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Abstract

In the past years, genome biology had disclosed\ar-growing kind of
biological targets that emerged as ideal points tfegrapeutic intervention.
Nevertheless, the number of new chemical entitil€HS) translated into
effective therapies employed in the clinic, stititobserved. Innovative strategies
in drug discovery combined with different approacie drug design should be
searched for bridge this gap. In this context oi@aynthetic chemistry had to
provide for effective strategies to achieve biotadly active small molecules to
consider not only as potentially drug candidatas, dso as chemical tools to
dissect biological systems.

In this scenario, during my PhD, inspired by thel8gy-oriented Synthesis
(BIOS) approach, a small library of hybrid moleculendowed with privileged
scaffolds, able to block cell cycle and to indupegtosis and cell differentiation,
merged with natural-like cores were synthesizedsyfithetic platform which
joined a Domino Knoevenagel-Diels Alder reactiorirné Suzuki coupling was
performed in order to reach the desired hybrid caunps. These molecules can
represent either antitumor lead candidates, orabdéuchemical tools to study
molecular pathways in cancer cells. The biologmralfile expressed by some of
these derivatives showed a well defined antipraiige activity on leukemia Bcr-
Abl expressing K562 cell lines.

A parallel project regarded the rational design agydthesis of minimally
structured hERG blockers with the purpose of enimgnthe SAR studies of a
previously synthesized collection. A Target-Orient®ynthesis (TOS) approach
was applied. Combining conventional and microwaeatimg, the desired final
compounds were achieved in good yields and reacades. The preliminary
biological results of the obtained compounds, shlibagotent blocking activity.
The obtained small set of hERG blockers, was ablgdin more insight the
minimal structural requirements for hERG liabilityhich is mandatory to
investigate in order to reduce the risk of potdnt@e effects of new drug

candidates.
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1.1Drug Discovery: a brief history

Over the past decades, there have been a signiidaances in drug discovery
approaches due to (i) the implementation of higigiined screening methods
such as high-throughput or focused screening ablkedt rapidly synthetic and
natural compound libraries; (ii) the improvement fnthetic strategies like
combinatorial chemistry that offer the possibility obtain great numbers of
chemical compounds used to accelerate the drugwdisg process.

Furthermore the genomic and proteomic approaches Heclosed promising
new drug targets especially for cancer treatrfiént.

Nevertheless in the same decades, an importaneateciof the number of new
chemical entities (NCESs) translated into effectiverapies employed in the clinic,
was dramatically observed. It's well known that @pmately 90% of drug
candidates fail in the earlier phase of clinicills’

What are the reasons of this decline in pharmazautresearch and
development? Many hypothesis have been proposedt &wad been highlighted
that the increase in the rate of drug failing imichl development was concurrent
with the preeminence of the assumption that thg discovery goal is to design
very selective ligands able to interact with a Endisease target. Ligands
showing undesirable and potentially side effectgehlaeen reasonably removed.
In other words the full realization of the “one drwne disease” paradigm.
Nowadays the emerged proof of multi-factorial pgtreesis of diseases such as
neurodegenerative diseases and different type pnéefamanaged toward a

different approach to drug design into discoveigcpss.

1.1.1 Paul Ehrlich’s Magic Bullet: Target-based Drug Desgn

Paul Ehrlich, the founder of chemotherapy rewartted908 with the Nobel
Prize for Physiology or Medicine, is the fathertbé “magic bullet concept”, a
postulate that inspired generation of scientistsldeice powerful products with

ability to heal’



The Ehrlich’s theoryalosefrom his immunological achievements, supposed
drugs should go straight to theintended celktructural targets, remainir
harmless in healthy tissi

This “onemolecule, on-target” paradigm has led tthe discovery of man
successful drugsamong these Imatinib (Gliv®) (Figure 1), represents a
milestone in molecular targeted thera. It was found to be a potent inhibitor
the BCR-ABL kinase, a fusion proteibetween part of the breakpoint clus
region (BCR) protein and tyrosine kinase A.*°

This chromosomal abnormal, so calledPhiladelphia chromosor, was known
to be the principal cause of cellu proliferation in chronic myeloideukemia
(CmL). M

Interestingly, it emerged thematinib wasn’t entirely elective for the BC-ABL
kinase, but it showed to inhibil-KIT, plateletderived growth factor (PDGE
receptor and a stegell receptc.*?

These dditional effect were exploited in clinicand Glivec has also be:
approved for thetreatment ofgastrointestinal stromal tumors (Gls), and

chronic eosinophilic leukemia (CI).»®
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“ p210BCRABL: 0 25 |y
“ N PDGFR: 0.1 uM
c-KIT: >0.1 uM

EGFR: >100 uM
c-ERBB2: >100 uM

Figure 1. Chemical structure and s, values of Imatinib' (Data takerfrom Capdevilleet

al.®).

Compoundsable to modulate multiple proteins, affectingultiple target,
could represent @romisin¢ approach toward th&eatment of diseas which
involve multiple pathogenic factors** like neurodegenerative syndrom
diabdes, cardiovascular disea and cancer, in whichitting a single target me

be inadequate.



1.1.2 Multiple ligand Approaches in Drug Discovery

The parallel modulation of more than one biologiteaets could be promising
approach for the treatment of diseases charaatibgeomplex etiologies.

The first effort in this direction, was fulfilled yb polypharmacology, that
combined different therapeutic mechanisms with ktait of drugs”.

The benefit of this clinical practice resulted improved efficacy and often
reduced side effects in comparison with the singleig administration.
Nonetheless this approach was often compromisegooy patient compliance
especially regarding hypertension treatntént.

In order to overcome this issue, an alternativatstyy envisaged the use of a
fixed dose combinations (FDCs), which implies theorporation of two or more
drugs into the same formulation.

In this way a simplify dosing regimens and imprayipatient compliance was
obtained but, at the same time, complications @udighly complex ADMET
profiles and potential drug-drug interactions migtdake this path untenable. The
third approach with a different risk-benefit retatship, was to develop “a single
chemical entity able to modulate multiple biolodizagets simultaneously®
Several clinically used drugs were known to hit entlnan one target, in some
case this behavior was associated with increaskch@f, in other with side
effects. The rational design of new chemical editwith specificity toward
multiple targets involved in the same diseases;atled design multiple ligands
(DMLs), represent a recent trend in drug discovéry.

Beside the DMLs concept proposed by Morphy and Beick®*’ according to
Cavalli et al.,'® the definition “multi-target-directed ligands” (MDLs) more
completely describes the behavior of those compeuit are effective in
treating multifactorial diseases due to their &pilio interact with multiple
targetd® (Figure 2).
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Figure 2. MTDLs approach to drug discovery. (adapted fromvalli et al'®).

In this context, the design of multi-target-direttegands (MTDLs) was achieved
through two different methods: the first one by aesning approach and the

second by a knowledge-based approdch.

a. Screeening Approach

In this method compound classes, known to be adtweards one of the
targets of interest, are focused screening aganwher one. Then the profile
must be “balanced” during the optimization processrder to obtain the
greatest affinity for all targets and at the samet“design out” additional

undesired activitie@Figure 3).

Screening Hit Desired Profile Screening Hit

Designing Out

-—

Balancing
—_—

Compound that has at last
minimal activity at each
taget of inteest. Aand B

Compound that has
undesired activity C

Figure 3. Screening approaches (adapted from Morphy & Rainkdv
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b. Knowledge-Based Approach

This second strategy, also callddamework combination, offers the
possibility to “design in” both different activianto a same molecule.
Depending on the combination mode, the new ligacads be termed like:
linked, merged or fused. In the first manner tlzarfeworks are connected via
a linker which in some case can be cleaved in twoglease the two distinct
drugs. In the second mode the ligands are merggathter and in the fused,

the frameworks are directly attachi@dgure 4).

/
o0 060 ® 00

( :.;mkk:)(ll ) Linked Merged Fused
cleavable

Figure 4. Knowledge-Based Approaches (adapted from MorphyafkRvic®).

1.1.3 Network Approaches

In the last few decades drug discovery paradigm diaied from ligand-
centric to target-centric approach.
Although the advantages of starting from the knolgteof the target, this type of
approach has been reassessed also in the lighteoenormous advance in

genomic field.
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Indeed the post genomic-era has supplied harge-scale data for which it is
necessary to adopt system approach in order ta@enand makes sense of such
data. Moreover this method afford to account aaragf whole system individual
targets, studying its behavior inwards that whole.

Networks, in term of linked graph, consist of nodesl edges in which the
nodes represent individual molecular target, whilee edges depict the
interactions among them. In this way, the netwqukraach entail a “brick-by-
brick” reconstruction of the system at a detail @colar level, then correlating the
resulting outputs as a systems prop&tt}.

Study of networks provide the basis to study imguartnew areas such as:
polypharmacology and combination targets, mechamsuirug action and drug

safety, off-target effect and drug resistaffce.

Systems
understanding of

Parsonalized disease

icine Biomarkers

Disease
prognosis

Drug safety

> a Target
Off-target identification
effects Fa lead
identification

DRUG DISCOVERY

vsseefiencesyoce Drug
Drug mechanism

resistance action
e J

Poly Drug
pharmacology repurposing

Figure 5. Network models in Drug Discovery process (takemfi®handra et &f).
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1.1.4 Computational Approaches in Drug Design and Drug Dscovery

The fulfillment of human genome project unveile@ #xistence of 30-40,000

genes and consequently, an equal number of protdasy of these proteins
represent a potential targets, many of these wuagetld be “druggable”.
In this contest the computational approaches ing ddesign represent an
invaluable tools to span all stage of drug discpveipeline: from target
identification to lead discovery, up to lead optzation and preclinical or clinical
trials®® (Figure 6).

Drug Discovery and Development

P
”~
Desease-relatet Target Target Lead Lead Preclinical
Genomics Identification Validation Discovery Optimization Test -
1] ] ] ]

e Bioinformatics e Target e Virtual screening e Focused e In silico ADME/T
e Reverse docking druggabilty o De novo design library prediction
e Computational prediction design e Physiologically-based
chemical biology e Computational e Drug-like pharmacokinetic
systems analysis (PBPK) simulations
biology o Computational
systems biology
S~ e
—

Computational Tools

Figure 6. Computational approaches in Drug Discovery pipelagapted from Honglin
et al.?).

Drug design, sometimes referred to as rational diesjgn, is the ingenious
process of finding new chemical entities basedhenkinowledge of a biological
targef’. New chemical entities may be designed to intieit molecules involved
in a specific disease condition, or to enhancentivenal signaling pathway taking
advantage from well defined molecules that may fiected in the disease state.
Furthermore new potential drugs should also begdesi so as not to affect
antitargets, that are responsible of undesirabie-sffects.

Drug design can be divided into two main typkgand-based Drug Design
andstructure-based Drug Design.

13



Ligand-based Drug Design (or indirect drug desfgrstarts from the knowledge
of molecule able to bind to the biological targétrderest. These molecules are
used to describe a pharmacophoric model on whighaiemical entities can be
construct. On these basis a QSARuéntitativeStructureActivity Relationship)
analysis, which correlate the molecular structdestures with experimentally
determined biological activity, can be performed.

Sruture-based Drug Design (or direct drug desigrff, relies on the knowledge of
3D structure of biological target, obtained by X-rarystallography or NMR
techniques, which is used to design new drug caekd

The main two computational techniques, ever-growfog drug design and
optimization proce$4?® are: virtual screening and focused combinatoitahty

design.

a. Virtual Screening

Virtual Screening performs a computational analgsisarge-scale database
of virtual libraries or chemical structures, fotesging a limited number of
drug-candidates likely to be active against a djoelsiological target®

When the structure of the target is unknown, a mplaophore model
containing the key features, like hydrophilic ordhyphobic groups, is
constructed by structure-activity relationship dataf known
pharmacologically active compounds. Such pharmamopfeatures can be
used as a template to select from the chemicabdata the most promising
candidates.

When the structural informations of the target available,e.g. by x-ray
crystallography or homology modeling prediction,nmelecular docking
methods is used. Each molecule of chemical databgsasitioned into the
binding site, the relative orientation and confotiora are optimized and, at

least, the molecules are scored for potential gigt{fFigure 7).

14
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Figure 7. The flowchart for virtual screening (adapted fromriglin et al.>).

b. Focused combinatorial libraries design.

This approach includesie novo drug desigif and combinatorial library
design®!

In the former, a complete molecule is built staytirom a “building blocks”

given the target binding site. The constructiortr@ entire ligand usually
occurs by linking molecular fragments (with eitfenctional groups or
small molecules), or by growing sequential-substituon a “embryo”,

taking into account the binding affinity.

In the latter, the entire skeleton of a poteniigamd is divided into several
fragments on the basis of both interaction mecharmiad physicochemical
properties of the binding site. A fragment-librdoy each kind of fragment
is constructed, according to the binding features.

Nowadays computational approaches based on expeehtata are constructed
also for ADMET profiles prediction. As reported bBgrgensefi reliable in silico
models allow to predict several properties inclgdipartition coefficient
octanol/water (logP¥> log BB (brain/blood partitioning}® log Knsa for human

15



serum albumin bindind* and log 1G, for HERG K’ channel blockag®, other
important end-point in drug development. It hasrbeedely appreciated that

ADMET profile should be involved in the early stagfedrug discovery.

1.1.5 Chemical Genetics-based Drug Discovery

“Chemical genetics® is an emerging field which lies at the interfaegvieen
synthetic organic chemistry and cell biology and¢an be simply defined as a
genetic study using chemical todfs*®
Its main goal is the exploitation of chemical compds that may modulate
biological systems, by a specific activation oriloiton of one or more target

proteins 04

in order to explore, dissect and understand eellpathways and

biological function of proteins.

The term Chemical Genetics highlights the simyawf this strategy to the

classical genetic approach; in fact both studygvsystem by perturbing specific
pathways of interest, but in the former this isiaetd by using small molecules,
whereas in the latter by gene mutation.

Genetic§® can be divided intdForward Genetics, which involves random
mutation followed by phenotypic screening and sgbeat gene identification
and Reverse Genetics, that relies on mutation of a specific gene andnplype
characterization(Figure 8a). Remarkably, genetics in “forward” direction
proceeds from phenotype to gene; in the “revergetton it advances from gene
to phenotype.

Chemical Genetics can be divided simildfy.

In Forward Chemical Genetics the “mutations” are replaced by a screening of
small molecule libraries against multiple potenttargets simultaneousfy.
Suitable small molecule that induce the desirechptypic effect can be selected
and then the target protein that the compound dutating must be identified.

In Reverse Chemical Genetics a known protein target is screened using small

molecule libraries in order to indentify functiorlegands able to either stimulate

16



or inhibit the target protein. Once an approprlateling partner is identified, it is
introduced into a biological system (cell or organ) and the resulting effects
induced in the phenotype are studféd.

Thus, Chemical Genetics in “forward” direction rerh phenotype to protein;

in “reverse” proceeds from protein to phenofyfi{€igure 8b).

a Genetic approach b Chemical-genetic approach

) @0

Figure 8. a)Genetics approadh) Chemical-Genetics approach (taken fromStocKijell

Chemical genetics offers several advantages osealassical counterpart and
afford to investigate unexplored biological space.
The first advantage relies in a temporal contriblsiall molecules can be added
or removed at any time, and their biological atiag are usually rapid allowing
instantaneous characterization of such effects.eb\@r, in contrast to gene
mutation, the effects induced by small molecules aften reversible, due to

metabolism or cleaning, reaching protein functiestoratiori*>
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Also, a quantitative control is available; in farhall molecules effects are often
tunable and therefore “dose-response” data canrbduped by varying the

concentration of the compounds. Lastly, small madiex can be used to study
mammalian systems and several types of cells foiclwla classical genetic

approaches is more challenging to apply.

The main disadvantaffeof a Chemical Genetics approach is that, at ptesten

cannot be applied generally. Indeed any gene imcyplie can be manipulated by
genetics; but Chemical Genetics needs a small mieldigand selective towards
the protein of interest, and at this point in tio@y a tiny number of protein-

ligand partnership have been identified.

The ide&® of using small molecules to dissect biochemicahways is not
new. There are many examples in which tracking ddvenphenotypic effects of
small molecules has led to important biologicalcdigries; just thinking about
the Hsp90 inhibitor Geldanamycih or the Golgi disruptor Brefeldin A and a
G2 checkpoint kinase inhibitéf.Many small molecules were initially identified
by their phenotypic effects, and the targets o¢heompounds were ultimately
discovered providing important insights into theamles in various biological
processes.

Chemical Genetics concept, has been practicedefaiudes also through the use
of natural product compounds, and it may be comsdla reinvention of classic
pharmacology where, however, small molecule-protetieraction still remains a

cornerstone. Given the macromolecule-perturbing ofl small molecules, these
are not only valuable tools to investigate pathwesel and phenotypic profile,

but they could also represent starting points &sigh and development of novel
potential therapeutics.

New insights coming from the systematic probindpiological pathways can then
be used in drug discovery process to develop neavnmdcological agents for

promoting and restoring healfRigure 9).
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Figure 9. Interconnections between Drug Discovery and Chah@enetics.

Indeed, starting from a disease-relevant celluthway, chemical genetics
approach, exploiting small molecule tools, can ldise tractable targets within a
molecular signaling pathway, explore the targetiaction and understand its
mechanism of action. Moreover, this method affdodassess both the biological
activity and potential off-target effects of a dregndidate early in the drug
discovery process, thus improving the entire preeéiciency.

Unlike the traditional target-based strategy tlaies into account a predefined,
often poorly validated target, the chemical gersetiased approach probes the

entirely pathway for the most “druggable” ndd@igure 10).
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Traditional target-based drug discovery

Target Target Target New DA HTS
ID hypothesis validation program
Chemistry
Chemical genetics drug discovery
Phenotypic Target Target Target With LMW
screen ID hypothesis validation leads

Chemistry

Figure 10.Conventional target-based drug discovery approacsus chemical genetics
drug discovery approach (taken from Cangl.*).

In this scenario, small molecules have proven toirb&luable tools for
investigating biological system.
As reported by Schreib®rthe “central dogma” of life, according to whicheth
information flows through macromolecules, from DNARNA to proteins, to be
fully descriptive it should include small moleculé&hey are key elements in a
range of topics at the heart of life sciences, saghhe very origin of the life,
memory and cognition environment, sensing and §igpdield, treatment of
disease.
To this end Chemical Biology provides the missingcp of the central dogma
which is represented by small moleculEgyure 11).
A broad area of connection exists between the tfamely of macromolecules
and small molecules, in both direction. Small moles are synthesized to bind
and modulate DNA, RNA or proteins functions and,tla same time, this
macromolecules is used as a template to obtainl smaécules. The principle “to
understand a system, you need to perturd itihderlies most of the experimental
sciences and explain why our depth of understandfnigiological systems has

been widely determined by the availability of tothlat can be able to disrupt it.

20
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Figure 11.Central Dogma (as viewed by a chemical biologfst).

1.2 Role of the Synthetic Organic Chemistry to gain acEss to biologically

active small molecules.

The remarkable ability of small molecules to exgowerful effects on the
function of macromolecules essential for living teyss, both as probes for
understanding life process and as pharmacologigahta for promoting and
restoring healtfi? makes crucial to gain access to these compouridg ssitable
synthetic organic tools. For this reason severébrisf were applied in this
direction, in order to reach effectively synthegicategies able to explore both the
biological and chemical space and to understandeiagonship interconnected.
Generally chemical or biological space is defins@airtualn-dimensional space
described byn descriptors which can be of chemical or biologinature and
either measured or comput@eigure 12).

Chemical space can be viewed “as being analogotietocosmological universe

in its vastness, with chemical compounds populaimare instead of stars”.
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Figure 12 Chemical or biological space.

Three main approaches are used by synthetic orgaeimistry in order to reach

small molecules and to investigate biological anergical space?

Target-oriented Synthesis (TOS)
Targeted Library Synthesis
Diversity-oriented Synthesis (DOS)

1.2.1 Target-oriented Synhtesis (TOS)

Target-oriented Synthesis (TG8Y*** approach has a long history in organic
chemistry and relies on nature to discover smallemdes endowed with
attractive macromolecule-perturbing capability. Taeget structure for chemical
synthesis can be selected from natural compoundl, kmown or supposed
biological activity, which are isolated from extramixture and properly
characterized using appropriate spectroscopic rdstho
TOS relies on a systematic method to plan synthkees/n as retrosynthetic
analysis’>® a concept developed by Elias James Corey, thateéanim the
Nobel Prize in 1990. In his Nobel lecture, Cofegxplained: “target structure is
subjected to a deconstruction process which cooredsgp to the reverse of a
synthetic reaction, so as to convert that targeictire to simpler precursor
structures, without any assumptions with regardtéoting materials. Each of the

22



precursors so generated is then examined in the seay, and the process
repeated untimple or commercially available structures re”.

