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ABSTRACT

Naturalproducts havénistoricallybeen the most productive source of leauts f
the development of drug3.hanks to thechemical methodologies ofatural
producs, avast array of bioactive secondary metabolites fronestrial and
marine sources has bediscovered. Manyf these natural products became
current drug candidateg herefore the research ohew biologically actie
compoundsthrough structure elucidatioand biological testsis the central
issue of thesstudies My researchs placed in this field and itas been mainly
devoted to the discovery and to the chemicdl pimarmacological investigation

o f new bioactive natur al pantdutharand s a s
antimalarial activities area My work, described in thiPhD thesis,was
organized in two different topic$) isolation and structural characterimat of
bioactive secondary metabolites from marine invertebraijesynthesis of
thiazinaquinones derivatives endowed with cytotoxic aadtiplasmodial
activities from marine natural metabolites The achievemenbf my research
project required isolation and extraction procedures The chemical
characterization of the isolated compounds has been performed through an
extensive spectroscopic analy$idV, IR, ECD, 1D and 2D NMR}ogether
with mass spectrometryomputationaland electrochemistrgnethods.l have
alsousedsyntheticmethods both for the chemical derivatization of the isolated
moleculesand for the preparation of analogson the simplified model of
natural molecules.

During the carse of my PhD researchwhose results areeported in the
following thesis | havebeen dealingvith the extractiorandthe chemicalre-
investigation of a new collection adhe Mediterranean ascidiaBhallusia
fumigat. This analysis led to the isdian of one sulfated sterol,
phallusiasterol Cwhich is a possible modulator of the PXR nuclear receptor
Morover, | have beenstrongly involved in completng the stereochemistry
assignment ofphosphoeleganina complex acyclic marine natural product

isolatedpreviousy from theMediterranean ascidig®idnyum elegans


http://www.wordreference.com/synonyms/achievement

In addition, the electrochemical response of four natur@totoxic
thiazinoquinones beforehand isolated and characterize@rom Aplidium
species has been investigatedh order toclarify the nechanism of action
which is the basis of their cytotoxicityrhe research fomew antiplasmodial
hits is another main topic of my PhIctivity discussed in this thesis
Previously having identified the thiazinoguinonaucleus as new active
chemiotype agasst P. falciparum my research started frothe develoment
of two new series of methoxy and amide derivativespired bytwo marine
metabolitesisolated from the Mediterranean ascidi&plidium conicum
Recently, in order to refinethis pharmacophore met and improve the
pharmacokinetic and pharmacodynamic propertibaveperformeda rational
design and synthesis of new modified analogwéh simplified side chains
and different substituentin collaboration with th®epartmenof Biomedical,
Surgial and Dental sciencebfiiversity of Milar), the synthetic analogued
natural quinonehave been tested for their in vitro antiplasmodial activity
against both chloroquine (C@gnsitive (D10) aneresistan (W2) strains oP.
falciparum although someof them were strongly cytotoxicSome of he
synthetic derivatives showed significant afgsmodialactivity together with
someimportant structuralrequirements Additionally, in orcer to rationalize
the structureactivity relationship (SARs), an integited approach based on
computational and electrochemistry studies was perforitegse studies were
carried out by a further collaborating external research grobp above
results clearly evidence that quinone natural products represent an excellent
souceofnovel -l i # e0g s ma fol drughdiscozeryun aatisnalarial

research.



| TALIAN ABSTRACT

Le sostanze naturali sono da sempre dele piuricche fonti di composti
guida per la scoperta di farmaGrazieagli studichimich su prodoti naturali,

e stata scoperta una vasta gamma di metaboliti secondari bioattivi da fonti
terrestri e mariea Molti di questi prodotti naturalsono divenutiattualmente

drug candidatesPertanto, iproblema centrale di questi studstala ricerca di

nuovi composti biologicamente attivi attraverso laleterminazione
stereostutturalee i test biologici

La mia ricerca si colloca in questo ambitsi € incentrataula scoperta sulo

studio chimico e farmacologico di nuovi prodotti naturali bioattteme nuovi
potenziali Teads"per la terapia antitumorale e antimalarica

Il mio lavoro, descritto in questa tesi di Dottorato, € stato orgattizim due
differenti argomentii) isolamento e caratterizzazione strutturale di metaboliti
secondari lmattivi da invertebrati mariniii) sintesi di derivati tiazinochinonici

con attivitacitotossicaed antiplasmodia partire da lead compounds di origine
naturale.

