen to setp our workflow were acquired from PDB
databasé? Three different MD simulation of 25 ns were run for each complex, applying
arandom seed starting point. Instead of a unique long simulation was decided to run
multiple short simulations, in order to better explore different conformations of the
proteirt3242526 For all the simulationthe analysis of the rosheansquare deviation
(RMSD) plot graphs revealed only small medium fluctuations of around 1A, both for
protein and ligandFigure2). The simulations were analysed and all the pretgand
common interactions observed for thege simulations were collected. The comparison
between the interactions retrieved from MD and those from static PDB structures showed
contacts that were not visible in the crystal complexes, and some of them were observed
most of the time throughout tre@mulationduration.New ligandprotein interactions

were identified but these were not shared among the three simulations and, thus, for our

approach, were not considered in the dynamic pharmacophore.
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Figure 2. RMSD Plot of three simulations for eagtrotein-ligand complex.
The Root Mean Square Deviation (RMSD) is used to measure the average distance

between atoms in a specific frame with respect to a reference frame
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7.2 Proteinligand interactions analysis and structurebased

pharmacophores generation

LigandScout softwaréwas used for generation of pharmacophore models. Starting from
the PBD coordinas set, static pharmacophore models were created and, according to the
information retrieved from MD simulations, dynamic pharmacophores were then
generated. The 2D diagram of the common preligemd interactions resulted from MD
simulations for each simm analysed is shown in taldle

The first system evaluated was PDB 5H13. (Fig@)r& he interactions retrieved from
PDB lead to a creation of pharmacophore with only two hydrophobic features. The MD
simulations revealed several new interactions, sughpastacking interactions between

the methoxybenzene, the pyridine and berdioxole component of the tetracyclic
moiety, and Phe97, Tyr148, Tyr365 residues, respectively (Tablkhese residues are
involved also imp-cation interactions with the pyrige nitrogen atom, positively charged

at physiological pH. Furthermore, the amine group in 2 position of pyridine ring formed
H-bond donor contacts with Asn194 and Glu238 residues.

Figure3. 5H13 a. Static pharmacophore; b. Dynanpharmacophore
Green spheres: hydrogdyond donor; yellow spheres: hydrophobic features; blue rings:

aromatic features; blue spikes: positive ionisable features.
As it can be noted in the comparison between the static and dynamic pharmacophores

(Figure4), multiple p-p stacking interactions were found during analysis of the protein

ligand interaction diagram of 5H14 dynamic simulations. The 5H14 ligand estblish
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severap-p stacking interactions in the EED aromatic cage. The benzene moiety interacts
with Phe97, Tyrl8, and Tyr365 residues and the aromatic ring of the
tetrahydroisoquinoline moiety binds Arg367 and Tyr365 residues. While the nitro group
formed p-cation interaction with Tyr365 amino acid. Considerably, the interaction
between the pyrazole moiety and PheBsidue was not reported in the PDB. During a
single experiment the pyrazole group establishedbaitl contact with Tyr148, but this
interaction was not observed in the other two simulations, then it was not indicated in the
dynamic model. In additionn the static pharmacophore, automatically generated by the
software, a Hbond acceptor feature was found, but it was not reported neither in the PDB

nor during MD simulation.

Figure 4. 5H14 a. Static pharmacophor&. Dynamic pharmacophore.
Red spheres: hydrogdyond acceptor, yellow spheres: hydrophobic features, blue rings:

aromatic features; blue spikes: positive ionisable features.

In the dynamic simulations the anisole moiety56f15 ligand establishegtp stacking
interaction with Tyr365 amino acid apecation interaction with the protonated Arg367,
and its indole moiety interacted through doulplg binding with Phe97 residue.
Furthermore, the dimethhdmmonium group binds T$65 and Tyr148 residues via

cation interactions. The same group in a single simulation formbdnd interaction

with Asn194. Computational methods were employed to determine the predominant form
at physiological pH of the two quaternary nitrogen atoosstively charged in the ligard
protein complex. It was found out that at pH=sAlere ardwo formsin equilibrium,
depending on whether the dimettayhino nitrogen or the pyrrolidine nitrogen was
protonated Figure5c). Then, two dynamic pharmacophotessed on different state of

ligand protonatiopwere created and screened but the one carrying the charge both on the



amine group and pyrrolidine moiety exhibited better results, in terms of ROC curve

during the validation step, and so it was chosen to progress in our study @yigure

Figure 5. 5H15 a. Static pharmacophor&. Dynamic pharmacophoreC. The dynamic
pharmacophores with different protonation generated.
Yellow spheres: hydrophobic features, blue rings: aromatic features and smallest blue

sphere: positive ionisable features.

During MD simulations of 5GSA systepp stacking interactionsere foundbetween

the residues Tyr148yr365 and the furan and the triazole component of the bicycle.
Furthermore, the benzene ring inteeabtia p-p stacking interaction with Phe97 and also

in this case-cation interaction with Arg414 was retrieved in a single simulation and then

it was not reported in the dynamic model (Figd)cdn addition, a hydrogen bond contacts
were observed between the nitrogen atom of triazole moiety and Lys211, and between

thealiphatic ammine group and Asn194 residue.
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Figure 6. 5GSA a. Static pharmacophorB. Dynamic pharmacophore.
Red spheres: hydrogéyond acceptor, green spheres: hydrodemd donor yellow

spheres: hydrophobic features and blue rings: aromatic features.

Table 1. LigandProtein interaction diagram from MDs

HO
A:
PRO
95
o HO ;/A—:\\
Q Charged (negative) Hydrophobic Water —e Pi-cation
() Charged (positive) Polar e—e Pi-Pistacking Solvent exposure 5 H 1 3

141



H.
PHE 0
97 .
H20
4
A:
TYR
- 148
(|3| - H20
r
| 2N q :
\ (O
|
|
H20
N 48 ‘-
|
|
» |
A:
TYR
@) Charged (positive) Water —e Pi-cation
Hydrophobic e Pi-Pistacking Solvent exposure 5 H 1 4
A
TYR
148
|
V'I
| @
, | G
i 4
-
H20
1
A
ASN
194
Charged (negative) Polar ~® Pi-cation
Charged (positive) Water = Salt bridge
Hydrophobic ®-® Pi-Pistacking Solvent exposure 5 H 15

142




A:
ASN
194
/
H PHE
0
A:
TYR
365 A:
PRO
- 95
(A
"y
H20 H20
PN A:
| ARG | | ASP
) Charged (negative) Hydrophobic Water Solvent exposure SG S A
&) Charged (positive) Polar ®—e Pi-istacking

The study of systems analysed revealed that the pattern interaction of these ligands shared
common features. Specifically, MD simulations reveaglea interactions hidden in the
interaction pattern retrieved from static crystal structures, and involving aromatic residues
Ty148, Tyr365Phe97 and Arg367, thus suggesting that these residues could be crucial

for the correct alignment of the ligand insitie binding pocket.



7.3 Ligand-Based Pharmacophore generation

Considering the availability of active molecules targeting EEDJigand based
pharmacophorevas also developed. Liga#iwhsed approaches exploit the structural
information ofactive compounds that bind the biological target of interest. This approach
was employed with the aim of evaluating if the use of the EED active dataset can provide
useful information with the goal of improve the virtual screening process. Exploiting
information from EED active compounds, the common structural features were used to
create the liganthased pharmacophore mod&?However, the pharmacophore created
using the active compounds available wiltle parameters reported in material section,
was a unique hydrophobic feature (FigdyeHence, the liganthased approach could not

be further used for the virtual screening, which ultimate makes a strbetsee study

indispensable.

Figure 7. Pharmacophore liganeébased.Yellow sphere: hydrophobic feature

7.4 Pharmacophore Screening

Moreover, the performances of dynamic pharmacophore models and static
pharmacophores generated from the PDB coordinates set were compared in order to
evaluateif the interactions retrieved from molecular dynamics can improve the virtual
screening process. Then, a pharmacophore screening was carried out, using a dataset of
active and inactive compounds retrieved from ChEMBL dat&hassd the results were
compared generating ROC curves and calculating the area under the curve (AUC) and
the enrichment factor (EF) parameters. The pharmacophore screening was carried out
with LigandScout software which requires at least three featusaeinmodel. The static
pharmacophore retrieved from PDB 5H13 reported only two features, then was not

suitable to perform standard pharmacophore screening. Conversely, the dynamic
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pharmacophore obtained from 5H13 included six features, highlighting theness of
dynamic approach in such a case. However, considering that the screening of the static
pharmacophore could not be carried atitywas not possible to make a comparison
between the two models. In tab?eare reported the results of both pharnpdmre
dynamic and static screening considering 0, 1 and 2 omitted features.

The general trend of dynamic pharmacophores results showed similar values of AUC to
the static ones and in some cases, an increase of EF values, indicating an improvement of
disciminative capability to prioritize true active compounds, as showed in the ROC
curves comparison (TabB®.

The dynamic pharmacophore 5H14 enhanced the screening performance in the early
recognition phase. With 0 omitted feature neither the static nalytremicmodelfound

any hit. Whereas during the screening with 1 and 2 omitted features both the AUC and
EF values were significantly better in the dynamic pharmacokagare8)

The 5H15 static pharmacophore displayed good results already in O ofedtacks,
contrary to the dynamic pharmacophore that did not retrieve any hit. While in the
screening with 1 and 2 omitted features, the AUC values were similar, and EF values
were improved in the dynamic up to the 5% percent of the screening perfor(iagae

9) The two modelsvere differenmainly in the number of retrieved hits. Indeed, the static
retrieved more hits than the dynamic one. Probably the reason could lies in the different
numbers of features that compose the two pharmacophores orkimdhef chemical
structures of the hits retrieved. Indeedtasan be noted, the dynamic pharmacophore
5H15 was composed by 7 features against 4 in the static. Furthermore 3 features of the
5H15 dynamic model wene-p stacking, and were more selectivargmared to the two
hydrophobic observed in the corresponding static model. Moreover, analysing the
chemical structures of the hits retrieved in the statodel, it was found out a strong
chemical similarity. This means that this pharmacophore model ceuldstrictive to a
specific chemdype. The screening on 5GSA models resulted in similar values of AUC
both on static and dynamic pharmacophore but in better EF values on the dynamic
pharmacophore. In details, the dynamic pharmacophore of 5GSA providest &

values during the screening with 0 and 1 omitted features, whereas with 2 omitted features

these parameters were compargblgurel0).
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Table 2. Static and dynamic pharmacophores AUC and EF values-&t1D-100% for

5H14, 5H15, and 5GSAystems.

5H14
STATIC DYNAMIC
Omitted
0 1 2 0 1 2
feature
AUC 0.36 0.36 0.5 0.89
N.D. N.D.
(1-5-10-100) 0.65 0.43 0.5 0.95
0.58 0.59 0.5 0.96
0.51 0.66 0.5 0.57
EF 3.4 2.7 23.9 10.6
N.D. N.D.
(1-5-10-100) 3.4 0.5 23.9 10.3
3.4 3.4 23.9 10.3
3.4 2.5 23.9 10.3
Hits
) 0 7 205 0 1 14
retrieved
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5H15

STATIC DYNAMIC
Omitted
0 1 2 0 1 2
feature
AUC 1.0 1.0 1.0 1.0 1.0
(1-5-10-100) 1.0 1.0 1.0 N.D. 1.0 1.0
1.0 1.0 1.0 1.0 1.0
0.79 0.71 0.71 0.61 0.76
EF 23.9 21.3 21.3 N.D 18.6 18.6
(1-5-10-100) 13.4 11.7 11.7 o 16.6 10.7
13.4 5.9 5.9 16.6 6.5
13.4 1.1 1.1 16.6 6.5
Hits 85
) 43 563 563 0 13
retrieved
5GSA
STATIC DYNAMIC
Omitted
0 1 2 0 1 2
feature
AUC 1.0 1.0 1.0 1.0 1.0 1.0
(1-5-10 1.0 1.0 1.0 1.0 1.0 1.0
100) 1.0 1.0 1.0 0.99 1.0 1.0
0.60 0.58 0.72 0.55 0.58 0.59
EF 21.3 21.3 21.3 23.9 20.9 21.3
(1-5-10 19.1 3.9 3.9 23.9 20.9 4.4
100) 19.1 3.9 2.4 23.9 20.9 4.4
19.1 3.9 2.5 23.9 20.9 4.0
Hits
) 10 49 264 4 8 54
retrieved
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Figure. 8. ROC curves 5H14 static versus dynamic; results with 1(a) and 2 (b) omitted
features.
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Thereafter, the three dynamic pharmacophore models were used to create a new, unigue
phar macophore model, called fAdynamic shar e
For this purpose, the three dynamic pharmacophores were aligned and the resulting
overlapped features were interpolated. The dynamic shared pharmacophore resulted in

an ensemble of 4 featurespz and 2 hydrophobic (Figurkl)

Furthermore, in order tassess the capability of the new model to prioritize actives from
inactive compounds, it was decided to screen the dataset on this new hybrid dynamic
pharmacophore, which showed good values of AUC and EF, especially in the early

recognition phase (Tabh).

Figure 11. Dynamic shared pharmacophoré/ellow spheres: hydrophobic features;

blue rings: aromatic features.

151



Table 3. ROC curve Dynamic shared pharmacophore results with 0, 1 and 2 omitted
features.AUC and EF values 4it-5-10-100%

Dynamic-shared

N.o omitted
0 1 2
feature
1.0
1.0 1.0
1.0
AUC 1.0 1.0
1.0
(1-5-10-100) 1.0 1.0
0.85
0.77 0.85
23.9 23.9 23.9
EF 12.8 11.2 11.2
(1-5-10-100) 12.8 5.9 59
12.8 2.3 2.3
N.o hits
. 43 386 390
retrieved
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Figure. 12. ROC curves dynamic shared pharmacophore; results with 0(a), 1 (b) and 2
(c) omitted features

The shared dynamic pharmacophore exhibited a good performance, in terms of AUC and
EF valueqFigurel?2). With the aim of determining thedynamic model had a bias and
retrieved only one chemotype the hits retrieved during the screening were analysed. In
the set of 43 hits retrieved different chemotypes were identified, showing an overall
improvement of th@erformance compared to the previous 5H15 static model.

The results of the dynamic shared pharmacophore highlighted the pivotal role of the
specifically ligand position inside the aromatic cage of the binding pocket. Then, the
information retrieved from lparmacophore features could guide the creation of docking
model with constraints to selectively discriminate actives from inactive compounds. Due

to the low number of features in the dynamic shared model, we have considered it as a



starting point of explation to be further improved using biological data of selected

molecules.

7.5 Docking algorithm evaluationand Docking screening

The crystal structures of EED in complex with the ligands analysed in this work (PDB
ID: 5H13-5H145H155GSA) were used taeate a docking model for each system. The
models validation was carried out firstly through cognate docking to mainly test the
searching algorithm, and then by a retrospective virtual screening using dataset of active
and inactive molecules, in order twess the scoring function capability.

The virtual screening performance was evaluated through the ROC curves and the robust
initial enrichment (RIE) parameters.

The dynamic shared pharmacophore, based on common interactions retrieved from MD
simulations showed two importanp-p stacking features, which are used as constraints

in the docking grid. In order to evaluate the contribute of these constraints on the
screening capability molecular docking was carried out in standard precision mode, either
with ard without constraints. The screening performance was evaluated through ROC
curves and Robust Initial Enrichment (RIE) values. The choice to use RIE values to
validate the screening performance rather than EF, lies in the fact that the enrichment
factor isinfluenced by the length of ranked list, while RIE is focused only on the early
enrichment phase that is the most important in the context of the virtual screening in
which thousands molecules were analysed.