Thus, by applying retrsynthetic structural transformationsgrget molecule
progresses towarsimpler compone reactant¥ andfor this purpos, two classes
of chemical reactionare of considerablealue and widely used inarget-oriented
Synthesis. Te first one is represented by the-called “fragment couplin
reactions”, inwhich two different building blocl are joinedtogethe, and the
second oneepresented t all the family of reactions able generate complexit
in stereoselective way (i.e. (-Cope Rearrangement and Didlgler Reactions).
As described bychreibe®® “retrosyntheticanalysis is the sine qua non of ta-
oriented synthesis” anegarding the chemical space, T@&pire to gin access
to a precise region of such a space, which is rofieh defined by a comple

natural product know to have a useful biologactivity’ (Figure 13..

TSN Single Q9
= - -9 Target
_ Retrosynthetic
Simple Complex
Analysis

Figure 13. Targeteriented Synthesis (adapted from Gallowet al.”®).

1.2.2 Targeted Library Synthesis

This secondipproac > takes advantage of either medicinal or combinait
chemistry andits goal is to synthesi a collection of analogs of a lactive
molecules.

This so called “lead compour can beselected from natural sour, i.e. a
bioactive natural producor it can be derived frora known drug or a rational

designed moleculelargeter-Library-Synthesis furnisleollections of compoun:

23



structurally analogus to an identified leadwith common structural features al
to facilitate binding to a preselected prottarget>®

In termsof chemical space, this approach aim to seek aedamdspecific region
of such a spacérigure 14), defined by the lead compounkinown to have th

desired properties.

<» Similar
) —= <> {\2 Target
Structures

s 0‘@ .

Retrosynthetic
Simple Y Comp_lex &
- Similar
Analysis

Figure 14.Targetd library ynthesis (adapted from Gallowayal.®).

As for planning strategy, Targeted Library Synthesipresent another relev:
application of retrosynthetic analysis by meanséhgarget compounds can s
be effectively designet

1.2.3 Diversity-oriented Synthesis (DOS)

The compounds generated by ttwo previous approaches have led to m
advances inhe chemical and life sciencebut they aren’t able to occupy tl
chemical space requir, due to the absence of either multiple if any steeaters
or limited functional grouparray> As reported bySchreibe”? the question:
“Are the regions of chemistry space defined by méfnoducts and known drug
which have been so intensely scrutinized to daie,best or most ferti regions
for discovering smamolecules that modulate macromolecular functionsaful
ways?, remains unansweredin this scenario, Diversitgriented Synthesis
(DOSY?*°*>*%aimsto meet this challen.

DOS planning strategy aspire to create extremalgrde libraries of compods

populating a broad amount of chemical s including known bioactive
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chemical space (a fruitful region for the discovefybiologically active agent:
and currently poorly populated (or even vacuous sf, which may contail
molecules with intriguin¢ and unusual biological propertiésgure 15).
DOS synthetic pathway enis the construction ofcollection of severe
compounds endowed with structural complexity andediity. Achieving
structural complexity is very important since theotpir-protein interactions,
responsible of many biologiciprocesses, are disrupted by structurally com
natural productsStructural diversity is equally important becauseodection of
diverse molecules is more likely to be successfuigeneticlike phenotypic
screen,involving cells and organismwith respect toa collection or relate
compounds, due to the lack of a particular tarany one of cell’'s or organism
entire collection of macromolecule could be an évaintarge!
For all these reasons theiversity-oriented Synthesidiffers considerably fror
the synthetic approaches described above: TOS arggieclibrary synthesi:
DOS pathway is analyzed forward synthetic direction® by using forward
synthetic analysisSimple starting materials are corted intoa collection of
structurally diverse small molecu, thus movingn the direction oisimple and
similar to complex and divers (Figure 15) usually in no more than five step

order to maximize synthetefficiency>®

)

Q
Q <3 Q
<> Diverse Q Q
(S B ol e ] (= ] Target o 0 Q
N D | Structures o
QO P Ve ~
3 %\a"l Q
Forward

Simple & Synthetic Complex &
Similar === Diverse
Analysis

Figure 15.Diversity oiiented synthesis (adapted from Galloveagl.®).
Starting fromsimple building block, this strategy provides athgtic pathway
leading to a large collection of structurally comyphlnd diverse compoun

In order to accesto structural complexity, itis crucial to identify and t

implement complexil-generating reactions able to assemble complex mlale
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scaffolds. Furthermor the identification of pair wiseelationships, where tr
product of one complexi-generating reaction is the substrate faother
synthetic step, can lead ta higher collection of differentore scaffolds
possessing richer stereochemfeaturesjn a very efficient manne

The diversity in DOS synthetic plan is achievingotigh two main mechanisir
the reagenbased apprcch and the substrate-based appro4ch.

In the reagent based approach a con starting material is allowed to react w
different reagents. It represents a branching syitthstrategy where a shq
sequences of divergent comple-generating reactionseapplied on the startir
compound to obtain a collection of products withffesdent molecular

skeletorn”®*®qFigure 16).
Different
l”EE'IgElll'S-{‘—_'

-0

Common \
starting
material

Distinct molecular
skeletons

Figure 16. Reagenbased approac(adapted from Gallowast al.*®).

The structurddased approach relies aroua folding proces and entails th
use of common reaction condits applied ora different starting materials. T!
diversity of substra structures is due to the presenceappendages containii
suitable “preencoded” skleletal informat, so calledo element, which produce
under distinct set of reaction conditions compoumdsiowed with differer

molecular skeletory 164

26



—_
{52\ 162 \ ( ommon
— mmlllmns

Pre-encoded

. R Distinct molecular
starting material

skeletons

Figure 17. Substratesased approac(adapted from Gallowast al.*®).

1.2.4 Biology-oriented Synthesi:

Anotheralternative approach to library mpounds desigis Biology-oriented
Synthesis, term forged by Waldmann arcoworkers>® It represents a
conceptually alternative, but at the same time dempntary approach to DC
concept.

BIOS approach generates small focused lies starting from compund classes
selected from “biologically relevant space”, such raatural products or drt

space. Thus only scaffol derived from areas of proven biological activityndze

used as starting materials to design and synthesiieetions of nevmolecules®

Moreover, Biologyeriented Synthesis employs - and cheminformatic methoi

for mapping either biologically relevant space mtpin space to generate suita

hypotheseaised for effectivel design and synthesis ebmpoundcollection®’

Two main methds are performed to achieve its goal: the Protdmicgire

Similariy Clustering (PSSC) and Structural Classifion of Natural Produ

(SCONP). In PSSC the target proteins are classifiedclustersemploying high
structural similarityin their ligan--sensingcore.®®

The SCONP method is a structural classificaof small molecule collectiorby

scaffold trees.tlis able to map and correlate the molecule franmksvon a

hierarchical manngiFigure 18).
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The PSSC may be used to select potential protegettavhile SCONP serves to
identify new starting point for the design and $wsis of novel small molecule
library. Biology-oriented Synthesis adopts struetbased hypothesis generating
tools for mapping and explore relevant chemical biatbgical space in order to

find new bioactive small moleculés.

® match by 1 ; S
’@ ~ .. | —— biological =-— 3 ) %
=Q)~ ;Eféﬁ prevalidation e 9‘3 s

Scaffold Tree PSSC

l l

Natural Product derived ' Targets for Screens
Compound Collection

BIOS

e S G

OH R

Small Molecule World Protein World
Chemistry C h_em ical Biology
Chemical Space Blology Protein Space

Figure 18.BIOS approaclftaken from Kaiseet al.*®).

1.3 Small Molecules as Chemical Probes to the Study Gancer Desease.

Since part of my PhD work concerns identificatidmovel biologically active
small molecules, which can be either antitumor |leaddidates, or valuable
chemical tools to dissect molecular pathways irceagells, I'll give here a brief

description of the main features involved in nesfiadisorders.
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1.3.1 Cell cycle

Cell cycle is the consecutive and ordered set efisvthat regulate eukaryotic
cell’'s growth and division. It consists of four tinet phasegFigure 19) the S
phase, in which DNA replication occurs, and the Kage when mitosis and
cytokinesis division occur; these phases are ihterged respectively with G1
phase (preparation to replication) and G2 phasterfihase or preparation to
mitosis).

\
hY
cell division 8 cycle begins
{mitosis) ¥

cell prepares (4 g\ 1;)
A » i
to divide . cell grows
~! G1

Y
¢ %),
U B \

replication . S  cell decides
of DNA whether to
continue

Figure 19.Cell Cycle

In the GO phase a cell exits from cell cycle, beicmgguiescent and thus “resting”
for long time (possibly indefinitely as in the casé neurons). Cell cycle
progression is tightly coordinated between theeddht phases by a series of
checkpoints that control if the cell enters cofsent the cycle, and prevent entry
into the next phase until the events of the premeg@hase have been completed.
Several cell cycle checkpoints work in concert tswee that incomplete or
damaged chromosomes are not replicated. When a ggansafound, cycle
progression is stopped until repairs are mad¢'sipiossible to fix up, the process
restarts, otherwise cells undergo through apopttisksscheckpoint stops working,

mutations occur that can lead to cancerogenesis.

1.3.2 Morphological features of apoptosis.
The termapoptosis, coined by Currie, means “to fall away from” arichas

been inspired from the release of apoptotic bothes seems like the falling
leaves from deciduous trees in the autdhfihey represent one of the peculiar
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morphological features by which apoptotic cells dam distinguished from
necrotic cells.

In apoptosis the cell shrinks, shows deformationl dmoses contact to its
neighboring cells. Its chromatin condenses at cag moves to the nuclear
membrane. Then, the plasma membrane is blabbirmading, and finally the
cell is fragmented into compact membrane-enclosedtsres, called “apoptotic
bodies” which contain cytosol, the condensed chtomand organellé§ (Figure
20). Subsequently, the apoptotic bodies are swallowgdy macrophages and
thus they are removed from the tissue without ceuan inflammatory response.
Conversely, in the necrotic mode of cell-death ¢tleds suffer a major insult,
resulting in a loss of membrane integrity, swelliagd disruption. During
necrosis, the cellular contents are released uraltad into the cell's environment
damaging surrounding cells and causing a strongnmhatory response in the
corresponding tissue.

Many and different stimuli can trigger apoptosisttbfrom outside or inside the
cell, they could be: activation factors of cell fage receptors, DNA damages,,
exposure to cytotoxic drugs or irradiation, lack s@rvival signals and
contradictory cell cycle signaling.

Apoptosis “Budding” Apoptotic Bodies
(cell shrinks, chromatin condenses) - are phagorytosed:

Figure 20. Comparison of morphological features in apoptasid necrosis. (taken from
Gewied?).
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1.3.3 Basic Apoptosis signaling pathway

The most morphological changes that are recogrésedpoptosis are caused
by Caspasés°that, for this reason, can be considered the @leexecutioners of
apoptosis.

Caspases constitute a highly conserved family sfeiye proteases, fourteen of
which have been so far identified, which cleavdrtsabstrates at aspartic acid
residues, usually at one or at most few positiomsthe primary substrate
sequence. The ternCaspasesin fact meansCysteine-dependenaspartate-
specific protases

Caspases, similarly to other proteases, are praductecells as enzymatically
inactive zymogens, named procaspases. These zysiagercomposed of three
domains: N-terminal prodomain which is removed wlgriactivation, a large
subunit containing the cysteine residue (20KDa) ansimall subunit (10KDa),
sometimes separated by a linker peptide. In alldéiees examined so far, the
mature active form of caspases is a heterotetrazpataining two p20/p10
heterodimers each of which contributes aminoacidshé two active sites that
appear to work independently. The N-terminal prodmms often proteolytically

removed, such as the linker pept{@&ure 21).

\\“
i _
'\ V) Precursor Active enzyme
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Y:‘ /N LY g prodomain large small
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| | “« v Asp | X Asp | X /
d - 4 ot T’ N /
o L/ y=pF - low high N
\! ) /“'\ ¥ \*r‘ Sequence homology among caspases EAlRySo ohes
Ve \

Figure 21. A) Crystal structure of caspase-3 in complex witletapeptide aldehyde
inhibitor (red). B) Caspases are synthesized from inactive precursprprdieolytic

cleavage.
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Different mechanisms exist for activating initiatcaspases: caspase cascade,
induced proximity and association with a regulatsuipunit.

In the first one a proteolitic cleavage of procaspéeading to the active forms
usually occurs right after Asp residues, suggedtiegpossibility of autocatalytic
activation. This case concern caspase -3,-6, Vadicin.

The induced proximity model is based on the emalirabservation that the
zymogen forms of unprocessed caspases are notlgntiractive but rather
possess weak protease activity. When triggered foyeip interactions, the
zymogens cantrans-process each other, producinultheactive proteases. This
is the case for caspase-8.

The last one is the most complex activation medmanand it is used for
caspase-9. It entails a complex formation, namexptagome, that represent the
actual active form of the enzyme. The apoptosonfierieed by the association of
procaspase with other protein cofactors, Apaf-1 eytdchrome c, both released

by mitochondria.

1.3.4 Apoptosis and cancer.

Once induced, cell death may occur through seyatiways, some of which
are well described while others still remain onbrtlly understood. Apoptotic
pathways can be subdivided into two main categoribe death-receptor
pathways (or extrinsic pathways) and the mitoch@ahdrathways (or intrinsic
pathways). The involvement of caspases as finatugianers of cell death is a
common feature of both mechanisms.

As shown inFigure 22 the extrinsic pathway is triggered by ligand-ic€ed
activation of the death receptors at the plasma nene, with subsequent
activation of caspase-8. Conversely, the intricglt death pathway is mediated
by the activation of caspase-9 determined by a@llsiress signals such as DNA
damage. Caspase-8 and caspase-9 represent tlaoindaspases that activate
caspase-3 and caspase-7, the effector caspases.
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Figure 22. Apoptotic pathways.

When caspases become enzymatically active, apspteaches the “point of
no return”. For this reason it is necessary tha thechanism must be strictly
controlled, and this control is achieved by numeragenes and proteins,
categorized by their activities as inhibitors oitiators of apoptosis. In this
endeavor, key regulators factors are represente@d?-family proteins that
regulate caspase activation either negatively ositipely. Given that,
manipulation at the gene level of apoptosis suclshagting off anti-apoptotic
gene expression or activating pro-apoptotic geasswell as the use of small
molecules to interfere with the apoptotic machinatyprotein level, represent
powerful potential strategies to develop new amiea agents. For this purpose,
Bcl-2 pro-apoptotic proteins have been extensigtlylied and have tremendous
potential for clinical applicatiof®
Other apoptosis modulators activate cascades whrehin turn subject to
regulation by downstream factors such as Bfl-22mong the upstream
modulators are oncogenes such as c-myc, which aaesivapoptosis, but its
function can be blocked by overexpression of Belr2l so expansion of tumors
can occur.

Ultimately, tumor suppressor p53 induces apoptosider certain conditions,
thereby accounting for at least a portion of itedu suppressive activity.

Multiple novel strategies, focused on the key fextmvolved in cancer disease
have emerged, nevertheless much remains to beetbaamong the complex
cancer pathway.

A distinct project fulfilled during my PhD studyegarded the design and

synthesis of “minimally structured hERG blockergiith the purpose of enhance
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the SAR Btructure Activity Relationship) studies previously elaborated b{? us
and to gain more insight to drug-induced hERG kdalek mechanism. Thus [I'll

give here a brief description of the main featuneslved in this process

1.4 Computational Approach Application to the study ofhERG Blockage.

Almost 10% of new chemical entities (NCEs) dispksrious adverse drug
reactions (ADRS) after their introduction into meatdipractice and for this reason
more than 17 drugs were withdrawn from the markeing the period from 1996
to 2006’° As described by Grah&fand Schusteet al.:” “the reasons for such
ADRs, which are identified only after NCEs are laelied on the market, include
the narrow spectrum of clinical disorders and pagoéiting patient profiles in
clinical studies as well as the fact that serioldRA are often rare and that the
number of patient exposures required to identifyhsoccurrences sometimes may
range over a few millions.” In this context it isandatory to investigate all
potential side effects of new drug candidate in #ely phases of drug
development in order to reduce the risk of drugsria

In the past years, the design of new drug candidaiens to seek new
compounds able to hit and bind specific target,levbinly recently the tendency
emerged also to avoid some protein targets, dtieeio involvement in undesired
effects. This issue is different from the simplarsé of selectivity, but considers
some proteins able to bind a huge array of straijudifferent drugs, and whose
binding by a drug provokes adverse and sometimiés dangerous effecfs.

In this sense, the human ether-a-go-go-related ¢f@BRG) represents a typical
and primary antitarget because its blockade isoresiple for potentially fatal
arrhythmiag’

Currently, several methods for preclinical evalomati of hERG-related
cardiotoxicity are availabfé but some of these are often time-consuming and
costly, so limiting their use in the early stagelnoig discovery process.

In this endeavor, the development of reliable teecal methods able to predict

hERG related cardiotoxicity is urgent.
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1.4.2 From hERG blockade to QT prolongation.

As described by Recanatiet al:®* *

the QT interval is defined as the time
interval between the onset of the QRS complex hadnd of the T wav@-igure
23) and therefore includes both the ventricular defmdéion and repolarization

intervals”.

QT interval

A

-
>

0 N
Qs T

Figure 23.lllustrative example of QT interval (taken from Reatiniet al.®).

Accordingly the QT interval reflects the lifetimef ¢he action potential
duration (APD) of cardiac myocytes, so APD proldamga will result in a
prolonged QT interval. Cardiac action potentialadion is controlled by a fine
balance between the inward and outward currentsingluthe plateau
repolarization phase.

The outward K currents, in particular the delayed rectifier depiaation current
termed |, that represents the sum of two kinetically andrptacologically
distinct types of K currents: a rapid component &and a slow oned They play a
crucial role both during plateau repolarization gghaand in determining the
configuration of APD. Small changes in conductanaa significantly alter the
effective refractory period, hence the action pti&turation®?

Although several pathophysiological mechanism eaul to QT prolongatiofr;®’
the key mechanism for drug-induced prolongatiornQdf interval relies on the
blockade of outward K currents (especially) which causes increased
repolarization duration and consequently an in@easardiac action potential
duration. In particular, most of the QT-prolongidgugs have been shown to
inhibit the K channels encoded by the human ether-a-go-go-tielgene
(hERG}* (Figure24).
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Figure 24.Rapid component of the delayed rectifiérdGrrent (k) and slow component

of the delayed rectifier Kcurrent (k) (taken from Recanatirt al.>).

The great interest in QT prolongation is due toesahreasons. The first reason is
that QT prolongation increased the onset likelihobtbrsade de pointes (TdP), a
polymorphous ventricular arrhythmia which may casgecope and degenerate
into ventricular fibrillation and sudden de&th.

Second, it has been estimated that approximate39o2ef all drug prescriptions,
which comprise for example: antihistamines, fluaioglones, macrolides, and
neuroleptics, involve medications that may uninterdlly cause the long QT
syndrome (LQTSY® This explosion in the number of drugs prolonging (T
intervaf® raises the question whether this is a class sffeey., shared by all
agents of a given pharmacological class such abigtaiines) or a specific
effect of a few agents within a pharmacologicatsla

Third, QT prolongation and interaction with hERGcKannels have become
surrogate markers of cardiotoxicity and have resgivncreasing regulatory
attentior?* due to the fact that although potentially fatahgthmias associated
with prolongation of the QT interval by non-cardidkugs are difficult to occur
during the I-lll phase studies, because the radftismall number of subject
involved, the LQTS is not an unusual findings am tcorrelated adverse

reactions might be preventable.
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1.4.3 The hERG Potassium channt

The hERG channeis a member of an evolutionary conserved r-genic
family of voltagegatedK* channel (named K11.1)% the Eag (ethe-a-go-go)
family. Although the crystal structure of hERG channelti$ ot available, the
basic 3D topology of its structure is quite simitarthe other members of t
voltage-gated Kchannefamily.?®
K* channels are Kion selectivity proteinsfound in many differnt type of cells,
and play a central role especially in the membrelretrical activity of ecitable
cells. Potassium channels carry out a basic function:foh@ation of a “leak’
extremely specific for * ions, that in most but not in all cases detee an efflux
of K* ions. As aconsequence a negal-going change in electrical voltage acr:
the membrane occi Thar activity is finely regulated through tiss-specific
control of transcription and biochemical actions of thercied proteiis and some
of them are constitutively active while most of theao under physiologice
signals contrglsuch as in the case o, channels.
hERG, like other K channels is a hon-tetramer and eaal subunitscontains six
transmembrane spannin-helical segments (S1-S@)ithin each subunit, the -
S4 helices form the volta-sensing domain (VSDphat senses transmembrz

~94-98

potential and is coupled to a centra’ -selective pore dome which is

responsible for Kconductiol (Figure 25).
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Figure 25.Schematic reresentation of hERG channel (taken frBecanatinet al.>).
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Each pore domain consist of an outer helix (S5) anthner helix (S6) that
together coordinate the pore helix and selectiviigr (Figure 26).