La realizzazione del mio progetto di ricedcar i chi est o | 6utili zz
metodiche di estrazie e di isolamentoLa caratterizzazione chimica dei
composti isolati &€ stata effettuata attraverso un'ampia analisi spettroscopica
(UV, IR, ECD e NMR monc e birdimensionalg insieme a metodi
spettrometria di massatudi computazionali @ elettrochimi¢. Sono state
utilizzate anchemetodiche sintetiche sia per la derivatizzazione chimica delle
molecole isolate che per la preparazione di analoghi semplificati sul modello di

molecole naturali.

Nel cor so del | sydtdduranteiiltcérso diiDionato, € @iir ¢ a
risultati sono riportati nella seguente tesij sono occupata del l
del | 6 analexsnovodcehilndiacsaci di a d e Phaller Me di t

fumigata Questa analisi ha portato all'isolamento di uno sterolo solfatato,
phallusiagerolo C, un possibile modulatore del recettore nucleare PXR.
La mia attivita di ricerca si e incentrata anchid completamentalela

determinazione dellaonfigurazioneassolutadella fodoeleganim, un prodotto
5



naturale aciclico complesso, isolato inepedenzad al | 6asci di a del
Mediteranned@®idnyum elegans

Inoltre, sono stati eseguiti studi elettrochimici e computazionali su quattro
tiazinochinoni citotossici naturali, precedentemente isolati e caratterizzati

dd | 0 a Aptidiuchcomicumconl Gentod | chiarire i/l meccan
che é alla base della loro citotossicita

La ricerca di nuovhits antimalaricie un altro tema principale della mia attivita

di dottoratg discuss in questa tesiPrecedentementavendoindividuato il
nucleotiazinochinonicocome nuovo chemigio attivo controil Plasmodium

falciparum il punto di partenza della mia ricer@astato losviluppo di due

nuove serie di metossi e ammidlerivaty progettati sul modello di due

metaboliti mariniisolatid a | | 6 Apdidium doni@m Recentemente, al fine

di perfezionare questo modello farmacoforicaliemigliorame le proprieta
farmacocinetiche e farmacodinamiche dffettuatola sintesi di nuovi analoghi

modificati con catene laterali semplificate e diversi sostituent

In collaborazione con il Dipartimento di Scienze Biomediche Chirurgiche e
Odontoiatriche del |l 6Uni v erseno s$tatitestati Mi | an
per valutare la loro attivita antiplasmodia, vitro, sui ceppi diPlasmodium

falciparum D10 (clorochinasensibile) e W2 (clorochingesistentg Alcuni di

guesti compostsono risultatifortemente citotossicmente altrihannoesibito

una significativa attivita antiplasmominsieme ad alcuni requisiti strutturali

importanti.

Inoltre, per compraenderele relazionistrutturaattivita (SAR) questi composti

sono stati sottoposti a&tudi computazionali ed elettrochimiceffettuati

avvalendoci della collaboraziowegrupg di ricerca estelfin

LOi ns i esoitati ottemdtievidenziano chiaramenthe ichinoninaturali
rappresentano un'ottima fonte di neo d r-luigk e 0 s malperomol ec ul

sviluppodi nuovifarmaciantimalarici.
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INTRODUCTION

The constant need for the discoverynudre effective and less expensive drugs
Is legitimated by several cruciahdtors such as exisistingiseaseswvithout
cure drug resistance, emergence of new or mutated viruged, very
expensive drug® Nature represents a fascinating resource of new bioactive
molecules and the study of these metabolitas been up to now the most
successful way to th@rugdiscovery The disovery of ratural productfelped
numerous life saving medicines and medical breakthroughs, particularly in the
treatment of cancer, infectious diseaseshypercholesterolemia and
immunological disorders

Well-known examples of widely used natural prots are lovastdin
(anticholesterolemic agent)erythromycin (antibiotic), cyclosporine A
amphotericinB (fungicidal agent), and FK506 (immunosuppressive ayjéhts
In addition, according to a article written by the National Cancer filgte
(NCI) scientiss, the mw molecules,recentlyintroduced asnticancerdrugs,
were completely inspired by natural productand their derivative$ The
largely unexplored marine wotldwhich probably harbors thegreatest
biodiversity, may be the biggesesource to disc@r novelstructures witmew
mechanisms ofction that cover biologically relevaattivities However, it
issues sveral challengesncludingthe access to the marine environmand
thechemical and biological characterizations of phemising naturaproducts,
which are often collected in a very minute amo@unsequentlyupdatesn
technologies also in sampling methods new synthetic approaches
biotechnology and nanoscale NMR for structure determinatwe all crucial

to the success of marinetneal productsas drugleads Until a few years ago,

more than a micromole of a compound was essentiass@gn completelyts

! Strobel, G. DMol. Biol. Rev, 2003 67, 491.