The results reported in Tablg indicate that the addition of positional constraints
significantly improwesthe screening performance. Specifically, the use of constraints
influenced the RIE scores, exhibiting a performance enhancement in the early phase of

the screening, witbomparisorto themodels without constrain{&igure13)
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Complex PDB ID ROC RIE
SH14
Without Constraints 0.75 2.42
With Constraints 0.86 7.66
5H15
Without Constraints 0.75 4.26
With Constraints 0.91 9.54
5GSA
Without Constraints 0.60 2.95
With Constraints 0.72 7.88

Table 4. ROC and RIE values calculated from docking screening, performed with and

without constrains

Screen Results Screen Results

100

b

PDB ID 5H15 ROC graphs: c. withoabnstraints, d. with constraints
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PDB ID 5GSA ROC graphs: e. without constraints, f. with constraints
Figure 13. ROC graphs. Docking results with and without constraints.

According to the results from this study, the common interaction pattern of known EED
inhibitors involvedp-p stacking contacts between aromatic moieties of ligands and the
residues of the aromatic cage within the binding site, such as Tyr365, Tyr148, Phe97 and
Arg367. The improvement of virtual screening results in our approaches could suggest
that these aromatiinteractions are pivotal for the discovery of new active compounds.
The Molport virtual library, composed by 1365148 compounds, was screened on the
docking model built as result of the workflow followed in this approach, and 56 molecules

were selectedotbe tested.

7.6 Identification of EZH2/EED binding inhibitors

An in vitro binding assay was used to determine the effects ofsiktgompounds on the
binding of EZH2 to EED. The assay was performed by BPS Bioscience.

In this assay the capability tmhibit the proteirprotein EEDEZH2 binding was
evaluated. The compounds were tested in single dosendfl 21d seven of them showed
an inhibition rate higher than 30%. (Table

Table 5. Inhibition rate of compounds on EEEEZH2 binding

15€



Compound

Structure

Inhibition (%)

EEO7 ( 25 uM) ; : 0 30
g
EE11 (25 uM) @QA@k 36
EE28 (25 uM) @ 41
EE31 (25 UM) j@ﬂ% 43
T @
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C)\/"@
EE41 (25 uM) %A@( 54
o
d
EE54 (25 uM) \j 41
/{@H
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As it can be noted from the structure of the active compounds, most of them shared a
similar chemical structure, with a central tertiary amine and different aromatic moiety in
the side chains (Figurg4). The most active compounds were the analogues EE41 and
EE3, which differed for the substituents group in the benzene ring. The putative binding
modeindicaied that the interaction with the binding pocket is mainly representpepby
stacking ang-cation contacts. The central tertiary amine is protonated atgibgyical

pH and interactshtough p-cation contacts with Tyr365, Ty148 and Phe97, while the
other aromatic rings establipkp stacking interactions with Tyr 365 and Arg367 in EE31
compound, while p-cation contact with Arg4l14 in EE41. Furthermore, inhbot
compounds binding posethenitrogen atom of pyrrole moiety is protonated and forms
hydrogen bond with Glu238. (Figui&).

Further biological test will be carried out (e.g.sd@nd evaluation on the metHlyistone

level) on these compounds in ordervalidate the biological activity. In conclusion,
compound EE41 seems to be a promising starting point to design a more potent EED
EZH2 binding inhibitor.

o~ Py T
d@ﬁ@* SC g W

EES5 EE41

@%@ j@m@ Oj9©o ) @j@o
@R ]

EE28 EE31 EE38 EE54

Figure 14. Most active compounds in inhibition of EEIEZH2 binding
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Figure 15. Binding poses and ligand interaction diagram of compound EE41 (A) and
EE31 (B)



7.7 Material and Methods

System quality assessment and protein preparation

The crystal structures were selected from PDB database with resolution below 2.5 A.
Protein Preparation Wizaitl aSchrédingetool, was used to prepare the protein, adding
bond orders and hydrogens to the crystal structure and deleting waters beyond 5.00 A.
Epik was used to generate het states at pH 7.4 + 0.2 and subsequently the protonation
state of the protein anté ligand were evaluated using PropKa at pH3t#.

Molecular Dynamics and common interactions evaluation

With the aim of better investigate eventual liggomdtein conformational changes it was
chosen to perform multiple short simutats, using for each simulation random seeds as
starting point. For each proteligand complex, three molecular dynamics simulations of

25 ns were run. The systems stability was evaluated checking the RMSD values of the
aligned protein and ligand coordieadet calculated against the initial frame.

DESMOND?®* (version) was used to perform the simulations using OPLS3e force
field.**3> The systems were built solvating the complex preligiand in orthorhombic

boxes using the TIP3P water model. Then the box volumes were minimized and
equilibrated at the temperature of 300 K and at 1.01325 bar pressureR arehdemble

was used. The trajectory coordinates were recorded every 25 ps, obtaining 1000 frames
for each simulation. In order to analyse MD simulations, we used simulation interactions
diagram that showed the graph of RMSD and RMSF values both for $igawldproteins,

the protein secondary structure changes, liganodein interactions, includingHonds,
hydrophobic, ionic, and watdrridge contacts and the ligand torsion and properties.
Starting from these data, the common interactions were evaluaidyl.interactions

present in the three simulation for each system were considered common.

Pharmacophore generation

LigandScout softwarfé was used for the pharmacophore generation.
1 Structure-based (static and dynamic)

For each ligand a static pharmacophore model was generated using the PDB coordinate

of ligandprotein complex. Then the common interactions retrieved from the MD
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simulations were used to create a new dynamic pharmacophore model for all three
ligands. The dynamic pharmacophore models were generated importing the
corresponding structwigased model and adding the common features identified from the
simulations. Due to their proximity, in the dynamic 5H14 pharmacophore model the three
hydrophobic features otihe pyrazole moiety were interpolated and the tolerance was
increased by 0.15 A, in order to create a unique larger hydrophobic region. The created
dynamic pharmacophores were then aligned and the overlapping features were

interpolated.

1 Shared dynamic prarmacophore
The fisharedo dynamic pharmacophore was <cr e
retrieved from the 12 simulations (3 for each PDB chosen). In order to take into account
the dynamicity of the interactions, the tolerance radius for overlafgrdre was
increased by 0.15 A.

1 Ligand-based
The active compounds (42) present in our dataset were separated randomly in training
compounds (30) and test compounds (12). Conformers of these molecules were
generated, usingCon and applying the BESTtiag. A max number of 200 conformers
were generated with RMS threshold of 0.8, and an energy window for conformer
selection of 20,0 Kcal/mol. Torsion driving, generate cords from CT, enumerate rings and
nitrogen atoms were flagged on. Then, the ligaetivere clustered with pharmacophere
alignment score, as similarity measure, and setting a cluster average distance of 0.4. The
ligagndb ased phar macophore was <created as fis|
Aphar ma-tophand at om o vcion,lcregiing exxlsdedsvollones, ng f

and setting a feature tolerance scale factor of 1 A.

Docking grid generation

For every system, a docking grid was generated both with and without constraints, using
Glide software®® The scaling factor was set at 1.0 A with a partial chargefwtf 0.25,

and the ligand was chosen to define the grid centroid. Starting from the shared dynamic

pharmacophore interaction pattern, constraints were set on the docking grid. For the
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commonp-p stacking and hydrophobic interactions positional constraints were imposed

in line, with the GLIDE grid constraints panel workflow.

Database creation and preparation

The screening performance of both pharmacophore models and the docking grids was
validated in a retrospective way, using a list of known active and enriched inactive
compounds. The compounds were retrieved from ChEMBL datdhsiseompounds

tested on the target EED and with different values ef Ko, Ki were chosen and filtered

to remove duplicates. All compounds tested on the target EED and with different values
of IC50, Ko, Ki were chosen and filtered to remove duplicates. Compounds showing Ki

2 50000 nm and IC56100000 nm values were considered inactive. In order to enrich
the inactive dataset, analogues of these inactive compounds were searched on PubChem
databas¥, with PubChem fingerprint and 0.9 as similarity coefficient of Tanimoto. Such

a method does not provide analogues compounds because it is not based on substructure
search. Duplicatewere then filtereebff and, to choose representative molecules with
different chemotypes, inactive compounds were furthermore clustered, using radial
binary fingerprint and Kmeans clustering a tool provided by Can¥&8.In order to

avoid too strictly similar compounds in the inactive dataset a similarity matrix for all
inactive compounds and for the single cluster was created. The average value for each
class was calculated, showing a sufficient structural differentteeidataset. Moreover

a hierarchical cluster analysis was assessed to further check chemical clusters.

Inactive compounds Similarity matrix average
All inactive compounds 0.067
Cluster 1 0.081
Cluster 2 0.199
Cluster 3 0.122
Cluster 4 0.071

Table6 Similarity matrix average calculated for the inactive compounds of the dataset
The final dataset was composed by 42 active and 940 inactive molecules. These

compounds were then prepared by LigPrep, a tool of MAESTRO software, using OPLS3e
as force field and EpiK to generate all the possible states at pH of 7.0 £ 0.2. Desalt and
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geneated tautomers were flagged on, the chirality was retained and at most 32

conformers per ligand were generated.

Pharmacophore screening

The pharmacophore virtual screening was performed using LigandScout séftiMaee.

Aphar maceopglhore fwiats used as scoring functi
was chosen as screening mode. Furt her mor €
selected as retrieval mode. The screening performance was evaluategh tRexeiver

Operating Characteristics (ROC) graphs, calculating Area Under the Curve (AUC) and
enrichment factor (EF) parameters.

Molecular Docking screening

Molecular docking was carried out using Glide software released by Schr&flinger
(release 2018). The simulation was performed in SP, with and without constraints,
using OPLS3e as force fietd The ligands were considered as flexible, and Epik state
penalties were included to docking scér&he van der Waals (vdW) radii scaling factor

was set as 0.8, with a partial charge cut off by 0.15.

Assay Experimental Conditions

The enzymatic assay were performed by BPS Bioscience, San Diego, California.
1 Materials

EZH2-EED Binding Assay Kit (BPS Bioscience, 52066)

EZH2 Inhibitor Il (Sigma, 5083200001)

AlphaLISA Acceptor Beads Beads, 5 mg/ml (PerkinElmer, AL112C)

AlphaScreen Glutathione Donor Beads, 5 mg/ml (PerkinElmer, 6765300)

OptiPlate384, White Opaque 384ell Microplate (PerkinElmer, 6007290)



1 Enzymes and Proteins

Enzyme/Protein

Enzyme/Protein

Enzyme/Protein | Catalog # used
Lot # )
(ng/reaction)
EZH2-GST 50279 201109G 40
EED-FLAG 50280 201105 10

1 Assay Conditions

EZH2-EED binding reactions were conducted at room temperature for 60 minutes in 10

pl mixtures containing Assay Buffer, EZH2ST, EEDFLAG and test compounds.

These reactions were carried out in wells of-8&4l OptiPlate. Test compounds were

first incubated with EZH2 for 30 minutes prior to addition of EED and the reaction

mixtures were further incubated for another 30 minutes. After incubation for the binding
step, 20 ul of antFlag acceptor beads (1:500) and G&bhor beads (1:125) in Assay

Buffer were added, and the mixtures were incubated for 60 minutes at room temperature

and protected from light. The signal was then measured using an AlphaScreen microplate

reader.

1

Data Analysis

Binding assays were performed in duplicates. The AlphaLISA sigtengse analyzed

us .

ng the

compoundo) ,
(ABl anko),
presence of each compound was calculated according to the following equation:

activity = (C1 Co)/(CeT Co), where C = the intensity in the presence of compound (all

computer
i Nt e nesactivity. Inihe sbsaheefofiemzegnee a s
I nt e ) adtivityy The parcend aeftyi imtieed

t he
t he

sof twar e,

Graphpad

values below zero were shown as zero in the table) p@iteentage activities were plotted

on bar graphs.
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1. INTRODUCTION

Carbenoids are organometallic compounds containing a metal atom (e.g. Mg, Li) and at
least one electronegative element (e.g. halogen). These reagents have proven to be useful
homologating agents. The homologation reaction is a chemical opetfagiooonvets

the reactant into the next member of the homologous séffes most common
homologation reactions increase the number of methyl@h{) units in saturated chain

within the molecule The classic homologation reaction is edt-Eistert reaction

which allows the formation of homologated carboxylic acids or their derivatives by
reactng the activated carboxylic acids with diazomethamesulting in the formation of
U-diazoketoné'® The issue related to the safety profile of diazomethane, leaded to the
development of alternative safer reactions, includivigting® ¢, Corey-Chaykovsky,

Morita-Baylis-Hillman2, and Kébricl reactions (Schem®.

O
CH,
EWG
R 7 NR3 )J\ R1;P= CH, )J\
-« | R RL | —————
(R'=H) R R
o

Morita-Baylis-Hillman CHN, Me—S=CH, Wittig
(R= hal) MCH X M
i 0
)J\/N@ 5 7\
R Z \N@ R Rl

Arndt-Eistert /\1/R1 Corey-Chaykovsky
X

R
Kobrich

Scheme 1. Classical context of homologation in synthetic chemistry
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Carbenoids are characterized by an amphiphilic profile due to the simultaneous presence
of an electrordonating and electrewithdrawing substituent linked at the same carbon
center. Inded, they can react either as nucleophile or electrophile depending on reaction
conditions, in particular on the nme of the metadnd temperature.

The presence of electropositive metal, such as lithium and magnesium siraluce
nucleophilic characteCarbenoids with less positive metal, such as pmdodium act

as electrophile. In addition, low temperature induces a prevalence of the nucleophilic
behavior, while higher temperature facilitates the electrophilic one.

Due to their versatility, carben@dresent several advantages including their capability
to insert, by onetep reaction, a functionalized carbon responsive for further
modifications. Despite the high potential of these reagents, the main limitation is
represented by the thermal instapilieading to a degradation process through
elimination(Scheme?). This is due to amternal coordinatioletweerthe metabndthe
halogerresulting ina free carbene and a metal hakadt!%*! De factothe preparation of
these reagents requires full cheosantrol and a compromise between stability and
reactivity.

The degradation issue can be solved conducting the reaatimhey Barbiettype
conditions, atdw temperatures-18 °Q), in the presence of lithium halide and ethereal

solventst? 16

M etal-driven behavior
Reactivity M ode (Nu vsE) —
Nucleophilic Electr ophilic

M@ M M

® o . ° QH
RS R @ o
_— —_
X /\H X /\H H

X
/QH U-elimination
X H

free carbene

Scheme 2. Reactivity profile of carbenoids and their degradapoocess.
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1.1PREPARATION OF CARBENOIDS SPECIES

Carbenoids can be prepargd different methodsmetalhalide exchangemetatproton

exchangei(e., deprotonation)metatsulfinyl exchangeandmetattin exchange

1 Metal-halide exchange
The lithiumhalogen exchange is one of the most common preparative method, due to the
wide availability of dihalomethane precursors. MeLi has proven to be useful source of
lithium?” but recently the Mel-LiBr complex in EtO has become the reagent of choice
for preparing chloromethylithium (LIC4€I) starting from chloroiodomethane (IGE1)
(Schemeg).>1820

H H
)<H = )<
_—_—m
X Y X Li
X=Cl, Br, |
Y=Br, |

Scheme 3. Lhtiation via lithiumi halogen exchange.