Figure 26. The four subunit of hERG Potassium channel (tdkem Recanatinét al.*).

The carboxy end of the pore helix and selectivilyerf contain the highly
conserved K channel signature sequence, which in hERG is EmV&al-Gly-
Phe-Gly. This sequence form a narrow conductiomvpay at the extracellular
end of the pore in which Kions are coordinated by the backbone carbonyl
oxygen atoms of the signature sequence resftiue.

hERG channel gating is distinctive in large pare da its unusual inactivation
properties” %! Indeed, hERG shows an inactivation mechanism glyoroltage
dependent and has much faster time dependent dgnétan activation gating,
differently from most other voltage gated K,) channel. As described by Perry,
et al.®® hERG inactivation gating mechanism is not fullydarstood, but is likely
to involve subtle conformational changes to thekbane of the selectivity
filter'®? that impair K ion coordination and block conduction. Furthermbkzg
inactivation is sensitive to point mutations in gedectivity filter:®° pore helix®
and outer mouth of the pot&'10°

Extensive Ala-scanning mutagenesis of the hERG redlawas performed to

characterize the binding specificity of various gsuand drug-like moleculés.
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The mutagenesidata suggest that the mostportant residue involved in ti
hERG binding include: Tyr652, Phe656 and lle64tha S6 helix, Ser620, S
624, Ser631, and Val625 in th-loop and Ala561 in the S54mker.*%’

Among these, the two aromatic residues of the $ig:Hehe656 and Tyr 65 are
critical for all highaffinity blockers, while the two polar residues thre pore
helix: Thr623 and Ser624 are important determinémtsome, ut not all, high-
affinity drugs(Figure 27).

Extracellular

Pore helix

Figure 27.Structure of the S5 and S6 subunits of hERaken fromWanget al.%).

1.4.4 Computational Prediction of hERG Blockage

Several effortdhave been enacted to prechERG channel blockers, amo
this quantitative structu-activity relationship (QSAR) studies, pharmacop
modeling anchomoly modeling ws performed.

At first, Aronov**® observe that few of known hERG blockeshow ClogP < 10
MW < 250 and the structural topology features wads® used to draw up rul
used to distinguish hERG blockers from -blockers. Furthermore, [
comparing the todogy of rinc-linker arrangements with the potential hERG

blockade, Aronov observed t molecules with Vshaped geometry, stemmi
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from ortho-substitution patterns show more possybib be hERG blockers than
the meta-/para-attached molecules, with linearltapo™
Nevertheless, these simple rules are not reliabdeligtors of hERG blockers
liability. It is necessary a more accurate predictdf hERG blockage and, for this
reason, a broad range of quantitative structurevigctrelationship models was
developed 1
Considering the pharmacophore models for predickiBgg blockage, the first
model was built by Etkingt al.'** and it derived from a training set of 15
compounds characterized by ionizable center coadebly four hydrophobic
features. Then, other pharmacophore model was afgeelby Cavalliet al.,*
Pearlsteiret al.**® Peukertet al.,'*” Sanguinettiet al.,**® Matyuset al.,**° Du et
al.,**° and Aronowet al. 108121122
All these published pharmacophore models showdlh@fing common features:
(1) Two or three hydrophobic and/or aromatic moietied)ich form
hydrophobic and/on-n stacking interactions with Tyr352 and Phe656
in the S6 helix;
(2) A protonated nitrogen, which is important to acimegvhigh hERG
potency but not necessary criti¢at;*?®
(3) Flexibility, which make a compound flexible whennding into the
cavity >
Finally homology models were developed, using thestal structures of Kcsa
(closed), KVAP (open), and MthK (opef)The homology models can be used for
molecular docking, molecular dynamic (MD) simulato and free energy
calculations to explore the hERG blockers inteardi
All these computational approach could represeptapiate ways to overcome
the challenges and could be helpful for designimggsl without undesirable
hERG-ralated cardiotoxicity.
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2. Aimsof the Work and Synthesis
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Given the powerful role of small molecules bothpasbes for understanding
cell states and circuits, in dissecting systemsobgig and in probing unknown
side interactions, the new challenge of synthetganic chemistry is to become
the tool to gain access to collections of smallenoles in highly efficient way.
For this reason in the recent years there has heemcreased interest toward
innovative synthetic concepts or technologies.

Among the latterMicrowave AssistedOrganic Synthesis (MAOS) has become
increasingly relevant both in medicinal chemistng arug discovery pipeling?
MAOQOS replies to this challenge because it defigiteéduces reactions time,
typically from days or hours to minutes or secorkdsthermore, MAOS allows to
access to some transformations and reaction conditivhich cannot be easily
achieved under conventional heatfAgFinally, MAOS offers the possibility to
perform chemical reactions in i) aqueous media,us)ng ionic liquids, iii)
solvent-free conditions, making this synthetic &gilon environmentally safe,

according to the principles of green chemistry.

2.1  Design and Synthesis of Bi- and Ter-Phenyl-Basé&lybrid Molecules

Over the past years, the research group in whigbrked during my PhD has
been engaged in a project aimed to identify novelogically active small
molecules, which can be either antitumor lead aiatds, or valuable chemical
tools to study molecular pathways in cancer cdfisthis context the peculiar
biological effects showed by some derivatives bgilog to a small library of bi-
and-terphenyf$®'?’ prompted us to continue the study of this class of
compounds. Therefore in order to increase the tstraiccomplexity and diversity
of the existing collection, a library of new moléesi that are hybrids of
spirocyclic ketones with biphenyls and terphenyigs synthesizetf®'?° The
new compounds exhibited a natural product like fetdg both as complexity
bearing core and as biologically validated starting points (BlGnoieties);*°
combined with biphenyl and terphenyl as privilegedyment$**** (Figure 28).
Noteworthy a class of natural terphenyl derivatives with tipércs ring motif

(spiromentins) is also present in nattife.
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Figure 28. Library of hybrids of spirocyclic ketones with hipnyls and terphenyls.

Some of the newly-shaped compounds showed a wigllede activity on
apoptosis or differentiation in leukemia cells.particular the compounds 2, 3
and 4 (Table 1) were clearly different with respect to the previgustudied

terphenyls that showed mixed pro-apoptotic anderkfitiating action$?®

Table 1.ICss* (uM + SE) and AGy’ (uM + SE) of derivatives 1-4 in Sensitive HL60 and
Bcr-Abl-expressing K562 Cells.

HL60 K562 HL60 K562

Compounds " B
ICs0" ICs0° ACsg ACsg

6+1 8+1 1142 |  25+3

1

0 Ph

[ Vp

(oL
> o7~ 8+1 9+1 1641 | 33+5
HO

2

6x1 14+2 12+2 80+9
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16+2 8x1 32+4 >100

%Concentration (M) able to inhibit 50% of cell growth after 48 hsuof treatment;
®Concentrationy{M) able to induce apoptosis in 50% of cells calmdaafter 48 hours

of treatment.

Moreover, in agreement with their marked pro-aptptactivity in Bcr-Abl-
expressing K562 celld, and2 decrease the expression levels of Bcl-2 that alay
main role in Bcr-Abl dependent apoptotic resistaicecontras3 an4 according

to their marginal ability to induce apoptosis in @&5cells did not cause any

significant modification of Bcl-2 level@igure 29).
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Figure 29. Effects of compounds 2, 3 and4 (30 uM) on Bcl-2 expression in K562

cells after 24 hours.

Finally compounds3 and4 were able to induce morphological and functional

differentiation in HL60 celf¥® (Figure 30).
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Figure 30. Morphologic changes observed in HL60 cells (prormgglic acite leukemia)
after 96 h exposure t4 (10 uM); a: untreated HL60 cellsh: monocyt-derived cells
after treatment with}; c¢. phagocytosis of apoptotic bodies by monocytidscderived
from HL60 exposed 96 h 4.

To study more in deptithe mechanisms ofction of these molecules, t
protein expression profiles of K562 cells treatathwr without the compouncl,
2, 3 and4, were analyzed using two dimensional gel electrog$isrcoupled wit|
mass spectrometryProteome comparisons rev@@d several dikerentially
expressed proteingmainly related to cellular metabolism, chaper@wivity,
cytoskeletal organization and RNbiogenesis.Network analysis highlighte
relevant relationships between the identified pnsteand additional potenti
effectors.Notably, compoun@ induced high mRNA levels of the transcriptio
factors EGR1 and consistently with this it was atdeinduce megakaryocyt
differentiation in K56zcells™ (Figure 31).

Figure 31. Morphological changes observed in K562 cells afi-h exposure to 1uM
of 4. (A) Control; 8, C andD) 4-treated K562 cells with the presence of large cwill
megakaryocytic morphological aspe
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On the basis of these interesting results, my shesirk was focused on the
follow-up studies, making systematic structural modtions of the identified -4
hits.

Initially, different substituents on the bi- anderghenyl fragments were
introduced (Figure 32 A). Secondly, the spirocyclic portion was modified
obtaining  substituted cis-2,4-dimethyl-2,4-diazaspiro[5,5]undecane-1,3,5,9-
tetraongFigure 32 B).Finally to enhance the structural complexity ancedsity
of the existing collection, some polycyclic ring ameg bi-and-terphenyl

fragments were synthesizééigure 32 C).

Figure 32.New spirociclic and polyciclic derivatives.

From a chemical point of view, all these scaffodde particularly suitable to
the rapid parallel synthesis. Indeed the new lipraf spirociclic ketons was
prepared through parallel solution phase synth&sipreviously reported taking
advantage from a Domino Knoevenagel/Diels-Alderusege coupled to a
Suzuki reaction, carried out in a Carousel reacsiation*?*1%°
An analogous synthetic platform was performed lier ¢construction of polycyclic
derivatives.

In particular spirocyclic centralcores were synthesized using Domino
Knoevenagel/Diels-Alder epimerization reaction aparted by Pizziraniet
al.*?812% |n this synthetic route the suitable commerciativac methylene
compounds5a-c were allowed to react with the appropriate aldigsy6a
(commercially available) angb-c,**® in the presence of a catalytic amount of (L)-
5,5-dimethyl thiazolidium-carboxylateL{ADMTC) to give the corresponding

Knoevenagel adduct3a-e in almost quantitative yield. These intermediates
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represented the dienophiles in the subsequent/Bldés reaction. Accordingly,
7a-e efficiently underwent concerted [4+2]-cycloadditiceaction with 2-amino-
1,3-butadiened, generated in situ from the commercig)-@-phenyl-3-buten-2-
one9 and (-DMTC).

The Domino sequence proceeded in good yields aheghly diasterospecific
way, providing the termodinamically more stabilgspiranelOa-e (Scheme 13s
a major diasteroisomer due to the catalyst indusgicherization of the minor
trans isomer, occurring under the same conditiaiis an extended reaction time.
The cis-steorechemistry of the products was established®@ESY analysis (data
not shown).

SCHEME 12
o a _
 Me
R 0 O {y~coH H
6a-c + _\\L/_\_ﬁ H ’ —
i ‘ +
(0]
Sa-c
/\)J\ ©
Ph Me
9 7a-e R

®Reagents and conditionsMeOH, r.t., 72 h.

The obtainectcore structureslOa-e bearing aryl bromide functionality which

allowed the introduction of the desired biasingredats, are shown i@hart 1.
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CHART 1. Domino Knoevenagel/Diels-Alder/epimerization reawt{(K-DA-E).

Entry 5 6:R 7 Enone Product

1 ©<§ 6a: R=Br 7a 9
o)
5a
(@] (0]
2 j)/\f 6a: R=Br 7b 9
>
5b
OT\I/\'TO
3 g To( > 6a: R=Br 7d 9
5c
4 5b 6b: R= 3‘BfC6H4 7c 9
5 5c 6¢c: R=4-BrCsH, 7e 9

10e
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As described above the compound®a-e included an aryl bromide
functionality which was essential for the derivatisn step. Thus to introduce
biphenyl and terphenyl moieties on these naturadiyet-like scaffolds, a Suzuki
coupling reaction was performed. In this synthetigte, run in parallel, the aryl
halide 10a-e were coupled with appropriate boronic acidsa-h via palladium-
catalyzed coupling reaction, using tetrakis (tripfiphosphine)-palladium(0)
(Pd(PPh)s) as catalyst, toluene/ethanol as solvents, anceaagu NaCO; to
provide the basic environment required. The reastiwere completed in 3-5
hours to afford the desired compounti2a-m in moderate to good yields
(Scheme 2)

SCHEME 2?2

- BOM),
(J

Ry
11a-h

10a-e

®Reagents and conditionsPd(PPhk)s, NaCO; 2M, Toluene/Ethanol 3:1, reflux, 3-5 h.

The obtained final bi- and ter-phenyl derivativé®a-e bearing the biasing
elements, are shown @hart 2.
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CHART 2. Suzuki coupling K-DA-E products0a-ewith various arylboronic acidklh.

Entry 10 11 Product

B(OH),
1
OHC/©/
11la
10a 12a
Me0\©/ B(OH),
2 10a OMe
11b
3 11la
10b
4 10b 11b
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B(OH),
10b - oy

3

11c

/©/B(OH)2
HO

11d

KE>/B(0H)2
10c

10b OMe
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11g

10d

B(OH),
o
10 10d

11 10e 11d

12m

For the construction of the polycyclicore, a different type of Domino
Knoevanagel Hetero Diels-Alder reaction was pertamThis synthetic route
firstly described by TietZ&’ was carried out as a “two component” reaction,
putting together a 1,3-dicarbonyl compound and &ehyde containing a

dienophile moiety. A cycloaddition took place inearmolecular fashion.
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The functionalized aldehyd#3,'*° bearing a double bond in the side chain,
underwent a Knoevenagel reaction with the highhctiee 1,3-dimethylbarbituric
acid 5c using EDDA (ethylenediammonium diacetate) as a rraitalyst, to reach
the intermediatel4 that couldn’t be isolated. This benzylidene intediate 14
contained either a diene and a dienophile moiétys tthe subsequently hetero
Diels-Alder cycloaddition occurred via intramoleaul mechanism. The
transformation was extremely stereoselective, givaxclusively thecis-fused
tetracyclel5" (Scheme 3, route a)

The cis-steorechemistry of the product was established®¥SY analysis (data
not shown). The same reaction was performed und&owave irradiation with
the aim to explore the possibility to further entethe yield and reaction rate.

On the basis of the synthetic procedures built ypKbppeet al. both for
Knoevenagéeftand Diels Aldet*? reactions, we have thought to combine the two
methodologies, setting up a synthetic platform thabceeded through two
consecutive reaction steps: the former to prodoeekinoevenagel addug# and
the latter to obtain the desired cicloaddiig{Scheme 3, route h)

SCHEME 32
Br Br
o OWO EDDA o] 0
+
CHO N N > X - -
| - \[( ~ aorb | /L
(b = steps1 and 2)
0 o] r‘u o
13 5¢ L 14 _

®Reagents and conditionsa) Aldehyde (1.5 equiv), 1,3-dimethylbarbituric dcfl
equiv), CHCI,, r.t. 5h; b) Aldehyde (1 equiv),1,3-dimethylbaurit acid (1.5 equiv),
EtOH step 1:140° C, 100 W, 10 minstep 2:160° C, 100 W, 5 min.

The polycyclic compound5, was appropriately functionalized with a bromine
to sustain Suzuki coupling reactions by means oefdng ter-phenyl derivatives
were achieved. Firstly, the compouh8l was allowed to react with boronic acid

11d using the same Suzuki coupling conditions repodbdve for the spiro-
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derivatives. The desired biphenyl compoutsh was obtained with low yield
(24%) (Scheme 4, route g)hence in order to improve the amount of the final
product, MAOS was applied using tetrakis (triph@hgsphine)-palladium(0),
Na,CO; aqueous solution and the solvents pair Ethano#wW#t** The product
16a was collected with an incremented yield up to 883 reaction rate of 10
minutes(Scheme 4, route h)

Afterwards, to prove the reliability of this micrewe method, the same
conditions were adopted for the reaction betw&Brand the boronic acidle,

recovering the desiretbb with a yield of 90%{Scheme 4, route h)

SCHEME 42

B(OH)
S

11d: R=-OH
11e: R=-CH,0H

aorb

®Reagents and conditionst) Pd(PP)),, NaCO; 2M, Toluene/Ethanol 3:1, reflux, 3-5 h.;
b) Na&CO; 2M, Pd(PPk)4, EtOH/HO 2:1, 150° C, 40 W, 10 min.

To obtain the terphenyl derivatiiéc a Miyaura Borylation-Suzuki Coupling
under microwave irradiation, was exploréd.
In 1995 Miyaura and coworkéfs found that bis(pinacolato) diboron could be
coupled with aromatic halide in the presence ofalgit amount of [1,1'-
Bis(diphenylphosphino) ferrocene]dichloropalladiu@®d(dppf)C}) to afford
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arylboronic esters, useful substrates for Suzulictiens'*® Thus treating the

biaryl 174

with commercial bis(pinacolato)dibord8 in the presence of KOAc
2M, and Pd(dppf)Gl under microwave irradiation, the arylboronic est® was
obtained in good yield. Finally9 was subjected to a Suzuki reaction with the
polycyclic compoundLl5, using PdCIdppf)CHCI,as a catalyst and NaO; 2M

as a base, to achieve the desired terphenyl conddd@m(Scheme 5)

SCHEME5?

®Reagents and conditionsa) KOAc 2M, PdC(dppf), DME, 150° C, 250 W, 20 min; b)
Na,CO; 2M, PdCl(dppf)CH.CI,, DMF, 120° C, 150W, 10 min

55



2.2  Rational Design and Synthesis of “Minimally Structured hERG
Blockers”

A secondprojectdeveloped during my PhD, representenry improvement ¢

an our previous wo,’®

regarded the design and synthesis of “minim
structured hERG blocirs”, with the purpose of enhancing tBAR studies and t
gain more insight to dri-induced hERG blockade mechanism.

As describedin the introduction hERG blockade is the best documer
mechaism involved in QT prolongatic.®®* It was associated wiloccurrence of
torsades de pointes (TdP), a polymorphous ventricular tachyarrhytmia, thatldc
degenerate into ventricular fibrillation, often wésg in sudden deai Notably,
hERG blockage is caused by several and distingls, most of them nc cardiac
ones,and for this reason has beame a marker of cardiotoxicity for which it
mandatory to investiga

In the last years, Cavalet al.*® either reportech pharmacophore for such drt
and developed 3D QSAR model

An organized list of Q-prolonging compound$ was usedas initial et of
molecules to construct theharmacophoric model. Among t set the authors
selected an initial reference structure (the teteplento which overlapped tr
remaining molecules, starting from th that showed similar geometric ai
spatial featuresThis superimposition procedure led to the iderdiien of further
pharmacophoric characteristics that were used s®rinthe most differer
molecules and teefine thealignment®® The templée used for the pharmacopht
generation was therystal structure of AstemizoleFigure 33), because it
represented the most potent hERG channel blockéso= 09 nM) and long Q-
inducing drug.

Figure 33.Chemical structure of Astemizc
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The overall superimposition of compounds set led ftharmacophoric model
consisting of: (i) two aromatic rings (CO and Clipast coplanar and at a distance
of approximately 4.5-6.5 A, (ii) one basic nitrogatom (N) approximately 5-9
and 5.5-7 A far away from the ring CO and C1, dfidg further aromatic moiety
(C2) required for increasing potency against hER@Gich is approximately4.5-
7.5 A from the nitrogen atofh(Figure 34).

Figure 34. (a) View of the superimposition of compounds set framhich the
pharmacophore was obtained (taken from Caetlél.*® (b) Pharmacophore model of
hERG K’ channel blocker&

Furthermore a 3D QSAR model for predicting hERGIg potency of novel
drug candidate® obtained through the CoMFACemparativeMolecular Field
Analysis}*® technique, that attempts to correlate the phykieoical features of
the drug molecules with their blocking activity tam the hERG Kchannel, was

developed. As described by Cavatlial.,*

the CoMFA model reported iRigure
35 “showed that sterically favorable regions (greem@ &cated around the
pharmacophoric points C1 and mostly C2, while thace around CO seems
sensitive to both steric and electrostatic propsrtf the molecules. Particularly,
the yellow contour indicates that increasing budkdetrimental for the activity,

while the red and blue contours (which are notit asight appear, on the same
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line but show the blue volume pointing outward widspect to the red ones)
indicate a prevalent favorable effect of positivatyd negatively charged groups,

respectively”.