206 Nei | I , M. Human Madicindl agenis froRiamt. Kinghorn, A. D., Balandrin,
M. F., Eds.; ACS Symposium Series 534; American Chemical Society: Washington, D. C.,
1993 48

3 Cragg, G.M.; Newmann, D. J.; Snader K.04Nat. Prod, 1997, 60, 52.

4Newman, D. J. C., G. M.; Snader, K. B1.Nat. Prod, 2003 66, 1022.



structure. Recent advancegxpecially in NMR structure determination
methodologieshave changed this obligation and now itpisssible to analise
the product om nanomole or even picomdieale®

In this thesis, theresults obtainedduring my PhD research program, are
illustrated. My researclwas indeedgrounded in thdield of natural produc
chemistry and mainly aimed to the discovery of new bioactive natural
compounds, useful as models for the development of new medicinal @hegys.
research work was divided into two different partee isolation and
pharnacological characterization of neloactive moleculesfrom terrestria
and marine organissrandthe optimization othe studiechatural leads through
de novo synthesis drfor structural modificationsOur efforts weredirected
towards thedesignand thesynthesisof simplified analogues of the natural
products. Through active collaborationswith selected nationaand foreign
research groups, bothatural and synthetic compoundglected collections
have been submitted to pharmacological tpiis an original combination of
electrochemical and computational studiesorderto analisethe structure
activity relationshig. The whole of my studieded to theisolation and
identificationof several bioactivenolecues, withdifferent structures, ranging
from simple linear polyfunctionalized alkyl chains to complex polycyclic
frameworks,and contributed to enlargéhe ctemical diversity generated into
natural products of marine origin.

On the other hand, treynthetic studies perforrdeisingalready knowmarine
natural compounds led to the identification adrivativeswith significant
antiplasmodialactivity and also highlighted some structural requirements
critical for both the antiplasmodial and the cytotoxic activitisl/ research
strongly highlightedthe potential ofnatural produd to qualify as lead
structure for mediciral chemistry affordinganalogue®asier to synthesize and

with better bioactivity.

5 Montaser, R; Luesch Hruture Med Chem2011, 12,147589



CHAPTER 1

THE NATURAL PRODUCTS IN DRUG DISCOVERY

1.1. The natural products as a source of therapeutic ages and of
structural diversity

Natural products remain a fod@amental component in the search and
development for innovative, safe and less expensive medicarAetually, in
developed nations, the majority of all prescribed drugs derive from natural
products, whose only available sources are animals, marines,plamnd
microorganismsThe utility of natural products in the prevention and treatment
of human diseases follows three criterip:the introduction of new natural
chemical molecules of a wide structural diversity, used as templates for semi
synthetic andotal synthetic modification; Jithe number of diseases peated

or treated by them; and )litheir frequency of use in the treatment and
prevention of human diseases. Natural products are rich sources of lead
compounds suitable for further modificatiodsiring drug development. A
potential explanation of the natural products success is their classification as
so-called privileged structures. This concept is based on the fact that these
chemical entities are produced by living organisms (in particulase¢bendary
metabolites) and they have evolved throughout millenniums, getting a specific
bi ol ogi cal activity i n comparison to
chemical s. I n spite of the great pot eni
species has evéeen tested for any activity

One keypoint of natural products is, thutheir greatstructural and chemical
diversity. The idea of creating drug leads embraces the concept of achieving
high molecular diversity within the boundaries of reasonable DRWKE
properties”® They provided, also, design principles for the development of

combinatorial library. In chemical genetics/genomics, the access to collections

6 Chin, Y. W., Balunas, M. J., Chai, H. B., Kingorn, A. D.The American Association of
Pharmaceutical Scientists Journ&2Q06 8, 239242,

7 Ajay, W. P. W., Murcko, MJ.Med. Chem 199§ 41, 33143324.

8 Sadowski, J., Kubinyi, Hl. Med. Chem 1998 41, 33253329.
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of structurally diverse and complex small molecules is extremely important.
Regarding the cheical genetics/genomics, two are the major compounds
sources: natural products (including their derivatives) and combinatorial
chemistry libraries. Dueto the developing of combinatorial chemistry,
nowadays preparing a large number of small molecules aivelly easy.
Additionally, because of their important biological processes, new chemical
modulators have been identified from the screening of small molecules
originating from combinatorial chemistry libra°