The nature of the dihalomethane plays a crucial role in the implementation of the process,
ICH2CI is the preferred precursor. Furthermore, #teichiometry should also be
considered. Despite the reaction betweeraldimethane and organolithium reagents
proceeds quantitatively and could be carried out in a ratiilofis preferred to use a
small excess(0.2-0.4 equiv) of dihalomethaneconsidering the possibilityf the
competitive attack of the alkylithium to the electrophile or variations in its
concentratiorf!

The process is also affected by the nature of the electrophiles, considering that the
dihalomethane has to raafirstly with the organolithium reagent rather than the
electrophilé&?

In addition, the magnesium halocarbenoids can be prepare using magioebnen

exchange in presence of I@El. Contray to the lithium halocarbenoids, the magnesium
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ones are more stable and they can be easily genera#i°&t, allowing the addition of
the electrophile at the later stage of the reactich.
However, the magnesium carbenoids could be a good choice only in the presence of a

potent electrophile, while with weak electrophile species it fails.

1 Metal-proton exchange
The metalproton exchange can be employed to generate dihalomethylcarbenoids, such
as LICHCP, LiCHBrz, LiCHIz, using the corresponding dihalomethaared lithium
amide base, such &®A, LNCy2, LTMP andLiHDMS which removes the proton from

the dihalomethane (Schemp!®2026.27

Scheme 4. Reparation of carbenoids via lithiurproton exchange.

1 Metal-sulfinyl exchange
Hoffmarr® and Blakemor® reported an alternativenethod of magnesium and lithium
carbenoids preparation respectively. The aryl giswgitached on the sulfinyl group and

the inversion of stereochemistry at sulfur ocd@shemeb).

0

Rl

\Rz + CI\\\““ K

) ——

R2Li ®
Ar -~

Li

Scheme 5Lithium carbenoids from halogenatedrylsulfoxides.

Contrary to thedihalomethanes which are commercially available the statiing

halosulfoxidesheed to be preparé!



1 Metal-tin exchange
In this preparation method the nature of alkyl lithium affects the reaction outcome.
The MeLi showed better performance comparedntBuLi, which leadsto the

formation of undesiredompoundgSchene 6).2

H
%, PP PPh,, CCl, %, P PhCHO, MeLi % P
) _ > ————— > Ph >
BuaSh OH MeCN, rt BuaSh o THF, <C78A al
OH
Scheme 6. Hammerschmidtds prepar althvmmn of

exchange.

1.2Electrophilic partners for carbenoids

1.2.1Carbonyl Adducts

The carbonyl compounds have proven to be optimal electrophilic counterparts on
reactions with carbenoids. The addition of halomethyllithium to an aldehyde or ketone
leads to the formation df-halohydrin, which can be subsequently converted into an
epoxide The ring closure can take place through increase of temperature or through a
baseassisted process. In this context Pace an@variers reported the addition of

chloromethyllithium to unsaturated cyclic keton8gliemer).3?

o OH
R} ICH ,ClI (4.5 equiv) RY cl
MeLi-LiBr (4.0 euiv)
‘ ) THF-Et,0 ‘ )
n - 7@ Ah n
R T NH,CI (a0) R T
R2 R?

n=0,1,2
X = CH,, S, NBoc, COR

Scheme 7. Addition of chloranethyllithium to cyclic enones.
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Furthermore, another example of high electrophilic substrate for this reaction is the
carbonyl group of isatins. Pace andworkers also reported the formation of spiro
epoxindoles through LiB2Cl addition to isatins followed by baseediated ring

closure. 8chemeg)33

o} 1) ICH,CI (3 equiv)
MeLi-LiBr (2.5 gquiv) 0
THF, C71hA
then NH,,Cl (ag), 2 min

2) K,CO3(1.5 quiv)
MeCN, ove night

Scheme 8. Synthesis of spigpoxyoxindoles through LICEHCI addition to isatins

followed by basenediated ring closure.

1.1.2 Imines

The addition of halomethyllithium to an imine generates corresponding aziridine
cycle by ringclosure The use of carbenoids in this kind of reaction has been well
explored. Savoia et al. reported the formation of aziridines starting froBa
pyridinecarboxaldehydeand @)-valinol, in which the use of LIiCECI leaded high
stereocontrol and high yieldS¢heme9)32

Me Me cl Me Me Me

™ A
ICH ,Cl, MeLi-Li Br H N
NN, oTMS 76 AHF N . oTMS | X TKMS
- - - .
N

‘ then H,0 ‘ |
N N Li HO'

Scheme 9. Carbenoidsediated 2aziridination of 2-pyridinimines

Aziridines were also generated through the addition of lithium iodocarbenoids to

sulfonytprotected imingsas reported bZoncelfn et al343%
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1.2.3 Weinreb Amides

The homologation reaction of Weilreamides in presence of lithium halocarbenoids
leads to generation @thaloketones®

Berluenga described the formation dhaloketonessia homologation ofesters using
carbenoids under Barbi¢gype conditions’ The intermediate reported is stable under
reaction conditions, probably due to the presence of an electronegative halogen and an
oxygen substituent preventing the elimination of alkoxide group.

However, this process does not ocicupresence of amino or amido groups in which the
nitrogen is linked with a hydrogen atom, because the carbenoids extract the acid proton
rather than attacking the electrophile.

Subsequently, the use of Weinreb amide proved to be successful to overcsissuthi

due to the higher stability of thtetrahedral intermediate formeldiring the reaction of
Weinreb amideand carbenoids (Scherti). Indeed, in the Weinreb amide intermediate

the nitrogen group is chelated by the methoxy group and its basicgyndoaffect the
stability of the intermediat¥.

o

RY o] Me

Lixeee. |
| \)k h O\ X " :
N OMe ) ) X o
Ar/ N/ LiCH,CI (3 equiv) |<)<N;,Me NH,CI (aq) RzI_
THF, -C91(hA N cl
l\|lle A /

Scheme 10. Homologation @&-arylamino Weinreb amides.

Paceds group employed the homol ogati on
several compounds, including thgnghesis of Nelfinavif® (an important HIV
inhibitor, U-cyanoketone® U-oxyketones® b-oxothioetherd® Uaryl and U-alkyl-

selenomethyl ketone/$
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1.24. Disulfides and Diselenides

Pace and cavorkers reported the homologation of disulfides to the corresponding

dithioacetalsising bromemethylithium carbenoid Schemel1).4?

1) ICH,Br (3 equiv)

MelLi-LiBr (2.5 euiv)
S R TM SCI (2.0 equiv) P
C.2A

- T®A1lh
2) NH,Cl (aq)

Scheme 11. Homologation of disulfides

In this procedure chemoselectivig/fully maintained in presence of additional sensitive
functionalities towards organolithiu(e.g.,aryl halides, heterocycles, estand amids).
In addition,the procedure could @xploitedfor homologating asymmetric disulfidand

diselenides.

1.2.5. Heterocumulenes

Pacéd s gdescnbedthe chemoselectiveynthesisof U-haloacetamidethrough the

addition of halocarbenoids to isocyanat®siemel2).1°

O

Z° ICH.Cl (L5 auiv)
\N/C MelLi-LiBr (1.25 euiv) R R\ c

> N
Et,0, -C 78A H
then NH,CI (aq)

R

Scheme 12. Msubstituted 2Haloacetamides synthesis through isocyanates

homologation.



1.3 Fluorocarbenoids

The introduction of fluoromethygroup into organic skeleton would be highly desirable
and could be achieved usifigorine-containing carbends. These carbenoids are highly
instable and their preparation has been challenging. In 2017 Pace -avmrkeos
proposed a new protocol for the preparation of fluorocarbenoids starting from the
commercially available fluoroiodometharéheoptimization study highlighted the main
conditionsrequiredfor the success of thgeparation

a) Barbiertype conditions}p) MeLi-LiBr was used as the optimal lithiating agea};
precise stoichiometry of the electrophil&eLi-LiBr / ICH2F = 1 : 1.5 :2.0; d) use of

THF: E£O 1:1 v/ivmixture solventgschemel3).43

MeLi-LiBr H, H Electr ophile
ICH ,F (2 equiv) _ (L5auiv)  ECH.F
THF/Et,0 (1:1 viv) _
- 7@ Bmin Li F

Scheme 13. Generation and use of fluoromethyllithium.

The employment dluorocarbenoids proved to be successful in a series of homologation
reactions. For instance, the addition of L#EHto a-, b-, or g-halogeneted ketones

followed by a bast¢riggered ring closure lead to epifluorohydrins and homologues
(Schemel4).

CH,F o
ICH ,F Ho ) CHaF
X MeLi-LiBr X a%e (
R n —_— R n —_—

THF/Et,0
- 7@ A

Scheme 14. Haloketone fluoromethylation/ring closure process.
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In 2019 Pace and eworkers reported the employment of LieFHfor homologating
ketones and imine followed by ring closure reaction, leading to the formatiaa of

fluoroepoxides and-fluoroaziidines ($hemel5s).38:44 46

Rl
z
£ >A\
. 2 ———————
wH HILi oM )]\ \ A R? F
>< exchange >< R! R? Rl fluoroadridine
I F
I F o

reactive R2 E

C-l
C-F fixed unit .
fluorogpoxde

Scheme 15. Deprotonation of fluoroiodomethane for preparing fluero

iodomethyllithium and reactions with (aza)carbonyls.

In this work benzophenone was chosen as model electrophile andRrgfy lithium

amide base proved to be the best choice. The reaction showed good chemoselectivity in
presence of sensitive groups in the molecular core, suedakyde, ketone, nitrile,
alkene*



2. RESULTS AND DISCUSSION

In 2019 lelo et al. reportedthe telescoped homologation of imine surrogdtdas
aziridines using carbenoiddn detail, a-chloro and a-halomethyitrifluoromethyl
aziridine weresynthesise#ia homologation of trifluoroacetimidoyl! chloride$KAICSs),

which proved to be suitable electrophiles.

This work highlighted the interesting behavior of these electrophilic in reaction with
carbenoids, enabling the insertion of either one or two nucleophilic elements by
controlling thestoichiometry of the reaction. Indeed, by using 1.2 equivalent of 1QCH

a single C1 unit was introduced, obtaining the chhoiftuoromethyl aziridine, whereas

in presence of an excess of carbenoid (2.8 equivalenty@1Qiis homologation was

achievedforming a series of chlormethyHtrifluoromethylaziridines Schemel6).

C1-C1 bis-homologation C1 homologation
R
e Cl
X ICH,X (3 equiv) N CF, R
CF; R MeLi-LiBr (2.8 equiv) | ICH,CI (1.3 equiv) N -
N ~ X=CLF MeLi-LiBr (1.2 equiv)
THF, -78°C,1h CF; Cl THF, -78°C,1h
NaHCO; NaHCO;

Scheme 16. Telescoped homologations of TFAICs to etillomro- methylaziridines

and chloromethytrifluoromethyl aziridines.

A plausible mechanism that can explain the chemoselective homologation involves the
formation of a tetrahedral intermediate in which presumably there is a coordination
between the lithium cation and the chlorine atom forming, after an internal rearramgemen
the monehomologated chloroaziridine. Whereas, in presence of an excess of
homologating agent (both LiCRKEI and LIiCH2F were used), the intermediate
chloroaziridine spontaneusly forms the azirinium ion which, due to its high
electrophilicity, reacts witha second equivalent of carbenoid furnishing the chloro
methyl aziridine $chemel?).
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mono-homologated

R R .Li
/ \ /, !\ CI
N . N | -Cr CF; R
| LiCH,C1 ' N ~
— T e
(1st equiv) cl
CF3 Cl CF3
Cl
spontaneus
Cl
CF, R LiCH,Cl CF,

(2nd equiv) Cl

bis-homologated

Scheme 17. Plausible mechanism governingu@lC1-C1 homologations

With these results in hand, we decided to investigate reeetivity of chloro-
trifluoroimidates using LICH21 as homologating agent. What we obtained was a
completely diferent reaction product, due to the formation afdimeric derivative
(Schemel8).

R
N MCH ,X (homolgating)

X =1, Br
| ( )
Metalating agent

c thenNH,CI (aq.) CF3

CF3 CF3

Scheme 18Synthesis dbis- trifluoromethytb-diketiminate.
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2.1 Reaction optimization

In order to afford the desired product possessing two TFAIC units, 2 equivalents of the
starting TFAIC were usedVhen LiCHI was used for the first homologation followed

by the addition of Mel-LiBr as metalating agent, compoun2iand 3 wereobtainedin

76:24 ratio, while when LiBfree MeLi was employed, an increase of compo8mehs
noticed. The use of other organolithium derivatives for generatiiigH2l, such ass-
BuLi-LiBr or t-BuLi-LiBr did not significantly affect the reaction outcom&hereas
LiCH2Br exhibited a suitable reactivity as homologating agent affording compdund
with a slight lower yield. Furthermore, variability in terms of yield and rate of conversion
was reported when diethyl ether or toluene were used as sahsteddof THF.
Afterwards, in order to maximize the ratio and conversion of the reaction, different
equivalent ofLiCH2l were used, identifying as best condition that one reported in entry

15, in which the desired compouBidvas obtained in 91% yield.

In details, the protocol includes:

a) The addition of the CHl2 occurs in ongot at the beginning of the reaction,
followed by the addition of the minimum amount of M&liBr to form the
LiCHal, acting as homologating agent.

b) The residual Ckl2remains aseservoiruntil a second aliquot of MedlLiBr is

added for generating LiCHthat, this time, acts as metalating agent.
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\

CF; cl

MCH,X (homolgating)

(X=1,Br) 3
Metalating agent
then NH,Cl (aq.)

e o)
Entry Homologating Metalating Conversio® Ratio 2/3 Yield of 2

agent (equiv) agent (equiv) (%)°

1 LiCH2l (1.2)  MeLi-LiBr (1.2) 41 76:24 26

2 LiCH2l (1.2) MeLi (1.2) 36 55:45 14

3 LiCH2l (1.2)  n-BuLi-LiBr (1.2) 39 68:32 22
4d LiCH2l (1.2)  n-BuLi-LiBr (1.2) 35 41:59 11
5 LiCH2l (1.2)  sBuLi-LiBr (1.2) 31 63:37 15

6 LiCH2l (1.2)  t-BuLi-LiBr (1.2) 36 71:29 23

7 LiCH2Br (1.2)  MeLi-LiBr (1.2) 33 70:30 19

8 LiCH2l (1.8)  MeLi-LiBr (1.8) 72 81:29 54

9 LiCHal (2.3) MeLi-LiBr (2.3) 74 80:20 55
100 LiCH2l (1.8)  MeLi-LiBr (1.8) 18 83:17 10
11f LiCH2l (1.8)  MeLi-LiBr (1.8) 27 79:21 16
12 LiCH2l (1.8) LiCH2l (1.8) 87 93:7 76
13 LiCH2l (1.8) LiCHal (1.3) 83 90:10 70
14 LiCHa2l (1.3) LiCHa2l (1.8) 89 98:2 83
15 LiCH2l (1.3) LiCH2l (1.5) 95 >99:1 91

Table 1. Reaction optimization? Unless stated otherwise (entries6® LICH2I was

generated under Barbier conditions in THF starting from CH2I12 and Mé¢Br at -78

°C for 1 h. The metalating agent was added after 5 min from the end of the homologation

step.” The ratio has been calculated by -NMR analysis using 1,3,5%imethylbenzene

as internal standard'. Isolated yield. d TMEDA (1.2 equiv) was add&deaction run in

Et20.f Reaction run in toluene.