A

Figure 35. Steric and electrostatic COMFA contour m&ps.

On the basis of these computational study, we sgmbd a small set of
molecules20-25 (Table 2)endowed with the minimally structured requirements
to bind and block hERG Kchannel’® Moreover in order to evaluate the role of a
positive charge on hERG block potency, a furthey tempounds were obtained
(26 and 27) in which a methylenamine was substituted with athranamide
group’® The capability of hERG Kcurrent inhibition 0f20-27 was determined
from whole-cell voltage clamp recordings made inkKHEells stably expressing
hERG channels. Structures and biological resultsalbfthese molecules are
reported inTable 2 ICso and plGgvalues were calculated on a new extensive

CoMFA model constructed on a broad training sehofecules’®
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Table 2. Experimental and Predicted hERG @hannel Blocking Activity o20-27.

Compound® ICs (nM) PICs0exp PICs0pred A Compound® 1Cso M) PICs0ep PICs0ped A

2790 554006 63 038 F\QN@F " 744004 62 12
H

o o

20 24

17 78+006 7.0 03 F\QNOF 24 86+008 70 16

HN HN

2 5

21 25

@NO 62 724007 61 11 @NQ 7860 514007 5.1 0.0
N

o o

22 26

o8e) 580 62£015 69 07 UL 674007 56 1

HN bN‘éoJ

23 27

®tested as hydrochloride salts

As displayed in thélable 2, the most potent inhibitor effect was expressed by
compound?5, that exhibited a nanomolar activity. Thus, basinghis promising
compound, further computational investigation wpegformed, with the aim to
design synthesize a new series of molecules anehib@ance the SAR studies

previously reported®

The rational design of new compounds took into antseveral modifications
that could build up their effectiveness in blockihngERG channels. It was
suggested to introduce different groups on aronmatgs corresponding to CO and
C1 pharmacophoric pointEigure 36, A)to obtain either mono- or di- substituted
derivatives. Withdrawing or donating groups coudlibsert in place of fluorine
atom. Moreover the fluorine moiety could be subgtitl by a chlorine, a largest

59



halogen. Further modifications involved ethylenibam extension and the

transformation of secondary amine group in a tertmes Figure 36, B)

hoWes
N
(Hz(l:)n
A B

n=2
R,=-F, -Cl, -OCH;, -NH,, -NO,
Ry=R;=-H

n=2
R;=R,=-Cl, -OCH,, -NH,, -NO,
Ry=-H

n=2

R=-F
Ry=R;=-H
R;=-Met, -Et, -iPr

n=2
R;=R,=-F
R;=-Met, -Et, -iPr

n=3
R;=R,=-F
Ry;=-H

n=3
R;=-F
Ry=R;=-H

Figure 36. (A) Pharmacophore model of hERG' Khannel blockers(B) General

structure of new hERG blockers.

To obtain the new compounds, in order to improwe riaction rate and yield,

MAOS was applied. The retrosynthetic analy§isheme 6suggested a direct N-

alkylation of the proper substituted amirg&-34with commercially available 1-

chloro-3-phenylpropand5 to reach the desired new derivatia&42 (Table 3).

The selective N-monoalkylation was ensured usingeaocess of amine and

potassium iodide as a catalyst in the presencetaspium carbonate as a b&Se.
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36-42

®Reagents and conditionsK,CO;, KI, DMF, 110° C, 150 W, 10 min.

SCHEME 6

| e—

Table 3.New hERG blockers.

|
(el
Ry~

28-34

Entry

Amines

Final Product

0
N

HN

36

jeven

NH,

29

N

HN

37

61

35



peve

30

/OON OO\

31

L)

32

62




The N-diphenyl-N-alkyl amines28-34 were obtained by a general synthetic
procedure described as following. The alkylatiomacten of the appropriate
diphenyl amines43-48 provided the N-diphenylalkylchlorided9-55 These
chloroalkyl-derivatives underwent a Gabriel syntsé¥ that proceeded through
two synthetic steps. Firstly, the treatment4®-55 with potassium phtalimide
gave a N-alkylphatalimide derivativé$-62 which were cleaved with hydrazine
hydrate'® to obtain the desired’Mliphenyl-N-alkyl amines28-34
The alkylation of the amined3-48 followed two different synthetic routes
depending on the introduction of an ethylenic oopytenic chain. The
chloroethyl derivativegl9-53 was achieved under conventional heating using 2-
chloroethyl tosylate and n-Butil litiut® 54 and 55, were obtained by an
alkylation reaction conducted under microwave imidn>® in which the
diphenyl aminet3 and 48 were treated firstly with NaH then alkylated with 1
Bromo-3-Chloropropane.

Among the used diphenylamind3 44, 45 and 48, were synthesized taking

150f Buchwald-Hartwig cross-coupling® while

advantage of an improvemétt
46 and 47 were commercially available. In the Buchwald comoglireaction a
direct Pd-catalyzed C-N bond formation between @yppate aromatic amine&3-

64 and aryl halides 65-67 took place in the presence of 1,1-bis-
(diphenylphosphinino)ferrocene (dppf) as phosphiype ligand. This synthetic

procedure produced the desired amines in good.{&sldeme 7)
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Scheme ¥

Ri R a Ri R2 borc Ri R
+ —— 0 = O LT
NH | ” 'Il
|

2

CH
63:R,=-F 65: R,=-H 43:R;=-F,Ry=-H 49: Rj=-F, Ry= -H, n=2 (CI z )n
64: R,=-Cl 66: R,=-F 44: R = -CL, R,=-Cl 50: R,= -Cl, R,=-Cl, n=2
67: Ry=-Cl 45:R,= -CI, R,=-H 51: R;= -Cl, R,=-H, n=2
46: R;=-OMe, R,=-OMe  52: R;=-OMe, R,=-OMe, n=2 d
47:R,= -OMe, R,=-H 53: R;= -OMe, Ry=-H, n=2
48:R,=-F,R,=-F 54:R,=-F,R,=-F, n=3
55: R;=-F, Ry= -H, n=3
R4
pewey ¢
e
N -~ N—{H,C}-N
(CH2), n
R{NH o}
R
28: R = -F, R,=Ry=-H, n=2 56: R|= -F, R,=-H, n=2
29: R= -Cl, R,= -Cl, Ry= -H, n=2 57: Ry=-Cl, R,=-Cl, n=2
30: R= -Cl, Ry=Ry= -H, n=2 58: Ry=-Cl, R,= -H, n=2
31: R;=-OMe, R,= -OMe, Ry= -H, n=2 59: R|= -OMe, R,= -OMe, n=2
32: R;=-OMe, R,=Ry=-H, n=2 60: R = -OMe, R,= -H, n=2
33: R=-F, R,=-F, Ry=-H, n=3 61: R,=-F, Ry= -F, n=3
34:R= -F, R,=R;= -H, n=3 62: Ry=-F, Ry= -H, n=3

®Reagents and conditionsa) DPPF, DPPF PdgICH,Cl,, Na-t-But, THF dry, 100° C,
3-5 h. b) n-BuLi, 2-chloroethyltosylate, Bt dry, r.t., 28 h; c) Stepl: NaH, THF dry, 130°
C, 200 W, 40 min; Step 2: 1-Bromo-3-Cloropropan@0°1 C, 200 W, 21 min; d)
potassium phatlimide, DMF dry, reflux, 6-9¢) hydrazina hydrate, EtOH, reflux.
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3. Biological Evaluation
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As explained in the introduction, my PhD projectswdistinct by two main
research tasks. The first one concerned the syatbesatural product-like small
molecules, potentially able to interfere with thal cycle progression in tumor
cells.

The second project involved the rational design aydthesis of small
molecules endowed with the minimally structureduisgments to bind and block
the hERG K channel, a well-known biomarker of cardiotoxicity.

In this chapter, preliminary available biologicata of both the libraries are
shown and discussed.

A detailed description of analysis procedures deetesting the compounds is

reported in the experimental section.

3.1  Preliminary Biological Resultsfor the antiproliferative activity of
hybrid compounds on Bcr-Abl expressing K562 cells.

The first project was aimed to the constructiorhgibrid molecules resulting
from the merge of spiro- or poly-cyclmores, as natural-like scaffolds, with bi-
and ter-phenyl fragments, as biologically validateaiety(Chart 2 and Schemes
4-5). This work has represented an extension of thetiegi small molecules
library, that showed interesting biological acyvih sensitive HL60 and Brc-Abl-
expressing K562 celf€®37
The new synthesized hybrid moleculEza-m and 16a-c are currently tested in
the laboratory of Dr Tolomeo, at the InterdeparttabiCenter of Research in
Clinical Oncology (CIROC) of the University of Paieo.

The antiproliferative activity of each compoundKB62 cells was evaluated
after 48 hours by counting cells with an automeétt counter and was expressed
as 1Gyp (concentration inhibiting 50% of cell growth). Thiata are shown in

Table 4. Spirocyclicl-4 are included for comparison with the previousexdibn.
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Table 4.1Css* (UM * SE) values in Bcr-Abl-expressing K562 cadfsnew synthesized
compoundd 2a-mandl6a-cin comparison witli-4 previously obtained.

ICso?
Compound G2 (UM Compound S0
P Go' (MM) P (M)
10+1
8+1
8+1 9+1
14+2 >50
b
3 12h
9+1 >50
4° 12i
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30+1 38+3

12a

13+1

12m

>50

20+2

o] O O O OH
>50 i /'“” 2 >50
(o] N—

£ 16¢
12e

& concentration able to inhibit 50% of cell growftea48 h of treatment.
® compounds previously synthesized
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On the basis of these biological results, somamnehry considerations about
the structural features relevant in conferring @oliferative activity of the new
molecules, with respect to the parent compoundsgddue allow.

The hybrid derivatives, 12f, 12g and 12m, whose spirocyclic portion is
represented by ais-2,4-dimethyl-2,4-diazaspiro[5,5]undecane-1,3,2@aone
showed to maintain a comparable activity respetheéoparent compounds?2, 3
and 4 respectively. This could suggest that a substitutof 1,3-dicarbonyl
fragments does not affect the biological profile.

Regarding the biphenyl derivatives differently ditbged in the phenyl ringd,2e,
bearing goara-trifluoromethyl group, displayed a drop of actiw{iCso > 50 uM)
compared to theara-hydroxy substituted compourtd(ICso = 8 um). This could
be due to the absence of hydroxyl function arrangeura-position on the latest
aromatic ring, probably relevant to exert the bgodal activity. Similarly
compoundl2a bearing goara-aldeyde function, showed a lower activity {}G

30 um) compared to its parent compouridand3 endowed respectively with a
para-hydroxy or para-methylhydroxy groups. Based on these results aiaru
determinant of the high antiproliferative activigems to be the presence of the
para-hydroxy function.

Regarding the terphenyl derivatives, a decreaswitjctvas observed for
compoundd 2h (ICso > 50 uM) endowed with metoxy groupsmeta-position on
the aromatic moieties, and for the branched tengbdr2i (ICso > 50 uM) andL2|
(IC50 = 38 um). These data could be suggest the positive infleieof linear-
oriented aromatic rings. Furthermore the sligh#jtér activity ofl2| with respect
to 12i, could be due to the presence of a pp#a-oriented carboxylic group.

All the polycyclic derivativesl6a-g showed lower antiproliferative activity
respect to the spirocyclic compounds. These resuwiggest that the increased

complexity of the natural likeore decrease the activity.
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3.2 Preliminary Biological Results for hERG K current inhibition of
“Minimally Structured hERG Blockers” on HEK cells stably expressing
hERG channels.

The second project developed during my PhD, reptegggan improvement of
an our previous worl® regarding the design and synthesis of “minimally
structured hERG blockers”, with the purpose of eheg the SAR studies and to
gain more insight to drug-induced hERG blockadelmaasm.

A first small set of molecule20-27 (Table 2)endowed with the minimally
structured requirements to bind and block hERG dkannel, was previously
synthesized by u$

The capability of hERG Kcurrent inhibition 0f20-27 was determined from
whole-cell voltage clamp recordings made in HEKcstably expressing hERG
channels. Structures and biological results otrekse molecules are reported in
Table 2 1Cso and plGgvalues were calculated on a new extensive CoMFAehod
constructed on a broad training set of molec(fles.

Thus, basing on this promising compound, furthemgotational investigation
were performed, with the aim to design and synigeainew series of molecules
and to enhance the SAR studies previously repdfted.

The rational design of new compounds took into antseveral modifications
that could build up their effectiveness in blockimgRG channels.

The new synthesized hybrid molecuB&42are currently tested in the laboratory
of Prof. Mitcheson, at the Department of Cell Polimjy and Pharmacology,
University of Leicester, United Kingdom.

Some preliminary biological results are reported @ble 5, included compound
25, the most potent inhibitor of the previous sef@scomparison, furthermore a
brief discussion was reported.
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Table 5. Experimental hERG K Channel Blocking Activity in comparison witB5
previously obtained.

Compounél | ICso (NM) | PICspexp Compound ICs0 (NM) | PICspexp
F. F MeO. OMe
HN 2.4 8.6+0.08 HN 4.8 8.3+£0.08
25 39

CLO -0

HN 1.5 8.8+0.11 HN N. D. N. D.
36 40
cl cl F F
oW o
HN 4.7 8.3+£0.10 NH N. D. N. D.

38 42
®tested as hydrochloride salts
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The CoMFA model reported ifrigure 35 showed that sterically favorable
regions are located around the pharmacophoric @it and mostly C2, while
the space around CO seems sensitive to both stedielectrostatic properties of
the molecules. Particularly, increasing bulk isridetntal for the activity, while
the presence of positively and negatively chargexligs, indicate a prevalent
favorable effect. On the basis of this CoMFA modsfme preliminary
consideration can be given.

Among the firstly tested compound6-37 and39, 36 showed an Igyof 1.5 nM,
thus representing a more potent inhibitor compavied its parent compoungs
(ICs0 = 2.4 nM).

This data suggested that one fluorine moiety isufficient to give a relevant
blocking activity.

37 and 39 revealed less active if related 286, showingan ICsp value of 47 nM,
nevertheless their inhibitor activity is higher abmpared with the derivatives
obtained from the previous series. These resufjgesied that the substitution of
the fluorine atoms in CO and C1 position, with c¢hie or methoxy groups,
respectively in37 and 39, did not affect in a relevant manner the blocking
potency.
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4. Conclusions



The centrakore of my PhD regarding the design and synthesis abgically
actives small molecules, which could be consid#reeipotential lead candidates
or valuable chemical tools to dissect biologicakteyns, included two main

research lines.

As a follow-up of a previous work, my first projedealt with the design and
synthesis of natural product-like small moleculegeptially able to interfere with
pathways involved in cancer cells. Inspired by Bgy-Oriented Synthesis | took
advantage of a two step synthetic route relyingth@n combination of Domino
Knoevenagel/Diels Alder (click reaction), for thenstruction of the natural
product-like cores, with Suzuki coupling for the derivatization step.
demonstrated that this platform is amenable tollghidrary generation allowing
to enhance the structural diversity and complexitythe existing collection.
Several obtaining newly-substitued hybrid compouwese obtained with good
yield.

From the preliminary biological results, some datives showed to maintain a
comparable biological activity, respect to theirggd compounds, indicating that
the presence of an hydroxylic function para-position is relevant for the

biological effect. Indeed a decreased antiproltfeeaactivity was observed when
the hydroxylic function was substituted by a methox trifluoromethyl groups or

increasing the complexity of the natural lit@re.

The generation of this new library has contributed outline the common

structural features responsible for the expressidhe biological activity.

The second project regarded the rational designsgnthesis of minimally
structured hERG blockers, with the purpose of inaprthe previous collection
prepared by us. Starting from a Target-orientedtt®gis, a small set of new
hERG blockers was achieved using either converitiand microwave heating.
The microwave assisted synthetic procedures affbtbe desired new products
with several advantages. Firstly rate enhancemedtiacreased yield: reaction
times reduced drastically from hours to minutes amdimized occurrence of
unwanted side reaction. Furthermore a great repibiity and the possibility to
perform the reactions in a solvent-free conditicas;ording to the principles of
Green Chemistry. The obtained compounds are clyremessted for their
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capability to bind and block the hERG' Kkhannel and from the preliminary
biological results, they showed a more relevanthiay activity compared with
the derivatives of the first series.

The new small set of hERG blockers, was able to gadre insight to the
minimal structural requirements for hERG liabilityhich is mandatory to
investigate in order to reduce the risk of potdnsi@e effects of new drug

candidates.
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5. Experimental Section
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General Chemical Methods

Reactions progress was monitored by thin layerrotography (TLC) using
commercially prepared glass plates pre-coated ignck silica gel 60 F254.
Adsorbed compounds were viewed by the quenching\bfluorescenceNpax =
254 nm). Purification of compounds by column chrtvgaaphy was achieved
using slurry-packed Merck 9385 Kieselgel 60 silgal (230-400 mesh). All
solvents were distilled prior to use, except thased for Suzuki coupling
reactions. All reagents were obtained from comnaémburces and used without
further purification. Unless otherwise stated,ralctions were carried out under
an inert atmosphere. Compounds were named relynthe® naming algorithm
developed by Cambridge Soft Corporation and usé&thiem-BioDraw Ultra 11.0.
Reactions involving microwave irradiation were penied using a focused
single-mode microwave synthesis system (CEM Discov8P, 2.45GHz,
maximum power 300 W), equipped with infrared terapere measurement-
NMR and*C-NMR spectra were recorded on Varian Gemini at-200-400
MHz and 50-75-100 MHz respectively. Chemical shifig) are reported relative
to TMS as internal standard. Mass spectrum wasrdedoon a V.G. 7070E
spectrometer or on a Waters ZQ 4000 apparatus topgia electrospray (ES)

mode.

5.1 Natural product-like small molecules library

5.1.1 Spirocyclic derivatives

General Parallel Procedure for Bromo-biphenylcarbatlehyde Synthesis

To a solution of o-, or p-iodobromobenzene (1 eguivl mL of toluene is
added a catalytic amount (3-5% mol) of tetrakipkiienylphosphine palladium
and 0.3 mL of aqueous 2M M20Os. A solution of 4-formyl-benzeneboronic acid
(1.6 equiv) in 1 mL of ethanol is then added, amel mixture is heated to reflux
for 3 hours in an argon atmosphere. After coolihg, mixture is extracted three

times with dichloromethane and the joined orgaiiages are washed with water
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and brine, dried, and evaporated under vacuum.r@$idue is purified by flash
chromatography, giving the bromodiphenylaldehydevdéve.

3'-bromo-[1,1'-biphenyl]-4-carbaldehyde 6b
o 6b was prepared as previously described starting frem
O “H  jodobromobenzene (120 mg, 0.42 mmol). The residues w
O purified by flash chromatography, eluting with 9.10.3
Br petroleum ether: EtOAcC.
6b: 0.05 g (yield 50 %), colourless ottt NMR (200 MHz, CDC}) § 7.37 (d,J=
7.7 Hz, 1H), 7.57 (m, 2H), 7.72 (d,= 9.2 Hz, 2H), 7.77 (m, 1H), 7.96 (d= 9

Hz, 2H), 10.07 (s,1H).

4'-bromo-[1,1'-biphenyl]-4-carbaldehyde 6¢
‘.g 6c was prepared as previously described starting foam
" iodobromobenzene (0.5 g, 1.77 mmol). The residus wa
Br O purified by flash chromatography, eluting with 9.6%35
petroleum ether: EtOAC.
6¢c: 0.3 g (yield 65%), white powdettd NMR (400 MHz, CDC}) § 7.47 (d,J =

8.6 Hz, 2H), 7.56 (A = 8.6 Hz, 2H), 7.69 (d] = 8 Hz, 2H), 7.93 (dJ = 8 Hz,
2H), 10.04 (s, 1H).

General parallel procedure for (K-DA-E) Domino-Knoevenagel Diels
Alder reaction (intermolecular fashion)

In distinct reactors equipped with a magnetic isiiybar, a mixture of 1 mmol
(1.0 equiv.) of the appropriate aromatic aldehg@ec and 1 mmol of proper
active methylene compounds-c (1.0 equiv) in MeOH were prepared and then
the catalystl()-5,5-dimethyl thiazolidinium-4-carboxylatéODMTC) (0.2 equiv)
was added to each reactor. The resulting mixtureee vgtirred for 30 min at
ambient temperature, theB){4-phenyl-3-buten-2-one 9 (2.0 equiv) was added to

each reaction mixtures and the suspensions wemvedl to stir at room
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temperature for 72 h. Each crude reaction wasatllwtith dichloromethane and
treated with saturated aqueous ammonium chloridetisn. The layers were
separated and the aqueous phase was further extnaith dichloromethane (8
15 mL). The combined organic layers were dried ddeySO, and evaporated
under reduced pressure. Each crude Diels-Alderyatodias purified by flash
chromatography (petroleum ether/EtOAc). The enamtiic excesses of the
purified products have not been determined. Thge stereochemistry of the
compounds was established by NOESY analysis (adtahown).

