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ABSTRACT

Signal Transducers and Activators of Transcriptiaotors (STATSs) are a class of latent
cytoplasmic proteins that regulate cell growth andvival by modulating the expression of
specific target genes. One member of the STAT gn®ITAT3, has received particular
attention since it has been found constitutivelyivated in a broad spectrum of cancer cell
lines and human tumors. These compelling reswitsbined with a well-known selectivity of
STATS3 inhibitors for tumor cells, validated STAT3 a promising anticancer drug target.
Although the experimental studies on STAT3 inhitdteeem very interesting, to date, there is
no evidence in literature of any impending clinidavelopment.

The aim of this research project was the identiticaof new small molecules able to inhibit
STATS3 activity through the direct binding to STAPBotein. Starting from the structures of
molecules which were known in the literature foeithSTAT3 inhibitory activity, three
classes of compounds were developed: the oxadmzthle pyridazinones and tlwetho-
quinone derivatives. The oxadiazoles were struttyuralated to AVS-0288 which was
identified through a screening of a Korean chemlita&ry for its ability to inhibit STAT3
activity, although the exact mechanism of actiod hat been clarified yet. These derivatives
were designed using the most classical approacbesaf ‘hit to lead generation’:
bioisosterism, vinilogy, homology. The second ser@ molecules, the pyridazinones,
derived from the natural compour@@typtotanshinone, a direct STAT3 inhibitor, and was
designed with the support of molecular modelingligs. These latter studies suggested a
structural similarity between Cryptotanshinone amdseries of pyridazinone derivatives,
previously investigated by our research group.

Moreover, in order to combine the structural chimastics of the two series of molecules
above, chimeric compounds, on the basis of an atzuronformational analysis, were
designed and synthesized. Finally, with the aiminiderstand the mode of interaction of the
parent compound Cryptotanshinone with the SH2 derp&iISTAT3, docking studies and
vitro screening were carried out. These suggested adteyof theortho-quinone moiety,
since it resembled the phosphotyrosine of the ahtpeptide able to bind SH2 domain.

Therefore, ortho-quinone compounds, derived from a simplificatioh Gryptotanshinone



structure, were synthesized. However, due to th®lnlity and high volatility of some of the
designed compounds, only two representative teaxs heen prepared to date.

All synthesized molecules were evaluated by a lwa$led preliminary screening, the dual-
luciferase assay, which selected for compoundstabdxert an inhibition on STAT3 activity.
Although some of these assays showed interestiggmnary results, a deeper investigation
was fundamental, in order to determine their taaged/or mechanism of action. With this
aim, anin vitro competitive binding assay, the AlphaScreen teduylsystem, was
performed to check the ability of these compourmdbihd the SH2 domain of STAT3 and
inhibit its dimerization, a crucial step for STA®&8tivation.

This biological investigation led to the identifizan of the oxadiazole amidic derivati¥e,
which was found to exert positive results bothhia luciferase assay (20% inhibition gii)
and in the AlphaScreen-based assayy(¥C17.7uM), and moreover, its inhibitory activity
was found to be dose-dependent. The effe€2afon the tumor cell growth was also checked
and shown to have a good profile of inhibitory watyi on cell proliferation, with an G§
around 2uM for most of the screened tumor cell lines. Du¢hiese encouraging resulie

is considered the lead compound for the developieminew series of derivatives.
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Chapter 1 - INTRODUCTION

1. INTRODUCTION

The proliferation and differentiation of mammalieglls is modulated by a number of specific
signal molecules that regulate gene expression. ymniese signals are) the steroid
hormones(e.g. glucocorticoids, mineralocorticoids, estrogens,gesiins, and androgens),
chemical messengers produced by the body in respmns variety of stimuliji) small-
molecule hormones including thyroid hormone, catdit(a vitamin D3 metabolite), and the
retinoids; andii) the cytokine superfamily of proteins. The lattgtokines are a large and
diverse family of circulating polypeptides producbg many different cell types. They
include various types of interferons.¢ IFN-a, -3, -y) the interleukins €.g IL-6), the
colony-stimulating factorse(g granulocyte colony-stimulating factor, G-CSF)dagrowth
factors €.g epidermal growth factor, EGF). Individual cyto&sact upon a variety of cell
types. As polypeptides, cytokines cannot freeleeitto the cells, but instead act by binding
to specific cell surface receptors. Thus they aadirectly initiate a chain of events that
culminate in changes in the pattern of cellularegerpression, causing cells to alter their
metabolism in many different ways. The understagaihbiochemical events by which some
of the cytokines achieve their distinctive biolagieffects has increased significantly in the
early 1990's, when the first signaling pathway wasarthed in detail: IFN signalifg® 3
This involved JAK tyrosine kinases and the actmatof latent cytoplasmic transcription
factors termed STATs (Signal Transducers and Atdigaof Transcription). STAT proteins
were activated through phosphorylation on a tyresgldue within minutes after the binding
of an extracellular protein to its cell surface agtor. This phophorylation of STAT was
mediated by specific tyrosine kinases (such as JAsRsl resulted in their conversion from
latent to active transcription factors, which migdh into the nucleus and affected
transcription of specific target genes. Afterwar@3ATs were found to mediate signal
transduction for the majority of the cytokines, andias surprising the similarity in the way
that cytokines, with their myriad of distinctiveobogical effects, acted to control gene
expression. Since STATs discovery, a great deahfoimation has accumulated about the
specificity in their activation, their functionalothains and the variety of their biological
functions, as well as their effect on transcripibrthanges. Although this thesis will
concentrate on the role of STAT3 in cancer andhendevelopment of STAT3 inhibitors, it
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will be useful first to summarize the structuretioé STATS, and their interaction with other

proteins, as they function in transcriptional cohtr

1.1 The Signal Transducers and Activators of

Transcription (STATSs) family

STAT members (STAT1, STAT2, STAT3, STAT4, STAT5aJAI5b, and STAT6),
encoded in distinct genes, have been identified/drious mammalian celfs.With the
exception of STAT4, which is expressed mainly ie thymus and testéshe other STAT
proteins are ubiquitous. They range in size fron® &hd 900 amino acids and have a
molecular weight from 90 to 115 kDa. Despite fuowtl differences of individual STAT
proteins, crystallographic studies of the coreS®AT1 and STAT3 (from residues 130-712;
lacking anN-terminal proteins are a family of latent transtiap factors that are abundantly
produced in many cell types. So far a total of sedéferent STAT family and C-terminal
domain) and the Niterminus of STAT4, as well as sequence comparisoms deletion
mutagenesis experiments, has revealed common StAdtgal features. The overall amino
acid sequence identity between STATSs is 28-54%ble 1).°

STAT1 STAT2 mSTAT3 mSTAT4 sSTAT5 STAT6

STAT1 100%  44.1%  52.8%  535%  32.2%  31.5%
STAT?2 62.3%  100%  41.0%  40.9%  28.3%  30.2%
mSTAT3  70.9%  61.3%  100%  47.3%  30.5%  28.2%
mSTAT4 71.6%  60.0%  70.0%  100% 32.8%  30.3%
SSTATS  55.2%  50.0%  53.2%  53.9%  100% 39.5%
STAT6 52.3%  52.2%  50.7%  51.6%  59.6%  100%

Table 1. Amino acid sequence similarity and identjt of STATs?
Per cent identity is above the 100% line, per sentlarity below.

Seven structurally and/or functionally conservethdms can be identified={gure 1).

1) Theamino terminal domairfNH,; ~125 amino acids) is well conserved and is important

for dimer-dimer interactions to form tetrameric SIT Aolecules. The tetramer formation has
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been shown to be necessary for a strong STAT-DN#ragntion at adjacent sites and is
important for maximal transcriptional stimulatibidditionally it has been shown that the

terminus is involved in receptor recognition, phusfylation, nuclear translocation, and
dephosphorylatiofi. The crystal structure of the amino terminus of $#Awas solved

independently of the core structure and comprisesrées of eight short interactive helices
(Figure 1, b). Other STAT amino termini probably have similérustures, because of the
similarity of structurally important amino acid rmges in their amino termini, although
experiments in which the domains were swapped ateithat they might not be completely

equivalent’

i) The coiled-coil domain(amino acids~135 to ~315) consists of a potentially dynamic

four-helix bundle that protrudes laterally§0 A) from the core. This domain associates with

regulatory proteins and has also been implicatezbirtrolling the process of nuclear import

and export®

iii) TheDNA Binding Domair{DBD; amino acids~320 to~480) is also well conserved and

mediates a robust binding to GAS palindromes. Alivated STAT homodimers, except
STATZ2, directly bind GAS elements. The DBD has dsen implicated in the regulation of

nuclear import and expoft:*?

Iv) The Linker Domain (amino acids ~480 to ~575) structurally translates active

dimerization to the DNA binding motif. Studies alsaggest that it regulates a process of

continual basalife. in resting cells) nuclear expdtt.

V) The SH2 Domain (amino acids~575 to ~680) is the most highly conserved motif. It

mediates specific recruitment to receptor chaisswall as the formation of active STAT
dimers'**

vi) The Tyrosine Activation Motitonsists of a conserved tyrosine along with 5-7ci§ipe
carboxy terminal amino acids, usually near residd@: like the corresponding SH2 domain,
this motif resides on the exposed surface of tlaetime homodimer, facilitating its JAK-
dependent phosphorylation during receptor recruitiffeUpon phosphorylation, this motif is
recognized and bound by the corresponding SH2 dowfaihe partner STAT, directing the

critical structural changes required for an actieaformation’’
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vii) The Transcriptional Activation DomairfTAD) resides at the carboxy terminus and is
highly variable in length and sequence between STaiily members. However, for each
specific STAT, except STAT2, this sequence is coreskin humans and micé*® Many
TADs include conserved serine phosphorylation sitest facilitate the recruitment of
coactivators (e.g. CBP, p300 and the MCM compl@ijioreover, the phosphorylation of this
specific serine residue (Ser727 in STAT3) contelsuto maximal STAT3 transcriptional
activity.’® The STAT TAD also appears to regulate protein itgbSpecifically, STAT4,
STAT5 and STAT6 can be targeted for ubiquitin-dejesm destruction, whereas STATL,
STAT2 and STAT3 are more stal§fe?

a) pY pS
134 317 488 576 683 ‘ ‘
Amino- Coiled-coil DNA-binding Linker SH2 Transactivation
terminal domain domain domain domain domain
domain
b) Transactivation
= domain
= o
NH, domain @‘@
abifss .-'I = - %
ot e i SH2
- N ’ domain
N
v Je Link
[ e - - inker
. ‘( ﬂ; ’ domain
= bl TS

Coiled-coil
domain

d

DNA-binding domain

Figure 1. STATSs structure.a) Functional domains of STAT proteirts). Core structure (amino acids ~130-712)
of STAT1 dimer bound to DNA. The placement of thmiro-terminal domain in the intact structure in

undefined?®
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Finally, a number of native carboxy terminally tcated STAT isoforms have been shown to
direct unique programs of gene expression throbgir association with other transcription
factors .9 STAT1b with STAT2 in ISGF-3 and STAT3b withjun®* . These truncated
isoforms still get tyrosine phosphorylated, dimerand bind DNA, but they exert a dominant
negative effect by blocking the DNA-binding sitas $TAT responsive gene promoter
elements. So far, splice variants of STAT1, STAN8 &TATS5 have been identified, namely
STATI1B, STAT33, and STATH, and are generated by two distinct mechanismarraltive
mRNA splicing and proteolytic processirifAs an example, compared to wild-type STAT3,
STAT3B has seven new amino acids and lacks an intermaauhoof 50 base pairs from the
C-terminal of STAT3. This splice product is a natly occurring isoform of STAT3 and
encodes a 80 kDa protein which also lacks the Sephasphorylation siteSTAT33 has been
and still is widely considered as a dominant negatactor, because its overexpression can
suppress specific STAT3 functions. However, STAB&8tivities have not only been linked to
repressionAlthoughSTAT3B is not required for viability, it is also involved inflammatory
processes. Moreover, the observation that bothnaodownregulation of genes occurs in

mice specifically lacking STATBalso indicates its transcriptional activator pmies?’

1.2 Mechanism of STATSs activation and regulation

STATSs are activated by over 40 different polypeggidinding cytokine receptors, G-protein-
coupled receptors, receptor tyrosine kinases liggleemal growth factor receptor and
platelet-derived growth factor receptor (EGFR aMdGFR), as well as numerous non-

receptor tyrosine kinases.¢ Src and Abl) Eigure 2).
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Figure 2. Schematic illustration of
STAT family members and factors that
induce phosphorylation. EGF: epidermal
growth factor; LIF: leukemia inhibitory
factor; CNTF: ciliary neutrophic factor;
OM: oncostatin M; CT-1: cardiotrophin 1;
G-CSF: granulocyte colony-stimulating
factor; GM-CSF: granulocyte-macrophage
colony stimulating factor; Epo:
erythropoietir?®

The best-studied pathway for STAT activation iotlgh the JAKs (Chapter 1.2.1), otherwise
known as the JAK/STAT pathwafigure 3).

Growth-factor receptors

Cytokine receptors

Non-recsptor tyrosine

BExtracellutar

Figure 3. Signaling pathways that converge on STATS Binding of growth factors or cytokines to their

receptors results in the activation of intrinsiceptor tyrosine-kinase activity or of receptor-asst®d kinases,

such as the Janus kinase (JAK) or Src tyrosineskimaNon-receptor tyrosine kinases, such as thepooieins

Src and Bcr-Abl can phosphorylate STATs indeperigeot receptor engagement. Phosphorylated STATs

dimerize and translocate to the nucleus, wherélitners directly regulate gene expression.




Chapter 1 - INTRODUCTION

Cytokine receptors (e.g. IL-6R and IFNgR) have titutsve association of JAKs within the
intracytoplasmic portion of the recept8rLigand binding leads to dimerization of the
receptor and activation of the JAKs, whichnsphosphorylate tyrosine residues within the
intracytoplasmic portion of the receptor chainse Tyrosine phosphorylated receptor allows
for docking of STATSs through their SH2 domains. TH&Ks subsequently phosphorylate the
recruited STAT on a specific tyrosine residue rtbarcarboxy terminuse(g position 701 for
STAT2*! and position 705 for STATR STAT activation is not mediated exclusively by
cytokine receptors that lack intrinsic tyrosine dse domains. STAT proteins are also
activated by receptor tyrosine kinases such aseapia growth factor-receptor (EGF R),
PDGF-R* and colony stimulating factor-1R (CSF-1R)seven transmembrane G-protein-
coupled receptors such as angiotensin Il rec&ptnd serotonin 5-HT2A recepfdr and
through the T cell receptor compféxand the CD40 recepttr Both the EGF and PDGF
receptors are capable of directly phosphorylatifgAs proteins in the absence of JAK
activation. In addition, other TKs, such as Src ahd| were found to directly phosphorylate
STATSs. Upon tyrosine phosphorylation, STATs formmoalimers (most commonly) as well
as heterodimers (e.g. STAT1/STATZ2 in response t8-dfp activity, STAT1/STAT3 in
response to IL-6 activity and STAT5a/STAT5b in resge to growth hormone activity and
are subsequently released from the receptor. DingrATs enter the nucleus (Chapter 1.2.2)
where they bind to specific DNA-binding elementhépter 1.2.3) and activate transcription
of target genes. STATs activation is normally rapidd transient, lasting from several
minutes to a few hours, and is usually quickly dewgulated to keep cytokine responses
under control (Chapter 1.2.4).

1.2.1 Janus Kinases (JAKS)

The JAKs proteins are highly related intracelluteotein tyrosine kinases of about 1200
amino acids (120-140 kDa) and are able to actimakl@rge number of receptors. JAKs are
characterized by an amino-terminal portion of agpnately 600 amino acids and two kinase

domains, each of about 250 residues, separatedhgrahinge regioti (Figure 4).
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Figure 4. Schematic representation of the primary tsucture of Janus kinases (JAKs):" JAKs are made up

of FERM, SH2-like, pseudokinase and kinase domainsalternative nomenclature for the putative doraas
as a series of Janus homology (JH) domains. TheVFE&nain mediates binding to cytokine receptorsthBo
the FERM and the pseudokinase domains regulatdytatactivity and appear to interact with the léea
domain. JAKs autophosphorylate at multiple sités ifitluding two in the activation loop of the ksedomain,

but the precise function of these modificationgigt beginning to be understood.

A canonical tyrosine kinase domain (JAK homologgioe 1 or JH1), located at the carboxyl
end of the protein, is constituted by a centralakatlike domain (also referred to as
pseudokinase or JH2 domain) unique to the famihe function of the kinase-like domain in
the catalytic activation of JAKs remains unknownseems to regulate catalysis negatively
and might have a role in substrate recognifioBespite considerable sequence similarity
with other kinase domains, the kinase-like domaitk$ key motifs essential for phosphate
transfer. A non-conserved amino terminus of appnately 30-50 amino acids is followed by
five JH regions of variable lengths and degreeaslerftity (JH3-JH7). Among these, the most
conserved is JH4 which has a central core of lilues identical in all family members.

There are four members that belong to these faofilproteins: JAK1, JAK2, JAK3 and
Tyk2. JAK1, JAK2 and Tyr2 were identified througifferent cDNA-cloning approaches.
Their ubiquitous expression gave no hint to themction. JAK3, was cloned on the basis of
similarity, and was found to be expressed predomiypan haematopoietic cells. The four
mammalian JAKs are activated upon high-affinitydang of a variety of cytokines to their
multimeric cell-surface receptors. Ligand-inducemformational changes and the increased
local concentration of JAKs promoted by receptaonetization could lead to their activation.
A critical determinant of the involvement of a JAEmily member in cytokine signaling
pertains to its ability to associate with the io@#ular portion of receptor components.
Therefore, much effort has been recently devotedetermine the structural features of this
interaction. Closer inspection of the intracellutertions of cytokine receptors has revealed
the presence of short membrane-proximal motifs\eae originally found to be required for
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induction of proliferative signals. In a numberaafses, these variably conserved motifs were
found to mediate JAK2 activation. JAK activationgsnerally measured as an increase in the
tyrosine phosphorylation of the protein, which etates with its increased catalytic activity.
A first level of control of the catalytic activitgf the JAKs appears common to that of most
protein kinases and involves auto(trans)phosphtoylaf a conserved activation loop of the
kinase domain. Phosphorylation of critical tyrosnesidues might relieve steric blocking in
the catalytic site and allow access of the sulestrahe activated JAK protein kinases are
likely to act on a multiple substrate, among whict juxtaposed JAKs, receptor components
and signaling proteins that are recruited to treepeor-JAK complex upon ligand binding.
STATs are among the best characterized substr@@sently, they do not seem to have
specificity for a particular STAT protein. For expl®, different receptors can activate the
same STAT molecule through phosphorylation of thmes tyrosine site, even though they
activate distinct JAKs. The interchangeability loé tJAKs in heterodimeric receptors suggests
that, to some extent, what governs substrate sgigéciis not the JAK itself, but rather the
receptor component to which the JAK is associat®tien JAKs are overexpressed and
hyperphosphorylated in mammalian cells, they wdrens to phosphorylate STATs in a
ligand-independent manner, possibly through a timgeraction. Involvement of aberrant
JAK activation in human cancer is linked to a chosmmal abnormality in acute lymphocytic
leukemia (ALL)* Chromosomal translocation of the short arm of siosome 9, containing
the kinase domain of JAK2, to the short arm of olwsome 12, containing the
oligomerization domain of the ETS transcriptiontéacresults in a fusion protein (Tel-JAK2)
possessing constitutive kinase activity.

1.2.2 STAT nucleocytoplasmic transport

The translocation of STATs into the nucleus depatgd®n active transport through the
nuclear pore complex (NPC), since STAT dimers a@ large (~180 kDa) for passive
diffusion. The mechanism of nuclear translocatias lbeen unknown for several years.
Subsequent studies have demonstrated that nuohgarti of STAT proteins is directed by
short amino acid sequences, rich in arginine asphéy termed Nuclear Localization Signals
(NLSs). These latter are recognized by specifiomigsmic receptors, called importins.

Importins are constituted by two subunits, impodirand importin3. To date, six human
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importin a isoforms have been identified: importd, a3, o4, 05, a6 anda7. Upon binding
with NLS of the STAT, importino. binds to importing, which docks the importin-cargo
complex on the cytoplasmic side of the nuclear paraplex and mediates the movement of
the complex into the nucled&The energy for this active nuclear transport svjated by the
small G protein, RarF{gure 5, 8.**

a)
/\ (Ram)
Py
GTP/
@3
b) Ram)
GAP' o _ & o
G <« NES (Grp)
‘/ﬁ-’ Ran :
GAP
Ran =
GbP NES . e
NES G

Figure 5. a) Nuclear import of Nuclear Localization Sequenbi.$) cargo mediated by the importiriB. b)

Nuclear export of NES cargo mediated by Crfiee text for details.

Classical NLSs have not been identified in STATIse Tirst report of the existence of NLS
signals in STAT molecules emerged when an uncormvead{ structural and dimer-specific
NLS was identified in STAT1 and STAT2.This structural NLS is situated in the DNA-
binding domain of the molecule, and two of thesemants, one in each monomer, were
shown to be required for nuclear import of STATH&TAT2. The amino acids required for
nuclear import were mapped to lysines 410 and 4 8T&T1, and to arginine 409 and lysine
415 of STAT2. Another study has described leucifé t be essential for STAT1 nuclear
import*” STAT3 has been shown to contain two distinct angitich sequence elements,
which are required for its nuclear imp8ttThese elements are situated in the coiled-coil
(arginines 214 and 215) and DNA-binding (arginidd4d and 417) domains of STAT3. The
NLSs of STAT1, STAT2 and STAT3 differ from the cta&sal NLS signals to some extent.
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They do not resemble the consensus sequencesssicalamono- or bi-partite NLSs, and
they become active only in dimers. Recently, it haen presented that the nuclear import of
STAT3 is mediated by importi5 and importina7 in a cytokine-stimulation dependent
fashion?® However, it has also been suggested that sigmardient nuclear import of
STAT3 is mediated by other importin isoforms> In addition, it has been proven that
nuclear import of STAT3 is independent of tyrosipeosphorylation and mediated by
importin @3> At present, there is no detailed information dibsitg the molecular
mechanisms of nuclear import of STAT4, STAT5a, SbADr STATS6. It has been suggested
that unphosphorylated STATSs shuttle continuoustyvben the nucleus and cytoplasm. It has
also been proposed that the nuclear import of uspiarylated STATs and tyrosine
phosphorylated STAT dimers are mechanisticallyimistfrom each other. It was revealed
that only unphosphorylated STAT1 could enter thelews in the absence of cytosolic
proteins, whereas the nuclear import of tyrosinesphorylated STAT1 dimers required
importins and metabolic energy.Similar results were obtained also for unphosplatey
mouse STAT3 and sheep STAT5These distinct pathways are most likely the consage

of the conformational differences between the usphorylated dimers and the

phosphorylation-activated STAT dimers.

Nuclear export, similar to the nuclear import, riegs the presence of special hydrophobic
amino acid sequences, rich in leucine, called Nudiport Signal (NES), as well as soluble
carriers named exportins. There are specific exgosuch as CAS, which are important for
export of importinsa, and more general exportins like Crml (Chromosoregion
maintenance 1). Crm1l identifies NESs and bindS\B8 carrying cargo together with Ran-
GTP to form a stable ternary complex. The comptaxels through the NPC and dissociates
in the cytoplasm after the hydrolysis of Ran GHy(re 5, b). STAT1 nuclear export is
achievedvia a NES, residues 399-410, within the DNA bindingném, and Crm1 binding to
this area® A second NES domain, a leucine-rich helical sedireas been described in the N
terminus of STAT®* However, Crm1 binding to this region has as of lyeén reported,
which leads to the assumption that this regioni@pdtes in a different manner in nuclear
export. Interestingly, the NES of STAT1 seems tohimlen when STAT1 is bound to the
DNA and it is therefore essential to dislodge STATbm the DNA for tyrosine

11
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dephosphorylation, which leads to the accessibditythe NES by Crml and the nuclear
export of STATL>® Regarding STAT3, three nuclear export signal (NEf§jnents has been
identified. Two of these elements, 306-318 and 404; correspond to those recently
identified in STAT1 399-410, and a third, STAT3 5235, is novel?

1.2.3 The DNA response elements

The DNA sequence elements in the promoters

Gene Muclootilc =wipecaac of genes that bind STAT3 proteins can be

IEhE g e sp oS iy (CRE) classified into two groups Téble 2).

1SG54 AGTTTCACTTTCCC
B3 SCTTTCOLTIICED The prototype of the first class is the interferon-
6—-16 AGTTTCATTTTCCC
321 AGTITCTATTTCET stimulated response elements (ISRE). The
0AS GGTTTCGTTTCCTC
GBP R second class comprises the GAS-like response
Consensus AGTTTCNNTTTCNC/T . . .

elements. The IFN-activation site (GAS) was
GAS5-like elements L. . .
GeP TTACTCTAA originally identified as the IFN-response
cFos-5IE TTCCCGTCA .
M67-SIE TTCCCGTAA element in the promoter of the GBP gérm
Ly-6A/E TTCCTGTAA ) )
Fc~R1 (GRR) TTCCCAGAA ever-growing number of GAS-like sequences
ICSBP TTCTCGGAA ) . )
IRF1 TTCCCCGAA have been identified in promoters of genes
ICAM-1 TTCCCGGAA _
IFP53 TTCTCAGAA activated by hormones, growth factors,
MIG TTACTATAA ) _ )
c1,-Macroglobulin TTCCCGTAA cytokines and interleukines. STAT1
Acid glycoprotein TTCCCAGAA . .
Rat f-casein gene TTCTTGGAA homodimers, STAT1-STAT3 dimers, STAT3

Bovine }-casein gene TTCTAGGAA

Conseinite T RTATINA homodimers, STAT4 homodimers, STATS5

homodimers and STAT6 homodimers have been

Table 2. Response elemerts. shown to bind to at least one of the GAS-like

elements® >" All these elements have the palindromic core secpi@RTNNNNNAA, but
differ in the five inner nucleotidesTéble 2). Variations of the inner nucleotides between
different elements have been shown to influencebthding affinity towards specific STAT
dimers. A STAT1 homodimer binds to the GAS elenfennd in the promoter of the g1
gene, whereas STAT3 homodimer does’fidthe STAT3 homodimer, however, binds the
SIE (sis-inducible element) element found in thenpoter of thec-fos gene>® Selective and
specific activation of genes by different STAT dmheould therefore stem from differential

binding affinities to slightly different responsiements.
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1.2.4 STAT inactivation

The transient nature of STAT activation sugges# tfature has also invented sophisticated
mechanisms to turn off the signaling pathway. lct,faecent studies have shown that STAT
activation is negatively regulated by several mea@ras, including proteolytic degradation
via ubiquitin-proteasome pathway and dephosphaooylavf JAKs and STATSs, as well as
inhibition of STAT activityvia two different protein families: the suppressorscgtokine
signaling family (SOCS) and proteins that inhilmtizated STAT proteins family (PIAS).

Proteolytic degradation

Ubiquitin-proteosomal degradation is essentialtfar degradation of proteins whose levels
have to be regulated either constitutively, or@sponse to extracellular stimuli and changes
in the cellular environment and is thus an impdrtaechanism for the downregulation of
JAK/STAT signaling pathways. It was demonstrateat thAK1, JAK2 and JAK3 are targets
for degradatior?’ as well as tyrosine phosphorylated STAT1, STATBAE5 and STATS,
with only marginal effects on STAT2 and STAT3%

Protein tyrosine phosphatases (PTPases)

Dephosphorylation is an important way to inhibi tARTAT signaling pathway and can occur
both in cytoplasm, where the JAKs and the STATstargets, and in the nucleus where
dephosphorylation of the STATs takes place. SeveflPs have been identified that
negatively regulate the JAK/STAT pathwaylaple 3). The cytoplasmic tyrosine
phosphatases found to be involved in inhibiting J&KAT activity were the closely related
SH2-containing phosphatases (SHP), SHP1 and $HBSMP1 is mainly expressed in
hematopoietic tissues, whereas SHP2 is ubiquitoeigbyessed. All tyrosine-phosphorylated
signaling molecules, such as receptors, JAKs or B[ Aave to be considered as possible
targets for SHP2. However, direct interaction haly deen shown for SHP1 with JAK1 and
JAK2%* and for SHP2 with JAK1 and STAT8.PTP1B has also been implicated in the
dephosphorylation of STAT5 under overexpressiorditims®® However, whether STAT5 is
a physiological substrate of PTP1B remains to liabéished. Earlier studies indicated the
existence of a PTP activity in the nucleus to ivate STAT1. Through biochemical
purification, TC45, the nuclear isoform of TCPTRstbeen identified as a STAT1 PYP.

13
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Inhibitor Target

JAK PTPs JAKs

SHP1 JAK2, JAK1
SHP2 JAK1

CD45 JAK1, JAK2, JAK3, TYK2
PTP1B JAK2, TYK2
TCPTP JAK1, JAK3
Cytoplasmic STAT PTPs STATs

SHP2 STATS

PTP1B STAT5

TCPTP STAT1, STAT3
Nuclear STAT PTPs STATs

SHP2 STAT1

TCPTP STAT1, STAT3

Table 3. Negative regulation of JAK-STAT signaling® JAK, Janus-family kinase; PTP, protein tyrosine
phosphatase; SHP, SH2-domain-containing PTP; TCPTR|l PTP; TYKZ2, tyrosine kinase 2.

TC45 can directly dephosphorylate STAT1. In additio TC45, SHP2 is also involved in the
nuclear dephosphorylation of STAT4How other STATs become dephosphorylate remains
unknown, but recent studies have shown that tlsespecificity in the dephosphorylation of
STATs by PTPs. For example, it has been shown W@PTP is involved in the
dephosphorylation of both STAT1 and STAT3, but 80AT5 or STAT6’

The SOCS family of inhibitors

The suppressors of cytokine signaling (SOCS) desrdly of intracellular proteins that play a
crucial role in negatively regulating the respon$é¢he immune system to cytokines. These
inhibitors have been variously named by independestoverers as suppressor of cytokine
signaling (SOCS), JAK-binding proteins (JABs), STAluced STAT inhibitors (SSlIs) or
cytokine-induced SH2 (CIS) proteins. The eight gired that belong to the SOCS family
include cytokine-inducible SH2 domain protein (CE)d SOCS1-SOCS7. SOCS proteins
contain a central SH2 domain, an amino-terminal aianof variable length and a divergent
sequence that carries, in the case of SOCS1 andS3CO&Ckinase inhibitory region and a

carboxy-terminal 40 amino-acid module known asSECS bof¥® (Figure 6, a). The SOCS
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box can bind to elongins B and C, which are knowmgonents of the ubiquitin E3 ligase
complex, suggesting that SOCS proteins may targetbng molecules like JAK2, to the
proteasome for degradatiéh.SOCS proteins are generally expressed at low deirel
unstimulated cells and expression is largely inm@daupon cytokine, insulin and EGF
stimulation. The fact that they subsequently inthibAK/STAT signaling leads to the
conclusion that they act as classical feedback Inbjbitors/* The mechanism of inhibition
varies between the different SOCS proteffgire 6, b). SOCS1 binds directlyia its SH2
domain to tyrosine phosphorylated JAKs, and as rsse@guence, JAK activity is directly
inhibited. SOCS3 uses a different mechanism foibitibn of JAKs: it binds to the activated
receptor directly? By contrast, CIS does not affect the activity ok$AInstead, CIS inhibits
STATSs by competing with STATSs for docking sitesthe receptof?

Amino-
terminal region SHZ domain  SOCS box

SOCS N-| | | HC

+—Cyiokine

¥ receptor

Figure 6. The SOCS family of proteins.a) Domain
structure of suppressor of cytokine signaling (SPCS
proteins.b) Inhibition of the Janus kinase (JAK)- and the
signal transducer and activator of transcriptiomA’$)-
signaling pathway by SOCS proteins through distinct
ﬂ mechanism§&’
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The PIAS family of inhibitors

In the nucleus, protein inhibitors of activated SBA(PIAS) inhibit the DNA binding of
active STATs. The mammalian PIAS family consistsfofir members: PIAS1, PIAS3,
PIASX and PIASY’* After cytokine stimulation, PIAS1, PIAS3 and PIASMteract with
STAT1, STAT3 and STATA4 respectively.”® “In addition, PIASY has also been shown to
be associated with STAT1. The PIAS-STAT interactisrcytokine dependent and PIAS
proteins do not interact with STATs in unstimulatls. The cytokine dependency of the
interaction might be explained by the finding tR&S1 can bind to the dimeric, but not the
monomeric, form of STAT1® Each member of the PIAS family has been showmibit
STAT-mediated gene activation. Distinct mechanisfos PIAS-mediated inhibition of
STATSs have been indicateBigure 7).

Transcriptional
activation

Figure 7. Proposed mechanisms for inhibiting the JAK-STAT pahtway by PIAS proteins. § PIAS1 and
PIAS3 block the DNA-binding activity of STAT dimers) PIASX and PIASY might act as transcriptional co-
repressors of STAT by recruiting other co-repregzateins, such as histone deacetylase (HDALPRIAS
proteins can promote the conjugation of small uitiicielated modifier (SUMO) to STAT1. The signiéince of
STAT1 sumoylation in regulating STAT1 activity isrtroversial and needs to be clarifféd.
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PIAS1 and PIAS3 can inhibit the DNA binding adyiof STAT1 and STATS3,
respectively”> "®By contrast, PIASX and PIASY can inhibit STAT4-ce8TAT1-dependent
transcription without affecting the DNA-binding ity of STAT4 and STATZ.’® The
interaction of PIAS proteins with histone deactglagHDACS) has been described. PIASX
has been shown to interact with HDAXBPIASY has also been found to interact with
HDAC128! So, it is probable that PIASX and PIASY functisteanscriptional co-repressors
of STATSs, possibly by recruiting HDACs and otherrepressor molecules. Interestingly,
PIAS proteins have been shown to have SUMO E3digasivity®? It has been suggested that
PIAS proteins might regulate transcription by promgp SUMO conjugation of transcription
factors.

1.3 Roles of STATSs in physiological processes

Activation of STATSs results in the expression ohgg that control critical cellular functions,

including cell proliferation, survival, differentian and development, as well as specialized
cellular functions, such as those associated witmune responses. The contribution of
specific STAT family members to control the normsellular processes has been elucidated
on the base of studies of homozygous deletion, orenrecently, by tissue-specific,

conditional knockout of each STAT family member nrice. These studies indicate that
STAT proteins are highly specific in their functiand that they are responsible for mediating

the immune response in mammalsifle 4).

STAT1

STAT1 knockout mice are viable and fertile and @igmo developmental defects. However,
STAT1-/- mice failed to induce transcription ofgat genes after stimulation with lleM and
IFNy; these mice are highly susceptible to microbiall aral infections> ®* Atypical
susceptibility to mycobacterial, but not to virafaction, has also been identified in patients
suffering with a natural heterozygous germline STAMutation, further strengthening the
importance of STAT1 in contributing to immune respes’ Interestingly, STAT1 deficient
mice also showed sensitivity for both spontaneoumor development and tumor
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development after methylcholanthrene treatmi&nThis suggests that STAT1 has a

proapoptotic function.

STAT protein Phenotype of null mice
Impaired responses to interferons; increased stibi#ypto tumours;

STATL impaired growth control
STAT2 Impaired responses to interferons
Embryonic lethality; multiple defect in adult tissiincluding
STAT3 impaired cell survival (both positive and negatigeyl impaired
response to pathogens
STAT4 Impaired 1 differentiation owning to loss of IL-12 resporesiess
Impaired mammary gland development owing to logsrofactin
STAT5a respponsiveness Vo P ’ ™
STAT5b Impaired growth owing to loss of growth hormonep@ssiveness
STAT6 Impaired 1 differentiation owning to loss of IL-4 responsmess

Twl: T helper 1 cell; IL: interleukin

Table 4. Role of STAT proteins as revealed by geriargeting in mice®

STAT2

STAT2 is a particular member of the STAT familyne@ it does not bind to GAS elements
and it does not homodimerize. Instead, upon aainaby IFNo STAT2 forms the
transcription factor complex ISGF3, together withRAS'1 and p48/ISGF@ Therefore, it is
not surprising that the STAT2 knockout exhibits itamities with the STAT1 knockout. The
mice are viable, fertile and display no developrakuliefects. Nevertheless, they are also
susceptible to viral infections due to their impdirability to respond to IFNB signaling.
Additionally, STAT1 tyrosine phosphorylation andtiaation after IFNu stimulation is
weakened in the STAT2 deficient mice, arguing foremhancer effect of STAT2 in binding
to the receptor complex in the STAT1/STAT2 hetemuelis®’

STAT3
Will be discussed in detail in Chapter 2.
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STAT4

STAT4 is only expressed in natural killer cells (Klls), dentritic cells and T lymphocytes,
and is mainly activated by IL-12. CD4+ T cells diféntiate with the help of IL-12 to Thl
cells, which in turn leads to the expression of 4{FNh1 cells are involved in hostdefense
against intracellular pathogens and tumors, aritiendevelopment of autoimmune diseases,
for example, rheumatoid arthritis, diabetes andtiplel sclerosis. Consequently, it was no
surprise that the STAT4 and IL-12 deficient micewra similar phenotype.e., loss of Thl
differentiation, loss of IFN expression and enhanced tendency towards ThZafiffation,
which is usually inhibited by Thl celf8.Recent data indicate that STAT4 deficient mice
show a resistance to autoimmune diseases like ré@iorarthritis, diabetes and experimental
allergic encephalomyelitis (EAEY. In humans, it was shown that IE§ can stimulate T
cells to drive Thl development, bypassing the rfeedL-12-induced signaling. In contrast,
IFNa does not cause Th1 differentiation in mié&he reason for this is that Il is able to
activate STAT4, by recruitment of STAT4 to the kekeceptor complex exclusively via the
C-terminus of STATZ2 in human cells. The differeti@ween mouse and human signaling is
that the mouse STAT2 gene harbors a minisateligertion, which changes the C terminus

sequence and selectively disrupts its ability tivate STAT4, but not other STATS.