2.2 Scope of the reaction
The developed methodologyas applied on different halogen substituted TFAIC

substrates. Thertho, meta, para positions of aromatic ring of TFAIC derivatives
were explored with different halogen groups, obtaining the bromo analégnes,
chlorinated derivativest(8), as well & monofluoro 10) and trifluoromethyl 11)
derivatives. Furthermore, TFAICs with electrophilic groups were also employed,
exhibiting a significant chemoselectivity. Compouk#lpossessing nitrile group was
also obtained, and derivativ&8 and with14 t-Bu and Etester groups, respectively.
The naphtylderivative (5), was used for the -Xay analysis, furnishing important
features ob-diketiminatesstructure. The use of TFAIC deatives containing groups
with different steric hindrance did not affect the reaction outcome. Indeed,
compounds witm-Bu (16), 2,5diMe (17) andi-Pr (18) groups, were obtained with
high and similar yield. The methodology proved to be successful alsmétogues
with vinyl motif (19) and terminal alkine20) that could undergo to deprotonation
under the reaction condition. TFAICs with nitrogegntered group reacted to afford
compound21 with morpholino moiety, and compoun@2 and 23 with nitro- and
diazo groups, respectively. Furthermore, the methodology was also explored with
substrate presenting electlonating groups, including ethers-¢thoxy (24), 2,5
dimethoxy (25)], cyclic acetal [1,3enzodioxolane26)] and fluorinatedether [4
trifluoromethoxy (27)]. Derivatives with sulfur substituents such asuffonamide

(28) and 4thiomethyl @9) were also obtained. Moreover, compows@ with 4-
phenylseleno substituent did not show Se/Li exchange obtaining the desired

compoundn 90% yield.

N/ ICH I (3 equiv)
1) MeLi-LiBr (1.3 equiv), 0.5 h
| _ .
2) after 5 min
MeLi-LiBr (1.5 gquiv), 0.5 h

CFy cl 8
THF,  C7tt@nANH,Cl (aq.)

(2 equiv) 2-30
TFAIC
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2(91%) 3(85%) 487%) 5(88%)

CFy cFy
. . N
. ; / ~ ; /@/ " \©\ :O
cl cl cl Cl
cl cl
6(79%) 7(83%) 8(81%) 9(78%)
cFy <
E No N F N K N. N
H \Oi C[ N \©\
F F CFs  CFy NC N
10 (93%) 11.(80%) 12(85%)
N -l Ni -N ;
- - NeL
o, o o o
O-tBu O-tBu OEt OEt
13(83%) 14 (86%) 15(91%)
N LN Me. N Me
nBu n-Bu Me  Me
16 (85%) 17(88%) 18 (85%)

S
19(77%) H ‘ 20(81%) HH O\) 21(93%) k/o

CcF3

: “NO2

22(80%) 23(92%) Ot 24(87%)

PhN=N N=NPh

OEt

Me

MeO'

Me. N..
~ : : ,N\©:o> :: e N i:
Ome o CFy0 0CF3

25(79%) 26/(84%) 27(93%)

O\\/C( 7
C/N/ \\O 0// Ny She PhS sph

28(81%) 29(87%) 30(90%)

Scheme 19. Scope of the reaction.
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In addition, he highlevel of chemocontrokxhibited during the reaction with ester
derivatives, inspired us the attempt to use a TFAIC decorated with a Weinreb amide as
substrate in order to investigate the possibility to obtain consecutive homologations.
Indeed, by simply controlling the stoicmetry of the reaction, the mon82) and di

(33) functionalized compounds were obtained (Sch2@)e

CF,
OMe
d Me
o

MeLi-LiBr (2.4 equiv)

CF, cl CF.

3
ICH,I (3 equiv)
| 1) MeLi-LiBr (1.3 equiv), 0.5 h
N

3 TN
7R
> ; :
2) after 5 min Neoy -V
OMe MeLi-LiBr (1.5 equiv), 0.5 h OMe
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Scheme 20. Consecutive homologatiorersification of a Weinreb amide decorated
TFAIC.

2.3 Plausible mechanism of the reaction

The plausible mechanism of the reaction involves the formation of a tetrahedral
intermediate (B) subsequent to the addition of LiCld TFAIC (A), which trough the
elimination of a chlorine atom, lead to the formatadritiodomethylimine specg&(C).
Subsequently, the lithiating capability of the reagent comes into play, thus providing the
cor r es p-litiuchiinmng (D)J(via I/Li transmetalation) which attacks a second
molecule of chlorotrifluoroimidatesnd, folloving a similar addition/elimination process

(E) lead to the homologated adduct. This compound undergoes a tautomeric equilibrium
that provides the final product in the G form (Sch&te

The presence of Gi in the crude mixture indicates that subsedjyehis consumed in

the homologation step, but it is then reformed during the metalating step. Indeed, when
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MeLi, n-BuLi and LiCHBr were used as metalating agents, theNB& analysis reveals
the peak of Mel, fBul and BrCHzl, providing experimental evidence of the mechanism

hypothesized above.

detected
|/\|
R LN R R
N ) N _cr N ) N
| Li CH,l | Li CH,l |
—— —
(1< equiv) | | (2nd equiv) Li
CFs d C1-Homologation CFd CC‘ CFd I-Li exchange CFs
B c e R
N|/
CFg)\CI
TFAIC S-Ac
R R R R R R L
\|N i \|N N|/ \‘N \N/A)
- B, S
ca)\/kcp CFy CFy CF; CF.
cl
H
G F E

Scheme 21. Plausible mechanism of the reaction.

2.4 X-ray analysis

Definitive proof of the structures was deducted from NMR experiments araly X
crystallographyThe X-ray strutural analysis of compourih (Figurel) was carried out

in collaborationwith Dr. A. Roller (Institute of Inorganic Chemistry, University of
Vienna)

F1 Fa

2 \ l' | \ R F5
AN

[—‘: ’1 N3Eg,
20 SRR N
N TN

| ,:.l y y N :,\f;j

Figure 1. Xray structural analysis of compound 15.



2.5CONCLUSIONS

In summary, we reported the synthesis of new fluoringéiteliketiminates which are
promising candidates to be used as ligands. The reaction was carried out starting from
TFAICs and LiCHI carbenoids. The new developed methodology exploits the capability
of iodomethyllithium to act contemporaneously dsmologating(C1l source)and
metdating agentThe excellent chemocontrol was highlighted by the several sensitive
substrates employed. The structural similarity with NfaeNac ligands, could suggest

an empbyment of trifluoromethyb-diketimites as metathelator agents.
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2.6 MATERIAL AND METHODS
1 General Methods

Melting points were determined on a ReichKdfler hotstage microscope and are
uncorrected. Mass spectra were obtained on a Shimadzu QP 1000 instrument (El, 70 eV)
and on a Bruker maXis 4G instrument (ERDF, HRMS).'H, 13C, 1, 15N and’’Se

NMR spectra were recorded with a Bruker Avance IIl 400 spewter (400 MHz for

H, 100 MHz for'3C, 376 MHz for**F, 40 MHz for'>N and 76 MHz for'’Se) at 298 K

using a directly detecting broadband observe (BBFO) probe. The center of the (residual)
solvent signal was used as an internal standard which was redai®dS with G 7.26

ppm ¢H in CDCE) andti 77.0 ppm £3C in CDCEB). 1% NMR spectra were referenced via

the 2 ratio (absolute referencing®N NMR spectra (g$iMBC, gsHSQC) were
referenced against neat, external nitromethd8e.NMR spectra were referenced against
diphenyldiselaneli(PhSe 463 ppm). Spirspin coupling constantd)(are given in Hz.

In nearly all cases, full and unambiguous assignment of all ressa@s performed by
combined application of standard NMR techniques, such as APT, HSQC, HMBC,
HSQCTOCSY, COSY and NOESY experiments.

THF was distilled over Na/benzophenone. Chemicals were purchased from- Sigma
Aldrich, Acros, Alfa Aesar, Fluorochem and T@&urope, otherwise specified.
Organolithium reagents were provided by Albemarle Corporation. Organolithium
reagents were titrated immediately before the use according to established literature
procedure. Solutions were evaporated under reduced presshira miiary evaporator.

TLC was carried out on aluminium sheets precoated with silica gel 60F254 (Macherey
Nagel, Merck); the spots were visualized under UV light 254 nm) and/or KMn®

(ag.) was used as revealing system. Neutral Aluminium Oki8eockmann grade 2

(Alox-BG2) for chromatographic purifications was prepared as we previously reported.



1 General Procedures

General Procedure 1- Preparation of trifluoroacetimidoyl! chlorides - To a solution

of PheP (3.0 equiv) in DCE was added GC4.0 equiv), BN (1.2 equiv) and TFA (1.0
equiv) at 0 °C and the mixture was stirred for 10 minutes. After the solution was cooled
to room temperature, suitable aniline (1.0 equiv) was added. The mixture was then
refluxed overnight. Solvent was removedder reduce pressure, and the residue was
diluted and washed witikthexane several times and filtered. The filtrate was concentrated
under reduced pressure, theatiained crude mixture was subjected to chromatography

(silica gel) to afford pure compounds

General Procedure 2- Preparation of bis-CFs-b-diketiminates - To a cooled+/8 °C)
solution of trifluoromethyl chloroimidate (1.0 equiv) in dry THF was added
diliodomethane (3.0 equiv). After 2 min, an ethereal solution of Nlé&ii (1.3 equiv, 1.5

M) was added dropwise, using a syringe pump (flow: 0.200 mL/min). The resulting
solution was stirred for 30 minutes-@8 °C. After 5 min from the end of the addition of
the first aliquot of MeL4LiBr, the second portion of trifluoromethyl chloroimidate (1.0
equiv) dissolved in dry THF was added. Soon after, it was commenced the addition of the
second portion of MeLtLiBr (1.5 equiv, 1.5 M)ia syringe pump (flow: 0.200 mL/min)
and, the resulting reaction mixture was stirred for further 30 minuteg8aftC. A
saturated solution of N4l was added (2 mL/mmol substrate), then was extracted with
EtO (2 x 5 mL) and washed with water (5 mL) and brine (10 mL). The organic phase
was dried over anhydrous P80y, filtered and, after removal of the solvent under
redued pressure, the sibtained crude mixture was subjected to chromatography (silica

gel, Alox-BG2 or reverse phase silica gel) to afford pure compounds.
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1 Spectral and Characterization Data

4-(Phenylselanyl)aniline

To a roundbottomed flask containing diphenyl diselenide (3339 mg, 10.7 mmol, 1.0
equiv), aniline (2000 mg, 1.96 mL, 21.5 mmol, 2.0 equiv) and Cul (123 mg, 0.65 mmol,

3 moPb6), DMSO (5 mL) was added. The reaction mixture was stirred at 110 °C for 2
hours. After that time, the solution was cooled to room temperature, diluted with ethyl
acetate (20 mL), and washed with water (3 x 20 mL). The organic phase was separated,
dried over anhydrous Nz&5Qw and concentrated under vacuum. The desired product was
obtained in 80% vyield (4113 mg) as yellow solid (m®391 °C, 8791 °C) after

chromatography on silica gel (50:80/, n-hexane/dichloromethane).
'H NMR (400 MHz, CDC$) U: 7.41 (m, 2H, Arl H3,5), 7.29 (m, 2H, Ar2 2,6), 7.20
(m, 2H, Ar2 H3,5), 7.15 (m, 1H, Ar2 Hi), 6.65 (m, 2H, Arl F2,6), 3.84 (bs, 2H, NH).

13C NMR (100 MHz, CDCH) & 146.7 (Arl G1), 137.1(Arl G3,5), 134.0 (Ar2 Gl),
130.1 (Ar2 G2,6), 129.0 (Ar2 €3,5), 126.0 (Ar2 &4), 116.6 (Arl G4), 116.1 (Arl C
2,6).

HRMS (ESI), m/z calcd. for G2H12NS€: 250.0129 [M+HY; found:250.0127.

(12)-2,2,2Trifluoro -N-[4-(phenylselanyl)phenyl]lethanimidoyl chloride

By following the General Procedule starting from4-(phenylselanyl)aniling550 mg,
2.2 mmol, 1.0 equiy TFA (303 mg, 0.2 mL, 2.2 mmol, 1.0 equiv),sPH1744 mg, 6.65
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mmol, 3.0 equiv), BN (269 mg, 0.4 mL, 2.6 mmol, 1.2 equiv), GC1363 mg, 0.85 mL,
8.9 mmol, 4.0 equiv) and DCE (10 mL), the desired product was obtained in 78% yield
(1030 mg) as a yelw oil after chromatography on silica gel (98:062v, n-

hexane/dichloromethane).

1H NMR (400 MHz, CDC#) &: 7.53 (m, 2H, Ar2 H2,6), 7.48 (m, 2H, Arl F8,5), 7.33
(m, 1H, Ar2 H4), 7.32 (m, 2H, Ar2 FB,5), 7.04 (m, 2H, Arl I2,6).

13C NMR (100 MHz, CDC#) &: 142.0 (Arl G1), 133.8 (Ar2 G2,6), 132.7 (Arl €3,5),
131.8 @, 2JcF = 43.2 Hz,CCR), 131.5 (Arl G4), 130.0 (Ar2 Gl1), 129.5 (Ar2 G3,5),
127.9 (Ar2 G4), 121.9 (Arl @2,6), 116.8 (qlcr = 277.1 Hz, CB).

19F NMR (376 MHz, CDC#) U: -71.5 (s, CB).
77Se NMR (76 MHz, CDC¥) U: 419.8 (s, Se).

HRMS (ESI), m/z calcd. for GaH1oCIFsNSe': 363.9614 [M+HT; found: 363.9612.

(12)-2,2,2Trifluoro -N-[4-(1-pyrrolidinylsulfonyl)phenyllethanimidoyl chloride

By following the General Procedufe starting from 4(pyrrolidin-1-ylsulfonyl)aniline

(2000 mg, 4.4 mmol, 1.0 equiv), TFA (504 mg, 0.3 mL, 4.4 mmol, 1.0 equis®, (3480

mg, 13.3 mmol, 3.0 equiv), N (537 mg, 0.74 mL, 5.3 mmol, 1.2 equiv), G(2718

mg, 1.70 mL, 17.7 mmol, 4.0 equiv) and DCE (20 mL), the desired product was obtained
in 72% vyield (1079 mg) as a yellow oil after chromatography on silica gel (60:4%®
hexane/dichloromethane).

IH NMR (400 MHz, CDC}) Ui: 7.90 (m, 2H, Ph F8,5),7.15 (m, 2H, Ph I2,6),3.26 (m,
4H, NCH2CH), 1.78 (m, 4H, NCHCH?2).

13C NMR (100 MHz, CDC#) U: 147.1 (Ph €l1), 135.6 (Ph &), 134.8 (q2Jcr = 43.6
Hz, CCFs), 128.7 (Ph €3,5), 120.4 (Ph @,6), 116.5 (qXJcr = 277.6 Hz, CB), 47.9
(NCH2CHz), 25.2 (NCHCH?>).
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19F NMR (376 MHz, CDC}) Ui: -71.7 (s, CB).
15N NMR (40 MHz, CDC})  -#81.6 NCH2CHy), -53.1 (N=C).