(2R,6S)-2-(4-bromophenyl)-6-phenylspiro[cyclohexan&,2'-indene]-1',3',4-
trione 10a

This product was obtained according to the genpeahllel
procedure for K-DA-E described above using the cencml
aldehyde6a (0.70 g, 3.78 mmol) and the 1,3-indandid&ae The
crude product was purified by flash chromatograpiyting
with 9.5: 0.5 petroleum ether: EtOAc.

10a: 1.56 g (yield 90 %), solid crystallinéd NMR (300 MHz, GDg) & 2.43
(ddd,J = 1.8, 3.6, 14.4 Hz, 1H), 2.52 (ddd= 1.8, 3.6, 14.4 Hz, 1H), 3.42 (dd,
= 1.8, 14.4 Hz, 1H), 3.51 (dd,= 4.2, 14.4 Hz, 1H), 3.58 (f = 14.4 Hz, 1H),
3.68 (t,J = 14.4 Hz, 1H), 6.35 (t] = 7.2 Hz, 1H), 6.47 (] = 7.2 Hz, 1H), 6.56 (t,
J=7.2 Hz, 1H), 6.64-6.68 (m, 4H), 6.80-6.82 (m,)26196 (d,J = 7.8 Hz, 2H),
7.03 (d,J = 7.2 Hz, 1H), 7.27 (d) = 7.2 Hz, 1H).*C NMR (75 MHz, GD¢) &
43.2,47.7, 48.8, 61.7, 121.5, 122.0, 122.4, 121%7.8 (CH), 128.3 (CH), 129.7
(CH), 131.4, 135.4, 136.5, 137.0, 141.7, 142.5,2003.1, 207.6.
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(7R,11S)-7-(4-bromophenyl)-3,3-dimethyl-11-phenyl-2-
dioxaspiro[5.5]undecane-1,5,9-trione 10b

This product was obtained according to the genpeahllel
procedure for K-DA-E described above using the cenumal
aldehyde6a (0.5 g, 2.70 mmol) and the Meldrum’s a&Hd. The
crude product was purified by flash chromatograpéhating
with 9.5: 0.5 petroleum ether: EtOAc.

10b: 0.92 g (yield 74 %), crystalline white powd&H NMR (300 MHz, GDg) &
0.52 (s, 3H), 0.66 (s, 3H), 2.33 (dbs 4.2, 15 Hz, 1H), 2.41 (dd,= 4.2, 15 Hz,
1H), 3.38 (tJ = 9 Hz, 1H), 3.51 (t) = 9 Hz, 1H), 3.57 (dd] = 4.2, 14.4 Hz, 1H),
3.8 (dd,J = 4.2, 14.4 Hz, 1H), 6.76 (d,= 9 Hz, 2H), 6.81-6.83 (m, 1H), 6.86-
6.89 (m, 2H), 7.02-7.05 (m, 2H), 7.04 (buriedJds 9 Hz, 2H).**C NMR (75
MHz, C;D¢) 6 28.2, 28.6, 42.7, 42.8, 49.6, 49.9, 60.3, 10622,7, 128.4, 128.8,
129.3, 130.1, 132.3, 136.1, 136.9, 165.1, 168.6,20

(7R,11S)-7-(4-bromophenyl)-2,4-dimethyl-11-phenyl-2-
diazaspiro[5.5]undecane-1,3,5,9-tetraone 10c

This product was obtained according to the genpaahllel

procedure for K-DA-E described above using the lajde 6a
)N:HS (0.2 g, 1.01 mmol) and the 1,3-dimethylbarbitugtdebe. The
crude product was purified on silica eluting with @
Br
10c: 0.207 g (yield 44 %), white fine powdeltd NMR (400 MHz, CDC)) &
2.56-2.62 (m, 2H), 2.86 (s, 3H), 3.01 (s, 3H), 3%6D4 (m, 2H), 3.92 (dd] = 4
Hz, 16H, 1H), 4.03 (ddJ = 4 Hz, 16H, 1H), 6.95-7.02 (m, 4H), 7.21-7.23 (m,
3H), 7.34-7.36 (m, 2H)**C NMR (100 MHz, CDG)) & 28.1, 28.5, 42.7, 43.1,
49.3, 51.3, 60.8, 122.7, 127.4, 128.9, 129, 12932.2, 136.6, 136.7, 149.6,

168.9, 170.6, 207.6.

petroleum ether: EtOAcC.
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(7R,11S)-7-(3'-bromo-[1,1'-biphenyl]-4-yl)-3,3-diméhyl-11-phenyl-2,4-
dioxaspiro[5.5]undecane-1,5,9-trione 10d

This product was obtained according to the genpeahllel
procedure for K-DA-E described above using the lajde 6b
(0.24 g, 0.92 mmol) and the Meldrum’s ad&t. The crude
product was purified by flash chromatography, elgitvith 9.3:
0.7 petroleum ether: EtOAC.

Br 10d: 0.24 g (yield 49 %), white powdetd NMR (300 MHz,
CDCls) 6 0.56 (s, 3H), 0.61 (s, 3H), 2.63-2.65 (m, 1H),022772 (m, 1H), 3.67-
3.82 (m, 2H), 4.00-4.05 (m, 1H), 4.07-4.12 (m, 1HR3-7.35 (m, 8H), 7.43-7.56
(m, 4H), 7.66-7.68 (m, 1H)C NMR (75 MHz, CDC}) & 28.3, 28.4, 42.8, 49.8,
50.0, 60.5, 106.4, 123.0, 125.5, 127.7, 128.4,7,289.0, 129.2, 129.9, 130.4,
130.6, 136.7, 137.0, 140.0, 142.0, 165.2, 168.1,20

(7R,11S)-7-(4'-bromo-[1,1'-biphenyl]-4-yl)-2,4-diméhyl-11-phenyl-2,4-
diazaspiro[5.5]undecane-1,3,5,9-tetraone 10e

This product was obtained according to the gerasdllel
procedure for K-DA-E described above using the lajde
6¢ (0.22 g, 0.92 mmol) and the 1,3-dimethylbarbitwacd
5¢c. The crude product was purified by flash
chromatography, eluting with 9.1: 0.9petroleum ethe
EtOAc.

10e: 0.23 g (yield 50 %), pale-yellow powdet NMR (400 MHz, CDC)) &
2.60-2.65 (m, 2H), 2.87 (s, 3H), 3.03 (s, 3H), 3681 (m, 2H), 3.98 (d] = 4 Hz,
1H), 4.07 (dJ = 4 Hz, 1H), 7.03-7.06 (m, 2H), 7.13-7.15 (m, 2HR3-7.24 (M,
3H), 7.35-7.42 (m, 4H), 7.51-7.53 (m, 2HE NMR (75 MHz, CDC}) 528.1,
28.5,42.9,43.2,49.8,51.1, 61.0, 122.1, 12728,3, 128.5, 132.0, 136.3, 137.00,
139.0, 140.2, 149.7, 169.1, 170.8, 208.0, 208.2.
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General parallel procedure for Suzuki coupling

In distinct reactors, to a solution of the appragibromine derivativéOa-e
(2.0 equiv) in PhMe (9 mL), aqueous & (2M, 3.0 equiv) and the suitable
boronic acidlla-h (2.0 equiv) dissolved in EtOH (3 mL) were addedcl:
reaction mixture was deoxygenated with a streanNpffor 10 min and then
Pd(PhP), (0.05 equiv) was added. The mixtures were heategkftux for 5-6
hours, then cooled to room temperature and treegddllows. Each solution was
poured into a mixture of ¥ and EfO, and the phases were separated. The
aqueous layer was extracted with@t(3 x 15 mL) and the combined ethereal
phases were washed with 1M NaOH and brine. Thenardayer was dried over
N&SO, and evaporated. Each crude product was purified flash
chromatography.

4'-((2S,6R)-1',3",4-trioxo-2-phenyl-1',3'-dihydrospro[cyclohexane-1,2'-
inden]-6-yl)-[1,1'-biphenyl]-4-carbaldehyde 12a

This product was achieved following the generaltisgtic
procedure for Suzuki Coupling described above. The
spiroderivativelOa (0.26 g, 0.56 mmol) was allowed to react
with the phenyl boronic acidla The crude product was
purified by flash chromatography, eluting with §ie2Zroleum
ether: EtOAc.

1ga: 0.22 g (yield 80 %), white powdetd NMR (300 MHz, CDCY) § 2.65-2.76
(m, 2H), 3.79-3.96 (m, 4H), 6.96-7.03 (m, 5H), 7(8i8J = 8.1 Hz, 2H), 7.32 (d]

= 8.1 Hz, 2H), 7.42-7.47 (m, 2H), 7.50-7.54 (m, 3FA)%9 (d,J = 7.5 Hz, 1H),
7.85 (d,J = 9 Hz, 2H), 9.99 (s, 1H)}*C NMR (75 MHz, CDCJ) 5 43.2, 43.3,
48.1, 48.9, 61.9, 122.1, 122.4, 127.1, 127.2, 12¥26.9, 128.3, 128.7, 128.9,
130.0, 135.1, 135.3, 137.1, 137.9, 138.6, 141.8,614145.9, 191.6, 201.6, 203.2,
207.9.
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(2R,6S)-2-(3',5'-dimethoxy-[1,1'-biphenyl]-4-yl)-6phenylspiro[cyclohexane-1,2'-
indene]-1',3",4-trione 12b

This product was achieved following the generatkisgtic
procedure for Suzuki Coupling described above. The
spiroderivativel0a (0.2 g, 0.43 mmol) was allowed to
react with the phenyl boronic acldb. The crude product
was purified by flash chromatography, eluting wé&th1

OMe petroleum ether: EtOAcC.
12b: 0.09 g (yield 40 %), white powdelt NMR (300 MHz, CDCJ) § 2.67-2.71
(m, 2H), 3.78 (s, 6H), 3.78-3.90 (m, 4H), 6.40)(t 2 Hz, 1H), 6.51 (dJ = 2 Hz,
2H), 6.98-7.12 (m, 6H), 7.23-7.28 (m, 2H), 7.4217(f, 3H), 7.65-7.69 (m, 1H).
13C NMR (75 MHz, CDCJ) & 43.3, 43.4, 48.3, 48.8, 55.3, 62.0, 99.1, 105.0,
122.1, 122.4, 127.0, 127.6, 128.0, 128.3, 128.8,31336.8, 137.2, 140.0, 141.9,
142.2,142.7, 160.9, 201.8, 203.4, 208.3.

4'-((7R,11S)-3,3-dimethyl-1,5,9-trioxo-11-phenyl-2;dioxaspiro[5.5]undecan-7-yl)-
[1,1'-biphenyl]-4-carbaldehyde 12c

This product was achieved following the general tlsgtic
procedure for Suzuki Coupling described above. The
spiroderivativel0b (0.2 g, 0.44 mmol) was allowed to react
with the phenyl boronic acidla The crude product was
purified by flash chromatography, eluting with 9pé&troleum

. ether: EtOAc.

12¢: 0.07 g (yield 33 %), pale-yellow powdéH NMR (300 MHz, CDC)) § 0.57
(s, 3H), 0.64 (s, 3H), 2.68-2.73 (m, 2H), 3.77 (@t 3, 15 Hz, 2H), 4.09 (df =
4.5, 15 Hz, 2H), 7.26-7.35 (m, 5H), 7.39 {d; 8.4 Hz, 2H), 7.52 (d] = 8.4 Hz,
2H), 7.72 (dJ = 8.4 Hz, 2H), 7.97 (d] = 8.4 Hz, 2H), 10.07 (s, 1H}’C NMR
(75 MHz, CDC}) & 28.2, 28.4, 42.7, 42.8, 49.8, 49.9, 60.4, 10624,.4, 127.9,
128.4, 128.7, 129.1, 129.2, 130.3, 135.4, 136.9,31340.0, 145.8, 165.2, 168.1,
191.7, 207.2.
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(7R,11S)-7-(3',5'-dimethoxy-[1,1'-biphenyl]-4-yl)-33-dimethyl-11-phenyl-2,4-
dioxaspiro[5.5]Jundecane-1,5,9-trione 12d

This product was achieved following the generaltisgtic
procedure for Suzuki Coupling described above. The
spiroderivativelOb (0.2 g, 0.44 mmol) was allowed to react
with the phenyl boronic acidlb. The crude product was

purified by flash chromatography, eluting with 8.5.5

petroleum ether: EtOAC.

12d: 0.13 g (yield 57 %), white crystalline powd&r NMR (300 MHz, CDC}) &
0.58 (s, 3H), 0.63 (s, 3H), 2.67-2.69 (m, 1H), 22714 (m, 1H), 3.72-3.86 (m,
2H), 3.86 (s, 6H), 4.04-4.12 (m, 2H), 6.50Jt 2.4 Hz, 1H), 6.66-6.69 (m, 2H),
7.29-7.38 (m, 7H), 7.57-7.60 (m, 2HYC NMR (75 MHz, CDCJ) 5 28.3, 42.8,
49.8, 49.9, 55.3, 60.5, 99.3, 105.2, 106.4, 12128,4, 128.7, 128.8, 129.2, 136.2,
137.0, 141.4, 142.1, 161.1, 165.2, 168.2, 207.5.

(7S,11R)-3,3-dimethyl-7-phenyl-11-(4'-(trifluoromehyl)-[1,1'-biphenyl]-4-yl)-2,4-
dioxaspiro[5.5]undecane-1,5,9-trione 12e

This product was achieved following the generaltisgtic
procedure for Suzuki Coupling described above. The
spiroderivativelOb (0.1 g, 0.22 mmol) was allowed to react
with the phenyl boronic acidlc The crude product was

purified by flash chromatography, eluting with 9.8:5

FsC petroleum ether: EtOAc.

12e:0.07 g (yield 61 %), white powdeitdf NMR (300 MHz, CDCJ)  0.56 (s,

3H), 0.62 (s, 3H), 2.64-2.67 (m, 1H), 2.72-2.74 (i), 3.76 (dtJ = 2, 15 Hz,

2H), 4.01-4.14 (m, 2H), 7.23-7.39 (m, 7H), 7.58Z/(h, 6H)*C NMR (75 MHz,

CDCl) 6 28.2, 28.3, 42.7, 42.8, 49.8, 49.9, 60.5, 1062p.8, 127.2, 127.8,
128.4, 128.7, 129.1, 129.2, 137.0, 140.0, 143.8,216.68.1, 207.3.
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(7R,11S)-7-(4'-hydroxy-[1,1'-biphenyl]-4-yl)-2,4-dmethyl-11-phenyl-2,4-
diazaspiro[5.5]undecane-1,3,5,9-tetraone 12f

This product was achieved following the generaltlsgtic
procedure for Suzuki Coupling described above. The
spiroderivativelOc (0.3 g, 0.64 mmol) was allowed to react
with the phenyl boronic acidld. The crude product was
purified by flash chromatography, eluting with 8:
2petroleum ether: EtOAcl2f: 0.2 g (yield 65 %), pale
yellow oil; '"H NMR (400 MHz, CDC}) 6 2.61-2.66 (m, 2H), 2.87 (s, 3H), 3.02 (s,
3H), 3.68-3.8 (m, 2H), 3.98-4.08 (m, 2H), 5.34Bl), 6.85-6.87 (m, 2H), 7.04-
7.11 (m, 4H), 7.22-7.24 (m, 3H), 7.37-7.40 (m, 48¢: NMR (100 MHz, CDGJ)

6 28.1, 285, 42.9, 43.2, 50.0, 50.9, 61.0, 11%29,1, 127.5, 128.1, 128.2, 128.3,
128.4, 128.8, 128.9, 129.0, 132.7, 135.6, 137.1,014149.8, 155.7, 169.1, 170.8,
208.7.

(7R,11S)-7-(4'-(hydroxymethyl)-[1,1'-biphenyl]-4-y)-2,4-dimethyl-11-phenyl-2,4-
diazaspiro[5.5]undecane-1,3,5,9-tetraone 12g

This product was achieved following the generaltisgtic
procedure for Suzuki Coupling described above. The
spiroderivativelOc (0.3 g, 0.64 mmol) was allowed to react
with the phenyl boronic acidle The crude product was
purified by flash chromatography, eluting with 8: 2
petroleum ether: EtOAd?2g: 0.15 g (yield 57 %), colorless
oil; '"H NMR (400 MHz, CDC}) § 2.59-2.64 (m, 2H), 2.86
(s, 3H), 3.02 (s,3H), 3.66-3.79 (m, 2H), 3.96-4(0Y 2H), 4.70 (s, 2H), 7.03-7.06
(m, 2H), 7.11-7.13 (m, 2H), 7.21-7.24 (m, 3H), 7R84 (m, 4H), 7.48-7.50 (m,
2H).°C NMR (100 MHz, CDGJ) & 28.1, 28.5, 42.9, 43.2, 49.9, 50.9, 60.9, 65.1,
127.2, 127.3, 127.5, 127.6, 128.2, 128.8, 128.8,41337.0, 139.4, 140.5, 141.0,
149.7,169.1, 170.8, 208.3.
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(7S,11R)-3,3-dimethyl-7-phenyl-11-(3',3",5"-trime&hoxy-[1,1":4',1"-terphenyl]-4-yl)-
2,4-dioxaspiro[5.5]undecane-1,5,9-trione 12h

This product was achieved following the general
synthetic procedure for Suzuki Coupling described
above. The spiroderivativéOb (0.2 g, 0.7 mmol) was
allowed to react with the phenyl boronic aditlf. The
crude product was purified by flash chromatography,
eluting with CHC}.

12h: 0.04 g (yield 20 %), pale-yellow powdéH NMR
(300 MHz, CDC}) 6 0.60 (s, 3H), 0.68 (s, 3H), 2.68-2.77 (m, 2H),433784 (m,
2H), 3.86 (s, 6H), 3.91 (s, 3H), 4.05-4.15 (m, 26{51 (t,J = 1.8, 1H), 6.73-6.74
(m, 2H), 7.16 (m, 1H), 7.21-7.31 (m, 4H), 7.36-7(#4 5H), 7.65-7.68 (m, 2H).
3C NMR (75 MHz, CDCJ) & 28.3, 28.4, 42.8, 49.8, 49.9, 55.3, 55.7, 60.52,99
106.4, 107.7, 109.8, 119.3, 127.7, 128.4, 128.8,901229.2, 130.1, 131.1, 136.2,
137.0, 139.8, 140.6, 141.2, 156.7, 160.3, 165.8,2.&07.5.

(7R,11S)-7-(4"-methoxy-[1,1":3',1"-terphenyl]-4-\)-3,3-dimethyl-11-phenyl-
2,4-dioxaspiro[5.5]undecane-1,5,9-trione 12i

This product was achieved following the general tisgtic
procedure for Suzuki Coupling described above. The
spiroderivativel0d (0.17 g, 0.32 mmol) was allowed to react
with the phenyl boronic acidlg The crude product was
purified by flash chromatography, eluting with 8.3.5
petroleum ether: EtOAC.

12i: 0.12 g (yield 67 %), white powdeft NMR (300 MHz,
CDCl) 6 0.60 (s, 3H), 0.66 (s, 3H), 2.68-2.77 (m, 2H),03(8t,J = 6, 15 Hz,
2H), 3.90 (s, 3H), 4.06-4.15 (m, 2H), 7.03-7.05 @H), 7.31-7.39 (m, 7H), 7.50-
7.74 (m, 8H).}*C NMR (75 MHz, CDC}) & 28.3, 28.4, 42.8, 49.8, 50.0, 55.3,
60.6, 106.4, 114.2, 125.2, 125.4, 126.1, 127.8,2.288.4, 128.7, 128.9, 129.2,
129.3, 133.3, 136.1, 137.1, 140.5, 141.5, 141.8,31965.2, 168.2, 207.5.
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4"-((7R,11S)-3,3-dimethyl-1,5,9-trioxo-11-phenyl-2-dioxaspiro[5.5]undecan-7-yl)-
[1,1:3',1"-terphenyl]-4-carbaldehyde 12|

This product was achieved following the general tisgtic
procedure for Suzuki Coupling described above. The
spiroderivativel0d (0.17 g, 0.32 mmol) was allowed to react
with the phenyl boronic acidlh. The crude product was
purified by flash chromatography, eluting with 9®5 CHC}:
MeOH.