STATS

STATS5 was originally characterized as a prolacésponsive transcription factor in sheep,
and exists as two closely related isoforms, STAa®@& STAT5b, which share 95% identity at
the N-terminus and some variability at titerminus’® **Both genes are expressed in all
tissues and are activated by a wide variety oflags. Given the broad range of activation it
might be thought that the knockout of these pratewould have many effects. However, the
STATS5 specific knockouts exhibited a very precikenotype for the individual gene. Both of
the STAT5a and STAT5b deficient mice are viabletilee and display no developmental
defects. STAT5a -/- mice are impaired in prola@ativated mammary gland development,
necessary for lactatiShwhile STAT5b -/- mice have impaired GH signalirféeets, similar

to GH deficient mic€? Since high GH levels are mainly observed in mdksale STAT5b -

/- showed almost no phenotype, whilst males werallsmand revealed the loss of male-
specific liver genes (as MUP and CYP2D?9). Interegyi the STAT5a/b double knockout
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mice are infertile, small, die after a few weeksdoth, and are defective in the development

of the mammary gland and the corpus lutéfim.

STAT6

STATS6 is ubiquitously expressed and is mainly attd by IL-4 and IL-13° IL-4 is
expressed by activated T and B cells, and reguldiféerentiation of CD4+ T cells to Th2
cells and class switching of B cells, which resuitshe secretion of IgE. Th2 helper cells are
essential for host defense against helminthes antleir allergic responses. STAT6 and IL-4
deficient mice show similar phenotypes; neitheratrke to differentiate into Th2 cells and are
inoperative to class switch to IgE. Otherwise thee viable, fertile and display no
developmental defect§. *” %®In addition, STAT6 deficient mice, have a predoamitly Th1l
phenotype, experience a severe clinical courseAd, Eare inhibited in host defense against
helminthes, are resistant to septic peritonitisalise of enhanced local bacterial clearance,
show resistance to tumor recurrence and deregudatiachtion of NF«B, leading to reduced
expression of proinflammatory cytokines and chemesiinduced by endotoxif$.*®
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2. STAT3 PROTEIN

2.1 Influence of STAT3 on biological functions

STAT3 was initially identified as the acute-phassponse factor (APRF), activated by IL-
6.1 The authors further showed that STAT3 activatimough phosphorylation occurred in
the cytoplasm and that STAT3 migrates into the eugland binds IL-6 response elements of
various acute-phase protein genes (e.g., the @&phacroglobulin, fibrinogen, and alpha 1-
acid glycoprotein genedj* The STAT3 cDNA was cloned one year later and eesagh
open reading frame of 770 amino acids resultingaiprotein of 88 kD&% STAT3 is
ubiquitously expressed and its expression startsy \aarly during post-implantation
development in the mouse. STAT3 can be activateanbyy different cytokines, growth
factors and oncogeneBigure 2). The IL-6 family of cytokines has many biologidahctions
and STAT3 plays a major role in these proces¥ed -6 activation in mouse myeloid
leukemia M1 cells has been shown to lead to gramtbst and terminal differentiation into
macrophages. Overexpression of STAT3DN (a STAT3 idanm negative protein which
lacks the C-terminal portion and is able to blodkAS$3 transcriptional activity) abrogated
the IL-6 induced effects, leading to the inhibitiohlL-6-induced repression of c-myb and c-
mycl%* These experiments demonstrated for the first tina¢ STAT3 activation is essential
for IL-6 mediated growth arrest. Conversely, otlstmdiesdemonstrated that STAT3 is
involved in anti-apoptosis, proliferation and uprigion of Bcl-2 by overexpression of
STAT3DN in mouse pro-B (BAF/B03) celt$ It has been demonstrated in the following
years that STAT3 activation was not only esseiftiacell survival but also required for cell
cycle transitionyia STAT3 mediated upregulation of cyclins D2, D3 adand cdc25A, and
the associated downregulation of p21 and P2Tnterestingly, in a few cases STAT3 was
also able to inhibit cell differentiation, followgnits activation with IL-6 or LIF. IL-6 was
shown to induce differentiation of PC12 cells thave been pretreated with nerve growth
factor (NGF). Stimulation of the MAPK pathway is portant for neurite outgrowth, since
cells overexpression gpl30 mutants incapable dfattg the MAPK cascade, or cells
treated with the MEK inhibitor PD98059 treatmentthwilL-6, both failed to induce
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differentiation of PC12. Conversely, overexpresabma mutant gp130, which is defective in
STATS3 signaling but not in SHP2 signaling, did nohibit, but rather stimulated neurite
outgrowth. NGF pretreatment inhibited the IL-6-icdd activation of STAT3 and
overexpression of STAT3DN did not require NGF pratment for neurite outgrowth. These
facts indicate that STAT3 is negatively involvedAg12 differentiatiort®® Likewise, STAT3

is essential for self renewal of embryonic stem)(&8ls, that are continuously propagated in
an undifferentiated pluripotent state with LIF, @@noverexpression of a dominant negative
STAT3 is able to abrogate LIF mediated self-reneaval promote differentiatiotf/" %% 1
Concordant with this finding is a study of ES cadigressing a fusion protein composed of
the entire coding region of STAT3 and the liganddimg domain of the estrogen receptor
(STAT3ER), that can be activated by the syntheigand 4-hydroxytamoxifen (4HT),
maintained an undifferentiated state upon stimoetiith 4HT*°

STAT3 knockout mice

STATS3 is the only STAT family member whose knockta#ids to embryonic lethality.

STAT3 deficient mice develop into the egg cylindtage but show a rapid degeneration
between embryonic days 6.5 and 7.5. This is prgbdbé to nutritional insufficiency, since
STAT3 is expressed at day 7.5 in the embryonicevacendoderm, which is important for
nutrient exchange between the maternal and emhryemiironment™* Some knockouts of
components of STAT3 activating pathways also leaeérbryonic lethality, such as gp130
and LIFR3. STAT3-deficient T cells showed a loss of probifitve response due to a defect
in IL-6 mediated prevention of apoptosis. The apwptotic protein, Bcl-2, is normally
upregulated in response to IL-6 even in STAT3-defit T cells'*? This suggests that STAT3
has a Bcl-2 independent anti-apoptotic functiormgéted STAT3 knockout in macrophages
and neutrophils results in mutant mice that arénlgigusceptible to endotoxin shock and
develop chronic enterocolitis with age, due to mbad inhibitory effects of IL-10 on
inflammatory cytokine productioht?® In addition, STAT3 -/- plus IL-10 -/- mice shoiwslar
phenotypes and it has been shown that IL-10 suggsesxpression of TN&via STAT3M*
STAT3 phosphorylation occurs at the onset of mamgngéaind involution and STAT3 null
mammary glands show a decrease in apoptosis arahatic delay of involution, a stage of

mammary gland development that is characterizedrbgxtensive apoptosis of the epithelial
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cells. In normal glands involution is accompanigditicrease in insulin-like growth factor
binding protein (IGFBP5) levels, which binds thevswal factor insulin-like growth factor
(IGF1) and inhibits IGF1. There was evidence togasy that IGFBP-5 is a direct or indirect
target for STAT3, since IGFBP5 upregulation is miiserved in STAT3 null mammary
glands'™ These data have showen for the first time that BY# important for apoptosisa
vivo.

Mice with STAT3 deficient epidermal and follicul&eratinocytes were viable and did not
have any defects in the development of epidermisheir follicles. However, the mice had
sparse hair, their wound-healing processes wererslgvimpaired and they spontaneously
developed ulcers with age. Considering that migratand proliferation are essential for
wound healing, motility and growth of keratinocyte@ere examined. Results illustrated that
migration of STAT3-disrupted keratinocytes in resp®to growth factor stimulatioim vitro,
was impaired while proliferation was not disturbEBdrthermore, the mice exhibited a normal
first hair cycle (morphogenesis), but an impairedosid hair cycle (skin remodelinf. This
analysis provided the firsh vivo data showing that STAT3 has a function in cell naiigpn
and that STAT3 is necessary for skin remodelinguiting hair cycle and wound healing.
STATS3 is required for the neurotrophic actions diTF and LIF on developing cytokine
dependent sensory neurons: STAT3-deleted nodoseneshowed a reduced response to
CNTF and LIFin vitro and they had an enhanced death irateévo. These results provide the
first evidence for a role for STAT3 signaling irgrating neuronal survival” *®Knockout

of STAT3 in cardiomyocytes showed that STAT3 isalwed in regulation of inflammatory
responses and survivdf STAT3 deficient hepatocytes severely impaired llinéluced
acute-phase response in the liver during inflamondf® Interestingly, STATB deficient
mice exhibited reduced recovery from endotoxic &hemed showed hyperresponsiveness to a
subset of endotoxin-inducible genes in the livére§e findings revealed a critical negative
regulatory role for STATBin the control of systemic inflammatidfi:

Considering all knockout data together it is swipg that STAT3 has such mild phenotypes
in the conditional knockout mice compared to thelyeambryonic lethality in the full
knockout. The data suggests that the STAT3 actigato early development are different
from the known activators in the adult and it via# of interest to identify them. Moreover,

STATS3 elicits diverse functions in various cell @gsince the readout of the STAT3 tissue
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deficient mice is diverse and ranges from apopiasisvival, and effects on migration up to
proliferation. It will be a challenge to solve thieddle why STAT3 activation has diverse
biological functions and the more information Wik gained about the different sets of genes
that are regulated by STATS3, in different cell tgpthe more it will be possible to understand
the function of STAT3 molecule.

2.2 Validation of STAT3 as a target for cancer theaipy

STATS3 is persistently activated in over a dozeresypf human cancers, including all the
major carcinomas as well as some hematologic tumorsome cancers, enough clinical
samples have been examined to state the approxifreqaency of persistently active
STAT3, which occurs in more than half of breast dodg cancers, hepatocellular
carcinomas, multiple myelomas and more than 95%eaid and neck cancer§aple 5).
Moreover, in cultured tumor cells from several eiffint cancers, interruption of this persistent
STAT3 activity, by dominant negative proteins ortisgnse oligonucleotides, leads to
apoptosis?® Targeted deletion of STAT3 in skin cells was relershown to prevent
epithelial cancéf® and in this issue a dependence on STAT3 was démat in
lymphomas and myeloma&' These studiestook advantage of sophisticated genetic
manipulations to delete STAT3 specifically in B amdcells, which along with previous
experiments deleting STAT3 in epidermal precurgiscclinches the importance of STAT3
in tumor cells bothn vivo andin vitro. They also showed that administration of antisense
oligonucleotides targeted against STAT3 to anirsals substantially reduce the growth of the
hematologic tumors, highlighting the potential afieETAT3 therapy in clinical medicine.
Overactive kinases or dysfunctional receptors lageculprits in head and neck cancer, some
multiple myelomas, leukemias and Ilymphomas. Studads leukemias, lymphomas,
hepatocellular carcinomas and non-small cell luagcer report the loss of proteins that
negatively regulate STAT3, such as PIAS or SOCRBir 1.2.4)12> 126127
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Activated STAT

Blood tumors
Multiple myeloma Statl, Stat3
Leukemias
HTLV-I-dependent Stat3, Statd
Erythroleukemia Statl, Stat5
Acute Ivmphocytic leukemia Statl, Stat5
Chronic lymphocytic leukemia Statl, Stat3
Acute myelogenous leukemia Statl, Stat3, Stats
Chronic myelogenous leukemia Stat5
Megakaryotic lenkemia Stat5
Large granular lymphocyte leukemia Stat3
Lymphomas
EBV-related/Burkitt's Stat3
Mycosis fungoides Stat3
HSV saimiri-dependent (T-cell) Stat3
Cutaneous T-cell lymphoma Stat3
Hodgkin’'s disease Stat3
Solid tumors
Breast cancer Statl, Stat3
SCCHN Statl, Stat3
Renal cell carcinoma Stat3
Melanoma Stat3
Ovarian carcinoma Stat3
Lung cancer Stat3
Prostate carcinoma Stat3
Pancreatic adenocarcinoma Stat3

Table 5. Activation of STATs in human primary tumors and tumor cell lines'?®

SCCHN: squamous cell carcinoma of the head and; i€EkV: human T-cell leukemia-virus type-I

One oncogene that persistently activates STAT3LiK Rinase, a tyrosine kinase persistently
activated in a human disease called anaplastice lagl lymphomd?® Chromosomal
translocations join the nucleoplasmin gene to theegthat encodes ALK kinase, producing
the persistently active NMP-ALK oncogene. To inigate the role of STAT3 in malignant
transformation by NMP-ALK and in cancer cell sumdivfor the first time it has been studied
bone marrow-derived cancer cells in which ®€AT3gene has been delet&d.It was
showed that fibroblasts containing one functioB@AT3allele could be transformed by the
NMP-ALK oncogene, as measured by growth in softra¢fa contrast, STAT3-deficient
fibroblasts could not be transformed. NMP-ALK aitivcan be expressed in lymphocytes
both in cultured cells and in the whole animal. Aals bearing NPM-ALK and molecularly
markedSTAT3genes capable of being deleted specifically in lyagytes were studied.
lymphocytes retaining a singl&TAT3allele and T lymphocytes lacking bo®BTAT 3alleles
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formed NMP-ALK-induced lymphomas that killed tharaals in about 40 weeks. In culture,
however, the lymphomas witho8ITAT3grew less well than those still retaining GBEAT3
allele. Most important, in the NMPALK-bearing anilmavith a singleSTAT3allele, every
one of the induced lymphomas had persistently ectiwwosine phosphorylated STAT3 and
when the lymphoma cells in these animals were eeged to lose th8TAT3gene, the cells
promptly underwent apoptosis. It was demonstratattRNMP-ALK can induce myeloma, a B
cell-specific tumor. In mice that h&TAT3ablated in about 80% of B cells, all NMP-ALK-
induced myeloma cells still haBTAT3and it was persistently activated. These genetic
experiments indicate clearly that the presence @figtently activeSTAT3favors the
development of T- and B-cell tumors and is requifedtheir maintenance. In additional
studies, the injectionf antisense oligonucleotides $§ AT 3at a site distant from transplanted
lymphoma or myeloma tissue was performed. Thidrreat successfully restricted growth of
either T-cell lymphomas or B-cell myelomas. It ioteworthy that the antisense
oligonucleotides again®TAT3killed tumor cells but had little effect on the aual. These
experiments with hematologic tumors build on otkardies suggesting that anti-STAT3
therapy would limit tumor growth. For instance, tm® in mice, resulting from
transplantation of human head and neck squamouwsnoara cells, shrink when injected
directly with an antisens8TAT3synthetic DNA derivativé>°

STATS3 activation can suppress apoptosis

In most cells, STAT3 activation can suppress aigtd’ This effect is mediated through the
expression of various cell survival gene produgigulated by STAT3, including bcl-xf? 33
bcl-224 survivin® Mcl-1,"%° and cIAP2® (Figure 8). Additionally, most tumor cells that
exhibit constitutive activation of STAT3, also egps the above mentioned cell survival gene
productst®” % thus, suppression of STAT3 activation can inhithieir expression and
potentiate apoptosfs’ The downregulation of STAT3 also leads to expassif Fas protein,
which can promote apoptoss.

Importantly, numerous published reports showed thlatcking constitutively activated
STATS3 signaling leads to apoptosis of tumor ¢&fls**% 14! By contrast, the blockage of
STATS3 signaling in normal cell does not generabad to apoptosi& ** This selective

inhibition might reflect an irreversible dependemtdumor cells on high levels of activated
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STAT3 for growth and survival, whereas normal celight be able to withstand lower levels

of STAT3 activity or use alternative pathways foowth and survival.

Survival Proliferation
T BOLX, TMYC

T MCL1 T Cyciin D1/D2
T Survivin \ ‘ 4 psa i
4 ps3

Figure 8. Control of cell growth and survival by STATs?®

STATS3 activation can lead to cellular proliferation and cellular invasion.

STATS3 activation has also been linked with probfissn of tumor cells Kigure 8). This
effect of STAT3 is mediated through its ability iteduce the expression of cyclin BY.
STAT3 has also been shown to upregulate the exprest several growth-promoting genes,
such as my¥® and pim-1**° The pro-apoptotic factors, such as Fas, are downfated by
STATS3 activatior?®> There are other reports, however, which descfieeactivation of the
expression of the cell cycle inhibitor p21(wafl) thjs Fas proteif?’ suggesting that STAT3
can also block cell cycle progression and prevbnoemal cell proliferation.

Numerous studies indicate that STAT3 activatiorypla major role in tumor cell invasion,
and inhibition of STAT3 reduces it STAT3 activation regulates the expression of matri
metalloproteinase MMP-1 and MMP-2, which then medtamor invasion and metastasis.

149 STAT3 upregulates the transcription of MMP-2 thgbudirect interaction with the MMP-2
promoter. Furthermore, blockage of activated STATBighly metastatic cells significantly
suppresses the invasiveness of the tumor celldiiatumor growth, and prevents metastasis

in nude mice. Also, overexpression of phosphorde®dAT3 correlates with the invasion
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and metastasis of cutaneous squamous cell carcitt8r8TAT3, however, is also known to
upregulate tissue inhibitors of metalloproteina3@MP)-1, a cytokine known to block
metalloproteinases and decrease invasiveness taircetancer cell typeS! STAT3,
moreover, controls the expression of MEIC1 gene, which can mediate tumor invaston.
Thus, STAT3 mediates tumor invasion through num&raachanisms.

STAT3 can mediate angiogenesis

Most tumors hold their growth unless they are siggplvith oxygen and nutrients from newly
formed blood vessels. A role of activated oncogameelucts in stimulating angiogenesis was
established Rigure 8).”® ® The most potent angiogenesis-inducing signal & thscular
endothelial growth factor (VEGPEY. VEGF is over-expressed in cancer cells and it $ind
tyrosine kinases receptor of endothelial cells.sTéactivated endothelial-cell migration and
proliferation is needed for the formation of newodd vessef. STAT3 activates the
transcription of theVEGF gend® ® and it has been shown that over-expression of mhuta
STAT3C increase¥EGFexpression and induces angiogen@sigivo

All of these results, together with the requirema@nSTAT3 for survival in many tumor cells
in culture, promise that whereas all tumors mayhaste persistently active STATS3, the very
large number that do may well respond to anti-STAM8rapy. To this end, efforts are
underway to discover small molecules capable oéctly inhibiting STAT3. Given the
preliminary success in developing small molecuf#as experimental evidences, including
the effective antisense treatment in whole animals, not at all unreasonable to hope that

effective anticancer therapy can derive form intimigi persistently active STAT3.
2.3 Classification of STAT3 inhibitors™*

There are two different approaches to inhibit STgnaling:
- direct, by interaction of molecules with the pratei
- indirect, by inhibition of the upstream tyrosinen&ses that are responsible for STAT3
activation or by blockage of factors that are imeal in the activation of STAT3
signaling.
Thedirect inhibitors can be divided into:
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- peptides

- peptidomimetics

- natural compounds

- synthetic compounds

- oligonucleotides.

Theindirect inhibitors can be classified as either natural or synthetrogounds. However,

the poorly specific mechanism of action highligtits limits of the indirect approach.

2.3.1 Direct inhibitors
Peptides

The dimerization of STAT3 is a key event for itstig@tion and to interfere with

dimerization can compromise STAT3 biological adyivin particular, the SH2 domain,

with pTyr, is crucial for the dimerization process. Frothis consideration, a

phosphopeptide-based compound was initially desdigoe the basis of molecular

modeling of STAT3 docking sites. Its lead sequeR¥LKTK (1, Figure 9) derives

from the consensus sequence in the STAT3-SH2 doswairoundingpTyr-705. Y*

(pTyr of the peptide) interacts with STAT3-SH2 domaamd reduces the number of

STAT3-STAT3 dimers available to bind DNA, splittingnd replacing them with

STAT3-phosphopeptide dimers.

Further studies defined the structure activitytrefeships for this kind of inhibitors:

- XY*L (X is any amino acid) is the basic sequencédb interrupt dimerization and
DNA binding: the derived tripeptides PY*12(Figure 9) and AY*L (3, Figure 9)
had different amino acid in (Y*-1) position but cparable activities on STAT3. In
particular, thein vitro activity of 2 and3 showed a significant decrease of STAT3-
DNA binding in a dose-dependent manner;

- the amidic bond between X and Y* is critical andmat be substituted;

- lysine (Y*+2 and Y*+4) and threonine (Y*+3) are negsential.

- the corresponding unphosphorylated sequence hathifmtory effects: this highlights

the importance of the phosphate group for SH2-domegognition.
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However, peptides can’'t be administered orally bseaof their low stability in the
stomach, where they can be hydrolyzed by aciditypeptidase. Moreover, they have
poor membrane permeability. Considering PY*LKTKisthatter problem was overcome
by linking a hydrophobic sequence to t@eterminus; this allowed the entry of the
peptide into the cell.

Another phosphopeptide lead was the hexapeptide*AQTV-NH, (4, Figure 9)
derived from the amino acid sequence of receptokidg sites of STAT3 on gp130. It
was able to inhibit with high affinity dimer formiah and DNA binding. The peptide
bound to STAT3-SH2 domain was crystallized and tfos reason it was used as a

standard.

OH

H : H :
o} \@\O (6]
i L \H
s Nz
OH
1: PY*LKTK

4: Ac-Y*LPQTV-NH,

Figure 9. Structures of peptide
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Peptidomimetics

Peptides present lots of limitations due to low rheane permeability and low stability,

that do not allow their use vivo at therapeutic doses. However, the lead compooihds

their class provide a starting point for the depelment of peptidomimetics with higher
membrane permeability.

The indication of the essential tripeptiddor the DNA-binding inhibitory activity, led

to structural modifications which involved tiNeterminal proline. This amino acid was

replaced with groups of different dimensions, pyaand orientationsKigure 10) as:

- 4-cyanobenzoyl or 2,6-dimethoxybenzoyl: a fivefaldtrease of the inhibition was
observed, probably due to the fact that these gepthave access to a hydrophobic
domain and are involved in additional H-bonds oa photein surface. Furthermore,
these compounds selectively disrupted STAT3-STATBeds with respect to the
STAT1 and STATS5 dimers;

- phenyl-(7,8), pyridyl and pyrazinyl-based carbogydicids were well tolerated; bulky
carboxylic acids such as quinoline, naphtaleneiphdnyl derivates, led to loss of
activity.

Subsequently, derivatives bf which had previously shown the best inhibitoryiaty,

were developed functionalizing th€-terminus domain: among these compounds,

ISS840 6, Figure 10) exhibited 20-fold higher STAT1 (Kg = 31 uM) inhibition

activity compared with STAT3 (l§g= 560 uM).
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Figure 10. g Structural modifications at thi-terminal proline of the tripeptide PY*Llh) Structure of
1SS840(6).

A new library of approximately 50 compounds wastBgsized, in order to rationalize
the importance of the backbone and side chainaotens between compouddnd the
STAT3-SH2 domain. The phosphopeptide Ac-Y*LPQT-NK¥, Figure 11) gave
indication of a hydrophobic patch where Y* intesaot the surface of the SH2 domain.
A SAR investigation was performed on derivati¥@nd led to the identification of the

peptidomimetid (Figure 11), showing an Ig value of 125.M.
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extensive structure-activity
relationship (SAR) analysis

8: PhCH,CH,CO-Y *L-cis-3,4-methano-PQ-NHBn:
IC50 =125 HM

Figure 11. Structural modification and SAR study of peptidamatics derived from the phosphopeptide

On the bases of molecular modeling experiments, cemformationally constrained
macrocyclic peptidomimetic inhibitors were design@agure 12), with the aim to
synthesize cyclic derivatives more resistant taigases, and able to interact with the

protein in an entropic favoured manner, as confirnfiyy their biological activity
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determined in whole cell assays. The constrainealogne 9 (Figure 12, a) was
prepared and found to exhibit a threefold improvenie STAT3 inhibition.

H
H\/ZZ;‘\;OO
O_D

10: BP-PM6 11: BP-PM279G

Figure 12. § Example of the structure of a conformationallynswained macrocyclic peptidomimetic

inhibitor; b) examples of permeable prodrud® énd11) containing POM group.

To increase the membrane permeability, the pivaloyhethyl (POM) prodrug method
has been applied; this approach was used for #yapation of two permeable prodrugs
BP-PM6 (L0, Figure 12 b) and BP-PM279G1(1, Figure 12 b).

It was assumed that these pro-drugs entered ietadlts after the POM cleavage by a
carboxyesterase and then they bound the SH2 doiflais causes the separation of the
pre-established STAT3 dimers, exposing the phogpbsines to the enzymatic
cleavage and thus blocking the STAT3 activationweher, despite these efforts, the
design of potent and cell-permeable STAT3 inhilsit@mains a very challenging task.
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Natural compounds

Among natural compounds with STAT3 inhibitory adiry Galiellalactone Eigure 13),

a tetrahydro-isobenzofuranone isolated from thenémtation broth of the ascomycete
strain A111-95, was identified. It was able to bihithe IL-6-dependent JAK-STAT
signaling cascade by the direct inhibition of STAdiBhers binding to DNA, without
inhibiting STATS3 tyrosine and serine phosphorylatio

The phenanthrenequinone derivatives, named tansésnavere isolated from the roots
of Salvia miltiorrhizaBunge. Dried roots of this plant have commonlyrbesed in
traditional oriental medicine for the treatment afculatory disorders, liver disease,
coronary heart disease, hepatitis, and chronicl rienlaire. Two major tanshinones,
CryptotanshinoneRigure 13) and Tanshinone IIA, are well-known active comptse
of this plant. Recently, Cryptotanshinone has betentified as a potent STAT3
inhibitor as it rapidly and selectively inhibits AT3 Tyr705 phosphorylation in DU145
prostate cancer cells, but it does not inhibit tiEstream tyrosine kinas&¥. To
investigate the Cryptotanshinone inhibitory mechamiin DU145 cells, proteins
upstream of STAT3 has been analyzed. Although thesphorylation of JAK2 was
inhibited by 7 umol/L Cryptotanshinone at 24 h, the inhibition of A3 Tyr705
phosphorylation occurred within 30 minutes and akgvity of the other proteins was
not affected. These results suggest that inhibibib®TAT3 phosphorylation is caused
by a JAK2-independent mechanism, with suppressiodAKK2 phosphorylation as a
secondary effect of Cryptotanshinone treatment. ddeer, Cryptotanshinone inhibits
phosphorylation of STAT3 selectively; it is unaldeinhibit phosphorylation of STAT1
or STATS5. Other experiments have revealed the pib$githat Cryptotanshinone might
directly bind to STAT3 molecules. Cryptotanshinowas co-localized with STAT3
molecules in the cytoplasm, where it inhibited tfeemation of STAT3 dimers.
Computational modeling studies have shown thattotgpshinone could bind to the
SH2 domain of STAT3. These results suggest thatptGtgnshinone is a potent
anticanceragent targeting the activation STAT3 protein. Thaitamor effects of
Cryptotanshinone is also mediated by the suppnessiothe expression of STATS3-
regulated target genes such as cyclin D1, survand, Bcl-xL, causing an accumulation

of cells in the G-G; phase. In particular, the last effect could bekatted to the down-
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regulation of cyclin D1 expression, as it is reqdiffor cell cycle progression from the
G: phase to the S phase.

Galiellalactone Cryptotanshinone

Figure 13. Structures of natural compounds

Synthetic compounds
Among the small molecules that are able to iInMIAT3 activity, several promising
candidates have been identified through the sangemf chemical libraries and
computational studies. They include:
compounds that structurally mimic the peptidomimethibitors a large number of
these molecules, presenting substituted oxazolettandole scaffolds, disrupted the
STAT3-DNA binding activity at low concentration;
compounds related to STA gHigure 14):
its mechanism of action seems to involve the bigdio the SH2 domain and
subsequently the blockage of STAT3 dimerizatione Terivates, which exhibitad
vitro significant anti-tumor activities, were obtainegdimplifying the original moiety
of STA-21 and by structure-based design;
porphyrine derivatives
catechol derivativesdocking studies highlighted the possibility thhe catechol
moiety may bind to the SH2 domain mimicking theosne residue.
purine derivatives
platinum-based compoundthe effects of platinum complexes were exploradite
STATS3 signaling pathway. Two platinum (IV) complex€PA-1 and CPA-7Hgure
14), and one platinum (1) complex, CPA-Bigure 14), showed a selective inhibition
of STAT3-DNA binding at low concentraticn.Among them, CPA-7 was the most

potent inhibitor (IGy = 1.5 uM). Studies of the effects on cell proliferation has
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revealed a strong inhibition of cells that onlytarpersistently activated STAT3 but
the exact mode of inhibition is still not complgt&hown.

Another compound that belongs to this class ofidis is IS3295Kigure 14) and it
is selective for STAT3 over STAT1 and STATS.

STA-21
NO
HC—— N T02 Cl H,c——N cl HaN |2c:|
2 2 3
| \Pt/ \Pt/ \Pt/
/
HoC N | ¢ H,C N N HaN | g
H, H
o] Cl
CPA-1 CPA-3 CPA-7

- c1\ | /c1 2 S

183295

Figure 14.Stuctures of synthetic compounds

Oligonucleotides

Besides the SH2 domain, another potential targetttie highly selective STAT3
inhibitors is the DBD domain, since it recognizesl dinds DNA motifs in target genes.
Decoy oligonucleotides (decoy ODNSs), containing fffes’ DNA binding consensus
sequences, selectively inhibit TFs by binding & EBD . They can inducé vitro, the
death of tumour cells whose growth depends on TR& has notably been shown for

several TFs, including NF-kB and STAT3. Becauseth® entrapment of activated
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STAT3 dimers in the cytoplasm STAT3-decoy ODN eéiintly induced cell death in
mouse xenografts of a head and neck squamous a&linoma. One limitation of
STAT3-decoy ODN is that despite the different fumas of STAT1 and STAT3 in the
cell, they recognize very similar DNA targets, witie result that STAT3-decoy ODN
can inhibit both. The decoy ODNs do not need tcermhe nucleus to exert their
inhibitory effect, but new efforts must be done dolve the problem of the low
membrane-permeability, caused by chemical and pdlysicharacteristics of

oligonucleotides

2.3.2 Indirect inhibitors

The indirect approach for STAT3 inhibition consistsblocking STAT3 upstream activators
in the signal transduction pathway, leading to immpant of STAT3 function and, for certain
types of cancer, induction of tumor-cell apoptoSisveral strategies to target STAT signaling
have been developed, due to the acquired knowlefddee mechanism of constitutive STAT3
activation and its transcriptional activity fromliceurface to the nucleus.

Among these approaches we can find a blockagecepter-ligand interaction, inhibition of
tyrosine or serine kinases, or an interruption loygmological protein modulators of STAT
activity (e.g. SOCS, PIAS or phosphatases). Howetgzse indirect strategies have some
important limitations. Firstly, STAT3 can be actied by many different receptors and
kinases and therefore, only in specific casesrthiition of one receptor or kinase can block
STAT3 phosphorylation. Additionally, it would be cessary to develop many different
kinase inhibitors to treat all the possible disosdihat present STAT3 activation, since in
each case phosphorylation can be due to differardsks. Finally, these strategies lacks
specificity of action, as they block multiple dowream signaling pathways in addition to
STAT proteins, increasing the likelihood of undable toxicity. Therefore targeting the
upstream regulators does not seem to be an optimglto prevent STAT3 activation. A
concise list of both natural and synthetic compauisdreported. It must be underlined that
most of them have multiple targets and their spectof biological activities and effects is
very wide and complex. Moreover the mechanismsctiba in relation to STAT3 inhibition
for some of these agents remain to be clearly ddfimmong natural compounds, some

examples of molecules which exert their effect GAE3 pathway are: Epigallocatechin-3-
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gallate (EGCG), Piceatannol, Curcumin, Plumbagigyre 15).
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OH o
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Figure 15. Structures of natural compounds

Among the synthetic compounds, a large number ofecutes with different chemical
structures has been found to play an importantitdry role on STAT3 pathway, beyond
various other primary effects on ceff& These derivatives can be classified as follows:

- compounds endowed with JAK inhibitidhese molecules selectively bind a JAK protein
implicated in STAT3 signaling pathwag.¢. FLLL31, NFD, Ruxolitinib (INCB018424)
(Figure 16)).

- Compounds interfering with STAT3 phosphorylafiey. GO-Y030, CDDO-Me Figure
16))

Patented compoundsseveral patented compounds, belonging to differdmmical
classes, exhibited various mechanism of action. Wgnthem, an oxadiazol ureidic
derivative, AVS-0288 Kigure 16) was identified through a biological screeningeof
Korean chemical library. It was able to inhibit STZdependent luciferase activity with
an 1G of 3 uM and suppress the growth of HCT-116 colon canedés ¢Gko = 20 uM).
However, its exact mechanism of action on STAThwal has still not been elucidated

yet.
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Figure 16. Structures of synthetic compounds

2.4 Conclusions and future perspectives

It has been 13 years since the original discovérthe association of constitutive STAT3
activation with malignant transformatidr. Since then, a large number of studies have been
undertaken for the validation of STAT3 as a cartelg target, and substantial efforts have
been poured into the discovery of novel STATS3 iitbils. There is a large number of
compounds with STATS3 inhibitory activity reported tlate, which denotes an enhanced
investigation in this field in recent years. Of $bemolecules, a few show good activity in
terms of inhibition of STAT3 biological functionsid the associated antitumor cell effeicts
vitro, as well as the suppression of tumor growth in seomodels of human tumors.
However, these compounds are mostly at the expetahstage and not in a suitable form for
clinical utility. Therefore the challenge is thesclbvery of new selective drug candidates, with
high potency anth vivo activity.

In order to achieve this goal, a direct inhibitagproach should be preferred because the non-
specific nature of the mechanism of action of iedirinhibitors could cause important

adverse effects. Regarding the direct approachhnuicthe efforts has been directed at
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disrupting the STAT3:STAT3 dimerization, which isumdamental step in STAT3 activation.
The slow progress of obtaining suitable STAT3 intots for preclinical investigation and for
clinical development could be attributed to the ligimge of targeting protein-protein
interactions (PPIs), given the large surface areth® target, and the chemistry of these
interactions;>® which are very different from those of more-estti®#d targets such as
enzymes and G-protein-coupled receptors. Nonethekeswumber of successful examples
have started to prove that it is possible to ovekethese hurdles and develop PPI modulators
as drugs>’

41



Chapter 3 — RESEARCH PROJECT

3. RESEARCH PROJECT

This thesis is focused on the discovery of new kmalecules as potential STAT3 inhibitors,
preferably endowed with a direct mechanism of actioorder to avoid all the possible side
effects typical of an indirect approach. This pobjbegan from the investigation &iVS-
0288 a STATS3 inhibitor which was identified throughsareening of a Korean chemical
library™® by Prof. Kwon research group, with whom our reseagroup has been
collaborating for several years. AVS-0288 showedirdaresting dose-response profile of
STAT3 inhibitory activity, but its exact mechanishaction had not been clarified yet. With
the aim to identify the essential requirementstifier development of novel lead compounds,
several derivatives of AVS-0288 were design andthegized: the 4-subtituted-3-amino-
1,2,5-oxadiazoleR1-F3) (Chapter 3.1).