HRMS (ESI), m/z calcd. for G2H13CIFsN202S": 341.0333 [M+HT; found: 341.0335.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafloruro -2-penten-4-yl-4-ylidene]bis(3-iodoaniline) (2)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(3-iodophenyly2,2,2trifluoroethanimidoyl! chloridg570 mg, 1.76 mmol,

1.0 equiv), CHI2 (1400 mg, 0.43 mL, 5.28 mmol, 3.0 equiv), MdliBr complex (1.5

M, 1.53 mL, 2.29 mmol, 1.3 equiv) and THF (10 mL). Then, the second aliquotg)ef (1
N-(3-iodopheny}-2,2,2trifluoroethanimidoyl chloridg570 mg, 1.76 mmol, 1.0 equiv)

in THF (3 mL) and MeLiLiBr complex (1.5 M, 1.76 mL, 2.64 mmol, 1.5 equiv) were
added. The desired product was obtained in 91% vyield (977 mg) as yellow oil after

chromatography on siliogel (95:5v/v, n-hexane/chloroform).
IH NMR (400 MHz, CDC4) t: 11.83 (s, 1H, NH), 7.55 (m, 2H, Ph4), 7.42 (m, 2H,
Ph H2), 7.07 (m, 2H, Ph ), 7.02 (m, 2H, Ph ), 5.90 (s, 1H, CH).

13C NMR (100 MHz, CDCH) &t: 149.3 ¢, 2Jc.r = 30.3 Hz,CCF3), 143.5 (Ph €1), 134.9
(Ph G4), 131.5 (Ph €), 130.2 (Ph &), 122.1 (Ph &), 118.9 (qJcr = 283.2 Hz,
CFs), 93.7 (Ph €3), 89.3 (CH).

19 NMR (376 MHz, CDCY) i -62.8 (s, CB).
15\ NMR (40 MHz, CDC})  -fi78.0 (N).

HRMS (ESI), m/z calcd. for G7H11Fsl2N2*: 610.8910 [M+HT; found: 610.8906.



N,NG&[(2Z2,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]dianiline (3)

CF 2 CF
3W 3
: N‘H’N :

By following the General Procedu& the homologation event was conducted starting
from N-phenyt2,2,2trifluoroethanimidoyl chloride (150 mg, 0.70 mmol, 1.0 equiv),
CHzl2 (578 mg, 0.2 mL, 2.2 mmol, 3.0 equiv), MelliBr complex (1.5 M, 0.61 mL, 0.91
mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquotiN-phenyt2,2,2
trifluoroethanimidoyl chloride (150 mg, 0.70 mmol, 1.0 equiv) in THF (3 mL) and MeLi
LiBr complex (1.5 M, 0.70 mL, 1.05 mmol, 1.5 equiv) were addéxk desired product
was obtained in 85% yield (213 mg) as a yellow oil after chromatography on silica gel

(90:10v/v, n-hexane/chloroform).
'H NMR (400 MHz, CDC%) t: 12.08 (s, 1H, NH), 7.37 (m, 4H, Ph3{5), 7.22 (m, 2H,
Ph H4), 7.08 (m, 4H, Ph £2,6),5.92 (s, CH)

13C NMR (100 MHz, CDCH) {i: 149.1 (q2Jcr = 29.8 Hz,CCFs), 142.6 (Ph €l), 128.8
(Ph G3,5), 125.7 (Ph @), 122.7 (Ph @,6), 119.1 (qtJer = 283.6 Hz, CF), 88.8 (sept,
3JcF= 4.8 Hz, CH).

19 NMR (376 MHz,CDCh) i :62.8 (s, CB).
15N NMR (40 MHz, CDCh)  -1i75.8 (N).

HRMS (ESI), m/z calcd. for G7H13FeN2*: 359.0977 [M+H]T; found: 359.0975.
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N,N"-[(2Z,42)-1,1,1,5,5,5Hexafloruro -2-penten-1-yl-4-ylidene]bis(3-bromoaniline)
(4)

CF, P CF;
r b
N_ _N
[ ]/ H \[ ]
Br Br

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(3-bromophenyb2,2,2trifluoroethanimidoyl chloride (300 mg, 1.05 mmol,

1.0 equiv), CHI2 (845 mg, 0.27 mL, 3.50 mmol, 3.0 equiv), MdliBr complex (1.5 M,

0.91 mL, 1.37 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquotZ)ei{1
(3-bromopheny}2,2, 2trifluoroethanimidoyl chloride (300 mg, 1.05 mmol, 1.0 equiv) in
THF (3 mL) and MeLiLiBr complex (1.5 M, 1.05 mL, 1.58 mmol, 1.5 equiv) were
added. The desired product was obtained in 87% vyield (472 mg) as a colourless oil after

chromatography osilica gel (90:10//v, n-hexane/diethyl ether).
IH NMR (400 MHz, GDe) t: 11.67 (s, 1H, NH), 7.03 (m, 4H, Ph H), 6.60 (m, 4H, Ph
H), 5.83 (s, 1H, CH).

13C NMR (100 MHz, CDC#) U: 149.5 (q2Jc.r = 30.3 Hz,CCFs), 143.6 (Ph €1), 130.1
(Ph G5), 129.0 (Ph &), 125.8 (Ph €), 122.4 (Ph €3), 121.4 (Ph &), 118.8 (qXcr
= 283.3 Hz, CB), 89.3 (septlJc,F= 4.7 Hz, CH).

19 NMR (376 MHz,CDCl) i :62.8 (s, CB).
15\ NMR (40 MHz, CDC})  -fi78.0 (N).

HRMS (ESI), m/z calcd. for G7H11Br2FeN2*: 514.9188 [M+HT; found: 514.9187.
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N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(4bromoaniline)
()

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(4-bromophenyB2,2,2trifluoroethanimidoylichloride(250 mg, 0.87 mmol,
1.0 equiv), CHI2 (701 mg, 0.21 mL, 2.61 mmol, 3.0 equiW)eLi-LiBr complex (1.5 M,
0.75 mL, 1.13 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquiZ)el-
(4-bromophenyh2,2,2trifluoroethanimidoylichloride(250 mg, 0.87 mmol, 1.0 equiw)
THF (3 mL) and MeLiLiBr complex (1.5 M, 0.87 mL, 1.31 mmol, 1.5 equiwere
added. The desired product was obtaime@88% yield (325 mg) as a yellow oil, after

chromatography on silica gel (90:10 wvAhexane/dichloromethane).
I1H NMR (400 MHz, CDC}) U 11.87 (s, 1H, NH), 7.46 (m, 4H, Ph35), 6.93 (m, 4H,
Ph H2,6), 591 (s, 1H, CH).

13C NMR (100 MHz, CDC4) Ui: 149.4 (q2JcF= 30.0 Hz,CCRs), 141.5 (Ph €1), 131.9
(Ph G3,5), 124.4 (gqJcr= 1.7 Hz, Ph €,6), 119.3 (Ph @), 118.9 (qLJcF = 283.5 Hz,
CR), 89.3 (septiJcF= 4.8 Hz, CH).

19F NMR (376 MHz,CDCk) U -62.8 (s, CB).
15N NMR (40 MHz, CDC}) U -178.2 (N).

HRMS (ESI), m/z calcd. for G7H10Br2FeN2Na': 536.9007 [M+Naj; found: 536.9009.

N,N"-[(2Z, 42)-1,1,1,5,5,5hexafluoro-2-penten-2-yl-4-ylidene]bis(2-chloroaniline)
(6)
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By following the General Procedu& the homologation event was conducted starting
from (12)-N-(2-chlorophenyB2,2,2trifluoroethanimidoyl chloridé250 mg, 1.03 mmol,
1.0 equiv), CHI2 (830 mg, 0.25 mL, 3.10 mmol, 3.0 equiM)eLi-LiBr complex (1.5 M,
0.89 mL, 1.34 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquiZ)el-
(2-chlorophenl)-2,2,2trifluoroethanimidoyl chloridé250 mg, 1.03 mmol, 1.0 equii)
THF (3 mL) and MeLiLiBr complex (1.5 M, 1.03 mL, 1.55 mmol, 1.5 equiv) were
added. The desired product was obtaimed@9% vyield (348 mg) as a yellow olil, after

chromatography onlia gel (90:10 v/ivn-hexane/diethyl ether).
IH NMR (400 MHz, CDC}) U: 11.94 (s, 1H, NH), 7.42 (m, 2H, Ph3), 7.25 (m, 2H,
Ph H5), 7.15 (m, 2H, Ph H), 7.13 (m, 2H, Ph ), 5.98 (s, 1H, CH).

13C NMR (100 MHz, CDC}) U: 149.9 (q2JcF = 30.4 Hz,CCFs), 140.0 (Ph €1), 129.6
(Ph G3), 128.0 (Ph €), 127.01 (Ph &), 126.98 (Ph @), 124.2 (g,)cF = 2.6 Hz, Ph
C-6), 118.8 (qXJcr= 283.5 Hz, CB), 89.8 (sept3Jcr= 4.8 Hz, CH).

19F NMR (376 MHz, CDC}) U -64.3 (s, CB).
15\ NMR (40 MHz, CDC}) U: -179.7 (N).

HRMS (ESI), m/z calcd. for G7H10Cl2FsN2Na*: 449.0017 [M+Naj; found: 449.0006.

N,NG&[(2Z2,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(3-chloroaniline)
(7)

CF3;.__~._CF;
Fo
N. _N
0
Ci Cl

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(3-chlorophenyh2,2,2trifluoroethanimidoyl chloride (250 mg, 1.03 mmol,
1.0 equiv), CHI2 (830 mg, 0.25 mL, 3.10 mmol, 3.0 equiv), MdlLiBr complex (1.5 M,
0.89 mL, 1.34 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquotZ)ei{1
(3-chlorophenl)-2,2,2trifluoroethanimidoyl! chloride (250 mg, 1.03 mmol, 1.0 equiv) in
THF (3 mL) and MeLiLiBr complex (1.5 M, 1.03 mL, 1.55 mmol, 1.5 equiv) were



added. The desired product was obtained in 83% yield (365 mg) as a yellow solid (m.p.:
79-81 °C) after bromatography on silica gel (90:40/, n-hexane/diethyl ether).

IH NMR (400 MHz, CDC3) Ui: 11.86 (s,1H, NH), 7.28 (m, 2H, Ph k), 7.20 (m, 2H,
Ph H4), 7.07 (m, 2H, Ph £2), 6.94 (m, 2H, Ph ), 5.92 (s, 1H, CH)

13C NMR (100 MHz, CDC4) i 149.5 (q2Jcr= 30.1 HzCCFs), 143.5 (Ph €1), 134.5
(Ph G3), 129.9 (Ph &), 126.0 (Ph &), 122.9 (q,JcF= 1.8 Hz, Ph ), 120.9 (qJcr
= 2.0 Hz, Ph @), 118.9 (qLJcr = 283.4 Hz, CE), 89.4 (m, CH).

19 NMR (376 MHz,CDCl) i :62.9 (s, CB).
15\ NMR (40 MHz, CDCh)  -i77.9 (N).

HRMS (ESI), m/z calcd. for G7H11Cl2FeN2": 427.0198 [M+H]J; found: 427.0192

N,N&[(2Z2,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(4-chloroaniline)
(8)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(4-chlorophenyh2,2,2trifluoroethanimidoyl chlori¢ (300 mg, 1.2 mmol,

1.0 equiv), CHI2 (821 mg, 0.3 mL, 3.7 mmol, 3.0 equiv), MelliBr complex (1.5 M,

1.04 mL, 1.56 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquotZ)eN{1
(4-chlorophenyB2,2, 2trifluoroethanimidoyl chloride (300 mg, 1.2 mmol, 1.0 equiv) in
THF (3 mL) and MeL4iLiBr complex (1.5 M, 1.20 mL, 1.8 mmol, 1.5 equiv) were added.
The desired product was obtained in 81% vyield (415 mg) as a yellow oil after

chromatgraphy on silica gel (90:1@v, n-hexane/chloroform).
IH NMR (400 MHz, CDC$) U: 11.89 (s1H, NH),7.31 (m, 4H, Ph 8,5), 6.98 (m, 4H,
Ph H2,6), 5.90 (s, 1H, CH)

13C NMR (100 MHz, CDC}) Ui 149.5 (q2Jcr= 30.0 Hz,CCFs), 141.0 (Ph €1), 131.6
(Ph G4), 129.0 (Ph €3,5), 124.1 (Ph €,6), 118.9 (qlJcr = 283.6 Hz, CE), 89.2 (m,
CH).
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19 NMR (376 MHz,CDCh) i :62.9 (s, CB).
15\ NMR (40 MHz, CDCH)  -i78.1 (N).

HRMS (ESI), m/z calcd. for G7H11CloFeN2*: 427.0198 [M+HJ; found: 427.0199

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(2fluoroaniline)
(9)

By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-(2-fluorophenyl)ethanmidoyl chlorid€@50 mg, 1.10 mmol,
1.0 equiv), CHI2 (890 mg, 0.27 mL, 3.32 mmol, 3.0 equiWV)eLi-LiBr complex (1.5 M,
0.95mL, 1.43 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliqudg)ei,2,2
trifluoro-N-(2-fluorophenyl)ethanmidoy! chloridé€250 mg, 1.10 mmol, 1.0 equivi
THF (3 mL) and MeLiLiBr complex (1.5 M, 1.10 mL, 1.65 mmol, 1.5 equiwere
added. The desired product was obtaime8% yield (338 mg) as a yellow solid (m.p.:
56 °C) after chromatography on silica gelhexane).

1H NMR (400 MHz, CDC#) U: 11.85 (s, 1H, NH), 7.19 (m, 2H, Ph4J, 7.13 (m, 4H,
Ph H5,6), 7.12 (m2H, Ph H3), 5.99 (s, 1H, CH).

13C NMR (100 MHz, CDC#) U: 154.7 (d,XJcr = 247.6 Hz, Ph ), 150.6 (qJcF =
30.3 Hz,CCFs), 130.4 (d,2Jcr = 13.0 Hz, Ph €1), 127.3 (d3Jcr = 7.6 Hz, Ph &),
125.0 (q2JcF= 2.2 Hz, Ph &6), 124.0 (d*Jc,F= 3.9 Hz, Ph &5), 118.9 (glJc F= 283.2
Hz, CE), 115.8 (d2Jc,r= 20.0 Hz, Ph €3), 89.8 (sepJc,r = 4.7 Hz, CH).

19 NMR (376 MHz, CDC#) : -123.7 (m, Ph ), -65.0 (d,J = 3.0 Hz, CF).
15N NMR (40 MHz, CDC}) Ui: -189.4 (N).

HRMS (ESI), m/z calcd. for G7HioFsN2Na': 417.0608 [M+Naj; found: 417.0612.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(3,4



difluoroaniline) (10)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(3,4-difluorophenyl}2,2,2trifluoroethanimidoyl chloride(250 mg, 1.03
mmol, 1.0 equiv), CH2(825 mg, 0.25 mL, 3.07 mmol, 3.0 equiieLi-LiBr complex

(2.5 M, 0.89 mL, 1.34 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquots of
(12)-N-(3,4-difluorophenyl}2,2, 2trifluoroethanimidoyl chloridg250 mg, 1.03 mmol,

1.0 equiv)in THF (3 mL) andMeLi-LiBr complex (1.5 M, 1.03 mL, 1.55 mmol, 1.5
equiv) were added. The desired product was obtam88% vyield (412 mg) as a yellow

solid (m.p.: 42 °C), after chromatography on silica gdiéxane).
H NMR (400 MHz, CDC}) U: 11.76 (s, 1H, NH), 7.14m, 2H, Ph H5), 6.91 (m, 2H,
Ph H2), 6.78 (m, 2H, Ph ¥6), 5.91 (s, 1H, CH).

13C NMR (100 MHz, CDC4) & 150.0 (q,2Jcr = 29.5 Hz,CCFs), 150.0 (dd e =

250.3,2Jc,F = 13.7 Hz, Ph €3), 148.6 (ddLcr = 248.0,2)cF = 12.6 Hz, Ph &), 138.6
(dd, 3Jcr = 7.6,%JcF = 3.6 Hz, Ph €1), 119.1 (m, Ph @), 118.8 (qXJcr = 283.5 Hz,
CFs), 117.3 (dd2Jcr = 18.3,3JcF = 1.3 Hz, Ph &), 112.6 (m, Ph ), 89.2 (sepflcr
= 4.7 Hz, CH).