121: 0.11 g (yield 60 %), grey powdettf NMR (300 MHz,
CDs0D) ¢ 0.61 (s, 3H), 0.67 (s, 3H), 2.57-2.67 (m, 2H),53.6
3.77 (m, 2H), 4.11-4.22 (m, 2H), 7.28-7.31 (m, 2HR7-7.42 (m, 4H), 7.51-7.65
(m, 2H), 7.71-7.85 (m, 4H), 7.91-7.94 (m, 2H), 8825 (m, 1H), 8.16-8.20 (m,
2H). 1*C NMR (75 MHz, CRQOD) & 28.5, 28.6, 43.4, 50.4, 50.5, 61.2, 106.9,
126.5, 127.3, 127.5, 128.0, 128.5, 129.4, 129.9).413130.5, 131.0, 133.7,
1137.9, 138.6, 141.3, 141.6, 141.8, 165.9, 16%68,71 206.6.

(7R,11S)-7-(4"-hydroxy-[1,1":4",1"-terphenyl]-4-yl)-2,4-dimethyl-11-phenyl-2,4-
diazaspiro[5.5]undecane-1,3,5,9-tetraone 12m

This product was achieved following the general
synthetic procedure for Suzuki Coupling described
above. The spiroderivativiOe (0.15 g, 0.28 mmol) was
allowed to react with the phenyl boronic aditld. The
crude product was purified by flash chromatography,
eluting with 7.2: 2.8 petroleum ether: EtOAc.

» 12m: 0.11 g (yield 60 %), pale yellow powdéH NMR
(300 MHz, CDC}) 6 2.61-2.67 (m, 2H), 2.88 (s, 3H), 3.04 (s, 3H),833682 (m,
2H), 3.98-4.11 (m, 2H), 4.75 (s, 1H), 6.89-6.91 @H), 7.05-7.07 (m, 2H), 7.14-
7.16 (m, 2H), 7.40-7.42 (m, 1H), 7.48-7.69 (m, 1084 NMR (75 MHz, CDC})

6 28.0, 28.5, 42.9, 43.2, 50.0, 50.9, 61.0, 11528,1,127.3, 127.4, 127.5, 128.1,
128.2, 128.8, 128.9, 132.4, 136.1, 137.0, 138.0,514141.0 156.5, 169.1, 170.8,
208.7.
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5.1.2 Polycyclic derivatives

SyntheticProcedure for 5-bromo-2-((3-methylbut-2-emnl-
yloxy)benzaldehyde 1%

B To a solution of 5-bromosalicylaldehyde (0.5 g,2mmol) and 4-
O/©/ bromo-2-methyl-2-butene (0.45 g, 2.99 mmol) in aroys DMF
E\CHO (12 mL) were added finely ground,803(1.14 g, 8.22 mmol) and KI

(0.03 g, 0.2 mmol). The reaction mixture was leftstir at room
temperature under a nitrogen atmosphere for 3 hdims reaction mixture was
poured in to HO and partitioned in ED. The aqueous phase was extracted with
Et,O (3 x15 mL). The organic extracts were combinededd over NaSQ,,
filtered and concentrated in vacuo. The crude prbduas purified by flash
chromatography, eluting with 99:1 petroleum etl&©OAc. 13: 0.6 g (yield 90
%), yellow oil; *H NMR (400 MHz, CDCJ) 6 1.72 (s, 3H), 1.76 (s, 3H), 4.57-4.59
(m, 2H), 5.41-5.45 (m, 1H), 6.84-6.86 (m, 1H), 74386 (m, 1H), 7.85-7.86 (m,
1H), 10.35 (s, 1H).

Domino-Knoevenagel Diels Alder reaction (K-DA) (intamolecular
fashion) procedure (a) for the synthesis of (6aR,b&)-11-bromo-2,4,6,6-
tetramethyl-6,6a,7,12b-tetrahydrochromeno[4',3":4,%yrano [2,3-
d]pyrimidine-1,3(2H,4H)-dione 15
Br 1,3-dimethylbarbituric acidc (0.15 g, 0.96mmol) was stirred

with the 5-bromo-2-((3-methylbut-2-en-1-yl) oXy)

N”  benzaldehydd3 (0.38 g,1.44 mmol) and ethylene diammoniun
N0 diacetate (0.03g, 0.19 mmol) in dichloromethane r@mm
temperature for 24 hours. The reaction mixture exaed to dryness and the
crude product was purified on silica eluting with37petroleum ether: EtOAc.

15: 0.29 g (yield 74%), white powdetH NMR (CDCI3, 400 MHz)5 1.14 (s,
3H), 1.56 (s, 3H), 2.06-2.08 (m, 1H), 3.27 (s, 3Big5-3.37 (m, 3H), 4.24-4.25
(m, 1H), 4.32-4.41 (m, 2H), 6.51-6.53 (m, 1H), 7081 (m, 1H), 7.47-7.48 (m,
1H). *C NMR (CDCI3, 100 MHz) 23.9, 28.2, 28.4, 28.9, 29.1, 38.7, 65.0, 84.0,

88.0, 113.5, 117.7, 125.2, 130.9, 132.5, 151.2,819565.7, 163.9, 198.1.
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Domino-Knoevenagel Diels Alder reaction (K-DA) (intamolecular
fashion) procedure (b) for the synthesis of (6aR,h&)-11-bromo-2,4,6,6-

tetramethyl-6,6a,7,12b-tetrahydrochromeno([4',3":.4,%pyrano [2,3-
d]pyrimidine-1,3(2H,4H)-dione 15
Br Into a 10 mL process vial equipped with a stirdoag were placed

the aldehydd 3 (0.15 g, 0.56 mmol), 1,3-dimethylbarbituric acid
N~ 5c (1.1 g, 0.73 mmol), ethylene diammonium diacetg®?2
lil/go equiv, 0.11 mmol) and ethanol. The vial was sealad then
irradiated via two consecutive synthetic stepghinfirst one the reaction mixture
was exposed for 10:00 minutes at 140° C under 100nwhe second step, the
same reaction was irradiated for 5 minutes at 1IB@fhder 100 W. The reaction
mixture evaporated to dryness and the crude progastpurified on silica eluting
with 7: 3 petroleum ether: EtOAc.
15: 0.2 g (yield 88%), white powdett NMR (CDCI3, 400 MHz) 1.14 (s, 3H),
1.56 (s, 3H), 2.06-2.08 (m, 1H), 3.27 (s, 3H), 33857 (m, 3H), 4.24-4.25 (m,
1H), 4.32-4.41 (m, 2H), 6.51-6.53 (m, 1H), 7.08%7{Mn, 1H), 7.47-7.48 (m, 1H).
13C NMR (CDCI3, 100 MHz) 23.9, 28.2, 28.4, 28.9, 29.1, 38.7, 65.0, 84.(0),88
113.5,117.7,125.2, 130.9, 132.5, 151.2, 152.8,7963.9, 198.1.

Suzuki couplingreaction procedure (a) for the syntksis of6aR,12bS)-11-(4-
hydroxyphenyl)-2,4,6,6-tetramethyl-6,6a,7,12b-
tetrahydrochromenol[4',3":.4,5]pyrano[2,3-d]pyrimidin e-1,3(2H,4H)-dione 16a
This product was achieved following the generallsgtic
procedure described above for the Suzuki Coupling
reaction, allowing to reac5 (0.2 g, 0.49 mmol) and the
boronic acidl1ld ( 0.135 g, 0.98 mmol). The crude product

HiC O
was purified by flash chromatography, eluting vBttb petroleum ether: EtOAc.

16a: 0.05 g (yield 24%), whitish powdeftd NMR (400 MHz, DMSOds) & 1.14
(s, 3H), 1.54(s, 3H), 2.24-2.26 (m, 1H), 3.19 (4),33.29 (s, 3H), 4.17-4.19 (m,
1H), 4.32-4.35 (m, 1H), 4.41-4.45 (m, 1H), 6.67%(f, 1H), 6.75(d) = 8.8 Hz,
2H),7.21-7.24 (m, 1H), 7.27 (d,= 8.8 Hz, 2H),7.57 (s, 1H), 9.35 (s, 1HiC
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NMR (100 MHz, DMSOsg) 6 23.6, 27.3, 27.9, 28.5, 28.6, 64.2, 83.5, 87.5,4,1
115.7,123.3, 125.2, 127.0, 127.8, 131.2, 132.2,51352.5, 155.2, 156.3, 163.3.

General parallel procedure for the Suzuki couplingprocedure (b)

A 10 mL process vial equipped with a stirring baaswcharged with the
bromine derivativel5 (1.0 equiv), the suitable boronic acldd-e (1.5 equiv),
aqueous NZ&Os; (2M, 2.0 equiv) and a mixture of EtOH»@ in 2:1 ratio. Each
reaction mixture was deoxygenated with a streanmNpffor 10 min and then
Pd(PhP), (0.05 equiv) was added. The vials was sealed madiated at 150° C
for 10:00 min under 40W. Each reaction mixture wassferred into a separatory
funnel and partitioned between 1N NaOH (15 mL) &t®Ac (15 mL). The
organic phase was collected and the aqueous lager extracted again with
EtOAc (3 x 15 mL). The combined organic portions were wastvti brine,
dried over NaSO, and concentrated in vacuo. Each crude product wagea by

flash chromatography.

(6aR,12bS)-11-(4-hydroxyphenyl)-2,4,6,6-tetramethys,6a,7,12b-
tetrahydrochromeno([4',3":4,5]pyrano[2,3-d]pyrimidin e-1,3(2H,4H)-dione 16a
This product was synthesized trough the generalllpar
procedure for the Suzuki coupling procedure (dpvahg
to react the bromine derivatiié (0.07 g, 0.17 mmol) with

the (4-hydroxyphenyl)boronic acidlld. The crude
biphenyl derivative was purified on silica elutimgth 6.0: 4.0 petroleum ether:
EtOAc.

15a: 0.13 g (yield 84%); whitish powdelH NMR (400 MHz, DMSOd) & 1.14
(s, 3H), 1.54 (s, 3H), 2.24-2.26 (m, 1H), 3.193W), 3.29 (s, 3H), 4.17-4.19 (m,
1H), 4.32-4.35 (m, 1H), 4.41-4.45 (m, 1H), 6.67%(f, 1H), 6.75 (dJ = 8.8 Hz,
2H), 7.21-7.24 (m, 1H), 7.27 (d,= 8.8 Hz, 2H), 7.57 (s, 1H), 9.35 (s, 1HKC
NMR (100 MHz, DMSOeg) 6 23.6, 27.3, 27.9, 28.5, 28.6, 54.4, 64.2, 83.5,87
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115.6, 115.7, 123.3, 125.2, 127.0, 127.8, 131.2,201350.5, 152.5, 155.2, 156.3,
163.3.

(6aR,12bS)-11-(4-(hydroxymethyl)phenyl)-2,4,6,6-teamethyl-6,6a,7,12b-
tetrahydrochromeno[4',3":4,5]pyrano[2,3-d]pyrimidin e-1,3(2H,4H)-dione 16b
This product was synthesized trough tgeneral parallel
procedure for the Suzuki coupling procedure (Hpvehg
to react the bromine derivativies (0.07 g, 0.17 mmol)
HC O with the (4-(hydroxymethyl)phenyl)boronic aclde The

crude biphenyl derivative was purified on silicaitelg with 5.2: 4.8 petroleum
ether: EtOAc.

16b: 0.07 g (yield 95%); whitish powdelH NMR (400 MHz, CDCJ) & 1.24 (s,
3H), 1.61 (s, 3H), 1.80 (s br, 1H), 2.13-2.16 (rh),13.31 (s, 3H), 3.39 (s, 3H),
4.36-4.39 (m, 1H), 4.41-4.49 (m, 2H), 4.68 (s, 261Y5-6.77 (m, 1H), 7.30-7.33
(m, 1H), 7.36 (dJ = 8 Hz, 2H), 7.50 (dJ = 8 Hz, 2H), 7.70 (s, 1H)*C NMR
(100 MHz, CDC}) & 24.1, 28.3, 28.5, 28.9, 29.3, 38.9, 65.1, 65.31,888.6,
116.4, 123.3, 126.6, 126.9, 127.6, 128.7, 133.8,31340.5, 151.3, 153.3, 155.6,
164.2.

4'-bromo-[1,1'-biphenyl]-4-ol 174’
s An oven-dried pressure tube was charged with 4-

methoxyphenylboronic acid (1.0 g, 6.6 mmol), 1,4-
HO dibromobenzene (2.3 g, 9.7 mmol), Pd(PPI0.31 g, 0.3
mmol), 10.0 mL of 2M NgCO; solution and 10.0 mL of toluene, and sealed under
nitrogen. The contents were heated at 90-100 °Q4dnours. Subsequently, the
tube was cooled and the organic matter was exttaeith CHCE. The combined
extract was washed thoroughly with brine, driedras@hydrous NgQ,, filtered
and evaporated to yield the crude product, whick fuether purified by silica-gel
column chromatography to afford pure 4-(4-bromopiamisole (1.2 g, 69%).
4-(4-Bromophenyl)anisole (1.2 g, 4.6 mmol), pregaadove, was treated with

BBr3(1.7 g, 6.9 mmol) in dry dichloromethane (30 mLpanice-cold conditions.

The reaction mixture was slowly allowed to attasem temperature and allowed
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to stir for a period of 12 hours. Subsequently, td&ction mixture was poured
into crushed ice and the organic contents wereaetead with chloroform. The
combined extract was washed thoroughly with bridded over anhydrous
NaSQ,, filtered, and evaporated to yield the crude pobdEurther purification
with silica-gel column chromatography, eluting wi@3: 0.7 petroleum ether:
EtOAc yielded pure 4-(4-bromophenyl)phenol.

17: 1.1 g(yield 94%), colorless soli#d NMR (400 MHz, (CR),CO) 5 6.91 (d,
J= 8.5 Hz, 2H), 7.50 (dJ= 8.5 Hz, 2H), 7.51-755 (m, 4H), 8.49 (s, 1H).

4'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[11'-biphenyl]-4-ol 19
JQ 4'-bromo-[1,1'-biphenyl]-4-0l117 (0.15 g, 0.60 mmol),

E?\o bis(pinacolato)diboronl8 (0.20 g, 0.78 mmol), KOAc

(0.18 g, 1.80 mmol) and Pd(dppf¥QD.03g, 0.04 mmol)
"o were suspended in dry DME (3 mL) in a 10 mL sealed
glass tube. The sample was irradiated at 250 W; Tofor 20 minutes. After
completion of reaction, the vessel was cooled &edctude mixture was poured
into H,O and extracted with EtOAc (8 15 mL). The organic phases were
combined and the solvent was removed under redpoeskure. The resultant
crude product was purified on silica eluting withl%etroleum ether: EtOAc.
19: 0.16 g (yield 90%), white powdetH NMR (400 MHz, CDGC}) & 1.35 (s,
12H), 5.92 (s br, 1H), 6.88-6.92 (m, 2H), 7.47-tbP2H), 7.53 (dJ= 8 Hz, 2H),
7.84 (d,J= 8 Hz, 2H).
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(6aR,12bS)-11-(4'-hydroxy-[1,1'-biphenyl]-4-yl)-2,46,6-tetramethyl
6,6a,7,12b-tetrahydrochromeno[4',3":4,5]pyrano[2,3]pyrimidine-
1,3(2H,4H)-dione 16¢

15(0.10 g, 0.25 mmol), 4'-(4,4,5,5-tetramethyl-153,2
dioxaborolan-2-yl)-[1,1'-biphenyl]-4-ol9 (0.11 g,
0.38 mmol), NagCO;3 2M (0.25mL, 0.50 mmol) and
PdCL(PPh),(0.09 g, 0.02 mmol) were suspended in
a mixture of 2: 1 EtOH: kD (3 mL) in a 10 mL sealed glass tube. The sample

was deoxygenated with a stream offtk 10 min and it was irradiated at 150 W,
120° C for 30 minutes. After completion of reactidhe vessel was cooled and
the crude mixture was poured inte@and extracted with EtOAc (8 15 mL).
The organic phases were combined and the solvemtremaoved under reduced
pressure. The resultant crude product was purifiedsilica eluting with 5: 5
petroleum ether: EtOAcC.

16c: 0.05 g (yield 40%), white powdetd NMR (400 MHz, DMSOsg) & 1.16 (s,
3H), 1.55 (s, 3H), 2.27-2.30 (m,1H), 3.19 (s,3HR13(s, 3H), 4.20-4.22 (m, 1H),
4.35 (dd,J = 4, 12 Hz, 1H), 4.46(dd} = 4, 12 Hz, 1H), 6.74-6.76 (m, 1H), 6.79-
6.83 (m, 2H), 7.36-7.39 (m, 1H), 7.45-7.52 (m, 4KH{7-7.60 (m,2H), 7.73 (s,
1H), 9.52 (s br, 1H)**C NMR (100 MHz, DMSOdg) & 23.6, 26.8, 27.3, 27.9,
28.6, 37.3, 54.6, 64.4, 83.5, 87.5, 115.8, 116,83,285.7, 126.3, 127.5, 128.5,
130.4, 131.6, 138.2, 138.3, 150.5, 153.3, 155.2,11963.4.
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5.2 Minimally Structured hERG Blockers

General Synthetic Procedure for selective n-alkylabn of substituted

amines under microwave irradiation.

In a 10 mL process vial equipped with a stirring, ba a solution of 1-chloro3-
phenylpropane (1 equiv) in anhydrous Dimethylforndenwas added the
appropriate amine28-34 (3 equiv), KCO; (1 equiv) and Kl (1 equiv). The
reaction mixture was irradiated for 10 minutes 1®°1C at 150 W. To the cooled
mixture was added NaHGGsaturated solution and the organic phase was
extracted with BO (3 x15mL). The organic layers were collected, driedrove
anhydrous Ng50, and evaporated under vacuum. The crude producpwdsed
by flash chromatography. All the compounds were veoied into their
hydrochloride salts. The NMR spectra recorded in;@D are referred to

hydrochloride forms.

N*-(4-fluorophenyl)-N*-phenyl-N*(3-phenylpropyl)ethane-1,2-diamine 36
F 1-chloro-3-phenylpropang5 (0.05 g, 0.32 mmol) was allowed
\©\N/© to react with amine28 according to the general synthetic
bN procedure for selective n-alkylation described a&dihe crude
product was purified by flash chromatography elyitvith 6.5:
3.5 petroleum ether: EtOAc.
36:0.07g (yield 60 %), brown oitH NMR (400 MHz, CDC}))
5 1.40 (s br, 1H), 1.73-1.80 (m, 2H), 2.59-2.63 &Hl), 2.84 (t,J= 6.8 Hz, 2H),
3.78 (t,J= 6.8 Hz, 2H), 6.83-6.87 (m, 3H), 6.95-7.05 (m, 4A14-7.27 (m, 7H).
3%C NMR (100 MHz, CDGJ) & 31.8, 33.7, 47.3, 49.6, 52.6, 116.2, 116.4, 118.6,
120.2, 125.2, 125.3, 125.9, 128.5, 129.4, 142.4,21444.2, 148.6, 157.8, 160.2.
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N N*-bis(4-chlorophenyl)-N-(3-phenylpropyl)ethane-1,2-diamine 37
CI@ OCI 1-chloro-3-phenylpropane35 (0.04 g, 0.27 mmol) was
N allowed to react with amin@9 according to the general
n synthetic procedure for selective n-alkylation dibsd
above. The crude product was purified by flash
chromatography eluting with 7: 3 petroleum ethetOAc.
37: 0.05 g (yield 50 %), yellow oil*H NMR (400 MHz,
CDCls) 6 1.73-1.80 (m, 2H), 2.59-2.62 (m, 4H), 2.81%, 6.8 Hz, 2H), 3.76 (t,
J= 6.8 Hz, 2H), 6.89-6.93 (m, 4H), 7.12-7.27 (m, 9HC NMR (100 MHz,
CDCls) 6 31.8, 33.7, 47.1, 49.5, 52.6, 122.4, 126.0, 12628.4, 128.5, 129.5,
142.1, 146.4.