Subsequently, another different class of molecwlee studied: the pyridazinone derivatives
(P1-P26) (Chapter 3.2). They derived from the structure tbé natural compound
Cryptotanshinone, which had been discovered by Prof. Kwon researclumgras a direct
STAT3 inhibitor>*

Furthermore, in order to combine the structuraratizristics of the two series of molecules
above, "chimera" compound€£1-C3) (Chapter 3.3), with the support of conformational
studies, were designed and synthesized.

Finally, another series of compounds more directjated to Cryptotanshinone was
developed ©Q1, O2. These oxidised derivatives (Chapter 3.4) weraratterized by the
ortho-quinone moiety of Cryptotanshinone, since both enolar modeling studies and
vitro screening had suggested the importance of thistatal feature for STAT3 inhibitory
activity.

Synthetic procedures, conformational, crystallogr@pand docking studies, as well as

biological studies performed, will be presenteddach series of derivatives.

In detail, the conformational analysis was carriedt by Dr. L. Legnani and Prof. L. Toma of the
University of Pavia (Italy), the crystallographituslies were perfomed by Dr. F. Meneghetti of the
University of Milan (Italy) and the docking studieg Dr. A. Pedretti of the University of Milan (ly.
Regarding the biological evaluation, the luciferassay was performed by Prof. B-M. Kwon research

group at the Korean Research Institute of Bios@eacd Biotechnology (KRIBB) of Daejeon (South
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Korea). | had the opportunity to spend six monthsng PhD at KRIBB Institute, where, under the
guidance of Prof. B-M. Kwon, | learned the basiclenalar biologic techniques for the analysis of
STAT3 inhibitors, thus contributing to the inveatign on my compounds. Finally, the AlphaScreen-

based assay was carried out by Prof. A.Asai resegroup of the University of Shizuoka (Japan).
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3.1. The 1,2,5-oxadiazole derivatives

3.1.1 Project description

The oxadiazole ureidic derivative, AVS-0288, wasniified through a screening of a Korean
chemical library*® as a potent STAT3 inhibitor. This screening wasgsmed using the dual-
luciferase assa¥’ a cell-based test able to identify inhibitorsé STAT3 pathway. A dose-
dependent STAT3 inhibitory activity of AVS-0288 wdstected and an gof 2.5uM was
calculated after 24 h of treatmefRidure 17).

Cl
H
H
" ) ©\
@)
AVS-0288
a) b
24 hour
% Inhibition @ i SOV |
§- 100 &
2 M S5 uM =
S sop t
31 82 2 ol i
®Values presented are the mean calculated 'i:_,l aal .
from three experiments, which differ by § —3 %
5 2 L
less than 10% ]
i n A | i i
10" 1x10" 10"
Conc. (M)

Figure 17. g Inhibitory activity of AVS-0288against STAT3 evaluated by dual-luciferase assay@1-116
colon cancer cells after 24 h of treatmeln}; dose-dependent effect of AVS-0288 on STATS3 aftifter
incubation for 24 h.

On the basis of these promising results, a sefigevatives structurally related to AVS-
0288 were designed and synthesiZ8d'®" 1*3n detail, the central 1,2,5-oxadiazole ring was

kept unchanged, whereas various substituents, atbarzed by different steric and electronics
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features, were introduced at position 3 and 4. pédormed structural modifications are
summarized inChart | and consist ofi) the replacement of the chlorophenyl moiety at
position 4 of the heterocycle with groups whichfefiéd in size and polarity R CHs,
COOCH;, CH,OH, Ph);ii) the elimination of the trifluoromethyl group dmetN-phenyl (R=

H); iii) the subtitution of the urea with a carboxamidoacsulfonamido function (Y= CO,
SO,); iv) the insertion of a methylene between the grouipeaiiii and the phenyl linked to it
(n=1).

R HN—Y—(CHz)n-@R1 R= CHj;, COOCHj;, CH,OH, C¢Hs, p Cl-CgHs
— Y=NHCO, NHSO,, NHCONH

- n=0, 1
R1= H, CF3

Chart |

3.1.2 Chemistry

3.1.2.1 Synthesis of key intermediates: 3-amino-152oxadiazoles (1a-e)

Three series of 3,4-disubstituted-1,2,5-oxadiaztdavatives were synthesized: the ureido
(F1), carboxamidoK2) and sulfonamidoR3) derivatives. They were prepared from the key
intermediatesi(a-e, which were prepared according to literature mei®* ** *%3n detail,
compoundla and1d were obtained through a one pot reaction staftioig the appropriate
B-keto esters: ethyl acetoacetate and ethyl benzetgdte respectively. The key intermediate
1b was derived from the Fisher esterificatior2pivhich was in turn synthesizedh a one pot
reaction from ethyl cyanoacetatécheme ). Compoundlc was obtained by reduction with
LiAIH 4of 1b (Scheme L
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R NH,
R OCH,.CH;  ; >_<
Ethyl acetoacetate (R = CHj) la R =CH;
Benzoyl acetate (R = Ph) 1d R=Ph
HOOC NH, H,COOC NH, HOH,C NH,
ii T\ iii 7\ iv ]\

Et00C” CN ——> N N —> N, N —>  N_ N

o (o) o

2 1b 1c

Scheme 1. Reagents and conditions: i) NaOH, NaNO,, HCIO4 20%, NaOH, NH,OH-HCI, urea; ij
85% H;PO,, 25-30 °C, NaOH, KOH, NH,OH-HCI, 85-100 °C, HCI to pH=1; iii) CH;0H, 96%
H,SOy, reflux, 2 h; iv) LiAlH,, dry THF, N,, 2 h.

The key intermediatdde was synthesized following the five-step proceddspicted in
Scheme 2 This synthesis was based on the constructiohefl{2,5-oxadiazole ring starting
from the commercially available 4-chloro benzaldd#dy which was condensed with
hydroxylamine hydrochloride to obtain the corregiemt the aldoximé& which was readily
converted to the hydroxyimidoyl chloride4 using the chlorinating agentN-
chlorosuccinimmide (NCS) in dimethylformamide. Téubstitution of the chlorine &f with

a cyano group, performed with potassium cyanide téethe intermediatd. This latter was
then treated with an alkaline solution of hydroxyiae to afford the bis-oximé, which was
refluxed in basic conditions to carry out its cyalion and producle was thus obtained.

Sincele precipitated from the reaction mixture, it coukl dasily isolated by filtration.
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0 NI,OH NI/OH
Cl Cl Cl
3 4
j iii
-OH .
Nl 0] Nl OH
Cl N\OH Cl
6 5
lv
Cl

Scheme 2. Reagents and conditions: 1) NH,OH-HCl, NaHCO; CH;0H, reflux; i1) NCS,
DMF, rt; iii) KCN, (CH;CH,),0, H,0, 0 °C; iv) NH,OH HCI, NaHCO3; CH;O0H, reflux; v)
2N NaOH, reflux.

3.1.2.2 Synthesis of the 3-ureido (Fla-d), 3-amid¢F2a-e) and 3-
sulfonamido (F3a-e) 1,2,5-oxadiazoles

Key intermediatesl@-e underwent coupling reactions with isocyanatedwarious chains
length to afford the target compounds, which weveldd in three main classes: ureidelé-

d), amido F2a-¢ and sulfonamido derivatives3a-e.

The ureidic compounds-La-d) were obtained as shown 8theme 3 The correspondindg
was condensed with the required isocyanates, eitharonventional conditions (for the
obtainment ofFla andFl1laa) or under microwave irradiation (fétlb-d). CompoundrFlaa
was also synthesized using microwave synthesizdrigit temperature but in this case a
mixture of other ureidic by-products was obtain®dThe key intermediatdc had to be
firstly protected at the alcoholic function by mgtkchloroformate (compound). The final
deprotection o8B (n = 0) and9 (n = 1), using KCGO; in methanol, gave the corresponding

compounds$-1candFlcc
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0]
R NH, R HN H—(CHQ)H@RI
;/ \< ! ;/ \<
N\O/N N\O/N
_ Fla R:CH:\” R]:H, n=0
:?, ];_ (égi)cﬁ Flaa R=CH; R,=H, n=1
= 3 N , " _
lc R=CH,OH F1b R=COOCH; R =H, n=0
.. 7 R=CH,0COOCH N
n l:, 1d R=Ph 2 3 iii 8 R:CH20COOCH3? Rl:H, n=0

Flc R=CH,OH, R;=H, n=0
Flce R=CH,OH, R{=H, n=1

F1d R=Ph, R,=H, n=0
F1dd R=Ph, R;=H, n=1
Flddd R=Ph, R,=CF; n=0

Scheme 3. Reagents and conditions: i) R-Ph-(CH,),-NCO ij) CH;0COCI, TEA, THF, rt; i) 1% K,CO;_
CH;OH, rt

The synthesis of the final styryl producks4)-F1g and g,2)-F1ggstarted from the oxidation
of the alcoholic function of the correspondéiic andF1lccwith Dess-Martin Periodinane in
dry dichloromethane to give the cyclic hemiamih@land11, respectively $cheme 4 The
aldehydic derivatives could not be isolated sinmytunderwent a spontaneous cyclization
forming 10 and 11, obtained through the intramolecular reaction leetw the ureidic
nitrogen and the aldehydic function. This is in egnent with the intramolecular ring
closure originated when aldehydes bind to nitrogaiole to give hemiaminals inside the
stable medium-sized rindg8’ The equilibrium was completely shifted versus tyelic
form, and compound40 and 11 were the only products isolated, as establishedtby
NMR. The cyclic hemiaminalslO and 11 underwent a Wittig reaction with benzyl
triphenyl phosphonium chloride under basic condiian tetrahydrofurane at reflux,
yielding a 3:1 mixture ok andZ isomers ofF1g andF1gg (Scheme 4. IsomerskE andZ
were easily separated by silica gel chromatograpfhe attribution of thecis/trans
geometry about the styrgtbond was determined by proton—proton coupling tamts for
the olefinic proton signals and confirmed by X-amalysis.
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"
W(H0), O

(0] (6] \
I I M
HOH,C HN H_(CH2)n i OHC, HN H_(CH2)n HO>§_<NH ii
;/ \< >/ \< I\
N\ /N N\ /N N\ /N
(0) O O
Flcn=0 10 n=0
Flce n=1 11 n=1
Jiy
j\ —_  HN H—(CHQ)nQ
. —_  HN N—(CHz)r@ W
H N_ N
I\ 0]
N_ _N
O
E-Flgn=0 Z-Flgn=0
E-Flggn=1 Z-Flggn=1

Scheme 4. Reagents and conditions: i) Dess-Martin Periodinane, dry CH,Cl,; ii) benzyl-triphenyl phosphonium
chloride, K,CO; 18 crown 6, THF, reflux, 1 h.

The amidic compound$=Ra-6 were prepared from the required intermediatey reaction
with a suitable acyl chloride in a proper mediumhé&iN necessary, the condensing agent
EDAC was used3cheme 5.

X
R NH, R HN (CHz)n@Rl
;/ \< i ;/ \<
N\O/N N\ O/N
la R= CH3 F2a R=CH3, R|=H, n=1
1b R=COOCH; F2b R=COOCH;, R,=H, n=1
Ic R=CH,0H F2¢ R=CH,OH, R,=H, n=1
1d R=Ph F2d R=Ph, R,=H, n=1
le R=p-Cl-Ph F2e R=p-CI-Ph, R{=CF3, n=0

Scheme S. Reagents and conditions: i) R-Ph-(CH,),-COCIl, NaHCO;_ THF, 1t or R;-Ph-(CH,),-COCI, Py,
toluene/diethyl ether, rt (EDAC in CH,Cl, only for F2b)

Finally, the sulfonamidic compoundB3a-€ were obtained by reaction of the approprihte

with the suitable sulfonyl chloride in pyridin8¢heme §. The key intermediatéc had to be
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firstly protected at the alcoholic function by m@tbhloroformate (compound) and the final

deprotection olL2, to obtain compounB3c, was performed with ¥COz;in methanol.

0P
R NH, R HN~ \(CHZ)H@Rl
;/ \< ; (

I / N\
N\O/N N\O/N
F3a R=CHj, R;=H, n=1
4a R: CH3 B 3> 1 ) B B
4b R=COOCH, F3b R=COOCHj3, R =H, n=1
[ 4c R=CH,OH
ii 12 R=CH,0COOCH;, R;=H, n=1
7 R=CH,0COOCH, iii [ 2 s, Ri=H,
4d R=Ph F3c¢ R—CHon, RI—H, n=1
4e R=p-CI-Ph

F3d R=Ph, R,=H, n=1
F3e R=p-Cl-Ph, R,=CF;, n=0

Scheme 6. Reagents and conditions: i) R,-Ph-(CH,),-SO,Cl, Py, rt ij) CH;0COCI, TEA,THF, rt
iii) 1% K,CO3 CH30H, rt

3.1.3 Pharmacological studies

3.1.3.1 High-throughput screening in drug discovery

A high-throughput screening (HTS) for early stagegddiscovery has enabled researchers to
screen more than a hundred thousand chemicalsgyerGell-free assay based on energy
transfer, fluorescence polarization spectroscopyide the sensitivity, ease and speed. Novel
cell-based assays have been adapted for high-tpotigcreening, providinip situ analysis

of a variety of biological targets. A number of apssystems have been developed and
modified over the past few years to compensatditeations on HTS; these assays can be
divided into two groups: cell-free assays that meashe biological activity of a pure protein
targetin vitro and cell-based assays that investigate the actigy target by monitoring a
biological response of a cell. The advantage o$dhessay systems is that they both can be
performed automatically in relatively small volumgeeld robust responses and are relatively
stable to solvents and compounds used in drugrsogee
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The primary goal in cell-free assays is to simpttig steps required in setting up the assay
and in detecting the activity. This goal has beest to a large extent by development of
detection systems that do not require separatioth@fproduct of the reaction from the
substrate, or other components of the assay mixaadier approaches to such homogeneous
assay formats relied on proximity-dependent enaagysfer.

Cell-based assays are an increasingly attractieenative toin vitro biochemical assays for
HTS. These types of screening system have anyatuliéexamine a specific cellular process.
For instance, activation of a cell surface recegtm induce a change in the transcription
pattern of a number of genes. This induced cham@enscription can be readily captured by
using enzymatic and proteomic techniques. It isktiggest merit of cell-based assay that a
modulator regulating a target protein can be s@egmvivo condition. Moreover, unexpected

target proteins or modulators also can be detemtdtie screening process.

3.1.3.2 The cell-based luciferase assay system

Several types of screening system have been usdtidcevaluation of STAT3 activity in
cell-based assays. For example, cell-based STAY&(b) ELISA system and the luciferase
assay system have been developed for high-throtigtupeening systermt&® The luciferase
assay, which is a rapid, convenient and sensitivthod, has been used for signal
transduction activity detection of epidermal grovidictor displayed on phad® Recently,
the luciferase assay system has been commonlyimsetivity measurements of transcription
factors such as STAT3, NEB and HSF1. Moreover, the assay system can be fosed
screening of modulators, such as siRNA and smaleoades, targeting transcription factors
in cultured human, mouse and rat cell lines. Siihgs a cell-based assay, it can detect
inhibitors with similar conditions tm vivo, unlike other screening methods such as virtual or
In vitro screening systems. Furthermore, dual-luciferasayasystems using STAT3 sensitive
reporter genes can screen a broad range of smakoles inhibiting different points on
JAK/STAT pathway Figure 18).

For these reasons, the dual-luciferase assay sysi@snused to screen the synthesized

compounds to check their ability to inhibit STAT&igation pathway in human cancer cells.
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) Janus kinases

Signal transducer and
activator of transcription 3

. Tyrosine kinases

. Serine/Threonine kinases

cyclin D1(D2, D3, A), surviv

(1) Antagonization of receptorfligands

(2) Inactivation of receptors

(3) Inhibition of tyrosine or serine Kinases

{(4) De-phosphorylation of proteins

{(3) Physiological degradation

(6) Destruction of STAT3 dimerization

{7) Inhibition of translocation intc nucleus

(8) Blocking of binding between STAT3 and DNA

Figure 18.Scheme of predicted inhibition points on STAT3 watibn pathway°

The term “dual” refers to the simultaneous expmssind measurement of two individual

reporter enzymes within a single system. Threenpilds were used for dual-luciferase assay
(Figure 19). ThepSTAT3-TA-Ludhas STAT3 binding sequences in its promoter regoa
therefore the expression of firefly luciferaseagulated by STAT3 activity. On the contrary,

the onlypTA-Lucplasmid which does not have the STAT3 binding sequence,netable to

bind STAT3 protein and therefore it was used faleation of basal luciferase expression in
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cancer cells. TheRL-TK, which expressefenilla luciferase, is driven by a constitutive
promoter and it was used for normalization of firddiciferase in each well.

= STAT cir-actisg cahsscor clomont

Himad 110

M

Firefly huetferase Firefly luciferase

o [ RL-TK
PSTAT3-TA-Luc TA-Luc ' p
g bl;v | ML sve  4045Dp

|| poly A
V40 Xbal
Rewmifla locifrao:

4867 bp

poly A |

Hind 11
T7 promaier

Figure 19. Reporter plasmids used for transient trasfection. The pSTAT3-TA-Luand pRL-TK were

transiently transfected into host cells. THBA-Lucwas used for evaluation of basal activity of répogené-"°

Cell line is an important factor for dual-lucifeeasissays because the activity of reporter
genes reflecting STAT3 activity may vary at diffiereell lines. The primary concerns, when

selecting a host cell line for the dual-luciferasssay using transient transfection, are its
endogenous level of transcription factors, its gfaation efficiency of reporter genes, and its
biological relevance to transcription factor. HCI6lcells were used for the biological assay
performed on the synthesized compounds since tbelte had all the features mentioned
above. The dual-luciferase assay was carried byodifirad manufacturer's protocol (see

‘Chapter 6’ for the experimental procedure).

3.1.3.3 Dual-luciferase assay results

The three series of 3,4-substituted-1,2,5-oxadeészavere evaluated in the dual-luciferase
assay to determine their ability to lower STAT3iatt. The compounds were tested at a
concentration of UM and the cells were incubated for 24°h.The results, reported in
Table 6 as percentage inhibition, clearly indicate thahen@f the synthesized compounds
had a better inhibitory activity than the parentnpound AVS-0288.
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R HN—Y—(CHZ)n@Rl

NGB
-
P
Compound R R % %0 |?2|’\IS,I\I/II;)n
Fla CH; H CONH 0 2
Flaa CHs H CONH 1 <1
F1b COOCH; H CONH 0O <1
Flc CH,OH H CONH 0 nt
Flcc CH,OH H CONH 1 <1
F1d Ph H CONH 0 36
Fle Ph H CONH 1 11
Fif Ph Ck  CONH 0 <1
E-Flg PhCH=CH H CONH 0 <1
Z-Flg PhCH=CH H CONH 0 <1
E-Flgg PhCH=CH H CONH 1 16
Z-F19g PhCH=CH H CONH 1 21
F2a CHs H (6{0) 1
F2b COOCH; H co 1
F2c CH,OH H CO 1 14
F2d Ph H cO 1 11
F2e p-Cl-Ph CR co 0 <1
F3a CH; H SO 1 6
F3b COOCH, H SO, 1 7
F3c CH,OH H SQ 1 <1
F3d Ph H SQ 1 <1
F3e p-Cl-Ph Ck SO, 0 <1
AVS-0288 p-Cl-Ph CkR CONH 0 45

nt: not tested

4Inhibitory activity against STAT3 was evaluated dylual-luciferase assay system
in human colorectal carcinoma HCT-116 cells aftéri2treatment with the tested
compounds. The values are the means of 3 expesm&he maximum deviation
from the mean was less than 10%.

Table 6. Percentage inhibition of the synthesized oxadiazalerivatives K1-F3) evaluated with the dual-

luciferase assay system.
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3.1.3.4 AlphaScreen-based assay

In parallel, in order to investigate the ability thie synthesized compounds to bind STAT3
directly, anin vitro assay was performed. Previous studies have shdvatnrAtphaScreen
technology was capable of analyzing protein-protirprotein-peptide interactionts' and
moreover it turned out to be a useful method tedethe interactions between the SH2
domain and th@Tyr-containing peptidé’? In detail, the AlphaScreen-based assay is a bead-
based non-radioactive assay system for detectiagndiecular interactions in a microlitre
plate format. It allows the detection of phosphatgtl proteins in cellular lysates in a highly
sensitive, quantitive and user friendly assayhla test, sandwich antibody complexes, which
are only formed in the presence of analyte, aréucag by AlphaScreen donor and acceptor
beads, bringing them into close proximity. The &ttn of the donor bead provokes the
release of a singlet oxygen molecules that triggesascade of energy transfer in the acceptor
bead, resulting in a fluorescent signal betweena@®D620 nm.

The synthesized compounds were tested in this @&ysaégm to evaluate their ability to inhibit
the binding of SH2-containing proteins to their respondent phosphopeptides, the

physiological ligands.

3.1.3.5 AlphaScreen-based assay results

All the 3,4-substituted-1,2,5-oxadiazoles weredgeésh the AlphaScreen-based assay (Chapter
6) at a concentration of 50M and the resultsT@ble 7) are expressed as percentage of
inhibition of the interaction between SH2 domainl giyr-containing peptides. In particular,
besides STAT3, other SH2-containing proteins, saslSTAT1 and Gbr2 ("Growth factor
receptor-bound protein 2"), having a high degresegfuence homology to STAT3 (78% and

65%, respectively), were also tested.
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R HN—Y—(CHZ)n@Rl

N/ \N
~o
% inhibition
(50 uM)
™ — ©
Compound R Ry Y n '<T: '<T: Q
o h O

Fla CH; H CONH - 0.9 7.7 6.6
Flaa CH; H CONH 1 <1 <1 <1

Flb COOCH; H CONH - 6.8 2.2 <1

Flc CH,OH H CONH - nt nt nt

Flcc CH,OH H CONH 1 <1 0.2 <1

Fld Ph H CONH - <1 4.9 8.2

Fle Ph H CONH 1 <1 11.6 11.0

F1f Ph Chk CONH - <1 <1 <1
E-Flg PhCH=CH H CONH - nt nt nt
Z-Flg PhCH=CH H CONH - nt nt nt
E-Flgg PhCH=CH H CONH 1 <1 10.6 6.6
Z-Flgg PhCH=CH H CONH 1 <1 10.9 2.3

F2a CH; H CcO 1 <1 13.0 7.2

F2b COOCH; H CO 1 <1 11.6 4.2

F2c CH,OH H CO 1 <1 9.3 6.3

F2d Ph H CO 1 <1 11.8 2.2

F2e p-Cl-Ph CR; CO - 36.5 61.5 10.7

F3a CH; H SO 1 22.9 7.8 <1

F3b COOCH; H SO 1 44.0 23.8 2.1

F3c CH,OH H SQ 1 <1 5.9 3.6

F3d Ph H SQ 1 42.5 20.4 4.5

F3e p-Cl-Ph CkK SO, - <1 10.7 <1

nt: not tested
2Growth factor receptor-bound protein 2

Table 7. Percentage inhibition of STAT3, STAT1 and GrbXatermined in the AlphaScreen assayFyF2

andF3 compounds.

56



Chapter 3 — THE 1,2,5-OXADIAZOLE DERIVATIVES

The results show interesting inhibitory activitiesrsusSTAT3 for a few derivatives: the
carboxamido compoun82e had a percentage inhibition of 36.5%, while thefadmido
derivativesF3b and F3d showed an inhibitory activity of 44% and 42.5%,pedively. As
regards the selectivity of these compoundssus STAT3, F2e selectively antagonized
STAT3-SH2 domain with respect to Grb2-SH2 domaif.§30 versus10.7%), although it
exhibited a higher affinity toward STAT1-SH2 dom#&é1.5%versus36.5%). The other two
sulfonamide derivatives selectively antagonized $3Awvith respect to Grb2 domain and
only a low affinity was detected for STAT1-SH2 dama

In light of these results, the compounds which stabwositive trend in the AlphaScreen-
based assay were re-tested in the dual-lucifersssyaat a higher concentrationy(®l) than

the previous one (ZM). The results showed that orfi2e exhibited an interesting percentage
of inhibition (20%). Therefore a deeper biologigalestigation was performed ¢t2e and it
turned out that its inhibitory activity in the AlpBcreen-based assay was dose-dependent
(Figure 20) with calculated IG, values of 17.7uM for STAT3, 7.2uM for STAT1 and
higher than 10QM for Grb2.

120

80 r

——STAT1

60 —B—Grb2

STAT3

Activity [%]

40 r

20

1 10 100

Conc. [uM]

Figure 20. Dose-response curves of the inhibition of STABIAT1, and Grb2 binding tpTyr-containing

peptides by compoun#2e as determined by AlphaScreen-based assay (% ofitgctiersusconcentration
expressed in logarithmic scale)
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3.1.3.6 Anti-proliferative assay on compound F2e

The oxadiazoles derivatives, which had showed atipesresults in the luciferase-based
assay, were submitted Mational Cancer Institut@NCl) in Bethesda, Maryland (USA) under
the Developmental Therapeutic Program (DTP) whigierates a two-stage anticancer
compound screening course for the benefit of tmeigd research community with the goal of
identifying novel chemical leads and biological mma&gisms. Among the compounds
submitted for the screening, only the structuregcwvlivere able to add diversity to the NCI
small molecule compound collection were selectedddition, the submission of compounds
with drug-like properties utilizing the concept fivileged scaffold or structures based on
computer-aided design were preferred.

The selected compounds were exposed, at a singkeafdlOuM,*”* to a panel of 58 human
tumor cell lines, derived nine neoplast@ancer types (leukemia, lung, colon, CNS,
melanoma, ovariamegnal, prostate, and breast cancers) (see ‘Chépfer the experimental
procedure). In this preliminary screening, only paundF2e exhibited a significant growth
inhibition value and thus, it was subjected to mplete analysis at five different doses for 48
h. The data are expressed as dose response pasaf@gte TGl and LD referred toF2e
molar concentration that produces 50% of growthbition, total growth inhibition and 50%
of cytotoxicity, respectively Appendix I). In this assayf2e exhibited a good profile of
inhibitory activity on the cell proliferation, witlGlsy values ranging from 6.75xPquM
(renal cancer, TK10) to 5.46x1QuM (leukemia, HL60TB), and showed TGl values lower
than 1.00x13 pM in most of the cell lines. The dose-response esishowing the activity of
F2e on the panel/cell lines are representedAppendix Il. As expectedF2e inhibits the
growth of the cell lines which are known to ovenegs STAT3 (for instance HCT116,
DU145, MDAMB-231), although several cell lines,ls60TB (leukemia cells) and HOP-92

(non-small cells lung cancer) are the most sermsitiv
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3.1.4 X-Ray and conformational analysis of compoung2e'™

The crystallographic structure BReis represented iRigure 21

Figure 21 ORTEP" view of F2e and the relative arbitrary

atom numbering scheme (thermal ellipsoids at 408baibility).

Bond lengths and angles assume the expected stavalaies. The overall conformation of
the compound is defined by four torsional angle2:@2-N3-C11 £1) of -118(1)°, C2-N3-
C11-C5 ¢2) of 175(1)°, N3-C11-C5-C6eB) of -150(1)° and C2-C1-C3-C134( of 22(1)°.
The oxadiazole ring is rotated by 25(1)° and 88{&jth respect to the chlorophenyl and
trifluoromethyl-phenyl moieties, respectively. Tlater two rings are perpendicular to each
other, with a dihedral angle of 87(1)°. The anaysf the crystal packing has shown the
important role played by the halogen atoms in coting adjacent molecules, through-C
H...F, Ct-H...Cl and C=O...F type contacts, influencing in thigay the molecular
conformation. The oxadiazole ring in the crystalegi rise tar interactions with the chloro-
phenyl group of symmetry related molecules alorgltlaxis, indicating the ability of the
compound to interact through molecular stackinghwé biological counterpart. The
crystallographic structure represents only one haf &ccessible molecular conformations.
Thus, in order to explore all its conformationahsp, a complete modeling studyks#fe was
carried out, considering all the degrees of con&dromal freedom that correspond to the
above defined torsional angleSHhart 2) and, in particular, the arrangement of the amidic

group with respect to the oxadiazole ring, describwe the torsional angtel.
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3

im
5 \o/N2
1

F2e
Chart 2

The geometry optimizations were performed at thé Y8%6-311+G(d,p) levéf® and the
energy of the optimized conformations was recatedlausing a polarizable continuum

solvent model (PCMJ’ to take into account the effect of water on thefoomational

population.
e | 5 (e 7 B0 O w0 w0)
A 2.10 1.9 0.00 40.9 22 -177 -154 43
B 2.49 1.0 0.17 30.6 0 177 -158 -48
C 0.00 65.0 0.28 25.5 -126 174 -159 34
D 0.42 32.1 1.53 3.0 -110 174 -156 -45

%1, N2-C3-N1'-C2’;1, : C3-N1'-C2'-C1";13: N1'-C2'- C1"- C2";1, : C3-C4-C1"-C2".

Table 8. Relative energies (kcal/mol), equilibrium percgyes (%) in the gas phase and in water, and signific
torsional angle(°) of the located conformations of compolFRE

Four minimum energy conformations were located thredt geometrical descriptorslft4),
together with their gas-phase and water-solvatedgeess, and the corresponding percentage
contributions to the overall population, are repdrinTable 8 It is worth pointing out that a
mirror image conformation exists for each descrilwetiformation; thus, the number of
conformations accessible to the molecule is doubith respect to those reported.
ConformationsA andB are very similar Eigure 22), as evidenced by their valuesf, 12,
andt3, the only difference being the orientation of fhehlorophenyl ring ¥4). The same

occurs for the coupl€ andD. The most stable conformation in waté) @ccounts for 40.9
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% of the overall population and, together with @ynfationB, less stable by 0.17 kcal/mol,
represents 71.5 %, the remaining not negligibl&eZ8being due to then vacuopreferred

conformation<C andD.

Figure 22.3D plots of conformationa-D of compound-2e.

A comparison of conformation8-D, with the above described crystal structureFak,
shows that it corresponds @ which is the most stable conformatiomvacuo In fact, the
two structures are characterized by about the sahoes of the torsional angles-t4 and the
overlay of their heavy atoms produces an almodgepesuper-impositionHigure 23) with a
rms difference value of 0.191 A. By contrast, tbenparison of the solid state structure with
conformerA gives a rms difference value of 1.067 A. The cilystaicture andh orient their
amide functionality in very different directionBigure 23), as evidenced by the significantly
different values otl: -118(1)° in the crystalersus22° in A. The amide functionality usually
represents a key moiety for anchoring a ligandhat inding site of the protein, and the
ability of F2e to vary the orientation of the amide in differewinditions is worthy of note.
The orientation in the crystal is determined byKiag interactions, as the molecules form
chains through the hydrogen bond N3-H3...02l (I atyxi, z), forcing in some way
molecular bending, and favoring the conformationiig the carbonyl oxygen pointing in the

opposite direction with respect to the chlorophegrglup.
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Figure 23. Superimposition of the crystal structure of commb&2e (brown) onto theA (magenta) andC
(pink) conformers obtained through rms fitting bétheavy atoms. Hydrogen atoms are omitted fos#the of

clarity.

3.1.5 Docking studies on compound F2¢

Docking studiesvere performed ori2e in order to clarify its interaction with the SH2
domain. In particular, considering the STAT3-MD&hplex and the conformational profile
of the ligand, the best scored pose showed thatlijsmd assumes the most stable
conformationA. The binding mode df2eis comparable to that of phosphorylated Tyr-705,
because it involves the same pocket in wipdlyr-705 is inserted when two subunits are
assembled in the dimer. The phenyloxadiazole maéf2e colored in cyan, occupies the

same pocket (not shown) pTyr-705, colored in redHigure 24).

z,

pTyr-705

F2e

Figure 24. Comparison of-2e (cyan) in the docking pose with tipdyr-705 (red) of the second subunit in the
STAT3 dimer.
This pocket is placed on the protein surface and gurrounded by hydrophilic and polar

aminoacids to better interact with the negativdharged side chain of the phosphorylated
tyrosine, mimed by the phenyloxadiazole moietyha STAT3-F2e complex. As shown in

Figure 25, the favored conformatioA of F2e establishes many hydrogen bond interactions
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within the binding pocket. In detail, they involtee trifluoromethyl group of the aromatic
ring and the guanidine moiety of Arg-595 by thrgerogen bonds, the oxygen of the amidic
group and the amine of side chain of Lys-591 by bpérogen bond, the oxygen and the
nitrogen atoms of the oxadiazole ring and the gliaaigroup of Arg-609 by two hydrogen
bonds and finally the chlorine atom of the aromatg with one amidic hydrogen of GIn-635
side chain. Despite the presence of three aromaiys in F2e n-n interactions were not
found in its complex with the macromolecule, dughe absence of aromatic amino acids in

the binding pocket.

Arg-595

Figure 25.Main interactions betwedf2e and STAT3. The hydrogen bonds are shown as dltes!

Analyzing the otheF2e complexesbtained by docking, it was possible to identifgase in
which the ligand assumes a conformation referablé¢hé coupleC-D, but its interaction
energy is worse than all calculated complexes &edbinding mode is much different if
compared to the most stable one shown above. licplar, the p-trifluoromethylphenyl
group is partially inserted in th@lyr-705 pocket while, in the best complex, this keicis
occupied by the oxadiazole ring. Moreover, pheifluoromethyl is too far to reach the amino

acids involved in the interaction with the phosgh#t this complex, the oxadiazole ring does
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not mime the phosphate and stabilizes the complexigh hydrogen bonds with GIn-635 and
Lys-26. Finally, one of the poses B2e corresponds to the mirror image of conformatfan

It presents a different binding mode in which fAgr-705 pocket is not occupied, loosing the
interaction with Arg-609, but keeping the weak logkn bonds between Arg-595 and
trifluoromethyl group. It should be noted that thdfonamido bioisostef=3e) of F2e, which
was found inactive both in the AlphaScreen anchandual-luciferase assays, has a different
conformational behavior with respect to our leadhpound. In fact, none of the localized
conformations ofF3e show a relative arrangement of the aromatic graipslar to that
displayed in the four geometries IB2e Thus, the identification of its binding mode thgh
docking calculations, seemed to be important tafgléhe essential features for an efficient
interaction with STAT3Kigure 26).

Gln-635

Ile-634

Arg-303

Lys-591

Figure 26. Main interactions between compouR8e and STAT3. The hydrogen bonds are shown as dotted

lines.

Considering the STAT3-compouriBe complex, the pose and interacting conformation of
the ligand are very different from those shownH2g In particular, compounB3eis unable

to occupy theTyr-705 pocket and the oxadiazole ring interact wirg-595 instead of Arg-
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609, which is the key residue involved in th2e complex and in the formation of the salt
bridge with the phosphate group when the protemedzes. Despite the different binding
mode, the compounB3e complex is stabilized by an extended network ofrbgén bonds
that involve: the oxygen and the nitrogen at positb of the oxadiazole ring and the
guanidine group of Arg-609, one sulfonamide oxyged the amine group of Lys-591, the
sulfonamide hydrogen and the backbone oxygen e63% and finally the trifluoromethyl
group of the aromatic ring with the amidic hydrogenGIn-635 side chain. Analyzing the
docked conformation of compourfeBe the two benzene rings are perpendicular and the
angle between the planes, defined by the two rirg®89°, significantly higher than the
corresponding value of 28° found fe2e

3.1.6 Conclusions

The ability to target the STAT3-SH2 domain of aiesgiof 1,2,5 oxadiazole derivatives was
evaluated in order to identify new direct inhibgoiOne term K2€) proved to be able to
significantly interact with the SH2 domain: in tAdphaScreen binding assay, it showed an
interesting dose response profile with argl@alue of 17.7uM. This result highlighted its
potential as a protein-protein interaction inhihitth addition, F2e exhibited a significant
activity (20% inhibition at .uM) in a dual-luciferase assay. To investigate tafarmational
behavior and the binding mode B2e modeling and docking studies were performed. The
latter evidenced that in the best scored pose ®fSIRAT3+F2e complex,F2e assumes the
most stable conformation (calculated in watershould be noted that the binding mode of
F2eis comparable to that @Tyr-705, when the latter is involved in the fornaatiof STAT3
dimers. The computational data were supported Pgtallographic studies. Finally;2e
displayed a significant growth inhibitory activion a number of tumor cell lines. On light of
these interesting result§2e emerged as a lead for the development of a nevesserf

derivatives, that is currently ongoing researchungroup.
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3.2 The pyridazinone derivatives

3.2.1 Project description

The phenanthrenequinor@ryptotanshinone (Chapter 2.3.1), isolated from the roots of
Salvia miltiorrhizaBunge, was a potent direct STAT3 inhibitor andnidtio induce apoptosis
in human prostate cancer cell lines (DU145), bydelely inhibiting phosphorylation of
STATS3 at a concentration of 7 uNr This selectivity of action was due to its smafeef on
STAT3 serine 727 phosphorylation and to its in&pitio inhibit phosphorylation of the
tyrosine residues of STAT1 and STAT5S. Cryptotansher was also found to inhibit the
phosphorylation of JAK2, but only after 4 h of tmant with the compound, whereas

0 inhibition of STAT3 phosphorylation occured withBO min
o after treatment. This result suggested that inloibiof STAT3
O phosphorylation was caused by a JAK2-independent

o mechanism. Further studies showed that Cryptotanski was
‘O localized together with STAT3 proteins in the cysgm and
could inhibit the formation of STAT3 dimers. Thimplied the

possibility of a direct binding of Cryptotanshinorie the
Cryptotanshinone dimerization domain of STAT3.