19F NMR (376 MHz, CDC3) Ui: -140.5 (m, Ph F)135.8 (m, Ph F),63.0 (s, CB).
15N NMR (40 MHz, CDC}) U: -179.7 (N).

HRMS (ESI), m/z calcd. for G7HoF10N2: 431.0601 [M+H]J; found: 431.0603.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis[2-
(trifluoromethyl)aniline (11)
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[2-(trifluoromethyl)phenyl]ethanimidoyl chloridé250 mg,

0.91 mmol, 1.0 equiv), Cib (729 mg, 0.22 mL, 2.72 mmol, 3.0 equiwWeLi-LiBr
complex (1.5 M, 0.79 mL, 1.18 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots of(12)-2,2,2trifluoro-N-[2-(trifluoromethyl)phenyl]lethanimidoyl chlorid@50

mg, 0.91 mmol, 1.0 equivp THF (3 mL) and MeLiLiBr complex (1.5 M, 0.91 mL, 1.37
mmol, 1.5 equiv) were added. The desired product was obter8i% yield (360 mg)

as a yellow solid (m.p.: 50 °C) aftehromatography on silica gel-bexane).

IH NMR (400 MHz, CDC#) &: 11.80 (s, 1H, NH), 7.64 (m, 2H, Ph3), 7.53 (m, 2H,
Ph H5), 7.31 (m, 2HPh H4), 7.15 (m, 2H, Ph ), 5.97 (s, 1H, CH).

13C NMR (100 MHz, CDC}) &i: 149.7 (q2Jc,r = 30.6 Hz,CCFs), 140.5 (Ph €1), 132.4
(Ph G5), 126.3 (q3Jcr= 4.8 Hz, Ph €3), 125.9 (Ph &), 124.5 (q*JcF = 2.6 Hz, Ph
C-6), 123.5 (qJc,F = 273.1 Hz, PKCFs), 123.3 (q22Jcr = 31.0 Hz, Ph ), 118.9 (q,
Jc,F= 283.5 Hz, CB), 90.8 (septilcr = 4.4 Hz, CH).

19 NMR (376 MHz, CDC4) i -63.4 (s, CB), -61.4 (s, PFCF)
15N NMR (40 MHz, CDC}) Ui: -184.2 (N).

HRMS (ESI), m/z calcd. for GeH11F12N2*": 495.0725 [M+HT; found: 495.0735.

4-({(22,32)-4-[(4-Cyanophenyl)amino}1,1,1,5,5,5hexafluoro-2-penten-2-

ylidene}amino) benzonitrile (12)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(4-cyanophenyh2,2,2trifluoroethanimidoyl chlorid¢250 mg, 1.10 mmol,
1.0 equiv), CHI2(857 mg, 0.26 mL, 3.20 mmol, 3.0 equiV)eLi-LiBr complex (1.5 M,
0.95 mL, 1.43 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliqu¢iZ)eN-
(4-cyanophenyt2,2, 2trifluoroethanimidoyl chlorid¢250 mg, 1.10 mmol, 1.0 equii)
THF (3 mL) and MeLiLiBr complex (1.5 M, 1.10 mL, 1.65 mmol, 1.5 equiv) were
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added. The desired product was obtaimef85% yield (382 mg) as a colorless olil after

chromatography onlica gel (90:10 vimn-hexane/diethyl ether).

IH NMR (400 MHz, CDC#) U: 11.80 (s, 1H, NH), 7.65 (m, 4H, Ph3{5), 7.13 (m, 4H,
Ph H2,6), 6.03 (s, 1H, CH).

13C NMR (100 MHz, CDC}) U: 149.2 (q2JcF = 30.9 Hz,CCFs), 146.1 (Ph €1), 133.1
(Ph G3,5), 122.7 (gJcr = 1.9 Hz, Ph €2,6), 118.7 (qNcr = 283.3 Hz, CB), 118.3
(CLN), 109.5 (Ph &), 91.0 (sepBcr= 4.9 Hz, CH).

19 NMR (376 MHz, CDCH) i -62.8 (s, CB).
15N NMR (40 MHz, CDCH) ii: -176.5 (N).

HRMS (ESI), m/z calcd. for GeHioFsN4Na": 431.0696 [M+Naj; found: 431.0708.

tert-Butyl4-{[(2Z,32)-4-{[4-(tert-butoxycarbonyl)phenyllamino}-1,1,1,5,5,5

hexafluoropent-3-en-2-ylidene] amino} benzoate (13)

By following the General Procedu& the homologation event was conducted starting
from tert-butyl 4-[(Z)-(1-chloro-2,2, 2trifluoroethylidene)amino]benzoa{@50 mg, 0.81
mmol, 1.0 equiv), CH2(651 mg, 0.20 mL, 2.43 mmol, 3.0 equiWeLi-LiBr complex

(2.5 M, 0.70 mL, 1.05 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquots of
tert-butyl 4-[(2)-(1-chloro-2,2,2trifluoroethylidene)aminolbenzoat€250 mg, 0.81
mmol, 1.0 equivjn THF (3 mL) and MeLiLiBr complex (1.5 M, 0.81 mL, 1.22 mmol,

1.5 equiv) were added. The desired product was obtam88% yield (375 mg) as a
yellow solid (m.p.: 48 °C) afte chromatography on silica gel (70:30 vh-

hexane/dichloromethane).

1H NMR (400 MHz, CDC}) &: 11.90 (brs, 1H, NH), 7.97 (m, 4H, Ph3:5), 7.07 (m,
4H, Ph H2,6), 5.96 (s, 1H, CH), 1.59 (s, 18H, C§H
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13C NMR (100 MHz, CDC}) t: 165.0 (C=0), 148.9 (¢JcF = 29.9 Hz,CCFs), 146.1
(Ph G1), 130.4 (Ph €3,5), 129.3 (Ph &), 121.8 (Ph €,6), 118.9 (qXJcF= 283.2 Hz,
CRs), 90.1 (m, CH), 81.2GCHs), 28.2 (GCHb).

19F NMR (376 MHz, CDC}) Ui: -62.8 (s, CB).

HRMS (ESI), m/z calcd.For G7H2sFsN204Na™: 581.1845 [M+Naj; found: 581.1843.

Ethyl4-{[(2Z,32)-4-{[4-(ethoxycarbonyl)phenyllamino}1,1,1,5,5,5hexafluoro-3-

penten2-ylidene]amino} benzoate (14)

By following the General Procedu& the homologation event was conducted starting
from ethyl 4[(2)-(1-chloro-2,2,2trifluoroethylidene)amino]benzoaté250 mg, 0.89
mmol, 1.0 equiv), CH2(718 mg, 0.22 mL, 2.68 mmol, 3.0 equi¥eLi-LiBr complex
(2.5 M, 0.77 mL, 1.16 mmol, 1.3 equiv) amtiF (5 mL). Then, the second aliquots of
ethyl 4[(2)-(1-chloro-2,2,2trifluoroethylidene)amino]benzoaf50 mg, 0.89 mmol, 1.0
equiv)in THF (3 mL) and MeL4iLiBr complex (1.5 M, 0.89 mL, 1.34 mmol, 1.5 equiv)
were added. The desired product was obtaim&8% yield (385 g) as a colorless oil after

chromatography on silica gel (90:10 vhhexane/ethyl acetate).

1H NMR (400 MHz, CDC#) U 11.94 (s, 1H, NH), 8.03 (m, 4H, Ph246), 7.09 (m, 4H,
Ph H3,5), 5.97 (s, 1H, CH), 4.38 (&] = 7.1 Hz, 4H, OG12CHs), 1.39 (t3J = 7.1 Hz,
6H, OCHCHs).

13C NMR (100 MHz, CDC4) U: 165.9 (C=0), 149.0 (dJ)cr = 30.7 Hz,CCF), 146.4
(Ph G4), 130.5(Ph G2,6), 127.8 (Ph @), 121.9 (qJcr= 1.9 Hz, Ph €3,5), 118.9 (g,
Jcr = 283.5 Hz, CB), 90.2 (m, CH), 61.0 (OH2CHs), 14.3 (OCHCHa).

19 NMR (376 MHz, CDCY) i -62.8 (s, CB).
15N NMR (40 MHz, CDC4) ii: -175.6 (N).

HRMS (ESI), m/z calcd.for CasH20FeN204Na": 525.1219 [M+Naj; found: 525.1234.



N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]di(1-naphtalenamine)
(15)

By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-(naphtalenl-yl)ethanimidoyl chloridg250 mg, 0.97 mmol,
1.0 equiv), CHI2(779 mg, 0.23 mL, 2.91 mmol, 3.0 equi¥eLi-LiBr complex (1.5 M,
0.84 mL, 1.26 mmol, 1.3 equiv) and FH5 mL). Then, the second aliquoty &¥)-2,2,2
trifluoro-N-(naphtalenl-yl)ethanimidoyl chloride(250 mg, 0.97 mmol, 1.0 equiw)
THF (3 mL) and MeLiLiBr complex (1.5 M, 0.97 mL, 1.46 mmol, 1.5 equiwere
added. The desired product was obtaiime®{l % yield (405 mg) as an orange solid (m.p.:
128 °C) after chromatography on silica gel (90:10n+hexane/diethyl ether).

Scalingup of the reaction(20 mmol) - By following the General Procedutz the
homologation event was conducted starting fr(id)-2,2, 2trifluoro-N-(naphtalenl-
yhethanimidoy!l chloridg2576 mg, 10.0 mmol, 1.0 equiv), @kI(8035 mg, 2.41 mL,

30.0 mmol, 3.0 equiy)MeLi-LiBr complex (1.5 M, 8.7 mL, 13.0 mmol, 1.3 equiv) and
THF (25 mL). Then, the second aliquots dfl2)-2,2,2trifluoro-N-(naphtalenl-
yl)ethanimidoy! chloridg2576 mg, 10.0 mmol, 1.0 equiw) THF (10 mL) and Mel

LiBr complex (1.5 M, 10.0 mL, 15.0 mmol, 1.5 equiv) were added. The desired product
was obtainedin 91% yeld (405 mg) as an orange solid (m.p.: 128 °C) after
chromatography on silica gel (90:10 wvhexane/diethyl ether)Spectroscopic and

spectrometric data match with those reported for the 1.51 mmol scale reaction.

'H NMR (400 MHz, CDC$) U: 12.56 (s, 1H, NH), 7.98 (m, 2H, Naph8j, 7.85 (m, 2H,
Naph H5), 7.73 (m, 2H, Naph H#), 7.557.48 (m, 4H, Naph ¥6,7), 7.45 (m, 2H, Naph
H-3), 7.23 (m, 2H, Naph 12), 6.15 (s, 1H, CH).

13C NMR (100 MHz, CDC}) i 150.6 (q,2JcF = 29.9 Hz,CCFs), 1389 (Naph G1),
133.9 (Naph &a), 128.2 (Naph 8a), 128.1 (Naph G), 126.5 (Naph @6), 126.4
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(Naph G7), 125.3 (Naph €3), 122.8 (Naph €8),119.3 (Naph €), 119.1 (q,}cF =
283.6 Hz, CB), 89.2 (sept2JcF= 4.7 Hz, CH).

19F NMR (376 MHz, CDC}) Ui: -63.5 (s, CB).
15\ NMR (40 MHz, CDC$) U: -180.6 (N).

HRMS (ESI), m/z calcd. for GsHisFeN2Na': 481.1104 [M+Naj found: 481.1118.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(4butylaniline)
(16)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(4-butylphenyl}2,2, 2 trifluoroethanimidoyl chloridg250 mg, 0.95 mmol,
1.0 equiv), CHI2 (761 mg, 0.29 mL, 2.8 mmol, 3.0 equiWleLi-LiBr complex (1.5 M,
0.82 mL, 1.24 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliqu¢iZ)eiN-
(4-butylphenyl}2,2,2trifluoroethanimidoyl! chloridg250 mg, 0.95 mmol, 1.0 equiw)
THF (3 mL) and MeLiLiBr complex (1.5 M, 0.95 mL, 1.43 mmol, 1.5 equiv) were
added. The desired product was obtaime83% yield (371 mg) as a colorless olil after

chromatography on verse phase silica gel (acetonitrile).

'H NMR (400 MHz, CDC3) U: 12.00 (brs, 1H, NH), 7.13 (m, 4H, Ph35), 6.94 (m,
4H, Ph H2,6), 5.84 (s, 1H, CH), 2.59 (m, 4H,HaCH.CH2CHz), 1.58 (m, 4H,
CH2CH2CH2CHs), 1.34 (m, 4H, CHCH2CH2CHz), 0.92 (t,3J = 7.4 Hz, 6H,
CH2CH2CH2CH3).

13C NMR (100 MHz, CDC%) t: 140.5 (Ph &), 140.2 (Ph €1), 128.6 (Ph €3,5), 122.6
(9, JeF = 1.7 Hz, Ph €,6), 119.1 (q.'JcF = 283.6 Hz, CB), 88.5 (m, CH), 35.1
(CH2CH2CH2CHg), 33.6 (CHCH2CH:CHs), 22.3 (CH:CH2CH2CH3), 13.9
(CH2CH2CH2CH?3).

195 NMR (376 MHz, CDC4) Ui: -62.9 (s, CB).

15N NMR (40 MHz, CDC}) U: -176.2 (N).
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HRMS (ESI), m/z calcd for GsHz9FeN2: 471.2229 [M+HT; found: 471.2227.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(2,5
dimethylaniline) (17)

Me N‘H’N Me
LT

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(2,5-dimethylphenyB2,2,2trifluoroethanimidoy! chloride(235 mg, 1.0
mmol, 1.0 equiv), Ck2(804 mg, 0.24 mL, 3.0 mmol, 3.0 equiWeLi-LiBr complex
(2.5 M, 0.87 mL, 1.3 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquots of
(12)-N-(2,5-dimethyiphenyl)-2,2, 2trifluoroethanimidoyl chloridg235 mg, 1.0 mmol,
1.0 equiv)in THF (3 mL) and Mel4LiBr complex (1.5 M, 1.0 mL, 1.5 mmol, 1.5 equiv)

were added. The desired product was obtain@&8% vyield (367 g) as a yellow oil after

chromatography onlia gel ((-hexane).

'H NMR (400 MHz, CDC$) U: 11.91 (s, 1H, NH), 7.07 (d) = 7.7 Hz, 2H, Ph FB),
6.92 (d,3) = 7.7 Hz, 2H, Ph H4), 6.78 (s, 2H, Ph 18), 5.87 (s, 1H, CH), 2.30 (s, 6H;, 5
CHs), 2.14 (s, 6H, ZHz3).

13C NMR (100 MHz, CDC4) i 149.6 (q2JcF= 29.4 Hz,CCFs), 141.4 (Ph €l1), 135.9
(Ph G5), 130.0 (Ph €3), 127.9 (Ph €), 126.7 (Ph &), 123.6 (PIC-6), 119.0 (qXcr
= 283.8 Hz, CB), 87.9 (sept¥Jcr = 4.5 Hz, CH), 20.9 (8Hs), 17.6 (2CHs).