N*-(4-chlorophenyl)-N'-phenyl-N*-(3-phenylpropyl)ethane-1,2-diamine 38

CI\@L @ 1-chloro-3-phenylpropang5 (0.06 g, 0.38 mmol) was allowed
NH to react with amine30 according to the general synthetic

N procedure for selective n-alkylation described @&boWhe
crude product was purified by flash chromatograghyting
with 7.5: 2.5 petroleum ether: EtOAc.

38: 0.09 g (yield 65 %), yellow oil'H NMR (400 MHz,
CDCls) 6 1.73-1.81 (m, 2H), 1.84 (s br, 1H), 2.58-2.63 @Hl), 2.84 (t,J= 6.8
Hz, 2H), 3.81 (t,)J= 6.8 Hz, 2H), 6.88 (dJ= 8.4 Hz, 2H), 6.97-7.03 (m, 3H), 7.12-
7.18 (m, 5H), 7.23-7.29 (m, 4HYC NMR (100 MHz, CDGJ) & 31.7, 33.7, 47.2,
49.5, 52.4, 121.4, 122.2, 122.5, 125.9, 126.0,5,2829.3, 129.6,142.1, 146.9,

147.7.
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N N*-bis(4-methoxyphenyl)-N-(3-phenylpropyl)ethane-1,2-diamine 39
Me0\©\ QCMe 1-chloro-3-phenylpropan&5 (0.04 g, 0.27 mmol) was
N allowed to react with amin81 according to the general
bN synthetic procedure for selective n-alkylation dixed
above. The crude product was purified by flash
chromatography eluting with 6: 4 petroleum ethé©Ac.
39: 0.08 g (yield 76 %), black-brown oitH NMR (400
MHz, CDCk) 8 1.94-1.98 (m, 2H), 2.67 (= 6.4 Hz, 2H), 3.00-3.03 (m, 2H),
3.17 (t,J= 6.4 Hz, 2H), 3.73 (s, 6H), 3.86-3.88 (m, 2H),3%MB86 (m, 4H), 6.89-
6.91 (m, 4H), 7.16-7.19 (m, 3H), 7.25-7.28 (m, 2HC NMR (100 MHz,
CDs;0D) & 28.9, 33.5, 46.3, 50.3, 56.0, 115.8, 124.0, 12¥28,.4, 129.7, 141.5,
143.2, 157.0.

N*-(4-methoxyphenyl)-N-phenyl-N?(3-phenylpropyl)ethane-1,2-diamine 40

Meo@\ /@ 1-chloro-3-phenylpropane35 (0.07 g, 0.45 mmol) was
N allowed to react with amin@2 according to the general
bN synthetic procedure for selective n-alkylation deed
above. The crude product was purified by flash
chromatography eluting with 7: 3 petroleum ethetOAc.
40: 0.11 g (yield 70 %), black-brown dif NMR(400 MHz,
CDCl3) 6 1.94-1.98 (m, 2H), 2.67 (I=7.6 Hz, 2H), 3.00-3.04(m, 2H), 3.21 (t,
J=6.8 Hz, 2H), 3.78 (s, 3H), 3.93 (6.8 Hz, 2H), 6.75-6.82 (m, 3H), 6.94 (d,
J=8 Hz, 2H), 7.08 (dJ= 8 Hz, 2H), 7.15-7.19 (m, 5H), 7.25-7.29 (m, 2HC
NMR (100 MHz, CDC})6 31.6, 33.7, 47.3, 49.4, 52.2, 55.6, 104.3, 11516,2,

118.6, 126.0, 127.3, 128.5, 129.2, 140.7, 142.9,314.56.7.
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N N*-bis(4-fluorophenyl)-N3-(3-phenylpropyl)propane-1,3-diamine 41

.y
1

NH

‘e

1-chloro-3-phenylpropane&5 (0.03 g, 0.19 mmol) was
allowed to react with amin83 according to the general
synthetic procedure for selective n-alkylation dibsd
above. The crude product was purified by flash
chromatography eluting with 6: 4 petroleum ethelOAc.
41: 0.05 g (yield 75 %), yellowish-brown offH NMR(400

MHz, CD;0D) §1.91-1.99 (m, 4H), 2.68 (8= 7.6, 2H), 2.95 (t)= 8, 2H), 3.05 (t,
J= 8, 2H), 3.72 (tJ= 7.6, 2H), 6.93-7.03 (m, 8H), 7.16-7.19 (m, 3HR57.29
(m, 2H).**C NMR(100 MHz, CRQOD) § 25.6, 29.0, 33.5, 46.8, 48.6, 50.7, 116.9,
117.0, 123,9 124.0, 127.4, 129.4, 129.7, 141.5,814%5.9, 158.5, 160.9.

NZ-(4-fluorophenyl)-N*-phenyl-N>-(3-phenylpropyl)propane-1,3-diamine 42

2,0
1

NH

‘e

1-chloro-3-phenylpropang&5 (0.03 g, 0.19 mmol) was
allowed to react with amin84 according to the general
synthetic procedure for selective n-alkylation dibxsd
above. The crude product was purified by flash
chromatography eluting with 5.5: 4.5 petroleum gthe
EtOAc.

42: 0.06 g (yield 80 %), yellowish-brown oftH NMR(400 MHz, CDC}) §1.75-

1.82 (m, 4H), 2.60 ()= 7.2, 2H), 2.62-2.66 (m, 4H), 3.70 {& 7.2, 2H), 6.82-
6.85 (m, 3H), 6.95-7.04 (m, 4H), 7.15-7.21 (m, 5H)25-7.28 (m, 2H)C

NMR(100 MHz, CDC})é 28.2, 31.9, 33.8, 47.6, 49.7, 50.6, 116.1, 11618.4,
119.9, 125.2, 125.3, 125.9, 128.4, 129.3, 142.3,11444.2, 148.6, 160.1.

97



General Procedure of an improvement of Buchwald-Hamvig cross-
coupling for the synthesis of diphenylamines

In a pressure tube under inert atmosphere, theopppte substituted
phenylamine$3 and 64 (1.25 equiv), DPPF (0.15 equiv), (DPPF)PECH,CI;
(0.05 equiv) and sodiumert-butoxide (1.25 equiv) were added to proper
iodobenzene derivative85-67 (1 equiv) in dried Tetrahydrofuran. The reaction
mixturewas heated at 100 °C for 3 hours and theredoto room temperature.
HCI 1M was added; the mixture wasbasified with N&© pH 9 and extracted
with EtOAc (3x15 mL); and the combined organic layer was drieer dNaSO,

and concentrated. The residue was purified by élalstmn chromatography.

4-fluoro-N-phenylaniline 43

F\@\ /@ This product was prepared according to the repogederal
N procedure from the iodobenze68 (1 g, 4.90 mmol) and the 4-

fluorophenylamines3. The crude product was purified by flash chromedphy

eluting with petroleum ether.

43:1.7 g (yield 91 %), yellowish-brown oitH NMR(400 MHz, CDC})85.56 (s

br, 1H), 6.91 (tJ=7.2 Hz, 1H), 6.96-7.06 (m, 6H), 7.23-7.27 (m, 2H).

bis(4-chlorophenyl)amine 44
C'@\ /@C' This product was prepared according to the repayeateral

N procedure from the 1-chloro-4-iodobenzéng0.25 g, 1.05
mmol) and the 4-chlorophenylamibd. The crude product was purified by flash
chromatography eluting with 9.8: 0.2 petroleum etB¢OAcC.
44:0.2 g (yield 80 %), yellowoil'H NMR (400 MHz, CDG}) 5 5.62 (s br, 1H),
6.93-6.96 (m, 4H), 7.19-7.22 (m, 4H).
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4-chloro-N-phenylaniline45
cl This product was prepared according to the repogeuaeral
\Q\”O procedure from the iodobenzeé® (0.5 g, 2.46 mmol) and the
4-chlorophenylamine 64. The crude product was purified by flash
chromatography eluting with 9.8: 0.2 petroleum etB¢OAcC.
45:0.4 g (yield 70 %), brown oiffH NMR (400 MHz, CDC}) & 5.65 (s br, 1H),
6.93-6.99 (m, 3H), 7.02-7.05 (m, 2H), 7.18-7.21 2i), 7.25-7.29 (m, 2H).

bis(4-fluorophenyl)amine 48

F r This product was prepared according to the repoyesteral
QNQ procedure from the 1-fluoro-4-iodobenze6é (0.5 g, 2.25

mmol) and the 4-fluorophenylamirg3. The crude product was purified by flash

chromatography eluting with petroleum ether.

48: 0.38 g (yield 82 %), yellowish-brown offtH NMR (400 MHz, CDC}) § 5.42

(s br, 1H), 6.94-6.98 (m, 4H), 7.19-7.22 (m, 4H).

General Procedure for n-alkylation of Diphenylamines (route b).

A solution of the appropriate diphenylaming3-48 (1 equiv), in 20 mL of
anhydrous BO under nitrogen atmosphere, was treated with 2.5BALi (1.5
equiv) in hexane at -78° C. After the reaction magthad stirred for 30 minutes at
room temperature, a solution of 2-chloroethyltosyl§l.3equiv) in 6 mL of
anhydrous ED was added. The reaction was stirred for 18 hantk after this
time water was added. The organic phase was eatracith E;O (3 x 15 mL)
and the collected organic layers were dried ovehydrous NaSO, and

concentrated. The crude product was chromatographedsilica gel column.
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N-(2-chloroethyl)-4-fluoro-N-phenylaniline 49
F@ @ 49 was prepared as previously described starting fittve
N diphenylamine43 (0.3 g, 1.60 mmol). The crude product was
& used in the next synthetic step without furtheifpation.
49: 'H NMR (400 MHz, CDCJ) & 3.65 (t,J=7.2 Hz, 2H), 3.99 (t)=7.2 Hz, 2H),
6.83-6.89 (m, 2H), 6.97-7.05 (m, 1H), 7.14-7.16 M), 7.20-7.29 (m, 4H).

4-chloro-N-(2-chloroethyl)-N-(4-chlorophenyl)aniline 50
C'@ OCI 50 was prepared as previously described starting ftbhen
N diphenylaminet4 (0.25 g, 1.05 mmol). The crude product was
Cl used in the next synthetic step without furtheifpation.
50: *H NMR (400 MHz, CDCY) § 3.62 (t,J= 7.2 Hz, 2H), 3.97 ()= 7.2 Hz, 2H),
6.88-7.13 (m, 4H), 7.14-7.23 (m, 4H).

4-chloro-N-(2-chloroethyl)-N-phenylaniline 51
C'@ @ 51 was prepared as previously described starting ftbm
N diphenylamine45 (0.25 g, 1.23 mmol). The crude product was
a used in the next synthetic step without furtheifpation.
51: 'H NMR (400, MHz, CDCJ) & 3.64 (t,J= 7.2 Hz, 2H), 4.00 (t)= 7.2 Hz,
2H), 6.86-6.90 (m, 2H), 6.99-7.05 (m, 2H), 7.182Z7(th, 1H), 7.24-7.44 (m, 4H).

N-(2-chloroethyl)-4-methoxy-N-(4-methoxyphenyl)anihe 52
”3°°\© QOCH3 52 was prepared as previously described starting fham
N diphenylamine 46 (0.25 g, 1.09 mmol). The crude
a product was used in the next synthetic step without
further purification.
52: 'H NMR (400, MHz, CDCJ) § 3.70 (s, 6H), 3.75 (tl= 7.2 Hz,2H), 4.17 ()=
7.2 Hz, 2H), 7.03-7.09(m, 4H), 7.12-7.21 (m, 4H).
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N-(2-chloroethyl)-4-methoxy-N-phenylaniline 53
HsCOO @ 53 was prepared as previously described starting fthen
N diphenylaminet6 (0.25 g, 1.09 mmol). The crude product was
a used in the next synthetic step without furtheifation.
53: 'H NMR (400, MHz, CDCJ) § 3.68 (s, 3H), 3.73 (tl= 7.2 Hz,2H), 4.15 ()=
7.2 Hz, 2H), 7.01-7.08 (m, 2H), 7.12-7.19 (m, 2AR0-7.22 (m, 1H), 7.25-7.44
(m, 4H).
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General Procedure for Microwave assisted n-alkylatn of Diphenylamines
(route c).

A solution of the proper diphenylamind8 and 48 (1 equiv) in anhydrous
Tetrahydrofuran 12 mL was treated with NaH (5 ejjuind exposed to MW
irradiation at 200 W, 140° C for 40 minutes. Thenpée was cooled to room
temperature and then 1-bromo-3-chloropropane (2ewas added. The reaction
mixture was irradiated at 200 W, 120° C for 21 n@su Water was added and the
organic layers was extracted with,@t(3x 15 mL). The collected organic phases
were dried over anhydrous P8O, and concentrated. The crude product was

purified by flash chromatography.

N-(3-chloropropyl)-4-fluoro-N-(4-fluorophenyl)anili ne 54

FQ /@f The diphenylamine43 (0.5 g, 2.44 mmol) was allowed to react
N according to the described general procedure regpabove.
KLQ The crude product was purified by flash chromatplgya

eluting with petroleum ether.

54: 0.2 g (yield 30 %), yellowish-brown oitH NMR (400 MHz, CDC}) § 2.04-

2.08 (m, 2H), 3.60 (tJ= 6.8, 2H), 3.79 ()= 6.8, 2H), 6.88-6.97 (m, 8H).

N-(3-chloropropyl)-4-fluoro-N-phenylaniline 55
FO @ The diphenylamined48 (0.3 g, 1.60 mmol) was allowed to react

N according to the described general procedure regaabove.
KLCI The crude product was purified by flash chromatplgyaeluting

with petroleum ether.

55:0.11 g (yield 27 %), yellowish-brown offtH NMR (400 MHz, CDC}) & 2.08-

2.12 (m, 2H), 3.61 ()= 6.8, 2H), 3.84 (t)= 6.8, 2H), 6.86-6.89 (m, 3H), 6.97-

7.04 (m, 4H), 7.20-7.23 (m, 2H).
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General Procedure of Gabriel Synthesis for the Pregration of N'-
diphenyl-N-alkylamines.

The Gabriel Synthesis proceeded through two readtieps. In the first one a
solution of the appropriate N-diphenylalkylchlorsdel9-55 (1 equiv) and
potassium phthalimide (1.5 equiv) in 4 mL of dryni@ithylformamide was heated
under reflux for 6-9 hours. The reaction mixtureswdiluted with water and
extracted with (4x 15 mL) of EtO. The combined organic layers were washed
with water, dried over N&O,, and evaporated. The crude product was purified
by flash chromatography to give the correspondingalkylphatalimide
derivatives56-62

In the second step a solution of the proper N-alkgtalimide derivative56-

62 (1 equiv) and hydrazine hydrate 50-60 % (7.5 equas heated to reflux for 3
hours. After the solution was cooled the solvens waaporated and the residue
was chromatographed on a silica gel column to dghe corresponding N
diphenyl-N-alkylamines28-34

2-(2-((4-fluorophenyl)(phenyl)amino)ethyl)isoindolne-1,3-dione 56

F 56 has been obtained according to the general proeedu
QNQ described for the first step of Gabriel Synthesiarting from49
o HN o (0.4 g, 1.64 mmol). The crude product was purifled flash
H chromatography eluting with 9.9: 0.1 petroleum etB¢OAcC.
56: 0.45 g (yield 76 %), orange solidH NMR (400 MHz,
CDCl) 6 3.97 (s, 4H), 6.80-6.83 (m, 1H), 6.91-6.97 (m, AHP5-7.09 (m, 2H),

7.16-7.20 (m, 2H), 7.67-7.70 (m, 2H), 7.78-7.80 ).
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N’-(4-fluorophenyl)-N*-phenylethane-1,2-diamine 28
FO @ 28 was prepared following the general procedure desdrfor

N the second step of Gabriel Synthesis, starting 6r(0.4 g, 1.11

nH,  mmol). The crude product was purified by flash chabography

eluting with 9.7: 0.3 CkECl,: MeOH, using saturated silica gel with 50 % of
ammonia.
28:0.23 g (yield 90 %), yellow oitH NMR (400 MHz, CDC}) & 1.29 (s br, 1H),
2.93 (t,J=6.4 Hz, 2H), 3.74 (t)=6.4 Hz, 2H), 6.86-6.88 (m, 3H), 6.96-7.06 (M,
4H), 7.19-7.24 (m, 2H).

2-(2-(bis(4-chlorophenyl)amino)ethyl)isoindoline-13-dione 57

CI@ QCI 57 has been obtained according to the general proeedu
NH described for the first step of Gabriel Synthestasting from

o N_o 90 (0.46 g, 1.53 mmol). The crude product was putifiey
H flash chromatography eluting with 9.8: 0.2 petroteether:
EtOAc.

57: 0.52 g (yield 82 %), orange solif NMR (400 MHz, CDC}) & 3.93-3.97
(m, 4H), 6.93-7.13 (m, 4H), 7.14-7.16 (m, 4H), 7882 (m, 2H), 7.76-7.79 (m,
2H).

N* N*-bis(4-chlorophenyl)ethane-1,2-diamine 29

C'\@ OCI 29 was prepared following the general procedure desdri
N for the second step of Gabriel Synthesis, starfrogn 57

NH, (0.37 g, 0.90 mmol). The crude product was purifigdlash

chromatography eluting with 8.2: 1.8 gEl,: MeOH, using saturated silica gel

with 50 % of ammonia.

29:0.23 g (yield 91 %), yellow oiftH NMR (400 MHz, CDC}) § 1.53 (s br, 1H),

2.94 (t,J=6.4 Hz, 2H), 3.74 (t)=6.4 Hz, 2H), 6.92-6.95 (m, 4H), 7.19-7.22 (m,

4H).
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2-(2-((4-chlorophenyl)(phenyl)amino)ethyl)isoindolne-1,3-dione 58

C'\@ @ 58 has been obtained according to the general proeedu
N described for the first step of Gabriel Synthesiarting from51
o HN o (0.56 g, 2.10 mmol). The crude product was puritdflash
H chromatography eluting with 9.3: 0.7 petroleum etE¢OAcC.
58: 0.55 g (yield 70 %), orange solidd NMR (400 MHz,
CDCl) 6 3.94-4.01 (m, 4H), 6.91-6.96 (m, 3H), 7.04-7.06 &H), 7.13-7.15 (m,

2H), 7.21-7.25(m, 2H), 7.67-7.70 (m, 2H), 7.77-7(i0 2H).

N*-(4-chlorophenyl)-N'-phenylethane-1,2-diamine 30
C'@ @ 30was prepared following the general procedure desdrifor

N the second step of Gabriel Synthesis, starting 58n(0.46 g,

ni, 1.22 mmol). The crude product was purified by flash

chromatography eluting with 9.8: 0.2 @El,: MeOH, using saturated silica gel
with 50 % of ammonia.
30:0.28 g (yield 93 %), yellow oil*H NMR(400 MHz, CDC)51.43 (s br, 2H),
2.94 (t,J=6.4 Hz, 2H), 3.76 (tJ=6.4 Hz, 2H), 6.87-6.91 (m, 2H), 6.97-7.03 (m,
3H), 7.15-7.19 (m, 2H), 7.24-29 (m, 2H).

2-(2-(bis(4-methoxyphenyl)amino)ethyl)isoindoline-B-dione 59
Hf*CO\@ ©/°°H3 59 has been obtained according to the general progedu
NH described for the first step of Gabriel Synthesissting
o N_o from 52 (0.43 g, 1.47 mmol). The crude product was
H purified by flash chromatography eluting with 864
petroleum ether: EtOAc.
59: 0.37 g (yield 62 %), yellow solidH NMR (400 MHz, CDCJ) 6 3.73 (s, 6H),
3.92-3.93(m, 4H), 6.77 (d=4.9 Hz, 4H), 6.93 (dJ=4.9 Hz, 4H),7.74-7.76 (m,
2H), 7.85-7.86 (m, 2H).

105



N N*-bis(4-methoxyphenyl)ethane-1,2-diamine 31

H3CO\©\ OOCHs 31 was prepared following the general procedure
N described for the second step of Gabriel Synthesis,
HNHZ starting from59 (0.45 g, 1.12 mmol). The crude product

was purified by flash chromatography eluting witi@:9.3 CHCI,: MeOH, using

saturated silica gel with 50 % of ammonia.

31:0.23 g (yield 74 %), brown oifH NMR (400 MHz, CDCJ) § 1.35 (s br, 2H),

2.89 (t,J=6.4 Hz, 2H), 3.66 (t)=6.4 Hz, 2H), 3.76 (s, 6H), 6.78-6.82(m, 4H),

6.87-6.92 (m, 4H).