A conformational study of the reference compoungp@rtanshinone, and of a generic
structure of benzo-cinnolinone compounds, which haen already investigated in our

laboratories for other purpos&$; *"°

was performed. The result of these studies reseale
structural similarity between these compounds, #rel superimposition of the preferred
conformations of each molecule showed that thedsopounds matched very well (Chapter
3.2.2). Therefore we designed and synthesized alevew derivative$® based on the
benzocinnolinnone structure, and a series of stratmodifications Chart Ill ) were carried
out in order to investigate their effects on STAIFibition. In detail, the effects of
modifications at the pyridazinone ring were firgpred: at N-2 various kind of chains were
inserted, differentiated on the basis of their taregs well as the presence of esters, carboxylic

acids or their bioisosteres, amines and amidesdtition, both saturated and unsaturated
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derivatives of all the compounds at position 4h& pyridazinone ring were obtained. Other
structural variations were introduced at differpositions of the aromatic ring, involving the
insertion of substituents such as methoxy groupbabngens. Finally, we investigated the
influence of the size of the central ring, syntheg five-, six- and seven-membered ring
compounds.

I m=1-3

R = -(CH,),COOCHCH; n = 1-6
-(CH,)3COOH
-(CH,);COONHCH,CHs
-(CH,) ,NHCH,CH;
-(CH,)s0COC(NH,)CH,Ph

Chart 11l

3.2.2 Modeling studies

A conformational study of the reference compoungp@rtanshinone and of a general
benzocinnolinone structurel)( was carried out. Particular attention was focystxt
Cryptotanshinone, on the flexibility of th& and C rings, and, for I), on the possible
inversion ofC ring.

Cryptotanshinone I

All calculations were carried out using the Gaus8& program packad& The
conformational space of the compounds was expltrealigh optimizations at the B3LYP
level with the 6-31G(d* basis set, and the energy of the optimized cordtions was re-

calculated in water, at the same level as abovegwspolarizable continuum solvent model
(PCM)!"".
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Cryptotanshinone I

Cryptotanshinonevsl

Both molecules were found to be quite rigid andrabi@rized by planarity, requisite thought
important for the inhibitory activity®® In order to highlight analogies between the two
structures,the preferred conformations of Cryptotanshinoneudpland () (red) were
superimposed through rms fitting of the atoms @& BCD tricyclic moiety. The overlap

shows that the two compounds match very well.
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3.2.3 Chemistry: the benzocinnolinones (P1-18)

3.2.3.1Synthesis of:
4,4a,5,6-tetrahydrobenzo[h]cinnolin-3(2H)-one deriatives (Pla-c)
and of 5,6-dihydrobenzo[h]cinnolin-3(2H)-one derivéives (P2a-c)

The final six-membered ring compound®3¢18, N-2 substituted on the pyridazinone ring
with different lateral chains, were prepared stgrtirom common key intermediates: the
saturated P1la-g and the unsaturatedPZa) derivatives $cheme J. The starting materials
were eithercommercially available, as-tetralone (forPlaand P23, or they were prepared
as shown ircheme 8such as 5,7-dimethoxy tetralone (fib) and 6-chloro-tetralone (for
P10. These starting materials underwent an aldol ensdtion with glyoxylic acid in basic
conditions to give the unsaturated acl@s-¢ which were reduced with zinc in acetic acid to
afford the 1,2,3,4-tetrahydro-1-oxo-naphtalene-@tiacacids14a-c The reaction ofl4a-c
with hydrazine hydrate in refluxing ethanol ledR&a-cin an overall yield of 57% foP1la
60% for P1b and 42% forP1lc Oxidation ofPla to the unsaturated derivati@2a was

accomplished using sodium-nitrobenzensulfonic acid.

o) o COOH o  COOH

Ry i Ri Z i Ry iii

R2 R2 R2

Rs Rj Rs
13a-c 14a-c
H H
_N 0] _N 0]
i I
_ . R VR Z a Rj=R,=R;=H
b Rl:R3:OCH3;R2:H
Rz R; ¢ R;=R;=H;R,=Cl
R3 R3
Pla-c P2a

Scheme 7. Reagent and conditions: i) glioxylic acid, NaOH, H,O, EtOH, reflux, 3 h; ii) Zn, CH;COOH,
H,0, reflux, 40 min; iii) NH,NH,*H,O, EtOH, reflux, 2 h; iv) sodium m-nitrobenzensulfonic acid, NaOH,
H,0, reflux, 1 h.
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HsCO ;  HCO COOH _  HsCO COOH
_i iii
HsCO HsCO HsCO

OCHj OCH30 OCHj
16
HsCO HaCO
HsCO
OCHS OCHj

5,6-dimethoxy-tetralone

Reagents and conditions: i) AlCl5, CH,Cl,, rt, 24 h; ii) Zn(Hg), HCI, reflux, 7 h; iii) PPA, 100 °C;
iv) Na, THF, rt, 2.5 h.

B
) (0] (0]
i
—_—
H,N cl
6-amino-tetralone 6-chloro-tetralone

Reagents and conditions: i) NaNO,, HCI, CuCl, t <5°C, 1.5 h.

Scheme 8. A) Synthesis of the starting material 5,6-dimethoxy-tetralone ; B) Synthesis of the starting
material 6-chloro-tetralone.

3.2.3.2 Synthesis of
the 2-substituted-4,4a,5,6-tetrahydrobenzo[h]cinnah-3-ones (P3-13)

The previously described key intermediadsa-candP2a were condensed with appropriate
side chains to afford the final six-membered rimgmpounds P3-18 (Scheme 9and 10,

respectively). They were divided in saturatB8{13 and unsaturatedP(4-18 derivatives.

Regarding the saturated derivativé3{13 Scheme 9, they were characterized by lateral
chains which bore six different functional groupster, carboxylic acid, amide, amine, alkyl

and an amino acidic moiety. For the synthesis efdster derivatived?@a-P83, the starting
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intermediatePla was condensed with bromo esters with different rchangths in the
presence of sodium hydride as a base. The othestarting intermediatef?1b and P1g
were condensed only with 3-bromo butanoate to nlampound$5b andP5crespectively.
Regarding the reaction of compouRdb, beyond the obtainment of the saturated eRfdsy,
there was also the formation of the unsaturated/atere P15b. A basic hydrolysis of the
ester group was then performed on compourisand P5aand this led to the formation of
the corresponding acid34aa and P5aa Finally, P5aawas reacted with ethylamine in the
presence of the coupling agent HATU ahimethyl-morpholine to afford the amido
compoundP9a The amino derivative®®10a was synthesized with a two-step procedure
starting fromPla The lattewas condensed with 1,4-dibromobutane to give ttexnmediate
18, which underwent a nucleophilic substitution witthyéamine for the obtainment of the
final compoundP10a The alkyl derivativesP1la and P12a were obtained through the
coupling ofPlawith bromoalkyl chains made up of four and fivelmar atoms respectively.
Also in these reactions, there was the simultanefuumation of the correspondent
unsaturated alkyl derivative®17a and P18a The amino acidic derivativé®13a was
synthesized starting from compouRd@awhich was reacted with 3-chloro-1-propanol to give
the alcoholic intermediat&9. The latter was condensed withBoc-Phe—OH in the presence
of the coupling agent HATU antl-methyl-morpholine to obtain compourf0. Its Boc
protecting group was hydrolysed with trifluoroacedcid to afford the final produétl3a
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CH2 COOCHZCHs CH2 3COOCHZCH3 CH2 )nCOOH (CH,),CONHCH,CH5
|
,H o} _N._O
I i
Ri i R n ||| Ry
Ry Ry
Rs Rg
Pla-c n=; ]l;ia P15b (only from P1b)  from P4a — Pdaa (n=2) fromP5aa— P9an=3)
n= a — ="
n=3 P5a, P5b, P5c from P5Sa — P5aa (n=3)
n=4 P6a
n=5 P7a
n=6 P8a
(CHy)4Br (CH)4NHCH,CHs
N’N 0] N,N 0]
iv | v I
from Pla
P10a
a Rl R2— R3 =H
(CH;)nCHs (CH,)nCH, b R;=R;=0CH3;R,=H
Lo ,L o ¢ Rj=R;=H;R,=Cl
N~ N~
vi ! + I =
from Pla
n=3 Plla n=3 P17a
n=4 Pl2a n=4 P18a
@)
NHBoc || NHy
(CH);OH $CH2)3OC—< (ICHz)aOC‘<Ph
Ph
NI,N e} NI,N (0] NI,N e}
vii viii ix
from Pla
19 20 P13a

Scheme 9. Reagent and conditions: i) Br(CH,),COOCH,CHj3, dry DMF, NaH, 70 °C, 15 h; i/) NaOH/H,0,
EtOH, reflux 2 h; iif) EtNH, 70% in water, HATU, N-methyl-morpholine, rt, 1.5 h; iv) Br(CH,),Br, NaH,
MW 6 0°C, 10 min; v) EtNH, 70% in water, Et;N, DMF, 90-100 °C, 7h; vi) Br(CH,),CH;, NaH, DMF; vii)
CI(CH,);0H, NaH, DMF, 60 °C, 4 h; viii) N-Boc-Phe-OH, HATU, N-methyl-morpholine, rt, 24 h; ix)
trifluoroacetic acid, CH,Cl,.
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3.2.3.3 Synthesis of
2-substituted-5,6-dihydrobenzo[h]cinnolin-3-ones (P4-18)

The unsaturated derivativeB14-1§ were characterized by side chains containingr estd
carboxylic acid functionalities and by alkyl chain$ different lengths. As depicted in
Scheme 10 the ester derivativesP{4a-P16a were obtained by condensing bromoester
chains with the starting intermedig®a, using potassium hydroxide as a base and tetra-
butylammonium fluoride (TBAF) as a phase transfatalyst. The synthesis of the
unsaturated esteP15b is depicted inScheme 9 The basic hydrolysis of the ester
functionality of P14aandP15aled to formation of the carboxylic acidBX4aaandP15ag.
The synthesis of other two unsaturated derivatREsaandP18g which bear an alkyl chain
at N-2, is displayed i®&cheme 9

(CHz)nCOOCHzCH3 (CHz)nCOOH
H
_N 0]
I
= i @j i @ijj
=2 Pl4a from P14a — P14aa (n=2)
P2a n=3 P15a from P15a— P15aa (n=3)
n=4 Pl6a

Scheme 10. Reagent and conditions: i) Br(CH,),COOCH,CH;, KOH, TBAF, toluene, 50 °C;
ii) NaOH/H,0, EtOH, reflux, 2 h.
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3.2.4 Chemistry: the indeno-pyridazinones (P19-22yand the
benzocyclohepta-pyridazinones (P23-26)

3.2.4.1 Synthesis of

the 4,4a-dihydro-(5H)-indeno-[1,2-c]-pyridazin-3-om® derivatives (P19P22)
and of the 2,4,4a,5,6,7-hexahydro-benzo[6,7] cyclepta[l,2-c]pyridazin-3-
one derivatives (P23P26)

The synthesis of the five- and seven-membered cmmpounds was accomplished by
following a similar procedure to that employed fibre six-membered ring compounds
(Scheme 11

Firstly, the key intermediateB19 (m=1) andP23 (m=3) were prepared starting from 1-
indanone (for m=1) and 1l-benzosuberone (for m=BeyTunderwent an aldol condensation
with glyoxylic acid in basic environment to givetenmediate®1 (m=1) and23 (m=3). The
following reduction of their double bond with zidast in acetic acid led to the intermediates
22 (m=1) and24 (m=3), which cyclised in the presence of hydrazmenohydrate in ethanol
to give the saturate®19 (m=1) andP23 (m=3). The unsaturated key intermediates were
prepared in two different ways. For the five-menelering derivatives, the cyclization with
hydrazine monohydrate was performed on the ungeturacid21 to afford P20. For the
seven-membered ring derivatives the insertion efdbuble bond was carried out only after
the cyclization with hydrazine on compoum®3 to give the correspondent unsaturated
derivativeP24.This oxidation was performed using sodiomnitrobenzensulfonic acid.

The saturated key interemediatdzl9 P23 were condensed with ethyl bromobutanoate
using NaH as a base to obtain the ester derivat®2s (m=1) and P25 (m=3). The
unsaturated intermediate®20, P24 were reacted with the same bromoester chain but
employing different conditions (potassium hydroxake a base and tetnabutylammonium
fluoride (TBAF) as a phase transfer catalyst) ttaobthe final product®22 (m=1) andP26
(m=3).
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H ]
N—NH N
? COOH COOH ) o N
©j:> i u zu iv
m m m m
m=1 1-indanone m=1 21 m=1 22 m=1 P19 from P23 — P24
m=3 1-benzosuberone m=3 23 m=3 24 m=3 P23
l iii / v lvi
(CH2)3COOCH,CH3 (CH2)3COOCH,CH3
N—NH | | o]
/y (o] N—N /N
__ / o N
\W%
m
from 21 — P20 m=1 P21
m=3 P25
l vi P26
(CH2)3COOCH2CH3
—N
P22

Scheme 11. Reagents and conditions: i) glioxylic acid, NaOH, H,O, CH3;CH,OH, reflux, 3 h; ii) Zn,
CH;COOH, H,O, reflux, 40 min; iii) NH,NH, - H,O, EtOH , reflux, 2 h; iv) sodium
m-nitrobenzensulfonic acid, NaOH, H,O, reflux, 1 h; v) Br(CH,);COOCH,CHj3, dry DMF, NaH, MW 70 °C,
20 min; vi) Br(CH,);COOCH,CHj;, KOH, TBAF, toluene, 50 °C.

3.2.5 Pharmacological studies

3.2.5.1 Dual-luciferase assay results

All the synthesized pyridazinones derivatives wevaluated in the dual-luciferase assay
system as a preliminary screening (see ‘ChapteB.21for the description of this assay and
‘Chapter 6’ for the experimental procedure).Tlable 9 the inhibitory activities of the tested

compounds are displayed. The values are reportpdrasntage of inhibition at 2 uM.

75



Chapter 3 — THE PYRIDAZINONE DERIVATIVES

%

Compound n po;:itiaotn 4 Ri=R; R, R Inhibition #
(2 pM)
Pla 2 CH, H H H <1
Plb 2 CH OCH; H H nt
Plc 2 CH H Cl H nt
P2a 2 CH H H H <1
P3a 2 CH H H -CH,COOCHCH; 3
P4a 2 CH H H -(CH;),COOCHCH; 30
P4aa 2 CH, H H -(CH,),COOH <1
P5a 2 CH, H H -(CH,)sCOOCHCH; 46
P5aa 2 CH H H -(CH;)sCOOH 7
P5b 2 CH OCH; H -(CH,)sCOOCHCH;, 23
P5c 2 CH, H cl ~(CH,)sCOOCHCH; 9
P6a 2 CH, H H -(CH,),COOCHCH; 21
P7a 2 CH H H -(CH;)sCOOCHCHg 24
P8a 2 CH H H -(CH;)sCOOCHCH; 22
P9a 2 CH, H H -(CH,)sCONHCH,CHs 16
P10a 2 CH, H H -(CH,).NHCH,CH;, 3
Plla 2 CH, H H -(CH,)sCH <1
Pl12a 2 CH H H -(CH;)4CHs 22
P13a 2 CH, H H  -(CH);OCOCH(CHPh)NH, <1
Pl4a 2 CH H H -(CH),COOCHCH; <1
Pldaa 2 CH H H -(CH),COOH nt
P15a 2 CH H H -(CH)sCOOCHCH; <1
P15aa 2 CH H H -(CH),COOH <1
P15b 2 CH OCH H -(CH,)sCOOCHCH; 29
P16a 2 CH H H -(CH),COOCHCH; 29
Pl7a 2 CH H H -(CH)sCHz 1.31
P18a 2 CH H H -(CH),CH; <1
P19 1 CH, H H H 37
P20 1 CH H H H 37
P21 1 CH H H -(CH;)sCOOCHCH; 28
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%

Compound n po;:itiaotn 4 Ri=R; R, R Inhibition 2
(2 M)
P22 1 CH H H -(CH)sCOOCHCH; <1
P23 3 CH, H H H 30
P24 3 CH H H H <1
P25 3 CH, H H -(CH;)sCOOCHCH; <1
P26 3 CH H H -(CH)sCOOCHCH, 15
Cryptotanshinone 25

nt: not tested

Inhibitory activity against STAT3 was evaluated dyual-luciferase assay system in human colorectal
carcinoma HCT-116 cells after 24 h treatment wligh tested compounds. The values are the means of 3
experiments. The maximum deviation from the meas las than 10%.

Table 9. Percentage inhibition evaluated by dual-luciferassay in human colorectal carcinoma HCT-116 cells

at 2 uM concentration.

According to the obtained data, several compourfi®ved an interesting percentage
inhibition, comparable of higher than the referencempound Cryptotanshinone. In
particular,P5a P19 and P20 were the most active compounds, with an inhibitetivity of
46%, 37% and 37% respectively.

Since a positive result in the dual-luciferase ps®dlects the ability of the compound to
block STAT3 activity at any level of its signalipgthway Figure 18), a deeper investigation
on the mechanism of action of the compounds wasssacy. For this reason all of them were

subjected to further biological studies.

3.2.5.2 AlphaScreen-based assay results

All the compounds, with particular attention Bda P19 and P20 which showed the most
interesting inhibitory activities, were tested withe AlphaScreen-based as<ay(see
‘Chapter 3.1.3.4’ for the description of this assayd ‘Chapter 6’ for the experimental
procedure) and the result3apble 10 were expressed as a measure of their ability to
antagonize the interaction between STAT3-SH2 donamid its targetpTyr-containing
peptide. In particular, besides STAT3, other SHataming proteins, such as STAT1 and
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Gbr2, having a high degree of sequence homolodyTiaT3 (78% and 65%, respectively),

were tested.

% Inhibition
(50 uMm)

Compound n pogiti‘z[n g Ri= R, Rs R g ;! T

= =g

» % ©
Pla 2 CH H H H <1 <1 <1
Plb 2 CH; OCH H H <1 13.3 12.3
Plc 2 CH; H Cl H <1 13.9 5.0
P2a 2 CH H H H 7.5 6.1 2.9
P3a 2 CH, H H -CH,COOCHCH; <1 7.2 2.9
P4a 2 CH H H -(CH,),.COOCHCH; 19.1 0.7 <1
P4aa 2 CH, H H -(CH;),.COOH <1 <1 <1
P5a 2 CH H H -(CH,);COOCHCH; 7.3 <1 <1
P5aa 2 CH H H -(CH,)sCOOH 5.6 4.5 <1
P5b 2 CH, OCH; H -(CH,)sCOOCHCH; <1 5.8 <1
P5c 2 CH, H Cl -(CH,)sCOOCHCH; <1 9.1 2.0
P6a 2 CH; H H -(CH,),COOCHCH; 11.4 35 4.3
P7a 2 CH, H H -(CH)sCOOCHCH; 7.7 6.7 5.5
P8a 2 CH H H -(CH)sCOOCHCH; <1 1.4 5.6
P9a 2 CH, H H -(CH,);CONHCH,CH; <1 4.9 <1
P10a 2 CH H H -(CH,)sNHCH,CH;z <1 <1 <1
Plla 2 CH, H H -(CHy)sCH, <1 <1 <1
P12a 2 CH H H -(CH,).CHs 18.9 <1 <1
P13a 2 CH, H H -(CH);OCOCH(CH2Ph)NH <1 15.9 7.5
Pl4a 2 CH H H -(CH).COOCHCH; 8.1 6.0 1.5

Pldaa 2 CH H H -(CH),COOH nt nt nt
Pl5a 2 CH H H -(CH);COOCHCH; 10.4 5.4 6.4
Pl5aa 2 CH H H -(CH);COOH 12,5 5.5 <1
P15b 2 CH oCH H -(CH,);COOCHCH; <1 <1 <1
P1l6a 2 CH H H -(CH),COOCHCH; 2.7 2.7 <1
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% Inhibition
(50 uMm)

Compound n pogti?;[n 4 Ri=R, R; R i a o

< = 3

%) % O
Pl7a 2 CH H H -(CH)sCHs 4.2 7.1 2.2
P18a 2 CH H H -(CH),CH; 6.2 <1 <1
P19 1 CH, H H H <1 12.9 3.2
P20 1 CH H H H <1 9.8 5.2
P21 1 CH, H H -(CH;);COOCHCH; 13 13.3 6
P22 1 CH H H -(CH)sCOOCHCH; <1 9.5 <1
P23 3 CH, H H H 5.8 5.8 2.1
P24 3 CH H H H nt nt nt
P25 3 CH, H H -(CH,)sCOOCHCH; <1 7.2 5.4
P26 3 CH H H -(CH);COOCHCH; <1 8.2 1.0

Cryptotanshinone 11.2 40.3 34.7

nt: not tested

8 Grb2: Growth factor receptor-bound protein 2

Table 10.Percentage inhibition of STAT3, STAT1 and Grb2Zlatermined in the AlphaScreen assayPtiy26

compounds.

None of the molecules was able to antagonize tkeraction between the SH2-STAT3
domain and its targgiTyr-containing peptide. However, a binding of thmmpounds with
different portions of the SH2 domain or with anyhet part of STAT3 protein is still
probable. Further investigationse{ Western blotting, ELISA, etc.) will be carried otat
assess this possibility and to give an explanatibthe positive results we obtained in the

dual-luciferase assay.

3.2.5.3 Anti-proliferative assay

In order to evaluate the anti-proliferative acgwvitf the synthesized pyridazinone derivatives,
cell proliferation assays were performed by NCIt(®sda, USA) under the Developmental
Therapeutic 20 Program (DTP) to determine its éffec tumor cells growtH® (‘Chapter

3.1.3.6’ for the description of this assay and ‘Qiiea 6’ for the experimental procedure). The
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compounds were tested at a concentration ofu0 All the derivatives turned out to be
mostly inactive. For instance, the table reportedAppendix Il displays the data for
compounds which showed slight inhibition in somdl &ees: e.g compoundPla had a

growth inhibitory activity of 36% on EKVX cell lingnon-small-cell lung carcinoma),
compoundP5a had a discrete inhibition on SR cell line (leukancell line) and compound

P19a 19% of growth inhibition on UO-31 cell line (arcancer cell line).

3.2.6 Conclusions

In the preliminary dual-luciferase assay screenthg, synthesized pyridazinone derivatives
exerted promising percentage inhibition of STAT3tinvaky. In order to clarify these
interesting results, and to understand the mechmpisaction of the compounds, a deeper
biological investigation was carried out. The males were firstly tested in thien vitro
AlphaScreen-based assay, but none antagonizedntbeadgtion between the SH2-STATS3
domain and its targgbTyr-containing peptide. However, binding of the gmunds with
different portions of the SH2 domain, or with anther part of STAT3 protein, is still
probable. The molecules were also submitted torginpeoliferative assay but did not exert
any remarkable effect on cell proliferation. Theref the dual-luciferase assay was repeated
on the compounds with the most interesting acésiticonsidering a wide range of
concentrations (from 1 to 5@M, data not shown). The obtained data revealedradoge
dependent profile of inhibitory activity of the ted compounds antthus, we could assume
that the noteworthy percentage inhibition giM previously obtained in the dual-luciferase

assay was not significant for the STATS3 inhibition.
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3.3 The “chimera” compounds

3.3.1 Project description

In parallel with the execution of the AlphaScreeséd assay on the previously synthesized
compounds (the 1,2,5-oxadiazoles and the pyridagis)p a different approach for the design
of new derivatives was carried out. The aim wasdmbine the structural characteristics of
the different series of molecules, explored in ghisject, which had showed an ability to
inhibit STAT3 activity in the dual-luciferase assayereforethe following structures were

considered:

- the oxadiazole ureido derivati¥e/S 0288(Chapter 3.1.1)

Cl

- P5a the pyridazinone compound with the best inhilyitactivity among all the
previously synthesized pyridazinone derivatives iibition at 2 uM = 46%).
(Chapter 3.2.5.1)

(CH,)3COOEt
|
_N._0O
N
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Conformational studies on the selected compoundee vperformed and the preferred
conformations turned out to have a planar arrangéenTdis feature was supposed to be an
important requisite for STAT3 inhibitory activityas it was observed in our previous
studies'®® The superimposition of their conformations led ttee design of two new
compoundsC2 andC4. The first is characterized by the benzocinnoleonoiety ofP5a,
which resembled the tricyclic system of Cryptotanshe, and a lateral chain, which
mimicked the one om\VS-0288 Moreover this new structure can be consideregdicc
analogue oAVS-0288 as it can be seen overlapping the oxadiazoleafrigy/S-0288with
the pyridazinone ring of the new planned compo@hiapter 3.3.2).

On the contrary, the chime@4 is constituted by a pyridazinone ring, substituaegosition

3 and 4 with the same groups which are preseAwi#&-0288 a p-chloro-phenyl group and a
p-trifluoromethylphenyl urea. This structure cleargsembledAVS-0288if the pyridazinone
ring is overlapped to the oxadiazole ring and meeeoit can be considered analogue£af
However, to date, only compour@B, which has a phenyl ring instead of a p-chlororpghe

ring as a substituent, has been synthesized, wh#neasynthesis of compoui@! is still in

N 0 i
. CF
N| HN | o) 3
// N /ﬂ\
N~ TN
H H
R
C3 H

progress.

CONH

C2 R

C4 R

Cl

3.3.2 Molecular modeling

A modeling study ofCryptotanshinone, a potent STAT3 inhibitol>* and the previously
synthesized pyridazinone compouR®ba was performed using the Gaussian09 program
package®® All the calculations were carried out at the b3yB11+G(d,p) level. The solvent
effects were determined by single-point calculatjcat the same level as above, on the gas-
phase optimized geometries, using a self-consiseadtion field (SCRF) method, based on
the polarizable continuum model (PCM). Particuleration focused on the tricyclic portion
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of the two molecules, and in detail, on the fleliyiof the A andC rings in the case of
Cryptotanshinone, and on the possible inversion of tBering in the case oP5a Both

molecules were found to be quite rigid and charastd by planarity.

@)
(CH,)3COOCH,CH3

O
OO :

Cryptotanshinone P5a

In Figure 27 are shown the located conformationsGrf/ptotanshinone and P5a together

SR

with their corresponding energy values in water.

CryptotanshinoneB
0.14 kcal/mol

P5a A P5a B
0.00 kcal/mc 2.59 kcal/mc

Figure 27. 3D plots of the located conformations @fryptotanshinone and P5a together with their

corresponding energy values in water.
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In a recent papéf? the conformational space of the oxadiazole ureddt5-0288 was
completely explored. All its degrees of conforma#ib freedom were considered with
particular attention to the different arrangemeotsthe ureido moiety t(angdtrans, TT;
trandcis, TC; cigtrans CT; andcig/cis, CC). In water thelTT arrangement resulted largely
preferred (92.2%).

On the basis of this data, the possible analogéwden the three structures of the selected
compounds were investigated. Figure 28a the preferred conformations of the three
compounds are reported and the related portionkigidighted in green. These conformation

were superimposed and the corresponding overlglyasn inFigure 28b.

Cryptotanshinone

AVS-0288-TT2

) /\?/

()

=

Figure 28. a) Preferred conformations &ryptotanshinone, P5a and AVS-0288 with the tricyclic moiety
highlighted in greenb) Overlay of the preferred conformations @fyptotanshinone (blue), P5a (red), and
AVS-0288 (yellow) through RMS fitting of the tricyclic metfy.
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Looking at the evident similarity between the theeenpounds, the chime@2 was designed
and modeled. Finally, the preferred conformatiorC@fwas overlapped to the conformation
TT2 of AVS-0288 As can be seen figure 29, there is a nice overlap of the two structures:
in particular the trifluoromethylphenyl groups opguthe same spatial region, such as the
amidic groups and the oxadiazole and pyridazinargsy suggesting a good analogy between

compounds.

Figure 29. Overlay of the preferred conformation of
compoundC2 (light blue), andT'T2 conformation ofAVS-
0288 (yellow) with the distances between the heteroatom
of the two molecules shown through dotted line #mel

corresponding values in A.

Also the preferred conformation of the chim&@awas overlapped to the conformatidm2

of AVS-0288(Figure 30), highlighting the good analogy between the twdetoles.

Figure 30.Overlay of the preferred conformation of compound
C3 (orange), andTT2 conformation ofAVS-0288 (yellow)
with the distances between the heteroatoms of the t
molecules shown through dotted line and the comeding

values in A.
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Finally, the overlap o€ryptotanshinone, P5aandC3 was performedFigure 31).

Figure 31. Overlay of the preferred conformations of
Cryptotanshinone (blue), P5a (red), andC3 (orange) through
RMS fitting of the tricyclic moiety.

3.3.3 Chemistry

3.3.3.1 Synthesis of 3-0x0-N-(4-(trifluoromethylpenyl)-2,3,4,4a,5,6-
hexahydrobenzo [h]cinnoline-6-carboxamides (Cla, b)and 3-oxo-N-(4-
(trifluoromethyl)phenyl)-2,3,5,6-tetrahydrobenzo[h]cinnoline-6-
carboxamide (C2)

The synthesis of compound3la, b and C2 is shown inScheme 12 The commercially
available a-phenylglutaric anhydride was cyclised with polyppboric acid to obtain the
racemic compound25. The carboxylic group of25 was condensed with 4-
(trifluoromethyl)aniline to obtain the amid26. This reaction was performed with the
coupling agent TBTU @-(Benzotriazol-1-yl)N,N,N',N'-tetramethyluronium
tetrafluoroborate) in the presenceNsfnethylmorpholine (pH = 7) at room temperatureZér

h. The aldol condensation between compouz@l and glyoxylic acid, followed by
dehydration, led to the/B-unsaturated aci@7. The reduction of the double bond 4fby
means of zinc in acetic acid gave compoul® as a mixture of two couples of
diastereoisomers. After the cyclization28 with hydrazine monohydrate in ethanol at reflux
to obtainCla-b, the separation of the obtained couple of diagensers was performed by
means of flash chromatography. Their relative gpation was assigned with the support of
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NMR studies (NOESY experiment). The introductionaofiouble bond in the pyridazinone
ring of compound<Cla and C1lb was carried out with sodium 3-nitrobenzenesulfenat
alkaline acqueous solution and led to the finaemaic compoundC2. Only one of the two
diastereoisomersC(la) led to compoundC2 while the other oné€1b didn’t react. This is
probably due to the fact that the hydrogen atomtheftwo stereogenic centers have to be

located in axial position§,Sor R,R to allow the dehydrogenation, as showirigure 32
N, ,__K
R

Figure 32.Structure of compoun@la

o) 0 O  COOH
O . .. yZ .
i i iii iv
o — — — —
o COOH CONHOCFs CONHOCFS
a-phenylglutaric
anhydride 25 26 27
H H
_N.__0O
O COOH NN N
' . l/
% Vi
CONHOCFg CONH@’CFS CONH—@CFg
28 Cla R*, R¥) C2 (RS
C1b (R*, S*)

Scheme 12Reagents and conditiong: PPA, 100/110 °C, 30 minij) 4-(trifluoromethyl)aniline, CHCls,
TBTU, N-methylmorpholine up to pH=7, rt, 24 hj) CHO-COOH, NaOH, KO, CH;CH,0H, 1t, 1 h;iv) Zn,
CH;COOH, HO, 1t, 20 min;v) NH,NH, H,0, CH;,CH,OH, reflux, 2 h; (f) sodium 3-nitrobenzenesulfonate,
NaOH, H0O, reflux, 30 min.
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3.3.3.2 Synthesis of 1-(6-o0x0-3-phenyl-1,6-dihydrgridazin-4yl)-3-(4-
(trifluoromethyl) phenyl)urea (C3)

The general synthetic strategy followed for theparation of the 5-substituted pyridazinone
C3 is outlined in Scheme 13 The commercially available starting material 3vbeyl
propionic acid underwent a hydroxymethylation wibhmaldehyde and potassium carbonate
in water and the subsequent cyclization in acidomditions led to thef-benzoyly-
butyrolactone29.'®® The treatment o9 with a large excess of hydrazine hydrate gave 5-
hydroxymethyl-6-phenyl-4,5-dihydro-3(2H)-pyridazm®30, which was firstly protected at
the alcoholic function with acetic anhydride ane@rthdehydrogenated to the correspondent
aromatic derivative32 with activated manganese dioxide. The removal ef pihotecting
group of 32, followed by oxidation of the alcohol with activatesanganese dioxide led to
intermediate34. This underwent a further oxidation to carboxymd 35 by means of silver
oxide’®* The conversion a5 into the ureaC3 was accomplished in moderate yield (20%) by
Curtius rearrangement with DPPA in toluene, thenllofeed by addition of

trifluoromethylphenyl aniline.
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i N—NH iii N—NH iv
/ o —» 4 0 —»

3-benzoyl propionic acid HOH20 30 AcOH,C 31

AcOH,C HOHZC HOOC
32
N—NH

e

HN/L_

o
HN C3
CF;

Scheme 13. Reagents and conditions: i) 1. HCHO 37%, NaOH 2N, HCl conc, rt; if) NH,NH,, CH;CH,OH,
reflux; iii) Ac,O, Py, rt; iv) MnO,, CHCl;, reflux; v) HCI 2N, reflux; vi) MnO,, THF, rt; vii) Ag,O; viii) a.
DPPA, Et;N, toluene, 80 °C; b. p-trifluoromethyl aniline, THF, reflux

3.3.4Pharmacological studies

3.3.4.1 Dual-luciferase assay results

The chimera compound3la,b andC2 were evaluated in the dual-luciferase a5Saystem

as a preliminary screening (see ‘Chapter 3.1.32tHe description of this assay and ‘Chapter
6’ for the experimental procedure). Mhable 11 the inhibitory activities of the tested
compounds are displayed. The values are reportpdrasntage of inhibition evaluated at 10
1M and 50 puM. The inhibitory activity of the testedlecules is compared with the reference
compound<ryptotanshinone andAVS-0288
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% Inhibition 2

Compound (2 uM)
10pM 50 pM
Cla 7 67
Cilb 14 <1
C2 13 82
Cryptotanshinone 78 85
AVS-0288 70 75

& The values are the means of 3
experiments. The maximum deviation
from the mean was less than 10%.

Table 11.Percentage inhibition of the chimera compoun@da( band C2) evaluated with the dual-luciferase

assay system.

According to the obtained data, compou@@ is the most active compound: the results
indicate that at the concentration of 50 uM it shagguivalent activity to the references.
Despite the inhibitory values of derivati¥&la is lower thanC2, it still has an interesting

inhibitory profile. Both molecule€1laandC2 show a dose-dependent inhibition activity.

3.3.4.2 AlphaScreen-based assay results

To date only the chimera€la, b and C2 have been evaluated in biological assays. In
particular, they were submitted to timevitro AlphaScreen-based assa§(‘Chapter 3.1.3.4’
for the description of this assay and ‘Chapterd®’the experimental procedure). Table 12

the results are presented as percentages of iohilaf the interaction between STAT3-SH2
domain and its targgbTyr-containing peptide. In particular, besides SBADther SH2-
containing proteins, such as STAT1 and Gbr2, hasihggh degree of sequence homology to
STAT3 (78% and 65%, respectively), were tested.
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% Inhibition
(50 uMm)
Compound ™ —

= = N

= £ ¢

n n O
Cla <1 9.1 <1
Cib <1 6.8 <1
C2 <1 10.3 <1

8 Grb2: Growth factor receptor-bound protein 2

Table 12.% inhibition of STAT3, STAT1 and Grb2 as determirydAlphaScreen assay Bia, C1b andC2.

According to these results, all these molecules’tidntagonizepTyr-SH2 interaction
Anyway, a binding of the compounds with differeatrjoons of the SH2 domain or with any
other part of STAT3 protein is still probable.