19 NMR (376 MHz, CDC4) i -64.4 (s, CB).
15N NMR (40 MHz, CDC}) Ui: -176.5 (N).

HRMS (ESI), m/z calcd. for GiH21FséN2": 415.1603 [M+H]J; found: 415.1601.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(2-
isopropylaniline) (18)
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[2-(propan2yl)phenyl)]ethanimidoyl chlorid¢250 mg, 1.0
mmol, 1.0 equiv), Ck2(529 mg, 0.22 mL, 3.0 mmol, 3.0 equiWeLi-LiBr complex
(2.5 M, 0.67 mL, 1.0 mmol, 1.3 eqyiand THF (5 mL). Then, the second aliquots of
(12)-2,2,2trifluoro-N-[2-(propan2yl)phenyl)]ethanimidoyl chloridé€50 mg, 1.0 mmol,
1.0 equiv)in THF (3 mL) and MeL4iLiBr complex (1.5 M, 1.0 mL, 1.5 mmol, 1.5 equiv)
were added. The desired product watamledin 85% yield (376 mg) as a yellow solid

(m.p.: 5658 °C) after chromatography on reverse phase silica gel (acetonitrile).

1H NMR (400 MHz, CDC#) &: 11.89 (brs1H, NH), 7.29 (m, 2H, Ph43), 7.21 (m, 2H,
Ph H4), 7.15 (m, 2 H, Ph 5), 6.94 (m, 2H, Ph ), 5.91 (s, 1H, CH), 3.08 (sefd,=
6.9 Hz, 2H, GICHs), 1.17 (d2J = 6.9 Hz, 12H, CHE3).

13C NMR (100 MHz, CDCH) {i: 149.6 (q2Jc = 29.5Hz, CCF3), 141.6 (Ph €), 140.3
(Ph G1), 126.6 (Ph &), 125.9 (Ph &), 125.7 (Ph ), 123.3 (gJcF=2.4 Hz, Ph €
6), 119.1 (qlJcr = 283.8 Hz, CE), 88.8 (septcr = 4.8 Hz, CH), 28.4QHCH:s), 23.1
(CHCH&).

19 NMR (376 MHz, CDCY) i -63.4 (s, CB).
15N NMR (40 MHz, CDCH) ii: -178.7 (N).

HRMS (ESI), m/z calcd for GsH2sFeN2: 443.1916 [M+H]J; found: 443.1914.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(4vinylaniline)
(19)



from (12)-N-(4-ethenylphenyh2,2,2trifluoroethanimidoyl chloride (150 mg, 0.64
mmol, 1.0 equiv), CH2(516 mg, 0.16 mL, 1.92 mmol, 3.0 equiieLi-LiBr complex

(2.5 M, 0.55 mL, 0.83 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquots of
(12)-N-(4-ethenylplenyl)-2,2, 2trifluoroethanimidoyl chlorid€150 mg, 0.64 mmol, 1.0
equiv)in THF (3 mL) and MeLiLiBr complex (1.5 M, 0.64 mL, 0.96 mmol, 1.5 equiv)
were added. The desired product was obtain&d % yield (202 g) as a yellow oil after

chromatography onlia gel ((-hexane).

IH NMR (400 MHz, CDC#) &: 12.06 (s, 1H, NH), 7.38 (m, 4H, Ph3{5), 7.01 (m, 4H,
Ph H2,6), 6.69 (dd3Jrans= 17.6 Hz,3Jis = 10.9 Hz, 2H, G=CHy), 5.89 (s, 1H, CH),
5.72 (dd3Jrans= 17.6,21= 0.8 Hz, 2H, CH=El2 ran, 5.24 (dd3Jeis = 10.9,21 = 0.8 Hz,
2H, CH=CH> ci9).

13C NMR (100 MHz, CDCH) &t: 148.9 (q2Jc.F= 29.9 Hz,CCF3), 142.1 (Ph €1), 135.9
(CH=CHy), 135.2 (Ph &), 126.6 (Ph 3,5), 122.7 (qJcr = 1.7 Hz, Ph €©,6), 119.1
(q, e = 283.4 Hz, CE), 113.8 (CH€H.), 89.1 (sepflcr= 4.7 Hz, CH).

19 NMR (376 MHz, CDC4) i -62.8 (s, CB).
15N NMR (40 MHz, CDCH) i: -175.9 (N).

HRMS (ESI), m/z calcd. for GiHieFsN2Na": 433.1110 [M+Naj; found: 433.1113.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(3-ethynylaniline)
(20)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(3-ethynylphenyh2,2,2trifluoroethanimidoyl chloride (250 mg, 1.08
mmol, 1.0 equiv), CH2(867 mg, 0.26 mL, 3.23 mmol, 3.0 equiVeLi-LiBr complex

(2.5 M, 0.94 mL, 1.4 mmol, 1.3 equiv) and THF (5 mL). Then, the second aliquots of
(12)-N-(3-ethynylphenyh2,2,2trifluoroethanimidoyl chloridé250 mg, 1.08 mmol, 1.0
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equiv)in THF (3 mL) and MeLiLiBr complex (1.5 M, 1.08 mL, 1.62 mmol, 1.5 equ
were added. The desired product was obtaim&d% yield (355 mg) as a yellow oil after

chromatography on silica gel (70:30 wwhexane/dichloromethane).

IH NMR (400 MHz, CDC$) &: 11.91 (s, 1H, NH), 7.34 (m, 2H, Ph4J, 7.30 (m, 2H,
Ph H5), 7.18(s, 2H, Ph H2), 7.04 (m, 2H, Ph ), 5.91 (s, 1H, CH), 3.09 (s, 2H,
Cl CH) .

13C NMR (100 MHz, CDC4) i 149.4 (q2JcF= 30.0 Hz,CCFs), 142.5 (Ph €1), 129.6
(Ph G4), 128.9 (Ph &), 126.2 (g)cF= 1.6 Hz, Ph €), 123.3 (qJcr= 1.9 Hz, Ph €
6), 122.9 (Ph €3), 118.9 (qlJcr= 283.5 Hz, CE), 89.1 (sept3Jcr= 4.8 Hz, CH), 82.7
(CC CH), TH.9 (CI

19 NMR (376 MHz, CDC4) i -62.8 (s, CB).
15N NMR (40 MHz, CDC}) U: -177.6 (N).

HRMS (ESI), m/z calcd for GiHi2FeN2Na'": 429.0797 [M+Naj; found: 429.0788.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis[4-(4-
morpholinyl)aniline] (21)

CF;_~._ CF,

N
| 1
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[4-(morpholin4-yl)phenyllethanimidoyl chloridg250 mg,

0.85 mmol, 1.0 equiv), CHk (452 mg, 0.19 mL, 2.56 mmol, 3.0 equiweLi-LiBr
complex (1.5 M, 0.74 mL, 1.11 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots of(12)-2,2,2trifluoro-N-[4-(morpholin4-yl)phenyllethanimidoyl chlorid€250

mg, 0.85 mmol, 1.0 equivp THF (3 mL) and MeLiLiBr complex (1.5 M, 0.85 mL, 1.28
mmol, 1.5 equiv) were added. The desired product was obtmrgg?o yield (418 mg)

as an orange oil after chromatography on reverse phase silica gel (acetonitrile).

IH NMR (400 MHz, CDC}) U: 12.06 (s, 1H, NH), 6.99 (m, 4H, Ph26), 6.87 (m, 4H,



Ph H3,5), 5.83 (s, 1H, CH), 3.86 (m, 8H, morpk2t6), 3.15 (m, 8H, morph43,5).

13C NMR (100 MHz, CDC#) U: 149.2 (Ph &), 148.6 (g?JcF= 29.3Hz, CCR), 135.0
(Ph G1), 124.0 (gJcF= 1.8Hz, Ph G2,6), 119.3 (qiJcF=283.5 Hz, CB), 115.6 (Ph
C-3,5), 88.3 (m, CH), 66.8 (morphZ6), 49.3 (morph €3,5).

19 NMR (376 MHz, CDC4) & -62.9 (s, CB).
15N NMR (40 MHz, CDC$) U: -177.4 (N).

HRMS (ESI), m/z calcd for GsH27FsN4O2: 529.2033 [M+H]J; found: 529.2035.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(4nitroaniline)
(22)

By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-(4-(nitrophenyl)ethanimidoyl! chloridé€50 mg, 0.56 mmol,
1.0 equiv), CHI2 (295 mg, 0.12 mL, 1.67 mmol, 3.0 equiMeLi-LiBr complex (1.5 M,
0.49 mL, 0.73 mmol, 1.3 equiv) and FH5 mL). Then, the second aliquoty &%)-2,2,2
trifluoro-N-(4-(nitrophenyl)ethanimidoyl chlorid¢é250 mg, 0.56 mmol, 1.0 equiv)
THF (3 mL) and MeLiLiBr complex (1.5 M, 0.56 mL, 0.84 mmol, 1.5 equiwere
added. The desired product was obtaime80% yield (201 mg) as a yellow oil after

chromatography on reverse phase silica gel (85:15cAtonitriléwater).
'H NMR (400 MHz, CDC}) U: 11.81 (brs, 1H, NH), 8.25 (m, 4H, Ph3), 7.17 (m,
4H, Ph H2,6), 6.08 (s, 1H, CH).

13C NMR (100 MHz, CDC}) U: 149.3 (q2Jcr = 31.2Hz, CCFs), 147.8 (Ph €1), 145.4
(Ph G4), 124.9 (Ph €3,5), 122.4 (Ph @,6), 118.7 (qicF = 283.3 Hz, CE), 91.5 (m,
CH).

19F NMR (376 MHz, CDC}) Ui: -62.8 (s, CB).

15N NMR (40 MHz, CDCH) ii: 15.2 (NQ), -176.7 (N).
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HRMS (ESI), m/z calcd for G7H11FeN4Oa4: 449.0679 [M+H]Y; found: 449.0677.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis{4-[(E)-
phenyldiazenyl]aniline} (23)
CF3.__~. _CF;
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-{4-[(2)-phenyldiazenyl]phenyl}ethanimidoy! chlorid@&00

mg, 1.94 mmol, 1.0 equiv), GH (1550 mg, 0.47 mL, 5.79 mmol, 3.0 equiv), MdliBr
complex (1.5 M, 1.68 mL, 2.52 mmol, 1.3 equiv) and THF (10 mL). Then, the second
aliquots of (%)-2,2,2trifluoro-N-{4-[(2)-phenyldiazenyl]phenyl}ethanimidoy! chloride
(600 mg, 1.94 mmol, 1.0 equiv) irHF (3 mL) and MelLiLiBr complex (1.5 M, 1.94

mL, 2.91 mmol, 1.5 equiv) were added. The desired product was obtained in 92% yield
(1011 mg) as orange oil after chromatography on silica gel (88:2-hexane/diethyl
ether).

1H NMR (400 MHz, CDC#) U 12.10 (brs, 1H, NH), 7.95 (m, 4H, Arl-85), 7.91 (m,
4H, Ar2 H-2,6), 7.51 (m, 4H, Ar2 F8,5), 7.49 (m, 2H, Ar2 K1), 7.21 (m, 4H, Arl H
2,6), 6.00 (s, 1H, CH).

13C NMR (100 MHz, CDC}) U: 152.6 (Ar2 G1), 150.3 (Arl G4), 149.0 (q2Jcr = 30.4
Hz, CCR), 144.9 (Arl G1), 131.0 (Ar2 G4), 129.1 (Ar2 G3,5), 123.7 (Arl €3,5),
122.9 (Arl G2,6), 122.8 (Ar2 €,6), 119.0 (giJc.F = 283.2 Hz, CE), 90.0 (m, CH).

19 NMR (376 MHz, CDCY) i -62.8 (s, CB).
15N NMR (40 MHz, CDCh)  -1i75.5 (N).

HRMS (ESI), m/z calcd. for GeHz0FsNeNa": 589.1546 [M+Naj; found: 589.1547.
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N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(4-ethoxyaniline)
(24)

By following the General Procedu& the homologation event was conducted starting
from (12)-N-(4-ethoxyphenyh2,2,2trifluoroethanimidoyl chlorid¢550 mg, 2.18 mmol,

1.0 equiv), CHI2 (1750 mg, 0.52 mL, 6.54 mmol, 3.0 equiv), MdliBr complex (1.5

M, 1.89 mL, 2.83 mmol, 1.3 equiv) and THF (10 mL). Then, the second aliquotg)ef (1
N-(4-ethoxyphenyh2,2,2trifluoroethanimidoyl chlorid¢550 mg, 2.18 mmol, 1.0 equiv)

in THF (3 mL) and MeLiLiBr complex (1.5 M, 2.18 mL, 3.27 mmol, 1.5 equiv) were
added.The desired product was obtained in 87% vyield (847 mg) as orange oil after
chromatography on silica gel (95¢6/, n-hexane/diethyl ether).

IH NMR (400 MHz, CDC#) U: 11.99 (brs, 1H, NH), 6.98 (m, 4H, Ph24#6), 6.85 (m,
4H, Ph H3,5), 5.83 (s, 1H, CH),.83 (q,3) = 7.0 Hz, 4H, O@2CHs), 1.41 (t3] = 7.0
Hz, 6H, OCHCH?3).

13C NMR (100 MHz, CDC4) &: 157.0 (Ph &), 149.1 (q2JcF = 29.4 Hz,CCR), 135.5
(Ph G1), 124.3 (Ph €,6), 119.1 (qJc,F= 283.3 Hz, CE), 114.5 (Ph €3,5), 88.2 (sept.,
3Jcr= 4.8 Hz, CH), 63.7 (GH2CHs), 14.8 (OCHCHS3).

19F NMR (376 MHz, CDC#) &i: -62.9 (s, CB).
15N NMR (40 MHz, CDCh)  -1i77.4 (N).

HRMS (ESI), m/z calcd. for GiH21FeN202": 447.1502 [M+HF; found: 447.1500.

N,N&[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(2,5
dimethoxyaniline) (25)

MeO N_, _N OMe

OMe MeO
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By following the General Procedu& the homologation event was conducted starting
from (12)-N-(2,5-dimethoxyphenyh2,2,2 trifluoroethanimidoyl chloride (500 mg, 1.87
mmol, 1.0 equiv), Ck2 (1501 mg, 0.45 mL, 5.6 mmol, 3.0 equi¥eLi-LiBr complex
(2.5 M, 1.62 mL, 2.43 mmol, 1.3 equighd THF (10 mL). Then, the second aliquots of
(12)-N-(2,5-dimethoxyphenyB2,2,2  trifluoroethanimidoyl chloride (500 mg, 1.87
mmol, 1.0 equiv)n THF (3 mL) and MeLiLiBr complex (1.5 M, 1.87 mL, 2.81 mmol,
1.5 equiv) were added. The desired product waaiedin 79% yield (707 mg) as an

orange oil after chromatograpby silica gel90:10 v/v,n-hexane/acetone).

1H NMR (400 MHz, CDC#) U: 12.10 (brs, 1H, NH), 6.81 (&) = 8.4 Hz, 2H, Ph I8),
6.67 (s, 2H, Ph 16), 6.66 (M, 2H, Ph H), 5.90 (s, 1H, CH), 3.76 (s, 6HBCHs), 3.71
(s, 6H, 20CH).

13C NMR (100 MHz, CDC4) &: 153.4 (Ph ), 148.8 (q2Jcr = 30.2Hz, CCF), 145.3
(Ph G2), 132.9 (Ph €1), 119.2 (qXJcr = 283.2 Hz, CFs), 112.0 (Ph €3), 110.4 (Ph
C-4), 109.1 (Ph €5), 90.3 (m, CH), 56.3 (DCHs), 55.7 (50CHy).

19F NMR (376 MHz, CDC}) Ui: -64.8 (s, CB).