2-(2-((4-methoxyphenyl)(phenyl)amino)ethyl)isoindahe-1,3-dione 60

HsCOCL @ 60 has been obtained according to the general proeedur
N described for the first step of Gabriel Synthestiarting from
o HN o 93 (0.4 g, 1.53 mmol). The crude product was purifigd
H flash chromatography eluting with 9.2: 0.8 petroteether:
EtOAc.
60: 0.35 g (yield 65 %), green-grey solith NMR (400 MHz, CDCJ) & 3.76-
3.96 (m, 4H), 6.72-6.74 (m, 1H), 6.82-6.85 (m, 4AHQ9-7.17 (m, 4H), 7.67-7.69

(m, 2H), 7.78-7.80 (m, 2H).

N-(4-methoxyphenyl)-N-phenylethane-1,2-diamine 32

H3CO© @ 32 was prepared following the general procedure desdrior
N the second step of Gabriel Synthesis, starting 80r(0.49 g,
HNHZ 1.32 mmol). The crude product was purified by flash
chromatography eluting with 9.8: 0.2 gEl,: MeOH, using saturated silica gel
with 50 % of ammonia.
32:0.22 g (yield 69 %), brown oifH NMR (400 MHz, CDGJ) & 1.32 (s broad,
2H), 2.93 (t,J=6.4 Hz, 2H), 3.71 (t)=6.4 Hz, 2H), 3.80 (s, 3H), 6.75-6.77 (m,

3H), 6.75-6.80 (M, 2H), 7.03-7.11 (m, 2H), 7.148r, 2H).
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2-(3-(bis(4-fluorophenyl)amino)propyl)isoindoline-13-dione 61
F@ Q/F 61 has been obtained according to the general proeedur
N described for the first step of Gabriel Synthesigrting
KLN { from 54 (0.4 g, 1.42 mmol). The crude product was purified
o@ by flash chromatography eluting with 9.3: 0.7 pletwon
ether: EtOAc.
61: 0.31 g (yield 55 %), pink solidH NMR (400 MHz, CDC) 5 1.95-2.02 (m,

2H), 3.64-3.74 (m, 4H), 6.83-6.93 (m, 8H), 7.6867(ih, 2H), 7.80-7.82 (m, 2H).

N* N™-bis(4-fluorophenyl)propane-1,3-diamine 33
F r 33 was prepared following the general procedure desdrior
\©\N/©/ the second step of Gabriel Synthesis, starting 8ar(0.25 g,
KL 0.64 mmol). The crude product was purified by flash
e chromatography eluting with 9.8: 0.2 gEl,: MeOH, using
saturated silica gel with 50 % of ammonia.
33:0.15 g (yield 89 %), brown oitH NMR (400 MHz, CDG}) & 1.50 (s broad,
2H), 1.73-1.79 (m, 2H) 2.74 (#=6.4 Hz, 2H), 3.69 (t)=6.4 Hz, 2H), 6.72-6.99
(m, 4H), 7.01-7.21 (m,4H).

2-(3-((4-fluorophenyl)(phenyl)amino)propyl)isoindoine-1,3-dione 62
F\©\ /@ 62 has been obtained according to the general proeedur
N described for the first step of Gabriel Synthesigrting

KLN %Of from 55 (0.39 g, 1.47 mmol). The crude product was

g purified by flash chromatography eluting with 9.8:7
petroleum ether: EtOAc.

62: 0.27 g (yield 50 %), pink solidH NMR (400 MHz, CDCY) 5 1.98-2.05 (m,
2H), 3.69-3.75 (m, 4H), 6.78-6.84 (m, 3H), 6.9327(tn, 4H), 7.15-7.67 (m, 2H),

7.68-7.71 (m, 2H), 7.79-7.82 (m, 2H).
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N’-(4-fluorophenyl)-N*-phenylpropane-1,3-diamine 34
F 34 was prepared following the general procedure desdrior
\@LN@ the second step of Gabriel Synthesis, starting fé@n(0.23 g,
0.61 mmol). The crude product was purified by flash
e chromatography eluting with 9.5: 0.5 g@El,: MeOH, using
saturated silica gel with 50 % of ammonia.
34:0.13 g (yield 85 %), brown oifH NMR (400 MHz, CDGJ)  1.61 (s broad,
2H), 1.73-1.81 (m, 2H) 2.77 (#=6.4 Hz, 2H), 3.72 (t)=6.4 Hz, 2H), 6.82-6.85

(m, 3H), 6.95-7.03 (m,4H), 7.17-7.21 (m, 2H).
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5.3 Detailed biological methods

5.3.1 Antiproliferative Activity Evaluation

Cells
K562 human myeloid cell line was used in this stB§62 is a cell line

expressing the anti -apoptotic oncogene Bcr-Abl.

Cdl cultures

Continuous neoplastic cells were grown in RPMI 1§@&ibco Grand Island,
NY, USA) containing 10% FCS (Gibco), 100 U/ml peltic (Gibco), 100 pg/ml
streptomycin (Gibco), and 2mM L-glutamine (Sigmae@ical Co, St Louis,
MO) in a 5% CQ atmosphere at 37 °C.

Sampl es preparation

Each compound was dissolved in dimethylsulphoxid®$0O) in a stock
solution at a concentration of 20 mM, stored at“@@&nd protected from light.
In each experiment DMSO never exceeded 0.2% ared phicentage did not

interfere with cell growth.

Cytotoxicity assays

To evaluate the number of live and dead neoplastls, the cells were stained
with trypan blue and counted on a hemocytometer.détermine the growth
inhibitory activity of the compounds tested, 2 X¥ls were plated into 25 mm
wells (Costar, Cambridge, UK) in 1 mL of completedium and treated with
different concentrations of each compound. Afteh 48 incubation, the number

of viable cells was determined and expressed apeof control proliferation.
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5.3.2 hERG Blocking Capability Evaluation

Patch clamp experiments

The biological activity of compounds was determimgdmeasuring inhibition of
hERG currents using the whole-cell configuratiorihef patch-clamp technique in
stably transfected HEK cells.

Cells were superfused with room temperature exitdae Tyrode containing (in
mM), NaCl 140, MgCi1, KCI 4, Glucose 10, HEPES 5, CaZlpH 7.4. Stock
solutions of the compounds (in DMSO) were dilutedTiyrode to the desired
concentrations. Total DMSO was < 0.1%.

Borosilicate glass pipettes (Harvard Apparatushwiibal resistances of 2 to 4
MQ were filled with an intracellular solution contaig (in mM), KCI 130, Mg
ATP 5, HEPES 10, pH 7.2. Cells were voltage clamgteal holding potential of -
80 mV and hERG currents activated with repetitipplation of 5-s pulses to 0
mV followed by a repolarising pulse to -50 mV taciltail currents.

Peak tail current amplitudes following steady-statebition were measured, leak
current subtracted, normalized to current in cdnifgrodeand the resulting
concentration-response relationships from individaells fitted with a Hill

function to obtain IGeand slope values.
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6. Synthesisof Berberine metabolites
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As underlying into introduction, the natural prothuchave long been
recognized as privileged scaffoltf,due to their capability to interact specifically
with biological macromolecules, especially protefitis°Full characterization of
biological and physico-chemical properties of naftsompounds results often
difficult to achieve, nevertheless their importasies as chemical prob&¥:***or
as starting points for libraries synthe3i&® make them invaluable tools both in
rational design of new chemical entities and ingddiscovery pipeline. In this
context, in my research group, we started a prajecbllaboration with the group
of Prof. Roda aimed at investigating either the matysicochemical properties
and plasma levels of Berberifd8 and its main metabolites: Berberrubié8,
Thalifendine 70, Demethyleneberberine71, Jatrorrhizine 72 (Figure37).
Berberine is a natural product endowed with sevabgical properties such as:
antifungal'® antiinflammation:®® antimalarial*®* cholesterol-lowering effec®

antihyperglycemid® immunoregulatiort®’ antitumor:®®anti-HIV activities'®®

68: Berberine R{+R,=OCH,0, R3=R,=OCHj;

69: Berberrubine R{+R,=0OCH,0, R;=OH, R,=OCH;
70: Thalifendine R;+R,=OCH,0, R;=OCHj;, R,=OH
71: Demethyleneberberine R;=R,=OH, R;=R,=OCHj,
72: Jatrorrhizine R;=OH, R,=R;=R,=0OCH;

Figure 37.Chemical Structures of Berberine and its main budites.

One of its main metabolites, Berberrubii@®), showed to maintain some of the
pharmacological properties exhibited by Berberswgh as anticancer activity,
up regulation for LDLR and mRNA expressith.Furthermore, Berberrubine
presents a particular chemical behaviour, thatccagsume an important role in
determining its plasma concentration and absorptibnough biological
compartments. It was supposed tB@is able to tautomerize to highly conjugated

171,172

and electroneutral quinoid structu®a, more lipophilic than Berberine, and

to give a resonance process with its zwitterionienf69b' ' %(Figure 38).
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Figure 38 Three possible forms of Berberrubine: eB8l quinoid69a, zwitterionic69b

forms.

In this project, | prepared Berberrubi6® and Demethyleneberberiifd with
the purpose to use them as internal standardsei@rrdining plasma levels of
Berberine and its main metabolites through a seasiHPLC-ESI-MS/MS
method developed and validated by the research pgroi Prof. Roda.
Furthermore, the same group performed the physeoaal properties
characterization’®

Moreover in order to demonstrate the presence wwk&eolic equilibrium, the
enol 69 and quinoidé9a forms were synthesized and characterized ‘8htIMR
analysis on a sample consisting of equimolar métef both forms was
performed (See experimental section reported beldg spectrum displayed
only one average set of signals demonstrating xistemce of fast equilibration
between this two tautomeric forms. Finally to fntivalidate the above described
equilibrium we carried out @H-*N HMQC correlation analysis for both
structures. (See experimental section reportedajelBegarding the equilibrium
involving quinoid 69a and zwitterionic69b forms, we suggested a quinoid-
zwitterion resonance in agreement with Seaal.'’* that proposed an analogue
betaine-quinoid resonance for the protoberberikal@d 7,8-dehydrocaseamine.
We envisaged that the aprotic environment showddilsteform 69a while the
presence of water may promote the zwitterion foB8b. We proved this
hypothesis through NMR titration (1D proton and bmar, see experimental
section reported below) In this way for the firsine, to the best of our
knowledge, we demonstrated the presence of Betlingtautomerism’>

Berberrubine69 was prepared starting from Berberi68 by pyrolysis in a

solvent free conditions under vacutim(Scheme 8, route ajand microwave
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irradiationt’® (Scheme 8, route h) Differently from the microwave assisted
synthetic procedure described by Dasal,'’® which employed a commercial
microwave oven, we performed the reaction takingaathge of scientific single
mode microwave apparatus, that gave us the pdsistito set up reproducible

conditions.

SCHEMES?®

o0\ 0o\ 0\
o] o] 0

X O aorb O AN O HCI 1IN AN O
- . N - -
HsCO z ':-l H,CO X P l:l

A~ HyCO
OCHs o] OH cl

BBR (68) M1 quinoid form (69a) M1 enol form (69)

®Reagents and conditionsi(a) Berberine, 190-200° C, 30-40 mmHg, 15-20 mby); (
Berberine, MW, 250 W, 200°C, 10-15 min.

Demethyleneberberingl was semi-synthesized through hydrolysis reaction of
Berberine acetal ring, in the presence of sulfuaimid and phloroglucirf®
(Scheme 9)

SCHEME 9°
0\ OH
0 OH
(Y soum ®
X _— X
N phloroglucin
HsCO Z HsCO N
OcH, ¢ OcH, ©
BBR (68) Demethyleneberberine (71)

®Reagents and conditions: aBerberine, 60% t80;, phloroglucin.
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Experimental Section

General Synthetic Procedure and characterization oBerberrubine (69-
69a-69b) and Demethyleneberberine (71)

Synthesis of Berberrubine quinoid form 69a (route a

Berberine chlorides8 (1 g, 2.7 mmol) was heated at 195°-200° C for 50-1
min under vacuum (20-30 mmHg) to afford dark widids which was washed
with EO dry and filtered, to give compoutda
69a: 0.7 g(yield 81%):; red-purple powdelH NMR (400 MHz, DMSO-¢) &
3.10 (t, 2H,J= 6.0 Hz), 3.79 (s, 3H), 4.54 (t, 2Bk 6.0 Hz), 6.16 (s, 2H), 6.41 (d,
1H, J= 8 Hz), 7.02 (s, 1H), 7.27 (d, 1B 8 Hz), 7.67 (s, 1H), 8.04 (s, 1H), 9.14
(s, 1H).**C NMR (100 MHz, DMSO-¢|)  27.5, 52.3, 55.7, 100.6, 101.5, 104.7,
108.2, 117.1, 120.0, 121.2, 121.8, 129.2, 132.8,2.345.7, 147.3, 148.3, 149.7,
167.3.

Synthesis of Berberrubine quinoid form 69a(route b)

Berberine chlorid&8 (0.1 g, 0.27 mmol) was taken in a vessel and dnepte
was irradiate at 250 W, 200°C for 10-15 min to affdark wine solid, which was
washed with BO dry and filtered, to give compout@a
69a: 0.06 g(yield 70%); red-purple powdet, NMR (400 MHz, DMSO-g,) &
3.10 (t, 2H,J= 6.0 Hz), 3.79 (s, 3H), 4.54 (t, 2Bk 6.0 Hz), 6.16 (s, 2H), 6.41 (d,
1H, J= 8 Hz), 7.02 (s, 1H), 7.27 (d, 1B 8 Hz), 7.67 (s, 1H), 8.04 (s, 1H), 9.14
(s, 1H).*C NMR (100 MHz, DMSO-g) & 27.5, 52.3, 55.7, 100.6, 101.5, 104.7,
108.2,117.1, 120.0, 121.2, 121.8, 129.2, 132.8,201345.7, 147.3, 148.3, 149.7,
167.3.

Preparation of Berberrubine enolic form 69

The quinoid from69awas treated with HCI 1N to obtain Berberrubtlike
chloride salt.

69: slightly yellow powderH NMR (400 MHz, DMSO-g,) 6 3.25 (t, 2H J=
6 Hz), 4.10 (s, 3H), 4.96 (t, 207 6 Hz), 6.23 (s, 2H), 7.12 (s, 1H), 7.76 (d, 1H,
J= 8 Hz), 7.84 (s, 1H), 8.15 (d, 1H= 8 Hz), 8.89 (s, 1H), 9.97 (s, 1H), 11.32 (br
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s, 1H).2*C NMR (100 MHz, DMSO-g) § 26.5, 54.9, 57.1, 102.0, 105.4, 108.4,
117.6, 118.1, 119.8, 120.7, 125.5, 130.5, 132.8,613143.7, 145.4, 145.8, 147.7,
149.6.

Preparation of Demethyleneberberine 71

To a stirred solution of 60%J80, (50 mL), phloroglucin (2.5 g, 20 mmol)
was added portion wise to form a colorless solut®erberine (BBR) (2.5 g, 6.5
mmol) was added portion wise and the resultingesystas stirred at 90-95°C for
10-15 min. Then the mixture was poured into brind the resulting mixture was
stirred at room temperature for 2 h and cooled doovprecipitate completely.
The crude product was placed on a short pad afsijel and eluted with G&l,/
CH3OH to afford to the desired compound

71: Demethyleneberberine (0.97 g, yield: 46%) NMR (DMSO-d;, 400
MHz) 6 3.08 (t, 2HJ= 6.0 Hz), 4.03 (s, 3H), 4.05 (s, 3H), 4.86 (t, 2H,6.0 Hz),
6.79 (s, 1H), 7.48 (s, 1H), 8.01 (d, 18+ 8.8 Hz), 8.13 (d, 1HJ= 9.2 Hz), 8.72
(s, 1H), 9.29 (br s, 1H), 9.79 (s, 1H), 10.08 (btid). **C NMR (DMSO-g, 100
MHz) ¢ 25.8, 52.9, 55.6, 57.1, 61.9, 112.7, 114.9, 11718.3, 121.2, 123.5,
126.7,127.2, 133.3, 138.3, 143.5, 145.1, 145.8,214.50.

NMR studies of M1 forms (69,69469b)

In the past years several spectroscopic studiesecoimg protoberberine alkaloids
were performed (UV-VIS/2177178NMR79189,

Some of these paper reported important informagioout Berberrubine. In most
cases Berberrubine was represented as enol se@atf1">1"8"YFigure 39)

with hydroxyl group in position C13, otherwise it suggested either quinoid

a171,176 bl71,172

structure 69 (Figure 39) or zwitterionc form69 (Figure 39), as

result of tautomerization process
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Figure 39.Three possible forms describing Berberrubine: é8ptjuinoid69aor
zwitterionic69b forms.

In this work our efforts were directed to investgahe interconversion
between the three form&9, 69a and 69b. NMR analysis of the produd9a
exhibited a CO signal at 167.3 ppm, correspondin@13 position, consistent
with its quinoid structuré9a By treatment o69awith HCI, 69 was obtained and
its structure was confirmed Bi-NMR spectrum showing a broad signal at 11.32
ppm corresponding to the —OH proton of C13. Resomaassignments and
structures of both form&9 and69awere verified by 1D Proton and Carbon NMR
spectra combined with 2D HSQC and HMB&Figures 40-43)
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We propose the existence of keto-enol tautomeristwden69 and 69a and
quinoid-zwitterion resonance f@9a and69b (Figure 39) In order to prove the
equilibrium betweer69 and 69a, we performedH-NMR analysis on a sample
consistent of equimolar mixture of both forms. ®pectrum displayed only one
average set of signals demonstrating the existehdast equilibration between
this two tautomeric forms. To further validate tleistence of a possible
equilibrium between the tautomeric forr8 and 69a we carried out for both
structures dH->"N HMQC (Figures 44-45)correlation analysis, recorded at 40°
C in DMSO4ds.*"
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Considering form69, correlations(Figure 46, A) were observed from H8
triplet and the H11 singlet to the N10 resonanc&9& ppm. Regarding structure
69a the same correlatior{§igure 46, B)from H8 triplet and the H11 singlet to
the N10 were obviously observed, but in this caeeN10 resonance was found at
164 ppm. Different chemical shifts for the twidN resonances, are quite
reasonable based on a different electron dens#ytalthe presence of quaternary
N atom in69 with respect to tertiary N atom in structlB8a These data were

consistent with the existence of these two tautanferms.

Figure 46."H-""N HMQC correlations for the enol&9 and quinoids9aforms of

Berberrubine.

Regarding the equilibrium involving quino&®aand zwitterionico9b forms of
Berberrubine (Figure 39), we suggested a quinoid-zwitterion resonance in
agreement with Suawet al.'”* that proposed an analogue betaine-quinoid
resonance for the protoberberine alkaloid 7,8-dedsaseamine. We envisaged
that the aprotic environment determined by thee@h\DMSO#ds, used to collect
NMR spectra, should stabilized for69a while the presence of water in this
deuterate solvent may promote the zwitterion foromed9b. To gain more insight
into the water’s effect, NMR titration (1D protomda carbon) was performed.
Increasing amounts of water were added to a saofpé® in DMSO-ds. NMR
spectra recorded at increasing of water contenvetishifted peaks assigned to

the nuclei most involved in the structure rearranget such as: H16, C16, C13
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(Table 6). These chemical shift valuéswere chosen as markers to follow the

procesgFigures 47-49)'"®

Table 6.'H and**C NMR Data for Berberrubine9, 69a 69b) in DMSO-ds.

Position Compound
69 69a 69b

dc o (Jin Hz) dc 3y (Jin Hz) dc o (Jin Hz)
2 102.0 6.23, s 101.5 6.16, s 101.9 6.13, 9
4 149.6 148.3 148.8
5 147.7 147.3 147.6
6 108.4 7.12,s 108.2 7.02, s 108.6 7.00,
7 130.5 129.2 129.7
8 26.5 3.25,t(6) 27.5 3.10, t (6) 27.7 3.11)t (6
9 54.9 4.96, t (6) 52.2 4.54,t (6) 53.2 4.54)t (6
11 145.8 9.97, s 145.7 9.14,s 146.3 9.14, s
12 117.6 120.0 120.2
13 143.7 167.3 166.1
14 145.4 149.7 150.0
15 125.5 8.15,d (8) 121.2 7.27,d (8) 122.0 Td3®B)
16 118.1 7.76,d (8) 100.6 6.42,d (8) 102.9 606(B)
17 1324 132.0 132.3
18 119.8 8.89, s 117.1 8.04, s 117.8 8.07, s
19 136.6 133.2 133.7
20 119.8 121.8 122.2
21 105.4 7.83,s 104.7 7.67,s 105 7.62, 3
22 (-OH) 11.32, s br
24 57.0 4.10, s 55.7 3.79, s 56.2 3.79, s
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