3.3.5Future perspectives

Regarding the racemic chimet2, the separation of the two enantiomers will perfed by
chiral chromatography. Moreover, the synthesishefa¢himeraC4 will be completed. All the
synthesized compounds will be submitted to a cotepgbological study, starting from the
dual-luciferase assay in order to check their inbil properties on STAT3 pathway.
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3.4 The oxidized compounds

3.4.1 Project description

This section of the project was focused on the mhttompoundCryptotanshinone>* with
the aim to design and the synthesize analogues wuhioeetly related to it. Preliminary
modeling studies, performed by our research grdwag, suggested the importance of the
ortho-quinone moiety ofCryptotanshinone in the interaction with STAT3. To support this
hypothesis, commercially available compoun8$X-6 Table 13 were selected on the basis
of their similarity with Cryptotanshinone, and tested by the AlphaScreen-based d$8ay.
This allowed the evaluation of the binding of srmatllecules to a specific portion of STAT3-
SH2 domain, and the results obtained confirmedpthgtive influence of thertho-quinone
moiety in the interaction with STAT3. Accordingttte data Table 13, thel,2-naftoquinone
was the most active compound among the tested tdmestroduction of bulky substituents
on this molecule reduced its activity. Moreoversplee the activity of derivativeST2-ST5
being lower than ST1, they still had interesting inhibitory values. ®nIST6,
dibenzothiophene sulfoneharacterized by a five-membered central core witsulfone

moiety, was inactive.
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% inhibition
(50 uM)
Structure Chemical name ) —
= = N
= = £
" n O]

(o¢]

[¢]
o 1,2-naphtoquinone 1,5 99,0 52,2
ST1
O‘ ST2 phenantrene quinone 54,5 31,6 40,9
o)
o)
(o)

O‘ ST3 B-lapachone 22,6 20,2 17,2
o]
]
o
)
4-butoxy-1,2-
ST4 _ 21,8 26,9 28,0
naphtoquinone
o
(o]
henylanilino-1,2-
O‘ sts prenyianir 525 428 487
: naphtoquinone

STé6 dibenzothiophene
-14,0 0,3 -9,4
sulfone

@ Grb2: Growth factor receptor-bound protein 2

Table 13.% inhibition of STAT3, STAT1 and Grb2 of compoun831-ST6 as determined by AlphaScreen

assay.
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In light of these results, a series of compoundsjvdd from a simplification of the
Cryptotanshinone structure, were synthesized, cheniaed by the presence of only two rings

and by theortho-quinone moietyKigure 33).

Cryptotanshinone
0 0 0 0
o) o) o
o o o o
o1 O1a
o) 0 0 o)
o 0 o) o
A\ A\
o o o] o)
02

Figure 33.Designed simplified analogues Gfyptotanshinone.

Among the planned derivatives, compoufdisandO1a, along withO2, were already known
in the literaturé® However, upon synthesis produ@i was found to be unstable at room
temperaturé® whilst Ola could not be isolated, due to its volatility anigthreactivity'®’
No such problems arose with the synthesi®2f Since producD1 is most directly related to
Cryptotanshinone, molecular docking studies havenljgerformed on produ€?2 (Chapter
3.4.3) to predict its potential binding to the STATH2 domain.

3.4.2 Molecular docking studies

Molecular modeling studies were carried out in otdeverify if the synthesized producR)
02, (SY02, and the intermediat&}41, (S)41 (as a control)Kigure 34), could interact with
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STATS3. Molecular docking calculations were perfodrte evaluate the binding affinity of
these compounds with the STAT3-SH2 domain and topaoe the results to those obtained
in the previous computational studies. STAT3 strgt co-crystallized with a DNA
fragment, was downloaded from the Protein Data B4n{DB ID 1BG1®*9) and was
dimerized applying the transformation matrix asorégd in the PDB file. The model was
completed adding the hydrogens in two steps: 1pTAT3, applying the algorithm for
proteins; 2) to DNA, applying the algorithm for teic acids. In both cases, we used the
features included in the VEGA ZZ packag®Atom charges (Gasteiger — Marsili metfhioy
and potentials (CHARMM 22 for proteiti$ and nucleic acid$®®) were assigned to the
obtained structure. Finally, the model was optidizéhrough a conjugate gradients
minimization (30.000 steps) in order to reduce hifgh-energy sterical interactions. In order
to preserve the experimental data, atom constrawgse applied to protein and DNA
backbones. This step was carried out by NAMD'%.itegrated in the VEGA ZZ graphic
environment. In order to perform the molecular dogkstudies, all considered compounds
were built by ISIS/Draw and automatically converted 3D by VEGA ZZ. For chiral
molecules that in the considered set include only chiral center, both sterecisomers were
built and docked as two different chemical entities

Finally, a semi-empirical calculation was performex optimize the structures (Mopac
2009!%° PM6 PRECISE keywords) which were included in a 8®Uatabase, in order to
convert them in a suitable file format readablednDock, the in-home made structure-based
virtual screening system. This software, especidigigned to run on HPC and GRID
hardware, is a front-end to the well knownAutoDdcgackage?® More in detail, GriDock is
able to extract each molecule from a database @mperform a docking calculation running
AutoDock 4. Before runningGriDock, the grid mapguied to evaluate docking score were
calculated, selecting the atoms included in a sphafr 12 A radius centred on the
phosphorylated Tyr-705 (PTR-705 in the PDB filepieh is known to play a pivotal role in
the STAT3 dimerization and activation. This phases warried out by AutoGrid 4 interfaced
to VEGA ZZ. All considered potential STAT3 ligansleere docked by GriDock/AutoDock
using the genetic-algorithm search and generatihgpdssible solutions for each molecule.
Previous computational studies showed that at leastbinding pockets are present in the

SH2 domain: the phosphotyrosine binding sid R-pockét involved in the dimerization
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process and Cryptotanshinone pock&RY -pockégtthat is close to the previous one, but isn’t
directly involved in the protein-protein interagtid~or this reason, for each ligand, two poses
were chosen for each binding site on the basi®©i@fbinding energy and the quality of the
ligand-protein interactions. All complexes were mmized by NAMD (conjugate gradients,
10.000 steps), keeping the atoms fixed outside filmenspheroid defined by a layer of 12A
thickness around the ligand. For each optimized ptexy some docking scores were
calculated in order to obtain more reliable and parable results: non-bondR*Lennard-
Johnes interaction energy calculated by both CHARMRI and CVFE’ force fields,
electrostatic energy calculated by classical Cobloeguation and distance-dependent
equation in which the distance between two charge®nsidered as square value, binding
energy calculated by AutoDock 4, molecular lipogitly potential interaction scores

(MLPInS)*® to evaluate the hydrophobic interactions.
3.4.3 Docking results

In order to estimate inhibitory activity, the doagiresults of the proposed moleculég @nd
41) were compared t&ryptotanshinone and F2e (Figure 34), whose STAT3 inhibitory
activity had previously been evaluated by experit@legssays.

CF3
Cl
%N
I\ O
N. _N
(0]

Cryptotanshinone Fe
0]
HO 0
- L0
41 02

Figure 34.Structures oCryptotanshinone and compoundg2e, 3, O2.
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In previous docking studies (Chapter 3.1B)e was found to bind the PTR-pocket, and thus
was suitable to analyze the complexes in which imsling site is involved. Since this site
must interact with the large chain bound to thegpihorylated tyrosine of the second subunit,
to perform the protein dimerization, its cavitypieiced on the surface and it is surrounded by
hydrophilic and polar amino acids. For this reastie scores taking into account the
hydrophobic interactions were discarded because weee unable to describe such kinds of

interactions. InTable 14 the non-bonding interaction energies are shown.

Compound CHARMM Elect ElectDD AutoDock

F2d -28,55 -18,69 -10,48  -6,07
(9-02 -22,80 516  -7,31 -5,08
(R)-02 17,77 42,34 -11,40  -4,20
(9-41 -18,51 -12,66 -7,88 -3,65
(R)-41 -19,90 2,93 -2,60 -3,23

Table 14. Docking scores obtained considering the PTR-poeaketarget CHARMM is the interaction energy
calculated by CHARMM force fieldElect and ElectDD are the electrostatic energies calculated by Gollo
equation. ElectDD includes the distance-dependésiedaric constantAutoDock is the interaction energy
calculated by AutoDock software using a modifiedsien of AMBER force field. The data are sorted by

increasing AutoDock energy.

Classifying the molecules by their different enesgiF2e is always ranked first, with the
exception of the electrostatic interaction enerfyt this behaviour can be explained
considering that these scores do not take intowcthe discontinued dielectric, which is
typical of a protein. Sorting the compounds by thaitoDock score, recalculated after the
final minimization, the score difference betweenduct §-02 and F2e is approximately 1
kcal/mol, meaning that the former could be lessvacthan the latter. Arranging by
CHARMM energy, product)-02 always shows a good score. Finally, the CVFF energy
gives very similar results and thus this data leenlomitted inmrable 14

Figure 35 shows the main interactions betwe&)y-Q2 and PTR-pocket amino acids; the
ligand is placed in the same small pocket in wipi€r-705 is inserted when two subunits are

assembled in the dimer. The main interactions werddoth the oxygens of carbonyl groups
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and the guanidine group of Arg-609 by two hydrogends, even if the interaction with Lys-
591, which played a pivotal role to bopd@yr-705, is missing.

\ Pro639
Ser613 _-‘L h — Val637

(™
244 ¢

Arg609 l I
ap. < Ser636
N4
h

Lys591

Glu612

\

Figure 35.Main interactions between produ§{02 and PTR-pocket.

Analyzing the docking results related to tGRY-pocketCryptotanshinone obtains the best
score only with the AutoDock interaction energy,endas, productsS(-O2 and(R)-O2 have
better scores than Cryptotanshinomalfle 15.

Compound MLPINS MLPInS2 MLPIns3 MLPInNSF CHARMM  AutoDock

Cryptotanshinone 5,05 0,89 0,17 1,74 -7,74 -5,42
(R)-02 -9,79 -1,22 -0,18 -1,53 -19,92 -4,76
(9-02 -9,04 -1,05 -0,14 -0,95 -17,76 -3,83
(9-41 9,64 1,29 0,20 1,70 -18,20 -3,61
(R)-41 9,02 1,27 0,21 1,70 -19,11 -3,16

Table 15 Docking scores obtained considering the CRY-pba® a targetMLPIns are the molecular
lipophilicity potential interaction score§HARMM is the interaction energy calculated by CHARMMcier
field, AutoDockis the interaction energy calculated by AutoDookware using modified version of AMBER
force field. The data are sorted by increasing Raitk energy. The electrostatic energies are omittechake

the table more readable.
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For this binding site, the MLPInS scores were cdex®d because the pocket was lined by a
number of hydrophobic amino acids, and these scoocesd evaluate the hydrophobic
interactions that the others were unable to dotir®prthese results by MLPInS scores,
products §-02 and (R)-O2 showed good result$dowever, a comparison oR)-O2 and
Cryptotanshinone found that the ligand poses are not fully overlapi@eigure 36); this
could be due to the different position of the métirpup on the furane ring (2 instead of 3).

Figure 36.Product R)}41 (green carbons) ar@ryptotanshinone (gray carbons) poses @RY-pocket
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3.4.4 Chemistry

3.4.4.1 Synthesis of 3-methylbenzofuran-4,5-dion®{) **°

The synthesis of 3-methylbenzofuran-4,5-dio¥L)( started from the condensation pf
benzoquinone withN-propenylmorpholine36, preparedin situ from morpholine and
propionaldehydé® The obtained dihydrobenzofur&® underwent firstly an acid hydrolysis
of its hemiaminal functionality, and then an oxidaton the phenol ring with IBX, to afford
the final 3-methylbenzofuran-4,5-dion@X) (Scheme 14

HO"HJOJ\/

li
I - CHs o CHs o CHs
ii iii H iv (0]
Ny O D O
@ S ; :
36 37 38 O1

Scheme 14. Reagents and conditions: #) toluene, rt, 18 h; #i) toluene, 0°C, 25 h; iii) HCI 5N, THF,
reflux; iv) IBX, CH,Cl,, tt.

0

3.4.4.2 Synthesis of RYS)-2,6,7-trimethyl-2,3-dihydrobenzofuran-4,5,-dione
((R)-02, (5-02)

(R9-2,6,7-trimethyl-2,3-dihydrobenzofuran-4,5,-diofiR9-02) were obtained starting from
the commercially available 2,3-dimethylhydroquinottewas treated with allyl iodide and
potassium carbonate in acetone to obtain a mixitide(allyloxy)2,3-dimethylphenc89 (the
monoallyl ether) and 1,4-bis(allyloxy)-2,3-dimethghzene (the diallyl ether), which were
separated by flash chromatography. A solutionhaf monoallyl etheB9 in decalin was
heated at 220 °C under pressure (using an autQclagktaining a 5-allyl-2,3-

dimethylbenzene-1,4-dioA0 via Claysen rearrangement. Intermedid® the underwent a
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cyclization to the dihydrobenzofuradd, which was finally oxidized with IBX to afford a

racemic mixture of compour@2. (Scheme 1%

oH OH O/\/
I ; i +
OH /\/O 39 O\/\

E

OH

0
HO iv O
CH; — CHj
o} o}
41

(RS)-02

Scheme 15. Reagents and conditions: i) allyl iodide, K,CO; acetone, reflux; if) decaline, 200 °C,
autoclave; iii) p -toluensulfonic acid, toluene, MW; iv) IBX, CH,Cl,, rt.

3.4.5 Future perspectives

Due to synthetic problems during the preparatiorthef designed compoundBidure 33),
their synthesis has not been completed to datereldre, new synthetic pathways will be
developed in order to obtain the desired molecWNE&seover, as compound?2 is a racemic
mixture, a separation of its enantiomers, usingatithromatography will be performed, and
these will be submitted for biological testing.

However, according to the docking results on th&tlsysized products, the racemic mixture
of compoundO2 turned out to have a potential inhibitory activity the STAT3 pathway, as
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it was able to interact with two different portion$ the SH2 domaini) phosphotyrosine
binding site PTR-pocket which is directly involved in dimerization pr&s ii)
Cryptotanshinone pocke€CRY-pocket close to the previous one but not directly imeal in
dimerization. In order to verify the hypothesesmped out in the docking studies, biological
assays will be performed on all the synthesizedpmmds. In particular, they will be tested
using thein vitro AlphaScreen-based assay to check their ability nbibit STAT3

dimerization through the interaction with the STA$BI2 domain.
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4. FINAL REMARKS

In this research project, various classes of deviea have been investigated in order to
identify lead compounds to further develop as STAI8bitors. Starting from the structure
of molecules, known in literature for their abilityp inhibit STAT3 activity, several
derivatives, by the support of molecular modelimgl alocking studies, were designed and
synthesized. Three main series of molecules wereelolged: the oxadiazoles, the
pyridazinones and thertho-quinone compounds. Their biological investigatlead to the
identification of the oxadiazole derivatif2e, which resembled the structure of its parent
compoundAVS-0288but showed a very different, yet promising, biabad profile. F2e was
found to inhibit STAT3 activity in cancer cells, teng through a direct mechanism: its
binding to the SH2-domain of STAT3 protein was @o\wbyin vitro binding test. Moreover,
anti-proliferative assays on a panel of 58 canadr lmes showed its significant growth
inhibitory activity. ThereforeF2e presents the suitable features to become a |leagamd

for the future development of new derivatives.
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5. EXPERIMENTAL SECTION: CHEMISTRY

5.1 Materials and Methods

All the reagents including solvents were purchafedn Sigma-Aldrich and were used
without any further purification. All reactions ialving air-sensitive reagents were performed
under nitrogen atmosphere and anhydrous solvents wsed when necessary. The Biotage-
Initiator microwave synthesizer was used. The awafsthe reaction was monitored by thin
layer chromatography (TLC) analysis on aluminiunckesl Silica Gel 60 plates (0.2 mm,
Merck) and were visualized under a UV lamp opegptih wavelengths of 254 and 365 nm.
Visualisation was aided by opportune staining raeggéntermediates and final compounds
were purified by flash chromatography using Merdkc& Gel 60 (70-230 mesh). Melting
points were determined in open capillary tubes &iiehi Melting Point B-540. The purity of
final compounds were determinated by HPLC analgsis were=95%. 'H and *C NMR
spectra were recorded at room temperature on @av&00 MHz Oxford instrument. CDLI
CDsOD, acetone¢land DMSO-¢ were used as deuterated solvents for all speaina r
Chemical shifts are expressed in ppm from tetraphgtane resonance in the indicated
solvent (TMS: 0.0 ppm) and coupling constants (dtas) are given in Hertz (HzZ)H NMR
data are reported in the following order: ppm, iplittity (s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet; br, broad), and number ajtpns.
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5.2 Experimental procedures: the oxadiazoles (F1-§3

5.2.1 Synthesis of the key intermediates: the 3-anu-1,2,5-

oxadiazole derivatives (1a-e)

3-amino-4-methyl-1,2 5-oxadiazole (145

/OH
N
HsC OCHCH3 | o HSC\n/\n/ONa NaNO,, HClo, H3C I OH H'
\n/\n/ T -
O O c O O O
(6]
H,C NHon G HoNZNH €
~N 2 2 2
Y Show MO Ty Ty A
(6] HON NOH HON

N—O
7T/NH2
(0]

o}

MG HsG H,C  NH Iy
7/—\\ NaOH }—CN NH,O0H 3 ; ; 2 HoN” “NH,
N N HON

\O/ HON NOH
H3C NH2 H3C NH2
A NaOH >—<
\ al
HON®  N—O - N/ \N
7/ NH2 \O/
o] la

Ethyl acetoacetate (5 g, 38.4 mmol) was added &C1® a solution of NaOH (1.75 g, 43.8
mmol) in water (14.7 mL). The resulting emulsionswatirred for 12 h and NaN{2.9 g,
41.8 mmol) was added. Then 20% H@IB.3 mL, 85.6 mmol) was slowly added dropwise at
10 to 15 °C. The reaction mixture was warmed tonrdemperature and stirred for 14 h.
Sodium hydroxide (4.9 x 10g, 1.23 mmol) followed by a solution of NEIH-HCI (8.2 g,
118.15 mmol) in water (14.7 mL) were added dropwisdter half the solution of
NH,OH-HCI was added, a solution of NaOH (5.32 g, 138rfol) in water (9.8 mL) was
simultaneously added dropwise keeping the temperatnder 30 °C. Then the mixture was
heated to 95 °C for 1.5 to 2 h and urea (1.98 gm®3l) was added in one portion. The
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resulting reaction mixture was refluxed for 3 h @ahdn cooled. The product was extracted
with dichloromethane (3 x 30 mL). The combined agts were washed with water (1 x 30
mL), 5% sodium carbonate (1 x 30 mL), brine (1 xr80Q) and the dried with anhydrous
NaSOy. The solvent was removéda (0.76 g, 7.7 mmol) was obtained.

+  White solid

+ Yield: 20%

« TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.27

« M.p.72-73°C

- H NMR (CDCE) 2.30 (s, 3H, CH), 4.10 (br s, 2H, Nb exchangeable with D)

3-amino-1,2,5-oxadiazole-4-carboxylic acid (%

NOH | Naom, KoH H,N NOH HOOC NH,
NaNO, 2.NH,0H
AN H SN HCl I\
— [ B
EtOOC CN EtOOC CN HON COOK N\O/N
2

To a stirred emulsion of ethyl cyanoacetate (5492 4nmol) and sodium nitrite (3.1 g, 44.2
mmol) in a mixture of ethanol (3.1 mL) and wateb.@8 mL), 85% HPO, (1.8 mL) was
added dropwise at 25-30 °C. After 1 h, the mixtwes cooled to 10 °C, stirred for a further
12 h and treated with sodium hydroxide (4 x 1.8 ¢5.8 mmol) and potassium hydroxide (2
x 2.5 g, 88.4 mmol). To the resulting emulsion J&H-HCI (12.3 g, 176.8 mmol) was slowly
added at room temperature. The mixture was heate2b+100 °C for 2 h and a yellow
solution was obtained, which was then cooled tomraemperature and quenched with
concentrated HCI to pH = 1. Precipitation occuroed cooling to 0-5 °C for 6 h and the
precipitate was collected by filtration and driddhe filtrate was extracted with diethyl ether
(3 x 20 mL) and the combined organic extracts vexaporated under reduced pressure. The
residue was collected with the previously obtaipeztipitate. Compoun#® was obtained as a
white solid (4 g, 30.9 mmol).

« Yield: 70%

» TLC (dichloromethane/methanol 8.2) Rf =0.33

+ M.p. 214-215°C
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« H NMR (DMSO-dg): 6.31 (s, 2H, NH, exchangeable with {0) 9.1 (br s, 1H, OH,
exchangeable with f@). **C NMR (DMSOdg): 140.4 C-CO,H), 156.8 C-NH,),
160.5 C=0).

Ethyl 3-amino-1,2,5-oxadiazole-4-carboxylate (1b)

HOOC NH» H3;COOC NH,
7\ 96% H,SO, I\
N_ _N . N_ _N
o) reflux ~0
2 1b

Compound2 (4 g, 30.9 mmolwas suspended in methanol (8 mL) and 9638® (1 mL)
was added dropwise. The obtained solution was xeflufor 2 h. Then, the solvent was
removed, the residue was diluted with dichlorome¢héb0 mL) and washed with water (1 x
20 mL) and 0.1 M NaOH (1 x 20 mL). The organic layeas dried over anhydrous p&O,
and concentrateph vacuoto give a solid which was recrystallized from eblorm (1:9) to
give esterlb (4.1 g, 28.7 mmol).

+  White solid

« Yield: 93%

« TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.55

« M.p. 120-122 °C

- H NMR (CDCk) 4.0 (s, 3H, Ch), 5.0 (s, 2H, NH exchangeable with D).

3-amino-4-hydroxymethyl-1,2,5-oxadiazole (1c)
H3COOC NH, HOH,C NH;

7\ LiAlH, I
N. _N - N_ _N
(0] (@)
1b 1c

To a stirred suspension of LIAH1.60 g, 42 mmol) in dry tetrahydrofurane (5 mL)0a’C

under nitrogen atmosphere, a solutionlbf(1.20 g, 8.4 mmol) in dry tetrahydrofurane (2
mL) was added dropwise. The suspension was theaedstit room temperature for 2 h. The
reaction was quenched by slowly adding cold wa8em() and basified with acqueous 2 N
NaOH (2 mL) to pH = 10-11. The mixture was thdtefed and the precipitated aluminium
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salts washed with ethyl acetate (3 x 3 mL). The&ratié was dried with N&O, and
concentrated under reduced pressure to affordxpeceed compoundic as a thick yellow oil
which was used without any further purificatiortlre next step.

+ Quantitaitve yield

« TLC (petroleum ether/ethyl acetate 1:1) Rf = 0.5

- 'H NMR (CD;OD) 4.85 (s, 2H, Ch).

(4-amino-1,2,5-oxadiazole-3-yl)methyl-methyl-carboate (7)

HOH,C NH-» CH;0COClI H3;COOCOH,C NH,

NEt
/ \ -3 . / \
N_ N N_ _N
o) rt o)
1c 7

To a stirred solution ofc (0.1 g, 0.87 mmol) in tetrahydrofurane (2 mL) d@ndthylamine
(0.18 mL, 1.3 mmol) at 0 °C was added methyl cHmmate (0.11 mL, 1.3 mmol) dropwise
and a yellow solid precipitated. The resulting mnetwas stirred at rt for 12 h. The reaction
was diluted with water (2 mL) and extracted withyétacetate (3 x 2 mL). The organic layers
were collected, dried over PO, and evaporated under reduced pressure. The eegidsi
then purified by flash chromatography (eluent: pletum ether/ethyl acetate 7:3) to afford the
compound? as a yellow/orange oil (0.141 g, 0.82 mmol).

« Yield: 94%.

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.3

- 'H NMR (CDCk) 3.80 (s, 3H, OCH), 4.70 (br s, 2H, Nb), 5.25 (s, 2H, CkD).

108



Chapter 5 — EXPERIMENTAL SECTION: CHEMISTRY

3-amino-4-phenyl-1,2,5-oxadiazole (147
OH

7

N
I

Ph \I(\H/OCHZCHB NaOH Ph\n/\n/ONa NaNO,, HC10, Ph OH H
—_— —_— —_—
O (0]

o 0} 0o O

Q Ph

Ph NH,OH i HQN)LNHZ A
\g/\NOH NH,0H = N 7\

—_—
HON  NOH HON  N—O
>]/NH2
o}

O
Ph Ph

Ph NH A
NH,OH HoN™ "NH
>/_\\ NaOH >_CN 2 2 2! 2
N HON HON  NOH
0
Ph NH, Ph NH,
A
}—<\ >/ \<
HON  N—O — N__N
7//NH2 0
L 1d

Ethyl benzoylacetate (5 g, 26 mmol) was added 4 @o a solution of NaOH (1.14 g, 28.6
mmol) in water (13 mL) and the resulting mixturesvairred for 12 h. Sodium nitrite (2.15 g,
31.2 mmol) was added and then 20% HO(®7 mL, 59.8 mmol) was slowly added dropwise
at temperature< 10 °C. After the addition of the acid was congtke the reaction mixture
was warmed to room temperature and left for 14HenTa solution of NbOH-HCI (7.23 g,
104 mmol) in water (13 mL) was added dropwise withorous stirring. After half the
solution of NHOH-HCI was added, a solution of NaOH (4.68 g, 1h#aty in water (13 mL)
was simultaneously added dropwise at a temperdwer than 30 °C. Then the mixture was
heated to 95 °C for 2 h and urea (1.56 g, 26 mnvah added in one portion. The resulting
mixture was refluxed for 3 h and cooled. The wipitecipitate was filtered off, washed with
water and dried. The obtained solid was purified flash chromatography (petroleum
ether/ethyl acetate 7:3) to affotd as a white solid (1.42 g, 8.84 mmol).

+ Yield: 34%

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.45

+ M.p. 99.5-100.5 °C

- 'H NMR (CDCk) 4.20 (br s, 2H, N exchangeable with ), 7.55 (m, 3H), 7.75

(m, 2H).
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4-chloro benzaldehyde oxime (3)

NH,OH-HCI
H NaHCO 3
cl ref Tux

To 4-chloro benzaldehyde (5 g, 35.6 mmol) in meth&h00 mL) were added NJ@H-HCI
(3 g, 47.7 mmol) and NaHCG{3.6 g, 42.7 mmol). The mixture was refluxed unsiring
for 2 h, subsequently water (100 mL) was added and thesrgtowas evaporated under
vacuum. The aqueous phase was extracted with atleyhte (3 x 30 mL), the organic solvent
dried over NaSO, and evaporated under reduced pressure to obioxime intermediat8
as a white solid (5.43 g, 34.9 mmol).

« Yield: 98%

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.60

- 'H NMR (CDCk) 7.42-7.47 (d, 2H, J= 9.6 Hz, ArH), 7.50-7.56 2, J= 9.6 Hz,

ArH), 8.10 (s, 1H, CH), 10.00 (s, 1H, NH).

4-chloro benzoyl chloride oxime (4)

N,OH N/OH

' |
/@/‘\H NCS /@)\CI
Cl cl

reflux
3 4

The intermediate3 (5.45 g, 35 mmol) and NCS (4.67 g, 35 mmol) werssalved in
dimethylformamide (150 mL) and the solution wasret for 12 h at rtAfter addition of
water (100 mL) to the reaction mixture, the aquesmlstion was extracted by ethyl acetate (3
x 50 mL). The organic phases were collected, doedr NaSO, and evaporated under
vacuum to give a yellow oil of crude hydroxylimirderivative 4 that was directly used
without further purification in the next reaction.

« TLC (petroleum ether/ethyl acetate 9:1) Rf = 0.60
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2-(4-chlorophenyl)-2-(hydroxyimino)acetonitrile (5)
H

Nl/OH NI,o
/©)\CI KCN /©/j\0N
Cl rt Cl
4 5

The derivative4 (6.65 g, 35 mmol) was dissolved in diethyl ethE0Q mL) and cooled at
0°C. A solution of KCN (4.56 g, 70 mmol) dissolvedwater (100 mL) was added and the
reaction mixture was stirred at fdr 5 h, subsequently water (30 mL) was added &ed t
aqueous phase was extracted by ethyl acetate @3n3. The organic solvent was dried over
N&SO, and evaporated under reduced pressure. The resiéige purified by flash
chromatography (eluent: petroleum ether/ethyl aeeddl) to obtairb as a light yellow solid
(5.67 g, 31.5 mmol).

« Yield: 90%

« TLC (petroleum ether/ethyl acetate 8:2) Rf = 0.50

- 'H NMR (CDCk) 7.55-7.63 (d, 2H, J= 9.6 Hz, ArH), 7.65-7.73 &, J= 9.6 Hz,

ArH), 8.95 (br s, 1H, OH).

2-(4-chlorophenyl)N’-hydroxy-2-(hydroxyimino)acetamidine (6)

-OH
N,OH N o

' NH,OH HCI | __NH,
CN  NaliCO; |
Cl reflux Cl N “OH

5 6
To the intermediat® (5.69 g, 31.5 mmol) in methanol (150 mL) were addi#db,OH-HCI
(3.27 g, 47 mmol) and NaHG®3.95 g, 47 mmol). The mixture was refluxeader stirring
for 12 h. After addition of water (100 mL), thelhgent was removed under vacuum. The

agueous phase was extracted by ethyl acetate (B L3, the organic solvent dried over
NaSO, and evaporated under reduced pressure to givertide acetamidine intermedidie
that was directly used without further purificationthe next reaction.

+ TLC (petroleum ether/ethyl acetate 6:4) Rf = 0.30
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4-(4-chlorophenyl)-1,2,5-oxadiazol-3-amine (1e)

Cl
.OH
ﬂ 0]
NHz  oNwaon NH
N\ I
cl “OH reflux N_ _N
O
6 le

The derivatives (6.72 g, 31.5 mmol) was dissolved in 2 N NaOH (b@10) and the solution
was refluxed under stirring for 12 h. The mixturasacooled to rt and the formed precipitate
was collected by filtration and washed with watéompoundle was obtained as a white
crystalline solid (2.7 g, 13.8 mmol).

« Yield: 44%

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.6

- 'H NMR (CDCk) 4.20 (br s, 2H, Nb), 7.50-7.55 (d, 2H, J=9.6 Hz, ArH), 7.62-7.67

(d, 2H, J=9.6 Hz, ArH).

5.2.2 Synthesis of the 4-substituted 1,2,5-oxadidf®yl ureido

derivatives (Fla-f)

1-(4-methyl-1,2,5-oxadiazol-3-yl)-3-phenylurea (Fla

H
HsC NH HsC N_ N
S~ > PENCO S—( N
/ . N\ Y
N_ _N N_ _N
o rt o
la Fla

3-amino-4-methyl-1,2,5-oxadiazolda (5 x 10° g, 0.50 mmol) was solubilized in
tetrahydrofurane and phenyl isocyanate (8.1 %¢,00.68 mmol) was added. The mixture was
stirred at rt for 24 h. The reaction mixture wasagwated and purified with flash
chromatography on silica gel eluting with petroleether/ethyl acetate 7:3 to gi¥a as
white solid (6.55 x 18 g, 0.3 mmol).

+ Yield: 60%

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.3
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. H NMR (CDCk) 2.35 (s, 3H, Ch), 7.20-7.60 (m, 5H, ArH), 8.95 (br s, 1H, NH),
9.40 (br s, 1H, NH).

Synthesis of 1-(4-methyl-1,2,5-oxadiazol-3-yl)-3-beylurea (Flaa)

>/_\< ® PhCH,NCO H CHN\(

1a Flaa
3-amino-4-methyl-1,2,5-oxadiazoleld) (50 mg, 0.50 mmol) was mixed with benzyl

isocyanate (101 mg, 0.76 mmol) in neat conditidriee mixture was stirred at rt for 2 days.
The reaction mixture was purified with flash chraomgaphy on silica gel eluting with
cyclohexane/ethyl acetate/methanol 6:3.8:0.2 te Ghaa (9.4 x 107 g, 0.40 mmol).
+  White solid
+ Yield: 80%
- 'H NMR (CDCH) 2.35 (s, 3H, Ch), 4.55 (d, 2H, Ch), 7.20-7.40 (m, 5H, ArH), 7.90
(br s, 1H, NH), 9.90 (br s, 1H, NH).

General procedure A for the synthesis of the 4-subtuted-1,2,5-oxadiazol-3-yl ureido

derivatives (F1b-f) under microwave irradiation.

To a solution of the appropriate 3-amino-1,2,5-axaole (0.50 mmol) in toluene (1.5 mL),
the suitable isocyanate (0.60 mmol) was added ahe reaction mixture was irradiated in a
microwave synthesizer at 300 Watts at a temperanfire0 °C for 20 min. Purification

conditions are specified in the description of epidduct.

Methyl 4-(3-phenylureido)-1,2,5-oxadiazole-3-carbopate (F1b)

H

H
H3COOC NH, HsCOO0C N\(N
;/ \< . )/ \(
N_ N N. N O
O \O/
1b F1b
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General procedure A was followed to prepare thal ftompound-1b from intermediatelb.
Purification by flash chromatography (petroleumeetbthyl acetate 8:2) ga¥db as a white
solid.

« Yield: 60%

+ TLC (petroleum ether/ethyl acetate 1:1) Rf = 0.4

«  M.p. 200-201 °C

- 'H NMR (CDCk) 4.0 (s, 3H,0CH), 6.45 (s, 2H, NH), 7.30-7.40 (m, 5H, ArH).

(4-(3-benzylureido)-1,2,5-oxadiazol-3-yl)methyl métyl carbonate (8)°°

H

H
HsCOOCOH,C NH, HsCOOCOH,C NW(N
N N
N\ /N N\ /N
o) o)
7 8

General procedure A was followed to prepare thal fcompound8 from intermediater.
After the cooling of the vial, a white jelly-likeokd began to precipitate. The sol&lwas
filtrated and washed with toluene.
« Yield: 35%
« TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.3
- 'H NMR (CDCk) 3.80 (s, 3H, OC#H), 5.40 (d, 2H, CHD), 7.20 (d, 2H, ArH), 7.40
(t, 2H, ArH), 7.60 (t, 2H, ArH), 8.60 (s, 1H, NH9,20 (s, 1H, NH).

(4-(3-phenylureido)-1,2,5-oxadiazol-3-yl)methyl métyl carbonate (9)°°

N \/@
H
H3COOCOH,C NH, HzCOOCOH,C N \(N

\ >

/T~

/ N\
N N. N ©

NO 0

7 9
General procedure A was followed to prepare thal fatompound9 from intermediatey.
After the cooling of the vial, a white jelly-likeobd began to precipitate. The soldwas
filtrated and washed with toluene.
+ Yield: 31%
+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.3
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- 'H NMR (CDCk) 3.80 (s, 3H, OCH), 5.40 (d, 2H, CHO), 7.20 (d, 2H, ArH),
7.40 (t, 2H, ArH), 7.60 (t, 2H, ArH), 8.60 (s, 1NH), 9.20 (s, 1H, NH).

Synthesis of 1-phenyl-3-3(4-phenyl-1,2,5-oxadiaz8kyl)urea (F1d)

H H
N N

I . X \g @
N_ _N N_ _N

O O

1d F1d

General procedure A was followed to prepare thal ftompound-1d from intermediateld.
Purification by flash chromatography (eluent: darbimethane/petroleum ether/ethyl acetate
7:2.5:0.5) gavé-1d as a white solid.

+ Yield: 86%

- M.p.151-152 °C

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.3

- 'H NMR (CDCk) 6.85 (br s, 1H, NH), 7.20-7.60 (m, 10H, ArH), 5.®r s, 1H, NH).

1-benzyl-3-(4-phenyl-1,2,5-oxadiazol-3-yl)urea (F1t)

H H\/©
/\—2 N
Q_<NH2 N\(

7\ . 7\, o

N_ _N N_ _N

\O/ O

1d Fldd

General procedure A was followed to prepare thal tompound-1dd from intermediateld.
Purification by flash chromatography (eluent: pktwon ether/ethyl acetate 7.5:2.5) gave
F1dd as a yellowish solid.

+ Yield: 20%

+  M.p. 154-155 °C

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.3

- 'H NMR (CDCh) 4.55 (d, 2H, Ch)), 7.10 (br s, 1H, NH), 7.25-7.65 (10H, m, ArH),

7.75 (br s, 1H, NH).
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Synthesis of 1-phenyl-3-3(4-phenyl-1,2,5-oxadiaz8kyl)urea (F1ddd)

/N N\ /N CF
O O
1d Filddd

3

General procedure A was followed to prepare thal ftompound-1d from intermediateld.
Purification by flash chromatography (eluent: dazbimethane/petroleum ether/ethyl acetate
7:2.5:0.5) gavé-1ddd as a white solid.

« Yield: 70%

+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.35

- 'H NMR (CDCk) 6.85 (br s, 1H, NH), 7.30-7.70 (m, 9H, ArH), 9.5 s, 1H, NH).