HRMS (ESI), m/z calcd for GiH21FeN204: 479.1400 [M+H]; found: 479.1403.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis(1,3benzodioxot
5-amine) (26)

CF3.__~._CF;

o m o
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By following the General Procedu& the homologation event was conducted starting
from (12)-N-(2H-1,3-benzodioxol5-yl)-2,2, 2trifluoroethanimidoyl chloride(250 mg,
0.99 mmol, 1.0 equiv), CHb (798 mg, 0.24 mL, 2.98 mmol, 3.0 equiwleLi-LiBr
complex (1.5 M, 1.06 mL, 1.58 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots of(12)-N-(2H-1,3-benzodioxol5-yl)-2,2, 2 trifluoroethanimidoyl chloridg250
mg, 0.99 mmol, 1.0 equivp THF (3 mL) and MeLiLiBr complex (1.5 M, 0.99 mL, 1.49

mmol, 1.5 equiv) were added. The desired product was obtarg&t?o yield (371 mg)
as a yellow oil after chrontagraphy on silica gel (90:10 virhexane/diethyl ether).



IH NMR (400 MHz, CDC#) i 11.87 (brs, 1H, NH), 6.75 () = 8.2 Hz, 2H, P 7),
6.58 (d,4J = 2.1 Hz, 2H, PH 4), 6.51 (dd3J = 8.2 Hz,4J = 2.1 Hz, 2H, P 6), 5.98
(s, 4H, OCHO), 5.82 (s, 1H, CH).

13C NMR (100 MHz, CDC#) &: 149.3 (q2Jc.F= 29.4 Hz,CCFs), 147.8 (Ph €3a), 145.7
(Ph G7a), 136.7 (Ph &), 119.0 (qLJcr = 283.1 Hz, CB), 116.1 (gJcr = 1.8 Hz, Ph
C-6), 107.9 (Ph €), 104.8 (gJcr= 1.7 Hz, Ph &), 101.5 (OCHO), 88.5 (m, CH).

19 NMR (376 MHz, CDCH) &: -62.9 (s, CB).

HRMS (ESI), m/z calcd for GoH12FsN204Na": 469.0593 [M+Naj; found: 469.0598.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis[4-
(trifluoromethoxy)aniline (27)
CF3 N CF3
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[4-(trifluoromethoxy)phenyllethanimidoyl chloridé50 mg,

0.51 mmol, 1.0 equiv), CHb (415 mg, 0.12 mL, 1.55 mmol, 3.0 equiwleLi-LiBr
complex (1.5 M, 0.44 mL, 0.66 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots of (12)-2,2,2trifluoro-N-[4-(trifluoromethoxy)phenyl]ethanimidoyl chloride
(150 mg, 0.51 mmol, 1.0 equiw) THF (3 mL) and MelLiLiBr complex (1.5 M, 0.51

mL, 0.77 mmol, 1.5 equiv) were added. The desired product was obtai@8éb yield

(250 g) as a yellow oil after chromatogrgpbn reverse phase silica gel (85:15 v/v,

acetonitriléwater).
'H NMR (400 MHz, CDC$) U: 11.90 (brs, 1H, NH), 7.20 (m, 4H, Ph3), 7.07 (m,
4H, Ph H2,6), 5.92 (s, 1H, CH).

13C NMR (100 MHz, CDC4) &i: 149.6 (q2Jcr = 30.0Hz, CCFs), 147.0 (q3Jck = 2.0
Hz, Ph G4), 140.9 (Ph €1), 124.1 (qJ)cr = 1.6Hz, Ph G2,6), 121.5 (Ph &,5), 120.4
(9, Ye,F = 257.4Hz, OCR), 118.9 (qXJcF = 283.6 Hz, CE), 89.2 (m, CH).

19F NMR (376 MHz, CDC3) Ui: -62.9 (s, CB).
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15N NMR (40 MHz, CDCl) ii: -178.6 (N).

HRMS (ESI), m/z calcd for GeH11F12N202: 527.0623 [M+H]Y; found: 527.0621.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis[4-
(pyrrolidinylsulfonyl) aniline) (28)

By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[4-(pyrrolidine-1-sulfonyl)phenyllethanimidoyl chloride
(120 mg, 0.35 mmol, 1.0 equiv), Gk(283 mg, 0.08 mL, 1.05 mmol, 3.0 equiV)eLi-

LiBr complex (1.5 M, 0.30 mL, 0.46 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots  of (12)-2,2,2trifluoro-N-[4-(pyrrolidine-1-sulfonyl)phenyl]ethanimidoyl
chloride(120 mg, 0.35 mmol, 1.0 equiw) THF (3 mL) and MeLiLiBr complex (1.5 M,

0.35 mL, 0.53 mmol, 1.5 equiv) were added. The desired product was obtaBiEkh

yield (177 mg) as a yellow oil, aftechromatography on AleBG2 (60:40 vlv,
dichloromethan@-hexane).

1H NMR (400 MHz, CDC}) & 11.86 (brs, 1H, NH), 7.82 (m, 4H, Ph345), 7.18 (m,
4H, Ph H2,6), 6.01 (s, 1H, CH), 3.25 (m, 8H, NECH>), 1.76 (m, 8H, NCKCH>).

13C NMR (100 MHz, CDCY) U: 149.4 (q2Jcr = 30.6Hz, CCFs), 146.1 (Ph €1), 134.4
(Ph G4), 128.5 (Ph €3,5), 122.6 (GJcr= 1.8 Hz, Ph €,6), 118.8 (qlJcF = 283.4 Hz,
CF), 90.5 (m, CH), 48.0 (BH2CHz), 25.3 (NCHCH>).

19F NMR (376 MHz, CDC#) ii: -62.8 (s, CB).
15N NMR (40 MHz, CDCH) U -177.1 (N).

HRMS (ESI), m/z calcd for GsH27FeN4O4Sz: 625.1372 [M+HT; found: 625.1374.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis[4-
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(methylsulfanyl)aniline] (29)
CF3;.__~. _CF;
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[4-(methylsulfanyl)phenyl]ethanimidoyl chlorid@50 mg,

0.99 mmol, 1.0 equiv), CHb (792 mg, 0.24 mL, 2.96 mmol, 3.0 equiwleLi-LiBr
complex (1.5 M, 0.86 mL, 1.29 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots of(12)-2,2,2trifluoro-N-[4-(methylsulfanyl)phenyl]lethanimidoyl chlorid@50

mg, 0.99 mmol, 1.0 equivp THF (3 nL) and MeLtLiBr complex (1.5 M, 0.99 mL, 1.49
mmol, 1.5 equiv) were added. The desired product was obter8t yield (388 mg)

as a yellow solid (m.p.:112 °C) after chromatography on silica gel (90:10nv/v,

hexane/diethyl ether).
'H NMR (400 MHz, CDC$) t: 12.00 (s, 1H, NH), 7.23 (m, 4H, Ph3{5), 6.98 (m, 4H,
Ph H2,6), 5.87 (s, 1H, CH), 2.48 (s, 6H, SgH

13C NMR (100 MHz, CDC}) U 149.0 (q2Jcr= 29.8Hz, CCFs), 139.8 (Ph €1), 135.9
(Ph G4), 127.1 (Ph €3,5), 123.3 (Ph €,6), 119.0 (qlJcF= 283.5 Hz, CE), 88.9 (sept,
3Jcr=4.9 Hz, CH), 16.2 (SCH).

19 NMR (376 MHz, CDCH4) i -62.8 (s, CB).
15N NMR (40 MHz, CDC}) i: -177.2 (N).

HRMS (ESI), m/z calcd for GeHa7FeN2Sz: 451.0732 [M+H]Y; found: 451.0729.

N,N"-[(2Z,42)-1,1,1,5,5,5Hexafluoro-2-penten-2-yl-4-ylidene]bis[4-
(phenylselanyl)aniline] (30)
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By following the General Procedu& the homologation event was conducted starting
from (12)-2,2,2trifluoro-N-[4-(phenylselanyl)phenyl]lethanimidoyl chloridd20 mg,

0.33 mmol, 1.0 equiv), CHb (266 mg, 0.08 mL, 0.99 mmol, 3.0 equiwWleLi-LiBr
complex (1.5 M, 0.29 mL, 0.43 mmol, 1.3 equiv) and THF (5 mL). Then, the second
aliquots of(12)-2,2,2trifluoro-N-[4-(phenylselanyl)phenyl]ethanimidoyl chlorid@20

mg, 0.33 mmol, 1.0 equivin THF (3 mL) and MelL4iLiBr complex (1.5 M, 0.33 mL, 0.50
mmol, 1.5 equiv) were added. The desired product was obtair@@Po yield (198 mg)

as a yellow oil after chromatography on reverse phase silica gel (acetonitrile).

1H NMR (400 MHz, CDC4) U: 11.97 (s, 1H, NH), 7.45 (m, 4H, Ph2246), 7.43 (m, 4H,
Ph1H-3,5), 7.28 (m, 4H, Ph243,5), 7.27 (m, 2H, Ph24#4), 6.95 (m, 4H, Ph1 12,6),
5.88 (s, 1H, CH).

13C NMR (100 MHz, CDC#) Ui: 149.1 (q2Jc,F = 29.5Hz, CCFs), 141.9 (Ph1 €1), 133.5
(Ph1 G3,5), 132.9 (Ph2 2,6), 131.0 (Ph2 €1), 129.4 (Ph2 3,5), 128.2 (Phl @),
127.4 (Ph2 &), 123.5 (gJcr = 1.7 Hz, Phl C 2,6), 119.0 (&lcr = 283.0 Hz, CB),
89.2 (m, CH).

19F NMR (376 MHz, CDC#) ii: -62.8 (s, CB).
15N NMR (40 MHz, CDC}) U -177.1 (N).

HRMS (ESI), m/z calcd for GoHz21FeN2Se: 670.9934 [M+H]Y; found: 670.9936.

4-({(22,32)-4-[(4-Acetylphenyl)amino}-1,1,1,5,5,8hexafluoro-3-penten-2-
ylidene}amino)N-methoxy-N-methylbenzamide (32)
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By following the General Procedu& the homologation event was conducted starting
from (1E)-2,2,2trifluoro-N-{4 -[methoxy(methyl)carbamoyl]phgi}ethanimidoyl
chloride (500 mg, 1.70 mmol, 1.0 equiv), &€#(1363 mg, 0.41 mL, 5.09 mmol, 3.0
equiv), MeLiLiBr complex (1.5 M, 1.47 mL, 2.21 mmol, 1.3 equiv) and THF (10 mL).



Then, the second aliquots of 12,2, 2trifluoro-N-{4-
[methoxy(methyl)carbaoyl]phenyl}ethanimidoyl chloride (500 mg, 1.70 mmol, 1.0
equiv) in THF (3 mL) and MeLLiBr complex (1.5 M, 1.70 mL, 2.55 mmol, 1.5 equiv)
were added. However, no aqueous quenching was realized after the conclusion of the
homologatiormetalation sequenckdeed, additional MeLLiBr complex (2.2 M, 0.85

mL, 1.87 mmol, 1.1 equiv) was added to the reaction mixture ke@B&fitC. After 30

min, a saturated solution of NBIl was added (2 mL/mmol substrate), then was extracted
with ELO (2 x 5 mL) and washed thi water (5 mL) and brine (10 mL). The organic
phase was dried over anhydrous:8l@;, filtered and the solvent was removed under
reduced pressur&he desired compound was obtained in 71% yield (588 mg) as a yellow
oil, after chromatography on AleRG2 (7Q30 v/v, dichloromethane/hexane).

IH NMR (400 MHz, CDC}) Ui: 11.95 (s, 1H, NH), 7.95 (m, 2H, Ph23;5), 7.72 (m, 2H,
Ph1 H2,6), 7.11 (m, 2H, Ph143,5), 7.08 (m, 2H, Ph243,6), 5.97 (s, 1H, CH), 3.54 (s,
3H, OCH), 3.36 (s, 3H, NCH), 2.59 (s, 3HCOCHY).

13C NMR (100 MHz, CDC4) &: 196.8 (C=0), 168.8 (NC=0), 149.7 &jc.F = 30.0Hz,
CCFs), 147.8 (Ph2 €1), 143.4 (Ph1 @),134.2 (Ph2 @), 131.6 (Ph1 €1), 129.40 (Ph1l
C-2,6), 129.36 (Ph2 B,5), 122.4 (qJcr= 1.8 Hz, Ph €3,5), 121.5 (qJcr= 1.9 Hz, Ph
C-2,6), 90.0 (m, CH), 61.0 (OCH 33.6 (br, NCH), 26.5 (CGCH3), C-2 and G4 not

unambiguously identified.
1%F NMR (376 MHz, CDC}) U: -62.9 (s, CEB), -62.8 (s, CB).
15N NMR (40 MHz, CDC#) U: -178.1 (N),-173.9 (N).

HRMS (ESI), m/z calcd for GzH20FeN3Os: 488.1403 [M+H]; found: 488.1405.

1-[4-({(2Z,32)-4-[(4-Acetylphenyl)amino]-1,1,1,5,5,5hexafluoro-3-penten2-
ylidene}amino) phenyllethanone (33)

By following the General Procedu& the homologation event was conducted starting
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from (1E)-2,2,2trifluoro-N-{4 -[methoxy(methyl)carbamoyl]phenyl}ethanimidoyl
chloride (500 mg, 1.70 mmol, 1.0 equiv), €H(1363 mg, 0.41 mL, 5.09 mmol, 3.0
equiv), MeLiLiBr complex (1.5 M, 1.47 mL, 2.21 mmol, 1.3 equiv) and THF (10 mL).
Then, the second aliquots of H)12,2,2trifluoro-N-{4-
[methoxy(methyl)carbamoyl]phenyl}ethanimidoyl chloride (500 mg, 1.70 mmol, 1.0
equiv) in THF (3 mL) and MeLLiBr complex (1.5 M, 1.70 mL, 2.55 mmol, 1.5 equiv)
were added. However, no aqueous quenching was realized after the conclusion of the
homologatiormetalation sequence. Indeed, additional MelBr complex (2.2 M, 1.85

mL, 4.08 mmol, 2.4 equiv) was added to the reaction mixture keg8dtC. After 30

min, a saturated solution of NBIl was added (2 mL/mmol substrate), then was extracted
with EO (2 x 5 mL) and washed with water (5 mL) and brine (10 mL). The organic
phase was dried over anhydrous:8l&, filtered and the solvent was removed under
reduced pressuréhe desired compound was obtained in 79% yield (594 mq) as a yellow

oil, after chromatography on AleBG2 (70:30 v/v, dichloromethanmehexane).

IH NMR (400 MHz, CDC}) &: 11.93 (brs, 1H, NH), 7.96 (m, 4H, Ph345), 7.12 (m,
4H, Ph H2,6), 6.00 (s, 1H, CH), 2.60 (s, 3H, @H

13C NMR (100 MHz, CDC}) & 196.8 (C=0), 148.9 (¢Jcr = 30.5Hz, CCF), 146.6
(Ph G1), 134.5 (Ph @), 129.4 (Ph €3,5), 122.0 (qJcr= 1.7 Hz, Ph €,6), 118.9 (q,
JcF = 283.6 Hz, CE), 90.5 (m, CH), 26.5 (CH).

19F NMR (376 MHz, CDC#) ii: -62.8 (s, CB).
15N NMR (40 MHz, CDCE) U: -175.6 (N).

HRMS (ESI), m/z calcd for GiH17FeN202: 443.1189 [M+H]J; found: 443.1187.



1 GC-MS Study of the Mechanistic Evidence for Compound 20

Schemeai Use of LICHI as metalating agent leading to ICHl as exchange product
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Scheme Ii Use of MeLi as metalating agent leading to GlHas exchange product
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