General procedure B for the deprotection of the cdyonate protecting group to obtain
the products Flc and F1c¢®®

The appropriate carbonate (0.21 mmol) was dissaivel®o solution of KCO; in methanol
(2 mL) and the resulting solution was stirred dtuse for 2 h. After completion of the
reaction, methanol was removed in vacuo. The residas diluted with ethyl acetate (3 mL)
and washed with water (2 x 1 mL). The organic piveas dried with Nz&5O, and evaporated

to obtain the final alcohol.

1-(4-(hydroxymethyl)-1,2,5-oxadiazol-3-yl)-3-phenylrea (F1c)

H
H
H300000HZC HOH,C N \(N
\ / N

\/

(0]

8 Flc
General procedure B was followed to prepare thal faompoundF1c (white solid) from

intermediates.
+ Quantitative yield.
+ TLC (petroleum ether/ethyl acetate 6:4) Rf = 0.3
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- 'H NMR (CD;OD) 4.85 (d, 2H, Ch), 7.10 (d, 1H, ArH), 7.30 (t, 2H, ArH), 7.50 (t,
2H, ArH).

1-(4-(hydroxymethyl)-1,2,5-oxadiazol-3-yl)-3-benzyirea (F1lcc)

H,COOCOH,C. N Hv@ HOH.C. N HQ
Y -

/7 \
N. _N
o} @)

9 Flcc

General procedure B was followed to prepare thal faeompoundrlcc (white solid) from
intermediated.
+ Quantitative yield.
« M.p. 159.3-162 °C
+ TLC (petroleum ether/ethyl acetate 6:4) Rf = 0.3
- 'H NMR (CDCH) 4.55 (d, 2H, CH), 4.80 (s, 2H, Ch), 7.25-7.40 (m, 5H, ArH), 8.10
(s, 1H, NH), 10.30 (s, 1H, NH).

General procedure C for the synthesis of the cyclibemiaminals 10 and 11°®

To an ice-cold solution of the suitable alcohol2®.mmol) in dry dichloromethan@.5
mL), Dess-Martin Periodinane (0.31 mmol) was addedne portion. The reaction was
stirred at 0 °C for 30 min and then at rt for 24Tlhe reaction was quenched at 0 °C by
stirring with a saturated aqueous solutions 0@z (1 mL) and of NaHC@(1 mL) for

10 min, to destroy any unreacted Dess-Martin reag&he organic phase was then
separated, dried over 80O, and concentrated in vacuo. The crude product wasied

by flash chromatography (eluent: petroleum ethbyleticetate 6:4) to give the cyclic
hemiaminal.
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6-phenyl-7-hydroxy-6,7-dihydro-[1,2,5]oxadiazol-[34-d]-pyrimidin-5(4H)-one (10)

Ph. O
H H N
HOH,C NW(N HO>S_<NH
. \© — I
N. _N —
0 0
Flc 10

General procedure C was followed to prepare tred iompoundLO (light yellow solid)from
intermediate-1c.

« Yield: 80%

+ TLC (petroleum ether/ethyl acetate 1:1) Rf = 0.7

+ M.p. 182-184 °C

- 'H NMR (CDCk) 6.35 (d, 1H, CH), 7.30-7.50 (m, 5H, ArH), 7.55, (tH, OH),
11.40 (s, 1H, NH).

6-benzyl-7-hydroxy-6,7-dihydro-[1,2,5]oxadiazol-[3-d]-pyrimidin-5(4H)-one (11).

<Ph
0
HOH,C N Hv@ " NA/<NH
! sl
0 0
Flcc 11
General procedure C was followed to prepare tred iompound.1 (light yellow solid)from
intermediate~1cc
« Yield 85%
+ TLC (petroleum ether/ethyl acetate 1:1) Rf = 0.7
+ M.p. 194-196 °C
- 'H NMR (DMSO-d) 4.40 (d, 1H, J=15 Hz, G} 4.90 (d, 1H, J=15 Hz, Gij 6.10
(d, 1H, J=9 Hz, CH, collapses to a singlet ogODexchange), 7.20-7.30 (m, 5H,
ArH), 7.40 (d, 1H, J=9 Hz, -OH, exchangeable withOp 11.3 (s, 1H, -NH-,
exchangeable with f@); **C NMR (DMSO-@) 40.80 (CH), 70.35 (CH-OH),
120.80 (CHy), 120.85 (2 x Chh), 120.90 (2 x Ch), 130.80 (€), 140.40
(CH%;0), 150.05 (€), 150.10 (C=0).
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General procedure D for the synthesis of the styryderivatives E/Z-F1g and E/Z-
F1gg)*

A mixture of the required cyclic hemiaminal (0.20mml), benzyltriphenylphosphonium
chloride (0.23 mmol), KCO; (0.43 mmol), 18-crown-6 (catalytic quantity), and
tetrahudrofurane (2 mL) as a solvent was stirredediux for 1 h. The solvent was
evaporated in vacuo, the residue was treated witteland extracted with ethyl acetate (3
x 1 mL). The organic layer was dried over,88, and evaporateth vacua The products

were purified by flash chromatography (eluent: pietum ether/ethyl acetate 7:3).

1-phenyl-3-(4-styryl-1,2,5-oxadiazol-3-yl)ureak,Z-F19)

B4 i iwe
\

v
) NH —_— HNJJ\N — HN)J\NH
HO H

\ I\ +

N N_ _N N

(o) O (0]

v (N
10 E-Flg Z-Flg
General procedure D was followed to prepare tha iompouncE,Z-F1g from intermediate
10.
DerivativeE-F1g (yellow solid)
+ Yield: 55%
+ TLC (cyclohexane/ethyl acetate 6:4) Rf = 0.7
+ M.p. 201-203 °C
- 'H NMR (CDCk) 7.03 (d, 1H, J= 15.1 Hz, CH), 7.10-7.57 (m, 1@%H), 7.61 (d,
1H, J=15.1 Hz, CH), 8.70 (br s, 1H, NH), 9.45 ¢biH, NH);
DerivativeZ-F1g (yellow solid)
« Yield: 25%
+ TLC (cyclohexane/ethyl acetate 6:4) Rf = 0.5
+ M.p. 173-175°C
« 'H NMR (CDCk) 6.51 (d, 1H, J= 12.1 Hz, CH), 7.03 (br s, 1H, NFAX9 (d, 1H,
J=12.1 Hz, CH), 7.10-7.50 (m, 10H, ArH), 9.17 &riH, NH).
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1-benzyl-3-(4-styryl-1,2,5-oxadiazol-3-yl)ureak,Z-F1gg).

<Ph
0 o o
H';>SN_<_<NH - Q—»_?NJ\H/\Q — HN)J\NH/\©
I3 g Xols
6) O @)
11 E-Flgg Z-Flgg
General procedure D was followed to prepare thelfioompoundE,Z-F1gg from
intermediatel 1.
DerivativeE-F1gg (pale yellow solid)
« Yield: 50%
+ TLC (cyclohexane/ethyl acetate 6:4) Rf = 0.7
+ M.p. 192-194 °C
- 'H NMR (CDCk) 4.59 (d, 2H, J=5.7 Hz, G} 7.20 (d, 1H, J= 15.5 Hz, CH), 7.20-
7.67 (m, 10H, ArH), 7.60 (d, 1H, J= 15.5 Hz, CH)9d (t, 1H, J=5.7 Hz, NH),
9.96 (br s, 1H, NH);
DerivativeZ-F1gg (yellow solid)
+ Yield: 19%
+ TLC (cyclohexane/ethyl acetate 6:4) Rf = 0.5
- M.p. 170-172 °C
- 'H NMR (CDCk) 4.48 (d, 2H, J=5.7 Hz, G} 6.44 (d, 1H, J= 12.2 Hz, CH), 7.11
(d, 1H, J= 12.2 Hz, CH), 7.20-7.40 (m, 10H, ArH)58 (t, 1H, J=5.7 Hz, NH),
9.60 (s, 1H, NH).

5.2.3 Synthesis of the 4-substituted 1,2,5-oxadidf»yl amido

derivatives (F2a-e)

Method 1 (F2a, c). To a solution of the suitable aminka, ¢ (0.51 mmol) in dry
tetrahydrofurane (2 mL) cooled at 0 °C, phenyl wceftloride (0.070 mL, 0.53 mmol) in dry
tetrahydrofurane (0.5 mL) was added dropwise. Nagi@®3 mmol) was then added and the

resulting mixture was stirred at room temperatune 3 h. The reaction was monitored by
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TLC until completion, then quenched with distillegter (2 mL) and extracted with ethyl
acetate (3 x 1 mL). The combined organic layersewdnied with NaSQ,, filtrated and

concentrated under vacuum.

Method 2 (F2d, e).A solution of the suitable aminkd, e (0.31 mmol) in dry toluene (0.6
mL) and diethyl ethef0.2 mL) was cooled to 0 °C with an ice/water batid treated with
pyridine (0.03 mL). Phenyl acetyl chloride (0.05 niL.33 mmol) was then added dropwise.
The mixture was stirred for 30 min at O °C and tifi@n5 h at rt. The solvent was removed

under vacuum and the crude product was purifietlasih chromatography.

N-(4-methyl-1,2,5-oxadiazol-3-yl)-2-phenylacetamidé-2a)

2
H3C NH, HsC HN

't
N N

\O/ \O/

- /N

la F2a

Method 1 was followed for the synthesis [62a starting fromla. Purification with flash
chromatography (eluent: petroleum ether/ethyl deetd:2) was performed as to obt&Ra
as a white solid.

« Yield: 90%

+ TLC (petroleum ether/ethyl acetate 8:2) Rf =0.35

. M.p. 135.7-137 °C

- 'H NMR (CDCk) 2.40 (s, 3H, CH), 3.80 (s, 2H, Ch), 7.30-7.50 (m, 5H, ArH), 8.50

(br s, 1H, NH).

4-(2-phenylacetamido)-1,2,5-oxadiazole-3-methylcadxylate (F2b)

2 0
H3zCOOC NH» H3zCOOC HN

/A
N

Y

/N
N, N — N
o o)
1b F2b
To a solution ofLb (5 x 107 g, 0.35 mmol) in dichloromethane (1 mL), phenytgtchloride

(0.049 mL, 0.42 mmol) and EDAC (8.05 x4@ng, 0.42 mmol) were added. The solution
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was brought to pH 7 with 2 drops dFmethylmorfoline and stirred for 24 h at rt. Then
solvent was removed under vacuum, the residueedilwith dichloromethang mL) and
washed respectively with: 1N HCI (3 x 1 mL), satadasolution of NaHC®(3 x 1 mL),
water (2 x 1 mL) and brine (2 x 1 mL). The solvesats dried with Ng5O, and evaporated.
The crude product was purified by flash chromatpgya (eluent: petroleum ether/ethyl
acetate 8:2) to obtain the white sdfizlb (6 x 10° mg, 0.23 mmol).

+ Yield: 66%

+ TLC (petroleum ether/ethyl acetate 8:2) Rf =0.4

+  M.p. 98-99°C

- "M NMR (CDCk) 3.90 (2 H, s, Ch), 3.95 (3 H, s, OCH, 7.35-7.50 (5 H, m, ArH),

8.80 (1 H, br s, NH).

N-(4-(hydroxymethyl)-1,2,5-oxadiazol-3-yl)-2-phenydcetiamide (F2c)

jT\/@
HOH,C NH HOH,C HN

;/ \< ;/ \<
N N 7 N N A7
(@)
1c F2c

Method 1 was followed for the synthesis B2c starting from1c. Purification with flash

chromatography (eluent: petroleum ether/ethyl deetd.5:3.5) was performed as to obtain
F2c as a white solid.

+ Yield: 22%

+ TLC (petroleum ether/ethyl acetate 7.5:3.5) R£350

+  M.p. 133-134°C

- 'H NMR (CDChk) 3.20 (1L H, br s, NH), 3.85 (2 H, s, ©H4.80 (2 H, s, OC}}, 7.30-
7.50 (5 H, m, ArH), 8.10 (1 H, br s, OH).

2-phenyl-N-(4-phenyl-1,2,5-oxadiazol-3-yl)acetamid@-2d)

w
NH2 HN

N_ _N

/ O~

1d F2d
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Method 2 was followed for the synthesis F2d starting from1d. Purification with flash
chromatography (eluent: petroleum ether/ethyl aeet@:1) was performed as to obt&ad
as a white solid.

+ Yield: 58%

+ TLC (petroleum ether/ethyl acetate 9:1) Rf = 0.4

+ M.p. 97-98.5°C

- "M NMR (CDCk) 1.55 (1 H, br s, NH), 3.85 (2 H, s, @H7.30-7.50 (10 H, m, ArH).

N-(4-(4-chlorophenyl)-1,2,5-oxadiazol-3-yl)-4-(triluoromethyl)benzamide (F2e)

Cl Cl
(0]
/N !\
N\ /N N\ /N CF3
O O
le F2e

Method 2 was followed for the synthesis [E2e starting fromle Purification with flash
chromatography (eluent: petroleum ether/ethyl deetal) was performed as to obt&iPe as
a white solid.
+ Yield: 50%
+ TLC (petroleum ether/ethyl acetate 9:1) Rf = 0.4
« M.p.111-114°C
« 'H NMR (acetone-g) 7.54-7.59 (d, 2H, ArH), 7.85-7.89 (m, 2H, ArH).93 (d, 2H,
J=8.1 Hz, ArH), 8.25 (d, 2H, J=8.1 Hz, ArH)
- 13C NMR (acetone 124.9, 125.9, 126.0, 128.3, 128.51, 133.5, 13838,4, 136.5,
150.04, 151.0, 165.4

« Cell proliferation assay: ségpendix |

5.2.4 Synthesis of the 4-substituted 1,2,5-oxadidfByl sulfonamido

derivatives (F3a-e)

General procedure E for the synthesis of the 4-subtuted 1,2,5-oxadiazol-3yl

sulfonamido derivatives (F3a-e).To a solution of the corresponding 3-amino-1,2,5-
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oxadiazole (0.50 mmol) in pyridine (2 mL), the abie benzyl sulfonyl chloride (1 mmol)
was added portionwise at rt. The reaction mixtues \wonitored by TLC until completion,
then evaporated to dryness and the residue treated? N HCI (6 mL) until pH = 1. The

resulting mixture was stirred at rt for 1 h, the@pitated filtered and washed with 2 N HCI

and dried.

N-(4-methyl-1,2,5-oxadiazol-3-yl)-1-phenylmethanegionamide (F3a)

H
HaC NH, HaC N\/\©
I

N7

1a F3a

General procedure E was followed to prepare comp&@a starting fromla. Purification by
flash chromatography (eluent: dichloromethane/meih®.5:0.5) was performed to obtain
compound~3aas a brown solid.

+ Yield: 40%

+ TLC (dichloromethane/methanol 9.5:0.5) Rf = 0.3

+ M.p. 168-169.2 °C

« H NMR (CD;ODs) 2.25 (s, 3H, Ch), 4.65 (s, 2H, Ch), 7.35-7.45 (m, 5H, ArH).

4-(phenylmethylsulfonamido)-1.2.5-oxadiazole-3-metthicarboxylate (F3b)

General procedure E was followed to prepare comp&3b starting fromlb. Purification by
flash chromatography (eluent: dichloromethane/meih®.5:0.5) was performed to obtain
compound~3b as a brown solid.

+ Yield 50%

+ TLC (dichloromethane/methanol 9.5:0.5) Rf = 0.3

. M.p.121-122.5°C

124



Chapter 5 — EXPERIMENTAL SECTION: CHEMISTRY

« 'H NMR (CDCE) 1.60 (br s, 1H, NH), 4.00 (s, 3H, O§H4.70 (s, 2H, Ch), 7.35-
7.45 (m, 5H, ArH).

(4-phenylmethylsulfonamido-1,2,5-oxadiazole-3-yl)ntbyl-methyl-carbonate (12)

H
HsCOOCOH,C NH, HsCOOCOH,C N\S/\©
T I O
N_ _N
(6]

NN —
0
7 12
General procedure E was followed to prepare comgpd@nstarting from7. Purification by
flash chromatography (eluent: dichloromethane/meih®.5:0.5) was performed to obtain
compoundl?2 as a dark green solid.
+ Yield: 50%
+ TLC (dichloromethane/methanol 9.5:0.5) Rf = 0.35
- 'H NMR (CDCk) 3.70 (s, 3H, Ch), 4.50 (s, 2H, Ch), 5.15 (s, 2H, CbD) 7.20-7.40
(m, 5H, ArH).

N-(4-(hydroxymethyl)-1,2,5-oxadiazol-3-yl)-1-phenyhethylsulfonamido (F3c)

H
HsCOOCOH,C.  Nw HOH.C. N
8 S
7/ \< 2 — Oz

N o N - N/\O/\N
12 F3c
General Procedure B was followed for the synthekks3c from 12 as a brown solid.
+ Quantitative yield.
+ TLC (dichloromethane/methanol 9:1) Rf = 0.4
+ M.p. 130-132 °C
« H NMR (CDCE) 3.65 (br s, 1H, OH), 4.00 (br s, 1H, NH), 4.453sl, CH), 4.55 (s,
2H, CH,0OH), 7.20-7.30 (m, 5H, ArH).
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N-(4-phenyl-1,2,5-oxadiazol-3-yl)-1-phenylmethanefionamide (F3d)

NH, H\S/\©
7\ N\ 02

N N
O (@)

1d F3d
General procedure E was followed to prepare comg&3d starting fromld. Purification by

flash chromatography (eluent: dichloromethane/meih®.5:0.5) was performed to obtain
compound~3d as a brown solid.

+ Yield: 59%

+ TLC (dichloromethane/methanol 9.5:0.5) Rf = 0.35

+ M.p. 121-123°C

- 'H NMR (CDCk) 4.75 (s, 2H, Ch), 7.25 (br s, 1H, NH), 7.30-7.65 (m, 10H, ArH).

N-(4-(4-chlorophenyl)-1,2,5-oxadiazol-3-yl)-4-(triluoromethyl)benzenesulfonamide

(F3e) Cl cl
CFs
H
NH, N\S/©/
/A I\ ©2
N_ N N. N
0 0

le Fe
General procedure E was followed to prepare comp&3e starting fromle Purification by

flash chromatography (eluent: dichloromethane/meih®.5:0.5) was performed to obtain
compound~3eas a dark green solid.
+ Yield: 20%
+ TLC (dichloromethane/methanol 9.5:0.5) Rf = 0.3
« M.p. 129-130.4 °C
« H NMR (CDCk) 7.15 (br s, 1H, NH), 7.35 (d, 2H, ArH), 7.55 @H, ArH), 7.75 (d,
2H, ArH), 7.95 (d, 2H, ArH).
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5.3 Experimental procedures: the pyridazinone derigtives

5.3.1 Synthesis of the six-membered ring compoun@1-18)

General procedure F for the synthesis of 1-oxo-3dihydronaphthalene-2(1H)-ylidene)
acetic acids (13a-c)

To a mixture of the appropriate tetralones (20.5aWnand glyoxylic acid (6.08 g, 82.1
mmol) in 29 mL of water, a solution of NaOH (102 wijnin water (49 mL) and of ethanol
(25 mL) was added dropwise at a temperature betw8eiC and 15 °C. The solution was
stirred at room temperature for 1 h and then reitbfor 3 h. The solution was cooled to room
temperature and acidified with 6 N HCI until pH = Bhe precipitated solid was filtered,
washed with water and dried to gittee final unsaturated acids which were used innt

reaction without further purification.

1-oxo-3,4-dihydronaphthalene-2(1H)-ylidene) acetiacid (13a)

0 o) COOH
@fi @ff
a-teralone 13a

General procedure F was followed for the synthefi8afrom a-tetralone.
«  White solid
« Yield: 55%
+ TLC (dichloromethane/methanol 8:2) RD.3
- 'H NMR (CDCk) 2.95 (t, 2H, CH), 3.09 (t, 2H, CH), 6.39 (s, 1H, CH=C), 7.46-7.73
(m, 4H, ArH), 11 (br s, 1H, COOH)
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5,7-dimethoxy-1-ox0-3,4-dihydronaphthalene-2(1H)-ylene) acetic acid (13b)

o COOH
H3CO H;CO =

OCH; OCHs
5,7-dimethoxy tetralone 13b
General procedure F was followed for the syntheki8b from 5,7-dimethoxy tetralone.

« Bright yellow solid
« Yield: 70%
« TLC (dichloromethane/methanol 9:1) Rf=0.3
- 'H NMR (CDCk) 2.90 (t, 2H, J=5.4 Hz, Gl 3.40 (t, 2H, J=5.4 Hz, G} 3.85 (s,

1H, CHs), 3.87 (s, 1H, Ch), 6.65 (s, 1H, CH=C), 6.85 (s, 1H, ArH), 7.20XBl, ArH)

6-chloro-1-oxo0-3,4-dihydronaphthalene-2(1H)-ylidengacetic acid (13c)

o 0 COOH
- C :“: - C :U:/
Cl Cl
6-chloro-tetralone 13¢

General procedure F was followed for the syntheki3afrom 6-chloro-tetralone.
e Yellow oll
« Yield: 73%
« TLC (dichloromethane/methanol 9:1) RD.4
- 'H NMR (CDCk) 3.0 (t, 2H, J=5.4 Hz, CH}, 3.45 (t, 2H, J=5.4 Hz, G} 6.90 (s, 1H,
CH=C), 7.30 (s, 1H, ArH), 7.35 (d, 2H, J=10.7 HzHA 8.05 (d, 1H, J=10.7 Hz,
ArH)

General procedure G for the synthesis of 2-(1-oxo;4,3,4-tetrahydronaphthalen-2-
yl)acetic acids (14a-c)

The suitable unsaturated acid (11.4 mmol) was dadab in a mixture of 39 mL of acetic
acid and 14 mL of water. Zinc dust (0.85 g, 13 mmas then added and the suspension was

stirred at reflux for 40 min. The suspension waentfiltered to remove the zinc dust and
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extracted with ethyl acetate (3 x 10 mL). The orgdawyer was dried over anhydrous sodium
sulfate and evaporated under reduced pressure fifidlesaturated acid was used in the

following reaction without further purification.

2-(1-oxo0-1,2,3,4-tetrahydronaphthalen-2-yl)aceticads (14a)

o COOH o COOH
Z

13a 14a
General procedure G was followed for the synthekistafrom 13a

+ Red solid

« Quantitative yield

« TLC (dichloromethane/methanol 9:1) Rf=0.4

- 'H NMR (CDs;0D) 1.91-2.60 (m, 1H, CH), 2.21-2.30 (m, 1H, CH}22.52 (m, 1H,
CH), 2.82-2.92 (m, 1H, CH), 2.94-3.05 (m, 1H, CH)?8-3.20 (m, 1H, CH), 3.44-
3.53 (m, 1H, CH) 7.25-8.0 (m, 4H, ArH)

5,7-dimethoxy-2-(1-ox0-1,2,3,4-tetrahydronaphthalei2-yl)acetic acids (14b)

o COOH o COOH
HsCO _ HsCO

OCHs OCHj3
13b 14b
General procedure G was followed for the synthefistb from 13b.
+ Red solid
« Quantitative yield
+ TLC (dichloromethane/methanol 9:1) RD.6
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6-chloro-2-(1-oxo-1,2,3,4-tetrahydronaphthalen-2-yacetic acids (14c)

o COOH o COOH
Z

cl cl
13¢ 14c¢
General procedure G was followed for the synthefisicfrom 13c
+ Yellow/orange solid
« Quantitative yield
« TLC (dichloromethane/methanol 9:1) Rf=0.7
- 'H NMR (CDCk) 1.90-2.10 (m, 1H, CH), 2.20-2.30 (m, 1H, CH),®260 (m, 1H,
CH), 2.80-3.10 (m, 4H, CH, 7.25 (m, 2H, ArH), 7.95 (d, 1H, ArH)

General procedure H for the synthesis of 4,4a,5,@&trahydrobenzo[h]cinnolin-3(2H)-
ones (Pla-c)

The suitable acid (11.26 mmol) was dissolved iraeth (3 mL) and hydrazine monohydrate
was added (13.6 mmol). The solution was stirred reflux for 3 h. The final
benzocinnolinones precipitated in the reaction orxt They were filtered, washed with

ethanol and dried.

4,4a,5,6-tetrahydrobenzo[h]cinnolin-3(2H)-one (P1a)

o  COOH N

14a Pla

General procedure H was followed for the syntheERlafrom 14a
+ Light yellow solid
«  Yield: 81%
« TLC (dichloromethane/methanol 95:5) R0.5
. M.p.200°C®
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- 'H NMR (CD;OD) 1.41 (m, 1H, CH), 1.7-1.5 (m, 2H, GH2.3-2.1 (m, 2H, Cb),
2.85-2.75 (t, 2H, Ch), 7.0 (br s, 1H, NH), 7.30-7.78 (m, 4H, ArH)
« Cell proliferation assayXppendix 1)

5,7-dimethoxy-4,4a,5,6-tetrahydrobenzo[h]cinnolin-@H)-one (P1b)

H
o  COOH NSO

HsCO H,CO '

OCHjs OCHj,4
14b P1b

General procedure H was followed for the synthesR1b from 14b.
+  Grey solid
« Yield: 72%
+ TLC (dichloromethane/methanol 95:5) Rf=0.7
- 'H NMR (CDCk) 2.10-2.45 (m, 2H, CH), 2.65-2.85 (m, 2H, §H3.10-3.20 (m, 2H,
CHy), 3.85 (s, 3H, Ch), 3.87 (s, 3H, Ch), 6.45 (s, 1H, ArH), 7.20 (s, 1H, ArH), 8.45
(br s, 1H, NH)

6-chloro-4,4a,5,6-tetrahydrobenzo[h]cinnolin-3(2H)ene (P1c)

H
o COOH NI/N 0

Cl Cl
14¢ Plc

General procedure H was followed for the syntheER1cfrom 14c
+  Light brown solid
+  Yield: 60%
« TLC (dichloromethane/methanol 95:5) Rf=0.5
- 'H NMR (CDCk) 1.60 (m, 1H, CH), 2.20-2.35 (m, 2H, @H2.60-2.75 (m, 2H, CH),
2.80-2.95 (m, 2H, C}), 7.20 (m, 2H, ArH), 7.95-8.05 (m, 1H, ArH), 8.4&r s, 1H,
NH)

131



Chapter 5 — EXPERIMENTAL SECTION: CHEMISTRY

5,6-dihydrobenzo[h]cinnolin-3(2H)-one (P2a)

H H
_N (0] NO, _N (0]
) @l )
SOgNa P
NaOH, H,O
Pla P2a

A mixture of compoundPla (0.1 g, 0.50 mmol), sodiumm-nitro-benzenesulfonat@®.112 g,
0.50 mmol), NaOH (8 x I86g, 2 mmol) in water (2 mL) was refluxed for 30 mikfter
cooling, compoundP2a was extracted with ethyl acetate (3 x 1 mL). Thgaaic layer was
dried over anhydrous N&8Q,, filtered and the solvent was evaporated undaraed pressure.
The obtained residue was purified by flash  chrograohy (eluent:
dichloromethane/methanol 9.7:0.3).

+ Yellow solid

«  Yield: 90%

« TLC (dichloromethane/methanol 95:5) Rf=0.4

- 'H NMR (CDCk) 2.90 (m, 4H, Ch), 6.80 (s, 1H, CH), 7.20-7.40 (m, 3H, ArH), 8.0-

8.10 (m, 1H, ArH), 10.45 (br s, 1H, NH)

General procedure | for the synthesis of ethyl 2-(®xo-4,4a,5,6-tetrahydrobenzolh]
cinnolin-2(3H)-yl)esters (P3-8a, P5b, P5c) and oéthyl-7,9-dimethoxy-2-(3-0x0-5,6-
dihydrobenzo[h] cinnolin-2(3H)-yl)butanoate (P15b)

To a solution of the required benzocinnolinone gdive (0.25 mmol) in dry
dimethylformamide (2 mL), NaH (7.2 x @, 0.3 mmol) and the Br(GHHCOOCHCH; (0.3
mmol) were added. The mixture was stirred at 730iC15 h. It was then evaporated under
reduced pressure to remove the solvent and extracitd ethyl acetate (3 x 2 mL). The
organic layers were collected, dried over,81&, and evaporated under reduced pressure.

Upon purification by flash chromatography thicksoilf the final products were obtained.
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Ethyl 2-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin2(3H)-yl)acetate (P3a)
(I:HzczoocszoH3
H
Nl/N 0 NI,N 0]

Pla P3a
General procedure | was followed for the synthetid3afrom Pla

« Light yellow oil

« Yield: 71%

« TLC (dichloromethane/methanol 95:5) R0.6

- 'H NMR (CDCk) 1.29 (t, 3H, CH), 1.41 (dg, 1H, CH), 1.7-1.5 (dd, 2H, @H2.3-2.1
(dd, 2H, CH), 2.85-2.75 (dd, 2H, CH\, 4.13 (q, 2H, Ch), 4.16 (d, 2H, CH), 7.30-
7.78 (m, 4H, ArH)

Ethyl 3-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin2(3H)-yl)propanoate (P4a)
(CH5),COOCH,CH;
|

H
_N 0]
N/N 0] Nl
|

Pla P4a
General procedure | was followed for the syntheéig4afrom Pla

« Light yellow oil

« Yield: 61%

« TLC (dichloromethane/methanol 95:5) Rf=0.75

- 'H NMR (CDChk) 1.29 (t, 3H,CH), 1.41 (dg, 1H, CH), 1.7-1.5 (dd, 2H, @H2.3-2.1
(dd, 2H, CH), 2.65 (d, 2H, CH), 2.85-2.75 (d, 2H, C§), 3.59 (dd, 2H, Ch), 4.13
(dg, 2H, CH), 7.30-7.78 (m, 4H, ArH)

+ Cell proliferation assayXppendix IIl')
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Ethyl 4-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin2(3H)-yl)butanoate (P5a)
(CH,)3COOCH,CH3
H |
N N 0 Nl, N (0]
|

Pla P5a
General procedure | was followed for the syntheéid5afrom Pla

« Light yellow oil

« Yield: 60%

« TLC (dichloromethane/methanol 95:5) R0.73

- 'H NMR (CDCk) 1.29 (t, 3H,CH), 1.41 (dq, 1H, CH), 1.7-1.5 (dd, 2H, @H2.04 (d,
2H, CH), 2.3-2.1 (dd, 2H, C}), 2.47 (d, 2H,CH), 2.85-2.75 (dd, 2H, C§), 3.20 (q,
2H, CH), 4.13 (dq, 2H, Ch), 7.30-7.78 (m, 4H, ArH)

+ Cell proliferation assayXppendix IIl')

Ethyl-7,9-dimethoxy-4-(3-0x0-4,4a,5,6-tetrahydrobero[h]cinnolin-2(3H)-yl)butanoate
(P5b) and ethyl-7,9-dimethoxy-2-(3-0x0-5,6-dihydrobnzo[h]cinnolin-2(3H)-yl)butanoate
(P15b)

(CH5)3COOCH,CH3 (CH5)3COOCH,CH3
H | |
N o N 0] N 0]
N N N|
H3;CO | H3CO ! H;CO Pz
- = +
OCHg OCHg3 OCHg3
P1b P5b P15b

General procedure | was followed for the synthesiB5b andP15bfrom P1h.
CompoundP5h:

+ Yellow solid

«  Yield: 56%

« TLC (dichloromethane/methanol 95:5) Rf=0.7
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- 'H NMR (CDCk) 1.25 (t, 3H, CH), 1.45 (m, 1H, CH), 2.0-2.40 (m, 6H, ©H2.60-
2.80 (m, 2H, CH), 3.15 (m, 2H, Ch), 3.81 (s, 3H, Ch), 3.85 (s, 3H, Ch), 3.95 (m,
2H, CH,), 4.15 (q, 2H, Ch), 6.45 (s, 1H, ArH), 7.25 (s, 1H, ArH)

CompoundP15hk

+ Yellow solid

« Yield: 20%

+ TLC (dichloromethane/methanol 95:5) R0.6

- 'H NMR (CDCk) 1.25 (t, 3H, CH), 2.20-2.25 (m, 2H, C}, 2.35-2.45 (m, 2H, C),
2.75-2.85 (m, 4H, C}), 3.85 (s, 3H, Ch), 3.89 (s, 3H, Ch), 4.15 (q, 2H, CH), 4.30
(t, 2H, CH), 6.50 (s, 1H, ArH), 6.80 (s, 1H, CH), 7.20 (s,, ¥H)

Ethyl-8-chloro-4-(3-0x0-4,4a,5,6-tetrahydrobenzo[hldinnolin-2(3H)-yl)butanoate (P5c)
y (CH2)3COOCH,CH3
_N_O /I\Il 0

N N
| I

Cl Cl
Plc P5c¢

General procedure | was followed for the synthesR5cfrom P1c
+ Yellow solid
«  Yield: 60%
+ TLC (dichloromethane/methanol 95:5) R0.75
- 'H NMR (CDCh) 1.25 (t, 3H, CH), 1.50 (m, 1H, CH), 2.20-2.40 (m, 6H, @H2.60-
2.95 (m, 4H, CH), 3.80-4.0 (m, 2H, C}J, 4.10 (q, 2H, CH), 7.10-7.25 (m, 3H, ArH),
8.05 (d, 1H, ArH)
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Ethyl 5-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin2(3H)-yl)pentanoate (P6a)

(CH5)4COOCH,CH3
H |
_N (0]
N/N O Nl
I =
—_—
Pla P6a

General procedure | was followed for the synthetiB6afrom Pla
+  Yellow oll
« Yield: 50%
+ TLC (dichloromethane/methanol 95:5) Rf = 0.65
- 'H NMR (CDCk) 1.29 (t, 3H,CH), 1.41 (dqg, 1H, CH), 1.52 (d, 2H, GH1.64 (d, 2H,
CHy), 1.7-1.5 (dd, 2H, C}J, 2.3-2.1 (dd, 2H, C}), 2.32 (d, 2H,CH), 2.85-2.75 (dd,
2H, CH,), 3.20 (q, 2H, CH), 4.13 (dq, 2H, Ch), 7.30-7.78 (m, 4H, ArH)

Ethyl 6-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin2(3H)-yl)hexanoate (P7a)
(CH)5COOCH,CHj
|

Pla P7a
General procedure | was followed for the syntheéig7afrom Pla

+  Yellow oll

«  Yield: 70%

+ TLC (dichloromethane/methanol 95:5) R0.82

- 'H NMR (CDCk) 1.29 (t, 5H, CH, CH,), 1.41 (dg, 1H, CH), 1.52 (t, 2H, GH 1.64
(t, 2H, CH), 1.7-1.5 (dd, 2H, C}J, 2.3-2.1 (dd, 2H, C}J, 2.32 (dd, 2H,Ch), 2.85-
2.75 (dd, 2H, CH), 3.20 (t, 2H, CH), 4.13 (dq, 2H, Chb), 7.30-7.78 (m, 4H, ArH)
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Ethyl 7-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin2(3H)-yl)heptanoate (P8a)

(CH5)sCOOCH,CH3
H |
_N (0] _N (0]
N| N
| =
Pla P8a

General procedure | was followed for the synthetid8afrom Pla

+  Yellow oll

« Yield: 70%

« TLC (dichloromethane/methanol 95:5) Rf=0.8

- 'H NMR (CDCk) 1.29 (m, 7H, CH, CH,, CHy), 1.41 (dg, 1H, CH), 1.52 (d, 2H,
CHy), 1.64 (d, 2H, CH), 1.7-1.5 (dd, 2H, C}), 2.3-2.1 (dd, 2H, ChJ, 2.32 (d,
2H,CH,), 2.85-2.75 (dd, 2H, CH, 3.20 (t, 2H, CH), 4.13 (dq, 2H, Ch), 7.30-7.78
(m, 4H, ArH)

General procedure J for the synthesis of 4-(3-oxo/4a,5,6-tetrahydrobenzo[h]cinnolin-
2(3H)-yl)carboxilic acids (P4aa, P5aa)

The required ester (0.464 mmol) was dissolved hiaredl (5 mL) and an aqueous solution of
1 N NaOH (3 mL) was added. The solution was stiaereflux for 2 h. Then the solvent was
removed under reduced pressure and the residudiluged with water (5 mL) and extracted
with ethyl acetate (1 x 2 mL). The aqueous layes weidified with 6 N HCI (1 mL) and
extracted with ethyl acetate (3 x 2 mL). The orgdayer was dried over N&0O, anhydrous

and evaporated under reduced pressure.

4-(3-o0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin-2(3H)A)propanoic acid (P4aa)

(CH5),COOCH,CH3 (CH,),COOH
_N (0]
N N’N °
I |
Pda P4aa

General procedure J was followed for the synthefsi®aafrom P4a
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+ Yellow solid

«  Yield: 97%

+ TLC (dichloromethane/methanol 9:1) Rf=0.40

- 'H NMR (CDCk) 1.41 (dq, 1H,CH), 1.7-1.5 (t, 2H, GH 1.92 (d, 2H, Ch) , 2.3-2.1 (t,
2H, CH,), 2.3 (d, 2H, CH)), 2.85-2.75 (dd, 2H, CHI 3.20 (d, 2H, CH), 7.30-7.78 (m, 4H,
ArH), 11 (s, 1H, OH)

4-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin-2(3H))butanoic acid (P5aa)

(C|3H2)3COOCHQCH3 (CH5)3COOH
_N (@]
N N N (0]
| |
P5a PSaa

General procedure J was followed for the synthefsiFbaafrom P5a

+ Yellow solid

«  Yield: 97%

+ TLC (dichloromethane/methanol 9:1) RD.50

- 'H NMR (CDCh) 1.55-1.70 (m, 1H, CH), 2.0-2.50 (m, 6H, §H2.70-3.0 (m, 4H, C}),
3.90-4.0 (m, 2H, Ch), 7.15-7.35 (m, 3H, ArH), 8.15 (d, 1H, ArH)

« Cell proliferation assayAppendix Il )

N-ethyl-4-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnofi-2(3H)-yl)butanamide (P9a)

(CH,)3COOH (CH5)3CONHCH,CHs
_N__O . N_ __O

N EtNH, 70% in water N~
I HATU, NMM |

PSaa P9a

To a solution of compounB5aa (3.7 x 10° g, 0.13 mmol) in dichloromethane (3 mL), the
coupling agent HATU (7.41 x 10g, 0.20 mmol), ethylamine (0.02 mL, 0.35 mmol) &hd
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methyl morpholine (until ph =7) were added. The tomig was stirred at room temperature for
1 h and then washed with 1 N HCI solution (2 x 1)mith saturated NaHC{solution (2 x
1 mL) and finally with brine (2 x 1 mL). The organlayer was separated, dried over
anhydrous Nz5O, and evaporated under reduced pressure to db&din
+ Pale pink solid
« Yield: 83%
« TLC (dichloromethane/methanol 9:1) Rf =0.65
- 'H NMR (CDCk) 1.04 (m, 3H, Ch), 1.41 (dg,1H, CH), 1.7-1.5 (dd, 2H, ©H1.93
(m, 2H, CH), 2.3-2.1 (dd, 2H, C}J, 2.34 (dd, 2H, Ch), 2.85-2.75 (m, 2H, C}),
3.11 (t, 2H, CH), 3.20 (dq, 2H, Ch), 7.30-7.78 (m, 4H, ArH), 8.03 (br s, 1H, NH)

2-(4-bromobutyl)-4,4a,5,6-tetrahydrobenzo[h]cinnoln-3(2H)-one (18)
(CH2)4Br
H
N/N 0 Br(CH,),Br N’N o
| NaH 60% in mineral oil |

Pla 18

To a solution ofP1a (5 x10° mg, 0.25 mmol) in dry dimethylformamide, NaH (%20° g,
0.3 mmol) and Br(Ch)4Br (0.036 mL, 0.3 mmol) were added. The mixture weadiated for
10 min at 60 °C in a microwave synthesizer. Thaitsmh was evaporated under reduced
pressure to remove dimethylformamide and extravigd ethyl acetate (3 x 2 mL). The
organic layer was separated, dried over anhydromS®l, and evaporated under reduced
pressure. Upon purification by flash chromatografélyent: petroleum ether/ethyl acetate
7:3) compound.8 was obtained.
«  White solid
«  Yield: 64%
« TLC (dichloromethane/methanol 95:5) R0.73
- 'H NMR (CDCk) 1.41 (dqg, 1H, CH), 1.52 (d, 2H, GH 1.7-1.5 (dd, 2H, C}bJ, 1.82
(d, 2H, CH), 2.3-2.1 (dd, 2H, C}J, 2.85-2.75 (m, 2H, C}), 3.20 (dqg, 2H, Ch), 3.51
(t, 2H, CH), 7.30-7.78 (m, 4H, ArH)
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2-(4-(ethylamino)butyl)-4,4a,5,6-tetrahydrobenzo[h¢innolin-3(2H)-one (P10a)

(CH,)sNHCH,CH
(CHy)4Br
]
NSEC EINH, 70% in water RN
| Et;N I
18 P10a

To a solution of compound8 (4.6 x 10* g, 0.14 mmol) in dimethylformamide (2 mL),
ethylamine (0.011 mL, 0.17 mmol) and triethylam{@e€24 mL, 0.17 mmol) were added and
the mixture was stirred at 50 °C for 7 h. The sotweas removed under reduced pressure and
the residue diluted with water (2 mL) and extrackeith ethyl acetate (3 x 1 mL). The organic
layer was dried over anhydrous JS&, and evaporated under reduced pressure. Upon

purification by flash chromatography (eluent: deromethane/methanol 9:1910a was

obtained.
« Yellow oil
« Yield: 50%

+ TLC (dichloromethane/methanol 9:1) Rf =0.17

- 'H NMR (CDCk) 1.02 (t, 3H, CH), 1.38 (m, 2H, Ch), 1.41 (dq, 1H, CH), 1.52 (dd,
2H, CH,), 1.7-1.5 (dd, 2H, C}), 2.0 (br s, 1H, NH), 2.3-2.1 (dd, 2H, @H2.55 (d,
2H, CH,), 2.59 (d, 2H, CH), 2.85-2.75 (dd, 2H, C§), 3.20 (dq, 2H, Ch), 7.30-7.78
(m, 4H, ArH)

Genral procedure K for the synthesis of 2-alkyl-4,4,5,6-tetrahydrobenzo[h]cinnolin-
3[2H]-ones (P11a, P12a)

To a solution oP1a (0.25 mmol) in dry dimethylformamide (2 mL), Nal9% in mineral oil
(1.2 x 10*g, 0.3 mmol) and Br(CH,CHs (0,3 mmol) were added and the mixture was stirred
at 80 °C for 15 h. The solvent was evaporated uneiduced pressure and the residue was
extracted with ethyl acetate (3 x 2 mL). The orgalayers were collected, dried over
anhydrous Ng50O,, and evaporated under reduced pressure. Uponicatioh by flash
chromatography (eluent: petroleum ether/ethyl aeet&2) the final products were obtained

as yellow oils.
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2-butyl-4,4a,5,6-tetrahydrobenzolh]cinnolin-3[2H]-anes (P1la) and 2-butyl-4,4a,5,6-
tetrahydrobenzolh]cinnolin-3[2H]-ones (P17a)

(CH2)3CH3 (CH2)3CH3
H (@] N (@]
Nl/ Nl/ N N (@)
| =
—_— +
Pla Plla P17a

General procedure K was followed for the synthetidllaandP17afrom Pla
CompoundPlla
+ Yellow oll
« Yield: 75%
« TLC (petroleum ether/ethyl acetate 8:2) Rf=0.70
- H NMR (CDCk) 0.95 (t, 3H, CH), 1.30-1.45 (m, 2H, C§), 1.50-1.75 (m, 5H, CH),
2.15-2.30 (m, 2H, C}), 2.60-3.95 (m, 4H, C}), 3.75-4.0 (m, 2H, C}J, 7.15-7.35
(m, 3H, ArH), 8.15 (d, 1H, ArH)
CompoundPl7a
+ Yellow oll
« Yield: 25%
« TLC (petroleum ether/ethyl acetate 8:2)=R3.60
- 'H NMR (CDCk) 0.95 (t, 3H, CH), 1.30-1.45 (m, 2H, Ch), 1.80-1.95 (m, 2H, CH),
2.80-3.0 (m, 4H, Cb), 4.20-4.30 (m, 2H, C§), 6.75 (s, 1H, CH), 7.15-7.35 (m, 3H,
ArH), 8.15 (d, 1H, ArH)

2-pentyl-4,4a,5,6-tetrahydrobenzo[h]cinnolin-3[2H]enes (P12a) and

(CH2)4CH3 (CH2)4CHs
H
N__O _N
Nl Nl (0] N/N (@)
I b
—_— +
Pla P12a P18a

General procedure K was followed for the synthetidl2aandP18afrom Pla
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CompoundP12a
« Yellow oll
« Yield: 80%
« TLC (petroleum ether/ethyl acetate 8:2)=R3.70
- 'H NMR (CDCk) 0.95 (t, 3H, CH), 1.20-1.35 (m, 4H, C§), 1.50-1.80 (m, 4H, CH),
2.15-2.30 (m, 2H, C}), 2.60-3.95 (m, 4H, C}), 3.75-4.0 (m, 2H, C}J, 7.15-7.35
(m, 3H, ArH), 8.15 (d, 1H, ArH)
CompoundP18a
+ Yellow oll
+ Yield: 80%
+ TLC (petroleum ether/ethyl acetate 8:2) Rf=0.60
- H NMR (CDCk) 0.95 (t, 3H, CH), 1.30-1.50 (m, 4H, C§), 1.80-1.95 (m, 2H, CH),
2.80-3.0 (m, 4H, Chb), 4.20-4.25 (m, 2H, CH), 6.75 (s, 1H, CH), 7.15-7.35 (m, 3H,
ArH), 8.15 (d, 1H, ArH)

2-(3-hydroxypropyl)-4,4a,5,6-tetrahydrobenzol[h]cinrolin-3(2H)-one (19)
(CHZ)30H

H
NN~FC  cicH,)0H NP

l NaH 60% in mineral oil I

Pla 19

A mixture of P1a(5.7 x 10° g, 0.28 mmol) in dimethylformamide (2 mL) and N&P% in
mineral oil (1.34 x 18 g, 0.56 mmol) was stirred for 15 min. Then CI3@H (0.025 mL,
0.30 mmol) was added and the mixture was stirreduidher 4 h at 60 °C. The solvent was
removed under reduced pressure, the residue watedlilvith water (2 mL) and extracted
with ethyl acetate (3 x 1 mL). The organic layerswdried over anhydrous P&O, and
evaporated under reduced pressure. Upon purificabyp flash chromatography (eluent:
petroleum ether/ethyl acetate 11Bwas obtained.

- Light yellow oil

« Yield: 53%
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+ TLC (dichloromethane/methanol 95:5) R0.49

- 'H NMR (CDCk) 1.41 (dqg, 1H, CH), 1.7-1.5 (m, 2H, @H1.75 (d, 2H, Ch), 2.3-2.1
(dd, 2H, CH), 2.85-2.75 (dd, 2H, C§), 3.20 (t, 2H, CH), 3.50 (dq, 2H, Ch), 3.65 (s,
1H, OH), 7.30-7.78 (m, 4H, ArH)

3-(3-0x0-4,44a,5,6-tetrahydrobenzo[h]cinnolin-2(3H))propyl 2-(tert-butoxycarbonyl

amino)-3-phenylpropanoate (20)
Q NHBoc
(CH2)30H CH2)3OC
|

_N (0]
N| N-Boc-Phe-OH
HATU, NMM

To a solution ofL9 (4 x 107 g, 0.15 mmol) in dichloromethane (3 mN)Boc-Phe-OH (1.1 x
102 g, 0.40 mmol) and the coupling agent HATU (8.80¢ 1j, 0.23 mmol) were added. The
solution was brought to pH = 7 with drops Mfmethylmorpholine. It was stirred at room

temperature for 24 h. The solvent was removed ureifuced pressure, the residue diluted
with dichloromethan€3 mL) and washed respectively with: 1 N HCI (3 xnl), saturated
solution of NaHCQ@(3 x 1 mL) and brine (2 x 1 mL). The solvent waedmwith NaSO, and
evaporated. The crude product was purified by flashromatography (eluent:
dichloromethane/ethyl acetate 85:15) to obtainmmumnd20.
« Yellow oll
« Yield: 33%
« TLC (dichloromethane/ethyl acetate 75:25)=RXt.38
- H NMR (CDCk) 1.38 (m, 9H, 3CH), 1.41 (dq, 1H, CH), 1.7-1.5 (t, 2H, GH1.84
(d, 2H, CH), 2.3-2.1 (dd, 2H, C}j, 2.85-2.75 (dd, 2H, C}), 3.20 (dq, 2H, Ch),
3.23-2.98 (dd, 2H, Ch), 4.08 (t, 2H, CH), 4.68 (dq, 1H, CH), 7.27-7.40 (m, 5H,
ArH), 7.30-7.78 (m, 4H, ArH), 8.03 (br s, 1H, NH)
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3-(3-0x0-4,4a,5,6-tetrahydrobenzo[h]cinnolin-2(3H)d)propyl 2-amino-2-hydroxyacetate
(P13a)

O NHBoc O NH
(|CH2)3OC_< (CH2)30C—
N__o Ph N__o Ph
N N
I TFA |
20 P13a

Compound20 (3 x 10° g, 0.06 mmol) was dissolved in dichloromethanemd) and the
solution was cooled to 0 °C with an ice bath. Tiofioacetic acid (0.05 mL, 0.71 mmol) was
slowly added and the solution was stirred at roemperature for 3 h. The reaction was
monitored by TLC until completion. The mixture wasoled to 0 °C and treated with a
slolution of 0.5 N NaOH (1 mL) and extracted witlcldoromethane (3 x 1.5 mL). The
organic layer was dried over anhydrous3@, and evaporated under reduced pressure. Upon
purification by flash chromatography (eluent: daroimethane/ethyl acetate /methanol
6:3.5:0.5)P13awas obtained.
+  Yellow oll
« Yield: 50%
« TLC (dichloromethane/methanol 9:1) Rf =0.59
- 'H NMR (CDCk) 1.41 (dg, 1H, CH), 1.7-1.5 (m, 2H, GH1.84 (d, 2H, CH), 2.3-2.1
(dd, 2H, CH), 2.85-2.75 (dd, 2H, Cy), 3.20 (t, 2H, CHN), 3.65 (dqg, 1H, OH), 4.08
(m, 2H, CHO), 5.11 (br s, 2H, N}J, 5.19 (s, 1H, COCH), 7.30-7.78 (m, 4H, ArH)

General procedure L for the synthesis of ethyl 2-(®&xo0-5,6-dihydrobenzo[h]cinnolin-
2(3H)-yl)esters (P14-P16a)

The required pyridazinon@®.25 mmol) was suspended in toluene (1.5 mL) a@HKO0.33
mmol), TBAF - 3HO (0.025 mmol) and the corresponding bromoalkykere¢d.33 mmol)
were added. The mixture was heated at 50 °C for Bhle mixture was then extracted with
ethyl acetate (3 x 1mL) and the collected orgaayet was washed with acqueous 5% NaOH
(1 x 2mL) and with acqueous 5% HCI. The organicgehwas dried over over anhydrous
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NaSO, and evaporated under reduced pressure. Purificatith flash chromatography was

performed to obtain the final esters derivative.

Ethyl 2-(3-0x0-5,6-dihydrobenzo[h]cinnolin-2(3H)-y)propanoate (P14a)

(CH2)2,COOCH,CH3
H
_N_O
NEL NP N|
| _
—_—
P2a Pl4a

General procedure L was followed for the synthe§iB14afrom P2a A purification of the
crude product with flash chromatography (eluenthtliromethane/ethyl acetate 6:4) was
performed.
+  Yellow oll
« Quantitative yield
+ TLC (dichloromethane/methanol 95:5) R0.60
- 'H NMR (CDCk) 1.25 (t, 3H, CH), 1.50-1.65 (m, 2H, Ch), 2.80-3.0 (m, 4H, C}),
4.15 (q, 2H, CH), 4.25-4.30 (t, 2H, C}), 6.75 (s, 1H, CH), 7.20-7.40 (m, 3H, ArH),
8.0-8.10 (m, 1H, ArH)

Ethyl 2-(3-0x0-5,6-dihydrobenzo[h]cinnolin-2(3H)-y)butanoate (P15a)

(CH,)3COOCH,CH;
H
_N (@) _N O
N| N
= ! =
—_—
P2a P15a

General procedure L was followed for the synthe$§i®15afrom P2a A purification with
flash chromatography (eluent: dichloromethane/eticgtate 6:4) was performed.

+ Yellow oll

« Quantitative yield

« TLC (dichloromethane/methanol 95:5) R0.70
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- 'HNMR (CDCk) 1.25 (t, 3H, CH), 2.15-2.27 (m, 2H, Ch), 2.38-2.48 (m, 2H, CH),
2.80-2.95 (m, 4H, C}), 4.10 (q, 2H, CH), 4.25-4.32 (t, 2H, C}}, 6.75 (s, 1H, CH),
7.20-7.40 (m, 3H, ArH), 8.0-8.10 (m, 1H, ArH)

Ethyl 2-(3-0x0-5,6-dihydrobenzo[h]cinnolin-2(3H)-y)pentanoate (P16a)

(CH2)4COOCH,CHs
H
_N__O
N0 N|
| _ _
—_—
P2a Pl16a

General procedure L was followed for the synthe$§i®16afrom P2a A purification with
flash chromatography (eluent: dichloromethane/etlcgtate 6:4) was performed.
+  Yellow oll
« Quantitative yield
« TLC (dichloromethane/methanol 9:1) RD.75
- 'H NMR (CDCh) 1.25 (t, 3H, CH), 2.15-2.27 (m, 2H, Ch), 2.38-2.48 (m, 2H, C),
2.80-2.95 (m, 4H, C}), 4.10 (q, 2H, CH), 4.25-4.32 (t, 2H, C}J, 6.75 (s, 1H, CH),
7.20-7.40 (m, 3H, ArH), 8.0-8.10 (m, 1H, ArH)

4-(3-0x0-5,6-dihydrobenzo[h]cinnolin-2(3H)-yl)carbxilic acids (P14aa, P15aa)

4-(3-0x0-5,6-dihydrobenzo[h]cinnolin-2(3H)-yl)propanoic acid (P14aa)

(CH,),COOCH,CH3 (CH5),COOH
[ [
_N 0] _N 0]
I i
= =
Pl4a Pl4aa

General procedure J was followed for the synthefsisl4aafrom P14a
+ Yellow solid

+ Quantitative yield

+ TLC (dichloromethane/methanol 9:1) RD.50
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- 'H NMR (CDCk) 1.50-1.65 (m, 2H, CH), 2.80-3.0 (m, 4H, C}), 4.25-4.30 (t, 2H, CH),
6.75 (s, 1H, CH), 7.20-7.40 (m, 3H, ArH), 8.0-8(k, 1H, ArH)

4-(3-0x0-5,6-dihydrobenzo[h]cinnolin-2(3H)-yl)butarmic acid (P15aa)

(CH2)3COOCHZCH3 (CH2)3COOH
P15a P15aa

General procedure J was followed for the synthefsisl5aafrom P15a

+ Yellow solid

« Quantitative yield

+ TLC (dichloromethane/methanol 9:1) RD.60

- 'H NMR (CDCk) 2.15-2.27 (m, 2H, C}), 2.38-2.48 (m, 2H, CH, 2.80-2.95 (m, 4H,
CHy), 4.25-4.32 (t, 2H, C}), 6.75 (s, 1H, CH), 7.20-7.40 (m, 3H, ArH), 8.a@.(m, 1H,
ArH)
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5.3.2 Synthesis of the five- and seven-membered gircompounds
(P19-26)

Synthesis of the unsaturated carboxylic acid 21 an23

2-(1-oxo-1H-inden-2(3H)-ylidene)acetic acid (21)

o 0]
COOH
—
—_—

1-indanone 21

General procedure F was followed for the synthesi&l from 1-indanone. In this case the
reaction mixture was stirred at rt for 2 h.

Light yellow solid

Yield: 64%

TLC (dichloromethane/methanol 9:1) Rf=0.32

'H NMR (CDCk) 3.68 (d,2H, CH)), 6.32 (dd, 1H, CH=C), 7.45-7.66 (m, 4H, ArH), Q1.

(br s, 1H, COOH)

2-(5-0x0-8,9-dihydro-5H-benzo[7]annulen-6(7H)-ylidee)acetic acid (23)

0 O  COOH
<Xj Qﬂf
1-benzosuberone 23

General procedure F was followed for the synthek&7 from 1-benzosuberone. In this case the
reaction mixture was stirred at rt for 4 h.
White solid
Quantitative yield
TLC (dichloromethane/methanol 9:1) RD.33
'H NMR (CDCk) 1.66 (d, 2H, Ch), 1.96 (d, 2H, Ch), 2.85 (d, 2H, Ch), 6.39 (dd, 1H,
CH=C), 7.46-7.73 (m, 4H, ArH), 11.0 (br s, 1H, CBO
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Synthesis of the saturated carboxylic acid 22 and42

2-(1-ox0-2,3-dihydro-1H-inden-2-yl)acetic acid (22)

o} O
COOH COOH
o —

21 22
General procedure G was followed for the synthes&2 from 21.
+ Yellow solid
« Yield: 95%
+ TLC (dichloromethane/methanol 9:1) RD.5
- 'H NMR (CDCk) 2.71-2.46 (dd, 2H, CH), 2.83-2.58 (dt, 2H,Ch), 3.70 (g, 1H, CH),
7.35-7.92 (m, 4H, ArH), 11.0 (br s, 1H, COOH)

2-(5-o0x0-6,7,8,9-tetrahydro-5H-benzo[7]annulen-6-y&cetic acid (24)

o COOH 0] COOH
Z

—_—

23 24
General procedure G was followed for the synthekt from 23.

+ Yellow/orange oil

« Quantitative yield

« TLC (dichloromethane/methanol 9:1) RD.61

- 'H NMR (CDCk) 1.56-1.31(m, 2H, CH), 1.90-1.80 (m, 2H, Ch), 2.71-2.46 (dd, 2H,
CHy), 2.88-2.84 (dd, 2H,C}), 3.31 (q, 1H, CH), 7.35-7.92 (m, 4H, ArH), 11(br s, 1H,
COOH)

Synthesis of the pyridazinones P19 and P23

4a,5-dihydro-2H-indeno[1,2-c]pyridazin-3(4H)-one (R9)

o} N—NH
: /f COOH E/ /v/o
22 P19

General procedure H was followed for the synthegR19 from 22.

« white crystalline solid
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« Yield: 79%

+ TLC (dichloromethane/methanol 95:5) Rf=0.48

- 'H NMR (CDCk) 2.29 (t, 1H, CH), 2.3-2.1 (dd, 2H, GH2.7-2.4 (dd, 2H,Cb}, 7.0 (br
s, 1H, NH), 7.30-7.78 (m, 4H, ArH)

+ Cell proliferation assayXppendix IIl')

2,4,4a,5,6,7,-hexahydro-3H-benzol[6,7]-cycloheptaft¢c]pyridazin-3-one (P23)
H O
N

O COOH N
\

24 P23
General procedure H was followed for the synthesR23 from 24.
« white crystalline solid
« Yield: 75%
« TLC (dichloromethane/methanol 95:5) Rf=0.57
- M.p.187°C*®
- 'H NMR (CDCk) 1.41 (m, 1H, CH), 1.4-1.2 (dd, 2H, G}1.90-1.80 (dd, 2H, CH), 2.3-
2.1 (dd, 2H, CH), 2.88-2.84 (m, 2H,C}}, 7 .0 (br s, 1H, NH), 7.30-7.78 (m, 4H, ArH)
« Cell proliferation assayXppendix II1')

2H-indeno[1,2-c]pyridazin-3(5H)-one (P20)

0 N—NH
/{ COOH E/ /v/o
21 P20

General procedure H was followed for the synthe§iB20 from 21. In this case, the product
needed a purification with flash chromatography udet: dichloromethane/ethyl
acetate/methanol 8:1.8:0.2).

« Yellow solid

« Yield: 57%

« TLC (dichloromethane/methanol 9:1) RD.50

- H NMR (CDCk) 3.95 (s, 2H, Ch), 7.0 (s, 1H, CH), 7.40-7.55 (m, 3H, ArH), 7.803.

(m, 1H, ArH)
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2,5,6,7-tetrahydro-3H-benzo[6,7]-cyclohepta[1,2-c}jgidazin-3-one (P24)

H 0] H O
N/ NO, N/
Q2 ¢
SO;3Na
NaOH
P23 P24

The procedure for the synthesis of compoiad, starting fromP23 was the same to that used
for the synthesis of compoum®a
+ Light yellow solid
« Yield: 75%
« TLC (dichloromethane/methanol 9:1) RD.50
- 'H NMR (CDCk) 2.10-2.20 (m, 2H, Ch, 2.40-2.50 (m, 2H, Ch), 2.60-2.70 (m, 2H,
CH,), 6.85 (s, 1H, CH), 7.20-7.25 (m, 2H, ArH), 7.38J (m, 2H, ArH), 7.50-7.55 (m,
1H, ArH)

Synthesis of the saturated esters P21 and P25

Ethyl 4-(3-0x0-3,4,4a,5-tetrahydro-2H-indeno[1,2-glyridazin-2-yl)butanoate (P21)

(CH5)3COOCH,CH3;
N—NH N—N

: f/ /V/O : f/ >¢0
P19 P21

General procedure | was followed for the synthetiz21 from P19,

+ Yellow oll

+ Yield: 55%

« TLC (dichloromethane/methanol 95:5) R0.75

- 'H NMR (CDCk) 1.29 (t, 3H, CH), 2.0-2.10 (m, 2H, C}bJ, 2.25-2.40 (m, 3H, CH, CHj
2.65-2.80 (m, 1H, C}J, 2.85-2.95 (m, 1H, C§), 3.0-3.20 (m, 1H, C}J, 3.35-45 (m, 1H,
CH), 3.75-3.90 (m, 1H, CH), 3.95-4-15 (m, 3H, CH{4; 7.30-7.45 (m, 3H, ArH), 7.70-
7.80 (m, 1H, ArH)

+ Cell proliferation assayAppendix Il )
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Ethyl-4-(3-ox0-2,5,6,7-hexahydro-3H-benzo[6,7]-cyohepta[1,2-c]pyridazin-3-yl)
butanoate (P25)
(CH2)3COOCH,CH;
0 N0
| |

P23 P25
General procedure | was followed for the synthe6ig25from P23

+  Yellow oll

«  Yield: 33%

« TLC (dichloromethane/methanol 95:5) Rf=0.77

- 'H NMR (CDCk) 1.29 (t, 3H, CH), 1.4-1.2 (m, 2H, Cb), 1.41 (m, 1H, CH), 1.90-1.80
(m, 2H, CH), 2.04 (q, 2H, Ch), 2.3-2.1 (dd, 2H, C}}, 2.47 (dd, 2H, CKCO), 2.88-
2.84 (dd, 2H,CH), 3.20 (t, 2H, CHN), 4.13 (t, 2H, CHO), 7.30-7.78 (m, 4H, ArH)

Synthesis of the unsaturated esters P22 and P26

Ethyl 4-(3-o0x0-3,5-dihydro-2H-indeno[1,2-c]pyridazin-2-yl)butanoate (P22)

(CH)3COOCH,CHy
N—NH N—N

: f/ /V/O i f/ =0
P20 P22

General procedure L was followed for the synthe$iB22 from P20. A purification with flash
chromatography (eluent: dichloromethane/ethyl deeta4) was performed.
+  Yellow oll
« Yield: 68%
« TLC (dichloromethane/methanol 95:5) R0.80
- 'H NMR (CDCk) 1.25 (t, 3H, CH), 2.15-2.25 (m, 2H, Ch), 2.35-2.45 (m, 2H, Ch),
3.90 (s, 2H, Ch), 4.05-4.15 (q, 2H, Ch), 4.25-4.35 (m, 2H, CH), 6.95 (s, 1H, CH),
7.40-7.50 (m, 3H, ArH), 7.80-7.90 (m, 1H, ArH)
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Ethyl-4-(3-ox0-2,5,6,7-tetrahydro-3H-benzo[6,7]-cylohepta[1,2-c]pyridazin-3-yl)
butanoate (P26)

(CH2)3COOCH,CH3
l 0]

P24 P26
General procedure L was followed for the synthe$iB26 from P24. A purification with flash
chromatography (eluent: petroleum ether/ethyl dee@3) was performed.
« Yellow oll
- Yield: 68%
« TLC (dichloromethane/methanol 95:5) Rf=0.80
- 'H NMR (CDCk) 1.25 (t, 3H, CH), 2.05-2.25 (m, 4H, Ch), 2.35-2.45 (m, 4H, C}),
2.80-2.90 (m, 2H, C}J, 4.05-4.15 (q, 2H, C}), 4.25-4.35 (m, 2H, C}), 6.80 (s, 1H, CH),
7.20-7.30 (m, 1H, ArH), 7.30-7.40 (m, 2H, ArH), @-3.60 (m, 1H, ArH)
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5.4 Experimental procedures: the chimera compounds

5.4.1 Synthesis of the chimera compounds Cla,b aQ

4-0x0-1,2,3,4-tetrahydronaphthalene-1-carboxylic ad (25)201

% 100-110°C
¢}

o~phenylglutaric
anhydride

COOH

A mixture of a-phenylglutaric anhydride (0.5 g, 2.69 mmol) and @f polyphosphoric acid
was heated to 100-110 °C and kept at that temperdtar 15 min. Another 1 g of
polyphosphoric acid was added and the mixture weated for 15 min at the same
temperature. The solution appeared as a dense lmibwihe mixture was cooled with an ice
bath, treated with water and extracted with etlogtate (3 x 2 mL). In order to purify the
reaction mixture from the unreacted starting matethe organic phase was firstly treated
with 1 N NaOH (2 mL) and then the collected alkalaqueous solution, which contained the
sodium salt of compoun®5, was acidified with 6 N HCI (1 mL) and extractedth ethyl
acetate (3 x 1 mL). The organic layer was dried avdydrous Ng&5O, and evaporated under
reduced pressure to affo28.
+  Brown oil
« Yield: 90%
+ TLC (dichloromethane/methanol 9:1) Rf =0.5
- 'H NMR (CDCh) 2.25-2.40 (m, 1H, CH2), 2.45-2.55 (m, 1H, CH2), 2.55-2.70 (dt,
1H, CH-3), 2.85-2.95 (m, 1H, CH3), 3.96 (t, 1H, CH-1), 7.30-7.40 (m, 2H, ArH),
7.40-7.55 (m, 1H, ArH), 8.05 (d, 1H, ArH), 11.15 (&H, OH, exchangeable with
D,0)
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4-0x0-N-(4-(trifluoromethyl)phenyl)-1,2,3,4-tetrahydronaphthalene-1-carboxamide (26)

0 NH, 0
©i‘i . © TBTU, N-methylmorpholine
rt
COOH CF3 CONH@CFS
25 26

To a solution of compound5 (0.2 g, 1.05 mmol) in dichloromethane (6 mL) tloaigling
agent TBTU (0.46 g, 1.42 mmol)N-methylmorpholine (up to pH=7) and 4-
(trifluoromethyl)aniline (0.4 mL, 3.21 mmol) werdded. The resulting mixture was stirred at
room temperature for 24 h. The product was extdaaiigh dichloromethane (3 x 2 mL). The
organic layer was washed first with 1 N HCI (1 »xm), then with a saturated solution of
sodium hydrogencarbonate (1 x 2 mL) to neutrallze @éxcess of TBTU and finally with
brine (1 x 2 mL). The organic phase was dried oaehydrous Nz50O,, filtered and
concentrated invacuo to provide a yellow solid. The residue was pudfiby flash
chromatography (eluent: cyclohexane/ethyl acetagt@ afford the intermedia@t.
+  White solid
« Yield: 62%
+ TLC (petroleum ether/ethyl acetate 7:3) Rf = 0.®r{{pound26 was visualized by
dipping TLC plates into a solution of phosphomoligbakid in ethanol)
- 'H NMR (CDCk) 2.35-2.45 (m, 1H, CH2), 2.60-2.85 (m, 3H, [1H, C#2; 2H, CH-
3]), 3.90-3.95 (t, 1H, CH-1), 7.1-7.6 (m, 7H, Art®)11 (dd, 1H, ArH)

(2)-2-(1-oxo0-4-(4-(trifluoromethyl)phenylcarbamoyl)-3,4-dihydronaphthalen-2(1H)-
ylidene)acetic acid (27)

O COOH
CHO-COOH _
NaOH
rt
CONH@CFS CONH@CFg
26 27

A solution of NaOH (0.26 g, 6.53 mmol) in waterl(3nL) and ethanol (1.63 mL) was added
dropwise to an ice-cooled solution (0 °C) of compdba6 (0.44 g, 1.33 mmol) and glyoxylic
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acid (0.49 g, 5.27 mmol) in water (1.8 mL). Thisusion was stirred at room temperature for
1 h and then ethanol was removed under reducedyseesThe obtained acqueous mixture
was acidified with 6 N HCI and the precipitate viittered, washed with 6 N HCI (1 x 1 mL)
and dried to give a yellow residue. The crude swlas purified by flash chromatography
(eluent: dichloromethane/methanol 9:1 with 0.02 efilacetic acid) to provide compougd.

«  White solid

« Yield: 47%

« TLC (dichloromethane/methanol 9:1 with 0.02 mL oétic acid) Rf=0.4

- H NMR (CD;OD) 3.10-3.20 (m, 1H, CH3), 4.10-4.25 (m, 2H, [1H, CH3; 1H, CH-

4)), 6.90 (d, 1H, CH-9), 7.40 -7.80 (m, 7H, Art®)11 (dd, 1H, ArH)
- ®F NMR (CD;OD) 64 (s, 3F, C§

2-(1-oxo0-4-(4-(trifluoromethyl)phenylcarbamoyl)-1,23,4-tetrahydronaphthalen-2-
yl)acetic acid (28)

O  COOH O  COOH
= 7n |
CH;COOH
CONH@CF3 " CONH@»C%
27 28

A mixture of compoun@®7 (0.173 g, 0.44 mmol) and zinc dust (0.34 g, 0.58ah) in acetic
acid (4.95 mL) and water (1.24 mL) was heated &@G@or 20 min. Since the amount of zinc
was minimal, it was not necessary to filter thepgmsion to remove the excess of zinc,
whereas the acetic acid was removed under redusssgiype. Compound8 was extracted
with ethyl acetate (3 x 2 mL) and the organic layas dried over anhydrous MO, filtered
and the solvent was evaporated.
+ Light yellow solid
« Yield: 91%
« TLC (dichloromethane/methanol 9:1) Rf = 0.4 (CommibwB8 was visualized by
dipping TLC plates into a solution of phosphomoligbakid in ethanol)
- 'H NMR (CD;0D) 2.30 (dd, 1H, Chk9), 2.40-2.60 (m, 2H, CH3), 2.95 (dd, 1H,
CH-2), 3.05-3.20 (m, 1H, C}B), 4.30 (dd, 1H, CH-4), 7.25-8.11 (m, 8H, ArH)
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3-0x0-N-(4-(trifluoromethyl)phenyl)-2,3,4,4a,5,6-bxahydrobenzo[h]cinnoline-6-
carboxamide (Cla, C1b) N o
0 ' COOH N \f

| NH,NH, - H,0

reflux

CONH@CFg CONH@»CH

28 Cla (R*,R*)
C1b (R*, S¥)

To a solution of compound8 (0.15 g, 0.38 mmol) in ethanol, hydrazine monohyel(0.09
mL, 1.93 mmol) was added dropwise and the obtaysidw solution was refluxed for 2 h.
After evaporation of the solvent, the reaction migtwas extracted with ethyl acetate (5 x 1
mL). The organic layer was dried over anhydrousS@, filtrated and the solvent was
evaporated under reduced pressure. The two diagensersCla andC1lb was separated by
flash chromatography (eluent: dichloromethane/nmeih@.8:0.2).
- Total yield: 64% (diastereomeric exc&bkaClb =8:2)
CompoundCla:
+ Yellow solid
+ TLC (dichloromethane/methanol 9:1) Rf = 0.53 (ConmpdsClawas visualized also
with iodine)
« Melting point: 230.2-232.4 °C
- 'H NMR (CDs;OD) 1.80-2.00 (m, 2H, CH6), 2.00-2.15 (m, 1H) 2.40-2.50 (m, 2H),
2.65-2.75 (m, 1H), 4.05-4.10 (m, 1H), 7.20-7.30 @H, ArH), 7.50-7.55 (m, 2H,
ArH), 7.70-7.75 (m, 2H, ArH), 8.05-8.10 (m, 1H, AxH
CompoundC1b
+  White solid
+ TLC (dichloromethane/methanol 9:1) Rf = 0.48 (CommpasC1b was visualized also
with iodine)
- 'H NMR (DMSO) 1.80-2.00 (m, 1H) 2.20-2.40 (m, 2H}4@-2.45 (m, 1H), 2.85-3.00
(m, 1H), 3.90-4.00 (m, 1H), 7.15-7.20 (m, 1H, Arf)30 (d, 2H, ArH), 7.75 (d, 2H,
ArH), 7.90 (d, 2H, ArH), 8.05 (d, 1H, ArH)

157



Chapter 5 — EXPERIMENTAL SECTION: CHEMISTRY

3-0xo-N-(4-(trifluoromethyl)phenyl)-2,3,5,6-tetrahydrobenzo[h]cinnoline-6-carboxamide
(C2)

N__o N__o
Nl/ \f NO, le
i‘SOjNa" =
NaOH
1
CONH@CFg retiux CONH@CFg
Cla 2

A mixture of compoundla (5 x 10% g, 0.13 mmol), sodiurm-nitro-benzenesulfonate (2.9 x
102 g, 0.13 mmol), NaOH (2.1 x 0 g, 0.52 mmol) in water (1 mL) was refluxed for 30
min. After cooling, the reaction mixture was extemtwith ethyl acetate (3 x 1 mL) and the
organic layer was dried over anhydrous,8l@,, filtrated and the solvent was evaporated
under reduced pressure. The obtained residue wégeg@wby flash chromatography (eluent:
dichloromethane/methanol 9.7:0.3) to aff@2.
+ Yellow solid
+ Yield: 85%.
« TLC (dichloromethane/methanol 9:1) Rf =0.4
- H NMR (CD;OD) 3.25 (t, 1H, CH), 4.15 (t, 1H, CH), 4.30 (t, 1H, CH), 6.85 (s, 1H,
CH),7.40-7.55 (m, 3H, ArH), 7.60 (d, 2H, ArH), 7.6% 2H, ArH), 8.15-8.25 (m, 1H,
ArH)
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5.4.2 Synthesis of the chimera compound C3
B-benzoyly-butyrolactone (29

o} O

OH 1 HCHO 37%, 2N NaOH o
¢} 2. HCI conc o

3-benzoyl propionic acid 29

Formaldehyde 37% (0.25 mL, 3.08 mmol) was added tstirred solution of 3-benzoyl
propionic acid (0.5 g, 2.81 mmol) in a solution QINaOH (6.2 mL, 3.1 mmol) (molar ratio
of 3-benzoyl propionic acid/Ci#/NaOH = 1.0 : 1.1 : 1.1). After 1 h at room tengtere, the
mixture was acidified with concentrated hydrochdoscid (~ 0.31 mL) and stirred for
additional 12 h. The mixture was extracted withyeticetate (3 x 5 mL) and the combined
organic layers were dried over anhydrous®a, and concentrateih vacuo The crude was
purified by flash chromatography (eluent: petrolewtiner/ethyl acetate 7:3) to obtain
intermediate29.

« Transparent oil

« Yield: 69%

« TLC (dichloromethane/methanol 9:1) Rf=0.8

- H NMR (CDCE) 2.75-3.05 (m, 2H, C}}, 4.35-4.50 (m, 2H, Ch), 4.60-4.65 (m, 1H,

CH), 7.50-7.95 (m, 5H, ArH).

5-hydroxymethyl-6-phenyl-4,5-dihydro-3(2H)-pyridazinone (30§
O

NHQNHZ * HQO N—NH
o —> 4 0]
o reflux
HOH,C
29 30

To a solution of compoun@9 (5 x 10° g, 0.26 mmol) in ethanol (2 mL), hydrazine
monohydrate (0.037 mL, 0.78 mmol) was added andnitxéure was refluxed for 1.5 h. The
solvent was then removed vacuoand the residue was extracted with ethyl acetate 3
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mL). The organic layer was dried over anhydrousS{a, evaporated and the crude was
directly used without purification in the next réaao.
- Pale yellow solid
« Yield: 67%
« TLC (dichloromethane/methanol 95:5) Rf=0.3
- 'H NMR (CDCk) 2.65-2.95 (m, 2H, Ch), 3.25-3.55 (m, 1H, CH), 3.70-3.90 (m, 2H,
CHy), 7.20-7.80 (m, 5H, ArH), 8.50 (br s, 1H, NH, eadgeable with BD).

6-phenyl-5-hydroxymethyl-4,5-dihydro-3(2H)-pyridazinone acetate (31)

N—NH Ac,0 /N—NH
0O —» 0
Py, rt
HOH,C AcOH,C
30 31

To a solution of30 (5 x 107 g, 0.25 mmol) in pyridine (2 mL), acetic anhydri@045 mL,
0.48 mmol) was added and the mixture was stirred &r 4 h. The pyridine was then
removed under reduced pressure and the residuextrasted with ethyl acetate (5 x 3 mL).
The organic layer was dried over anhydrous3@, evaporated and the crude was purified
by flash chromatography (eluent cyclohexane/etbgtate 3:7) to afford intermediatd.
- Pale yellow solid
« Yield: 98%
« TLC (dichloromethane/methanol 95:5) Rf=0.5
- 'H NMR (CDCk) 2.0 (s, 3H, Ch), 2.70-2.80 (m, 2H, Ch), 3.60-3.70 (m, 1H, CH),
4.0-4.10 (m, 1H, CH), 4.30-4.40 (m, 1H, CH), 7.485/(m, 5H, ArH), 8.80 (br s, 1H,
NH, exchangeable with D).
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6-phenyl-5-hydroxymethyl-3(2H)-pyridazinone acetatg32)

N—NH MnO, N—NH
4 0O —  » / o)
reflux —
AcOH,C AcOH,C
31 32

A mixture of31 (5 x 10% g, 0.20 mmol) and activated manganese dioxide&40gl 2.1 mmol)
in dry dichloromethane (2 mL) was refluxed for 24Afiter cooling, the oxidant was removed
by filtration through Celite and the manganese diexwas washed with dichloromethane.
The obtained filtrate was concentrated to give led sesidue, which was purified by flash
chromatography (eluent: dichloromethane/ethyl dee@2).

«  White solid

« Yield: 60%

« TLC (dichloromethane/methanol 95:5) Rf=0.4

- 'H NMR (CDCEk) 2.15 (s, 3H, Ch), 4.9 (s, 2H, Ch), 7.05 (s, 1H, CH), 7.38-7.49 (m,

5H, ArH), 11.13 (br s, 1H, NH, exchangeable witsO).

6-phenyl-5-hydroxymethyl-3(2H)-pyridazinone (33)

N—NH N—NH
FN Nl PN
— reflux —
ACOH,C HOH,C
32 33

A solution of32 (5 x 10% g, 0.20 mmol) in ethanol (3 mL) was treated witth HCI (1 mL)
and the mixture was heated to reflux for 4 h. Atteoling, the solvent was removedvacuo
and the residue extracted with with ethyl acetdte 8 mL). The organic layer was dried over
anhydrous Nz5O, and concentratei vacuoto obtain intermediat@3 as white solid.

« Quantitative yield

« TLC (dichloromethane/methanol 9:1) Rf=0.3

- 'H NMR (CD;OD) 4.38 (s, 2H, Ch), 7.2 (s, 1H, CH), 7.05 (s, 1H, CH), 7.43-7.50 (m,

5H, ArH).
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6-phenyl-5-formyl-3(2H)-pyridazinone (34)

N—NH N—NH
_ B _
HOH,C OHC
33 34

A solution of33 (5 x 10% g, 0.25 mmol) in dry tetrahydrofurane (2 mL) wasred with
activated manganese dioxide (0.27 g, 2.5 mmol¥tih at rt. The suspension was filtered
through Celite and the manganese dioxide was wasiftbdtetrahydrofurane. The obtained
filtrate was concentrated to give a solid residulich was purified by flash chromatography
(eluent: dichloromethane/methanol 95:5).

+ Yellow solid

« Yield: 81%

« TLC (dichloromethane/methanol 95:5) Rf=0.3

- H NMR (CDCk) 7.43 (s, 1H, CH), 7.45-7.55 (m, 5H, ArH), 9.92 15, CHO).

6-phenyl-5-carboxy-3(2H)-pyridazinone (35)

N—NH N—NH
Ag,O
/_ 0 25} /_ fe)
rt
OHC HOOC
34 35

A solution of aldehyde84 (5 x 10% g, 0.25 mg) and silver nitrate (0.212 g, 1.25 mniol
ethanol (0.5 mL) and water (0.6 mL) was stirreddpunder nitrogen atmosphere. A 10%
NaOH solution was added until the pH of the reactioxture reached 12. The resulting black
suspension was stirred at room temperature for I&nd then filtered. The filtrate was
concentrated under reduced pressure, then aciavithdoN HCI, extracted with diethyl ether
(3 x 2 mL), dried over anhydrous MO, and concentrateith vacuo The obtained crude was
purified with flash chromatography (dichloromethamethanol 9:1) to give intermediz3é.

« Yellow solid

« Yield: 60%

« TLC (dichloromethane/methanol 9:1) Rf=0.2

- 'H NMR (DMSO) 7.15 (s, 1H, COOH), 7.46 (s, 5H, ArH).
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1-(6-ox0-3-phenyl-1,6-dihydropyridazin-4yl)-3-(4-(tifluoromethyl) phenyl)urea (C3)

N—NH
4 o)

N—NH

) o !-DPPA.EGN.80°C ©_S=/E

f

— > HN
2.p-trifluoromethyl aniline
HOOC reflux >= 0 3
HN
) Q

CF;

The carboxylic aci®5 (5 x 10° g, 0.23 mmol) was suspended in a mixture of dhyene (8
mL) and dry tetrahydrofurane (8 mL) under nitrogémosphere, and DPPA (0.078 mL, 0.36
mmol) was added. Triethylamine (0.032 mL, 3.6 mnwd)s then added dropwise and the

mixture stirred at room temperature for 30 min. Bb&ution was heated at 80 °C for 2 h and

then p-trifluoromethyl aniline (0.036 mL, 0.29 mmol) inHF (3 mL) was added together

with triethylamine (0.032 mL, 3.6 mmol). The mixtuwas stirred at 80 °C overnight and

then was diluted with 10 mL of water and extractth ethylacetate (3 x 10 mL). The

organic phase was then extracted with 1 M HCI (10xmL). The organic layer was dried

over anhydrous N&QO, and concentrateitt vacuoto obtain the chimer@3.

White solid

Yield: 20%

TLC (dichloromethane/methanol 95:5) Rf=0.4

'H NMR (CDs;0D) 7.50-7.60 (m, 10H, ArH), 7.85 (s, 1H, CH).

13C NMR (CD;OD) 110, 118, 126, 129, 130, 133, 142, 143, 152, 16
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5.5 Experimental procedures: the oxidized compounds

5.5.1 Synthesis of thertho-quinone derivative O1

199, 200

3-methyl-2-morpholino-2,3-dihydrobenzofuran-5-ol (%)
0
HN
@ ¥ HJ\/

|

0 — -
+ N - N 0]
) [Io/* _
0]
L 36 37

To a solution of propionaldehyde (0.174 g, 3 mniHRoluene (4 mL), morpholine (0.26 g, 3
mmol) was added dropwise and the mixture was dtataoom temperature for 18 h until the
consumption of the starting material (the reacti@s monitored byH NMR).

The mixture was cooled to 0 °C and a solutionpdfenzoquinone (150 mg, 3 mmol) in
toluene (1 mL) was added. The mixture was stirred &C for 2.5 h and then it was
concentratedn vacuoto obtain the crude product (dark red solid) usethout further

purifications.

3-methylbenzofuran-5-ol (38)

CHy CHs
HO /\ 5N HCl HO
N O N
(0] / reflux 0

37 38
A solution of37 (5 x 10% g, 0.21 mmol) in tetrahydrofuran (1 mL) was adtfwith 3 mL of
5N HCI and it was refluxed for 2 h. The mixture when extracted with diethyl ether (3 x 2

mL), dried over anhydrous MaO, and the solvent was evaporated under reduced peessu
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The obtained crude was purified by flash chromatplgy (eluent: ciclohexane/ethyl acetate
8:2— 7:3— 6:4).
« Yield over two steps: 3%
« TLC (ciclohexane/ethyl acetate 7:3) Rf = 0.53
- H NMR (CDCk) 2.2 (s, 3H, CH), 5.2 (s, 1H, OH)6.8-6.9 (m, 1H, ArH), 6.9 (s, 1H,
ArH), 7.25-7.35 (m, 1H, ArH), 7.4 (s, 1H, CH)

3-methylbenzofuran-4,5-dione (O1)
0

CHs CHs
HO @)
IBX
\ e ﬁf\g
o reflux o

38 o1

IBX 45 wt. % (0.21 g, 0.34 mmol) was added to aigoh of 38 (5 x 10 g, 0.34 mmol) in
dichloromethane (1.5 mL) and the resulting mixtwees stirred at room temperature for 24 h.
The reaction was then diluted with water (2 mL) &axtracted with dichloromethane (3 x 2
mL). The combined organic layers were washed withneh dried over N&O, and
evaporatedn vacuo

« Purple solid

«  Yield: 3.6%

+ TLC (cyclohexanel/ethyl acetate 7:3) Rf =0.2

- 'H NMR (CDCk) 2.0 (s, 3H, CH), 7.25 (s, 1H, ArH)7.5 (d, 1H, ArH) 8.07 (d, 1H,

CH).
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5.5.2 Synthesis of thertho-quinone derivatives RS)-0O2

4-(allyloxy)-2,3-dimethylphenol (39)

OH
Allyl iodide
K2C03

OH

39

Allyl iodide (1 mL, 10.91 mmol) and potassium canbte (2 g, 14.05 mmol) were added to a
solution of 2,3-dimethyl hydroxyl hydroquinone (1 924 mmol) in acetone (4 mL). The
resulting mixture was stirred under reflux for 18Tien the solvent was removedvacuo
and the remaining residue was poured into water exithcted with diethyl ether. Flash
chromatography (eluent: ciclohexane/ethylacetatd 958:2) of the crude product gave two
products: the desired monoallyl ettf3&and its correspondent diallylether.

+ Yield (monoallyl etheB9): 30%

- TLC (ciclohexane/ethyl acetate 8:2) Rhoallyi ethess = 0.38 ; Riiiailyi ether= 0.76

- H NMR (monoallyl ethe39) (CDCk) 2.18 (s, 3H, Ch), 2.2 (s, 3H, Ch), 4.45 (d,

2H, CH,), 5.2 (dd, 1H, CH)5.4 (dd, 1H, CH)6.1 (m, 1H, CH)6.6 (d, 2H, ArH).

5-allyl-2,3-dimethylbenzene-1,4-diol (40)

Decaline

200°C

39 40
A solution of monoallyl etheB9 (0.2 g, 1.12 mmol) in decalin (1 mL) is heate®&®) °C for
7 h in autoclave and then cooled to room tempezatér light grey solid product was
separated by filtration and washed witthexane. The precipitation could be enhanced by
leaving the autoclave in freezer overnight. Thederuyroduct was purified by flash
chromatography (eluent: cyclohexane/ethyl acetat® -9 9:1 — 8:2).
« Yield: 92%
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+ TLC (ciclohexane/ethylacetate 8:2) Rf = 0.28

- 'H NMR (CDCk) 2.14 (s, 3H, CH), 2.16 (s, 3H, CH), 3.25 (d, 2H, CH), 4.20 (s, 1H,
OH), 4.50 (s, 1H, OH), 5.09 (s, 1H, GK5.10 (d, 1H, CH), 5.85-6.0 (m, 1H, CH)
6.40 (s, 1H, ArH).

2,6,7-trimethyl-2,3-dihydrobenzofuran-5-ol (41)

OH
p-toluensolfonic acid HO
. CHs
AN 80 °C o
OH
40 41

p-toluenesulfonic acid (0.36 g, 2.1 mmol) was adaed solution 0o#0 (0.2 g, 1.12 mmol) in
toluene (1.5 mL) and the reaction mixture was heate80 °C for 8 h. To the mixture, cooled
to room temperature, a solution of saturated Nakl(3OnL) was added and it was extracted
with ethyl acetate (3 x 2 mL). The organic layerswaried over anhydrous B&0O, and
evaporatedin vacuo Purification of the obtained crude solid was iemrrout by flash
chromatography (eluent: cyclohexane/ethyl acet&tet8 afford compoundl.

+  White solid

+ Yield: 99%

« TLC (cyclohexane/ethyl acetate 8:2) Rf =0.5

- 'H NMR (CDCk) 1.47 (s, 3H, Ch), 2.01 (s, 3H, Ch), 2.03 (s, 3H, Ch), 2.7 (dd, 1H,

CH,), 3.1 (dd, 1H, CH), 4.8-5.1 (m, 1H, CH)6.4 (s, 1H, ArH).

2,6,7-trimethyl-2,3-dihydrobenzofuran-4,5-dione (O2

HO IBX o
CH3 _— CH3

o CH,Cl, o

41 02
IBX 45% wt. (0.18 g, 0.29 mmol) was added to a sofuof 41 (5 x 10? g, 0.28 mmol) in
dichloromethane (1 mL). The resulting mixture wased at room temperature for 24 h. The
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reaction was then diluted with water (2 mL) andrastied with dichloromethane (3 x 2 mL).

The combined organic layers were washed with brireed over anhydrous NaO, and

evaporatedin vacuo The crude product was purified by gradient flastromatography

(ciclohexane/ethyl acetate 8:2 7:3).

Red solid

Yield: 3.6%

TLC (cyclohexane/ethyl acetate 8:2) Rf = 0.2

'H NMR (CDCk) 1.45 (s, 3H, Ch), 1.9 (s, 3H, CH), 2.0 (s, 3H, CH), 2.6 (dd, 1H,
CHy), 3.2 (dd, 1H, CH), 5.0-5.15 (m, 1H, CH).

3C NMR (CDCE) 30, 128, 129, 130, 134, 172.
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6. EXPERIMENTAL SECTION: BIOLOGY

6.1 Dual luciferase assay’

Cell culture. The cancer cell lines were obtained from AmeriGgpe Culture Collection.
Human colon cancer cells (HTC-116) were maintaimeBPMI 1640 (Gibco/BRL). Human
colon cancer cell line (HCT-116) was maintainedMoCoy's 5A (Gibco/BRL). All culture
media were supplemented with 10% heat-inactiva¢tal bovine serum (Gibco/BRL). Cell
cultures were maintained at 37 °C under a humidliéemosphere of 5% G@n an incubator.
Transient transfection and dual-luciferase assaydHCT-116 cells were seeded at a density
of 10x10 cells in 100 mrh culture plate. On the following day, the cells eeo-transfected
with pSTAT3-TA-Luccarrying firefly luciferase gene, which is depentierexpressed by
STAT3 activity, andpRL-TK carrying Renilla luciferase gene, which is indegently
expressed by STAT3 activityRenilla luciferase activity was determined to calibrate
transfection efficiency and cytotoxicity of chenmgaBeetleluciferin andcoelenterazinevere
used as substrates for the two enzymes, respactivieé transfection was carried out using
TransFectin(Bio-Rag. After 5 h of transfection, the cells were trypzed and seeded onto
sterilized black bottom 96-well plates at a densityl x 1d cells per well. On the following
day, cells were treated with the tested compounhdsfarent concentration and incubated for
24 h. Firefly and Renilla luciferase activity was measured using a dualtligiporter gene
assay kit Promegd. Renilla luciferase activity was determined tdilmate transfection
efficiency and cytotoxicity of chemicals. Relati8d AT3 activity was calculated by dividing
the firefly luciferase activity with Renilla lucifase activity in each transfection experiment.
The values of STAT3 inhibitory activity were the ams of 3 experiments and the maximum

deviation from the mean was less than 10%.

As shown inFigure 37, the activities ofFirefly andRenilla luciferases are measured
sequentially from a single sample. Measurementhef luminescent signal from the two
luciferase reporter enzymes was performed immdgiga#owing preparation of lysates with

passive lysis buffer. BotRenilla and firefly luciferase exhibit glow-type reactiomé&tics
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when each specific substrates are added to lysatesfirefly luciferase reporter is measured
first by addingLuciferase Assay Reagent (LAR Il) to generate a stabilized luminescent
signal. After quantifying the firefly luminescendhjs reaction is quenched, and Renilla
luciferase reaction is simultaneously initiatedaolglingStop & Glo Reagerib the same tube.
The Stop & Glo Reagerdlso produces a stabilized signal from Renilla luciferase, which
decays slowly over the course of the measureniBath of luminescence was measured by
Wallac Victor" 2 luminometer (Perkin-Elmer, Inc., Wellesley, MA).

Colorectal carcinoma HCT-116 cells

treated with the test compound and
incubated for 24 h

—— Cell lysis by 1xPLB (passive lysis buffer)

—  LARII (luciferase assay reagent Il)
@ First Measurement

~ #_ (Firelly Luciferase)

_— Stop & Glo Reagent

Second Measurament
{Renilfa Lucifarase)

Figure 37. Dual-luciferase report assay.
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6.2 AlphaScreen-based assay protocol

The AlphaScreen-based assay was performed in lardiaetion volume of 25 pL of the assay
buffer containing 10 mM HEPES-NaOH (pH=7.4), 50 iNdCI, 1 mM EDTA (pH = 8.0),
0,1% NP-40, and 10 ng/uL BSA, in a 96-well micetiplate at 25 °C. Phospho-TyT{yr)
peptide probes used in this study were 5-carbogyéiscein (FITC)-GpYLPQTYV for STATS3,
FITC-GpYDKPHVL for STAT1 and FITC-PSpYVNVQN for Gib Firstly, 75 nM of each
SH2-conteining protein was incubated with a teshpound for 15 min. Each protein sample
was then incubated for 90 min with 50 nM of itsregponding FITC-pTyr peptide, and
mixed with streptavidin-coated donor beads and-RItC acceptor beads simultaneously
before detection at 570 nm using EnVision Xciterkivd=lmer).

6.3 Cell proliferation assays

The anti-proliferative assay was performed accagrdintheUS NCI protocol:”® The human
tumor cancer cell linesf the screening panel were grown in RPM 1640 nrmadiantaining
5% fetal bovine serum and 2 mM L-glutamii@ells were inoculated into 96-well microtiter
plates in 10QuL of complete medium at densities ranging from 5@0@G.000 50 cells/well.
The microtiter plates containing the cells wareubated for 24 h at 37 °C, 5% ®5% air
and 100%relative humidity prior to addition of the experimal drug. This latter was
solubilized in dimethyl sulfoxide at 400-fold thikesired final maximum test concentration
and stored frozeprior to use. At the time of drug addition, an ab¢| of frozenconcentrate
was thawed and diluted twice to the desired fmakimum test concentration with complete
mediumcontaining 5Qug/mL gentamicinAdditional four, 10-foldserial dilutions were made
to provide a total of five drugoncentrations plus control. Aliquots of 1QQ of these
different drug dilutions were added to the apprayennicrotiter wells already containing 100
uL of medium,resulting in the required final drug concentratiofsllowing the addition of
the compound, the plates weneubated for an additional 48 h at 37 °C, 5%,C@% air,
and 100% relative humidity. Cells were fixed by tientle addition of 5L of cold 50%
(w/v) trichloroacetic acid (TCA) and incubated 80 min at 4 °C. After washing with tap
water and air drying, Sulforhodamine B (SRB) 70utioh (100uL) at 0.4% (w/v) in 1%
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acetic acid was added to each well, and plates weubated for 10 min at room temperature.
After removing the unbound dye by washing with 1%etec acid, the bound stain was
subsequently solubilized with 10 mM Trizma base #ma absorbance was measured on a
microplate reader. Dose response parametegs, (BBI, LDsg) were calculated as reported in

the NCI protocol.”®
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Appendix |

Mean optical densities, percent growth,s¢5TGI and LG, of F2e evaluated on a panel of 58 human

tumor cell lines (data obtained from NCI).

Time
Panel/Cell Line Zero
Leukemia
CCRF-CEM 0.5186
HL-60(TB) 0.896
MOLT-4 0.792
RPMI-8226 0.882
SR 0.482
Non-Small Cell Lung Cancer
AB49/ATCC 0323
EKVX 0.795
HOP-62 0.453
HOP-92 1.283
NCI-H226 0.762
NCI-H23 0.591
NCI-H322M 0.790
NCI-H460 0.250
NCI-H522 0.827
Colon Cancer
COLO 205 0318
HCC-2998 0.405
HCT-1186 0.169
HCT-15 0.462
HT29 0.187
KM12 0.437
SW-620 0.2565
CNS Cancer
SF-268 0.430
SF-295 0.662
SF-539 0.870
SNB-19 0.506
SNB-75 1.084
U251 0.270
Melanoma
LOX IMVI 0.169
MALME-3M 0.631
M14 0.367
MDA-MB-435 0.391
SK-MEL-2 0.684
SK-MEL-28 0.519
UACC-257 0.760
UACC-62 0.695
Ovanan Cancer
IGROV1 0623
OVCAR-3 0475
OVCAR-+4 0.576
OVCAR-5 0.565
OVCAR-8 0.349
NCI/ADR-RES 0.504
SK-0OV-3 0.507
Renal Cancer
786-0 0.638
A498 1.240
ACHN 0.481
CAKI-1 0.731
RXF 393 0.695
SN12C 0.595
TK-10 0.640
uUo-31 0.572
Prostate Cancer
PC-3 0.600
DU-145 0.402
Breast Cancer
MCF7 0.309
MDA-MB-231/ATCC 0.623
HS 578T 0.765
BT-548 0.793
T-47D 0.610
MDA-MB-468 0514

Ctrl

1.867
2698
2313
2526
1.949

1.791
1.899
1.182
1815
1.666
2.066
1913
2519
2251

1.053
1471
1.368
2285
1.162
2310
1.810

1.284
2.396
2107
1.630
1.617
1413

1.395
1.351
1.363
1.878
1.261
1.283
1.961
2450

2102
1523
1.062
1.218
1.880
1.865
1.026

2146
2.029
1.697
1827
1084
2074
1.377
1.715

2183
1476

1.543
1414
1.761
1.708
1.424
0.863

-8.0

1.641
2551
2252
2422
1.759

1.764
1.953
1.134
1.760
1.635
1.962
1716
2561
2107

1.078
1.416
1324
2183
1.160
2.302
1.808

1.302
2298
2043
1.640
1.520
1.330

1.361
1.245
1.316
1.808
1.219
1.295
1.921
2392

2103
1.480
1.051
1.167
1.838
1.923
1.027

2132
1.895
1.690
1.893
1.102
2078
1.307
1.499

2110
1.483

1.637
1.402
1.697
1.633
1.427
0.862

Log10 Concentration

Mean Optical Densities

-7.0

1.583
25897
2182
2319
1.826

1.647
1.846
1.122
1.751
1.656
1.919
1.706
2629
2076

1.039
1.407
1.308
2239
1.122
2220
1.745

1.328
2223
2045
1.661
1.595
1.236

1.332
1.277
1317
1.755
1.222
1.252
1877
2372

2.061
1461
1.058
1.162
1.872
1.861
1.012

2121
1.810
1597
1.894
1.107
2.026
1.290
1.487

2.096
1.509

1.507
1.383
1.686
1.660
1.392
0.850

-6.0

1.052
1.512
1.856
1.725
1815

1.506
1.816
1.6
1.506
1.570
1.656
1.507
1.071
1.959

1.116
1.379
1.091
2342
1.167
2168
1574

1.052
1.545
2172
1570
1.459
1.100

0.748
1.066
1.048
1477
1214
1.223
1.686
2128

2100
1.315
0.996
1.227
1.635
1727
1.057

1.928
1.822
1.752
1.606
1.043
1.931
1.332
1.468

1.627
1.390

1.536
1.425
1.518
1.546
1.384
0.816

-5.0

0.520
0.530
0.638
0747
0497

0.391
0.935
0425
0.922
0.682
0.544
0.888
0.212
0713

0373
0.592
0.164
0.564
0.201
0.534
0.374

0487
0.409
0.965
0.622
0.978
0.339

0.293
0.654
0438
0.446
0.426
0.710
0733
0583

1.005
0432
0277
0.669
0.497
0.484
0.435

0.421
0915
0.459
0.659
0523
0.629
0.942
0.601

0.582
0.558

0.279
0537
0.886
0.708
0.643
0574

4.0

0.453
0508
0.518
0.667
0.306

0373
0.705
0.357
0816
0.724
0.562
0.808
0.378
0.700

0.045
0.529
0211
0.501
0.221
0.557
0.568

0.533
0.291
0.652
0.586
0.777
0298

0.164
0.582
0.436
0.540
0.364
0.660
0.702
0.686

0.935
0.468
0462
0.564
0.445
0.527
0.394

0.421
0.893
0429
0.682
0.441
0.648
0.715
0.626

0.565
0.507

0.235
0.447
0.933
0.619
0.631
0.398

-8.0

98
92
96
94
87

98
105
93
90
a7
93
82
102
a0

103
95
96

100
100
100

91
94
95
101

95
101

100
99
94
92

100

100

93
94
N
ar
92

98
94
95
a7
96
a5
96

94
a0
95
103

98
72
92
97
106
a7
88
80

94
103

97
96
92
95
96
96

Percent Growth

-6.0

47
34
70
51
91

109
N
i
103
100
92
85

65
51
105
95

73

86

105
73
89
20
94
78

59
92

99
101
76
82
95
a7

-5.0

41
20

28
-10
8

15
14

-
U LadwWw~N~

-38

10
-10

-16

26
-9
-52

10
14
34
26

7
10
25

41

15

-10
-14

12
-1

17

49
43
35
24
Ay

11
-56
-25

-28

-3
-6

10
18
-8
-1
21

-20

-22

34
28
13

5
37

10

10

24
28

17
29

-23

GI50

8.42E-7
546E-7
1.67E-6
1.05E-6
2 85E-6

253E-6
3.40E-6
2. 93E-6
6.68E-7
2.48E-6
1.89E-6
1.78E-6
6.29E-7
2.07E-6

3.80E-6
3.63E-6
217E-6
3.50E-6
323E-6
3.06E-6
2.82E-6

1.81E-6
1.02E-6
3.68E-6
3.38BE-6
1.79E-6
219E-6

8.72E-7
1.52E-6
2 04E-6
2.15E-6
210E-6
4 25E-6
217E-6
21E-6

4 T2E-6
2 18E-6
1.83E-6
3.98E-6
287E-6
2 66E-6
2.92E-6

1.98E-6
1.73E-6
3.10E-6
1.90E-6
221E-6
2.87E-6
6.75E-6
237E-6

1.38E-6
3.48E-6

284E-6
2 79E-6
2.53E-6
222E-6
3.13E-6
3.36E-6

v

W

VvV VY

b3

v

v

v

v

TGl

1.07E-5
2 85E-6
6.05E-6
5.89E-6
1.06E-5

1.00E-4
3.36E-5
8.74E-6
3.96E-6
7.85E-6
7.94E-6
1.00E-4

712E6

1.20E-5
1.00E-4

1.00E-4
1.00E-4
1.00E-4
1.00E-4

1.00E-4
3.72E-6
1.71E-5
1.00E-4
7.54E-6
1.00E-4

5.70E-5
218E-5
1.00E-4
1.00E-4
5.11E-6
1.00E-4
9.02E-6
6.83E-6

1.00E-4
7.90E-6
4.21E-6
9.63E-5
1.00E-4

7.60E-6

5.19E-6
5.46E-6
8.74E-6
T.59E-6
6.07E-6
1.00E-4
1.00E-4
1.00E-4

8.91E-6
1.00E-4

8.15E-6
7.59E-6
1.00E-4
7.66E-6
1.00E-4
270E-5

VvV VWYY

WV Y VY Y YY

VvV VYV Y

W

VoV VY

VIV VY VYV

v

v

VoV VYV VVVYVYY VOV VY

VV VY VY

LCS50

1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4

1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4

4.13E-5
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4

1.00E-4
4 54E-5
1.00E-4
1.00E-4
1.00E-4
1.00E-4

1.00E-4
1.00E-4
1.00E-4
1.00E-4
-00E-4
{00E-4
_00E-4
_00E-4

_00E-4
_00E-4

-00E-4
{00E-4
(00E-4
1.00E-4

1.00E4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E4

1.00E4
1.00E-4

1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4
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Appendix Il

Dose-response curves showing the percentage giolitdition of compound-2ein panel/cell lines
(data obtained from NGh vitro disease oriented tumor cell screen).
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Growth inhibitory % of pyridazinone compound&lg P4a P53 P5ag P19 P21, P23 evaluated by

cell proliferation assay against a panel of 58 loadls at a single dose of 10 uM.

LEUKEMIA
CCRF-CEM
HL-60(TB)
K-562
MOLT-4
RPMI-8226
SR
NON-SMALL
CELL LUNG
CANCER
AB49/ATCC
EKVX
HOP62
HOP92

NCI H226
NCI H23
NCI H322M
NCI H460
NCI H522
COLON
CANCER
COLO 205
HCC 2998
HCT 116
HCT 15
HT29

KM12
SW620
CNS CANCER
SF 268

SF 295

SF 539

SNB 19
SNB 75
U251
MELANOMA
LOX IMVI

Pla

n.a.
5.5
2.52
1.76
0.7
11.84

n.a.
36.08
n.a.
5.17
n.a.
n.a.
n.a.
n.a.
17.4

n.a.
n.a.
n.a.
2.64
3.17
n.a.
n.a.

0.09
n.a.
2.27
n.a.
5.55
2.05

n.a.

P4a

13.76

3.68
n.t.

9.03
n.a.

20.07

0.84
9.32
n.a.
1.62
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
11.23
0.85
n.a.
n.a.
5.00

n.a.

Growth inhibition %

P5a

n.a.
n.a.
10.73
14.7

n.a.
22.2

7.92
3.62
n.a.
0.22
n.a.
n.a.
n.a.
n.a.
10.7

n.a.
n.a.
n.a.
n.a.

4.15

n.a.
n.a.

n.a.
8.9
n.a.
n.a.
3.55
n.a.

n.a.

P5aa

7.49
6.86
1.74

n.a

n.a
4.57

n.a
2.41
n.a
14.32
n.a
n.a
n.a
n.a
2.54

n.a
2.13
1.58
n.a
n.a
n.a

n.a

n.a
6.85
n.a
1,2
4.99
5.17

n.a

P19

n.a.
2.14
2.87
n.a.
n.a.
7.26

0.82
19.93
n.a.

12.06

n.a.
n.a.
n.a.
n.a.

3.97

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
1.78
151
n.a.

n.a.
n.a.

n.a.

P21

8.2
4.71
7.68

51

n.a.

9.98

1,24

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.

n.a.

n.a.

0.59

n.a.
n.a.
n.a.
n.a.
4.17
n.a.

n.a.

P23

8.2
n.a.
n.a.
n.a.

12.3
1.47

n.a.
4.93
1.05
n.a.
n.a.
n.a.
n.a.
n.a.
6.37

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
0.04
n.a.
4.86
1.72

n.a.
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MALNE 3M
M14
MDA-MB-435
SK MEL 2
SK MEL 28
SKMEL5
UACC-257
UACC-62

OVARIAN
CANCER

IGROV 1
OVCAR 3
OVCAR 4
OVCAR 5
OVCAR 8
NCI/ADR-RES
SK-OV-3
RENAL
CANCER
786-0

A498

ACHN
CAKI-1

SN 12C
TK-10
uo-31
PROSTATE
CANCER
PC3

DU 145
BREAST
CANCER
MCF7
MDA-MB-
231/ATCC
HS 578T

BT 549
T-47D
MDA-MB-468

n.a. not active

n.a.
191
n.a.
n.a.
n.a.
n.a.
2.68
n.a.

n.a.
n.a.
n.a.
5.23
n.a.
n.a.
n.a.

10.19
2.54
2.59
n.a.

n.a.
4.36
14.44

4,14
n.a.

0.94
n.a.

n.a.
n.a.
n.a.
n.a.

10.17
n.a.
0.95
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
2.65
n.a.
n.a.
n.a.
n.a.

16.89
n.a.
n.a.

6.94
n.a.

5.51

1.01

n.a.
n.a.

2.96
n.a.

n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
112
n.a.

n.a.
n.a.
1.12
n.a.
n.a.
n.a.
n.a.

12.96
11.93
n.a.
3.82
n.a.
0,97
6.55

1,77
n.a.

9.82
n.a.

9,48
n.a.
n.a.
n.a.

n.a
1.19
n.a
n.a
n.a
n.a
2.95
1.48

n.a
n.a
n.a

5.39
n.a
n.a
n.a

2.77
n.a
4.35
15
4.64
n.a
7.34

6,42
n.a

5.64
1,85

n.a
n.a
n.a
n.a

1.7
n.a.
n.a.
12.31

n.a.
n.a.
4.16
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
3.22
n.a.
11.99
19.05

n.a.
n.a.

n.a.
n.a.

n.a.
n.a.

0.84
n.a.

n.a.
n.a.

0.18
n.a.
n.a.
n.a.
0.66
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

1.24
1.42
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.

n.a.

14.12
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.

2.69
n.a.
n.a.

0.13

1.32
2.08
n.a.
n.a.
n.a.
0,3
11,87

n.a.
n.a.

n.a.
n.a.

n.a.
n.a.
n.a.

6.64
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