However, the traditional combinatorial tibar i e s p fsythesis/are 6 one
scaffoldbéb, generally shows | imited stru
On the other hand, natural products are known to possess an even greater
diversity in chemical space hence producing a 4eafed impact on chemical
biology and dug development-1213 Most of the natural products produced by
plants or microorganisms are not meant to bind to human proteins. However,
for many years, microorganisms and plants have evolved leading to the
production of small ligands (or natural productsj their macromolecular
targets inside the living organisrfs Furthermore, several human proteins
targets contain structural domains that are similar to those which small ligands
(or natural products) have coevolved with

By means of the natural selawmti process, natural products possess a vast and
unique chemical diversity and have evolved for optimal interactions with

biological macromolecules.

® Wurdak H, Zhu S, Min KH., Aimone L, Lairson LL, Watson J Chopiuk G, Demas .]
Charette B Weerapana ECravatt BF, Cline HT., Peters EC ZhangJ., Walker JR, Wu C,
Chang J Tuntland T, Cho CY, Schultz PG Proc Natl Acad Sci USA201Q 107, 1654R
16547.

10 Bradner E., Mak R, Tanguturi XK., Mazitschek R Haggarty S., Ross K, Chang CY .,
Bosco J West N, Morse E, Lin K., Shen P., Kwiatkowski NP., Gheldof N, Dekker J,
DeAngelo DJ, Carr SA., Schreiber ., Golub TR., Ebert BL. Proc Natl Acad Sci USA.,
201Q 107, 1261712622

11 Clardy J, Walsh CNature, 2004 432, 829837.

12 Feher M, Schmidt M. J Chem Inf Comput S¢R003, 43, 218227.

13 Rosén J Gottfries J, Muresan S Backlund A, Oprea TI. J Med Chem 2009 52, 1953
1962.

¥ Firn RD., Jones G5. Nat Prod Rep 2003 20, 382391.

15Bon RS, Waldmann HAcc Chem Res201Q 43, 11031114,
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Indeed, another important advantage of natural productsher biological
background Biosynthesis of natal productsincludes interactiors with
modulating enzymesand binding to other proteinswhich stands fiotheir
actual biological functionThus, in order to develop an effective druige
ability of natural products to interact with other molecusesecessaryMost
probably,this is a consequence of theterically more complex structurfé In
addition natural products dve higher molecular weightdewer halogen,
nitrogen, or sulfur atoms but more oxygen atorasd more bridgehead
tetrahedral carboatoms, rings, and chiral centers

In the past most drugs have been discovered by identifying the active
ingredient from traditionafemedie$ Nowadays, instead, the new approach
includes the control of diseases and infections at the molecular and
physidogical level and tdarget specific entities. The drug discovprgcess is

long and itinvolves the identification of candidate$aracterizatioysynthesis,
screening, and assays for therapeutic efficacy. Once a compousikonas its
potentialin the® tests, the process of drug developnperdr to clinical trials
begins!’

The success of natural products is related to several disciplines such as:
molecular and cellular biology, synthetic and analytical chemistry,
biochemistry, and pharmacola$fyPharnaceutical industry, in thiprospect
should change its mindset and address itself to natural product based drug
discovery program¥ Infact, an integrated approach, combining different
discovery tools and disciplines, will provide for sure the key focassg in

natural product drug discovery and development.

1.2. The marine environment as a prolific source of bioactive ampounds
and chemical diversity
Because of the structural and biological diversity of their constituents, marine

enviroment is a uniquand renewable resource for the discovering and

16 _Lutz, M. K. Nature Bidechnology, 2003 21, 602604.

7 Lahlou, M.Expert Opinion on Drug Discovery2007, 2, 697705.

18 Nisbet, L. J., Moore, M., Soejarto, D. Durrent Opinion in Biotechnology1997, 8, 708
712.

¥ Mouhssen, LPharmacology & Pharmacy2013 4, 1731
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development of potential new drugs andagitve entities The study of marine
natural products imnore complex than thaff terrestrial origincompoundsiue

to ther difficulty in collection and identificatio. However, despite these
difficulties, the marine environmenis a very rich source ofpowerful
compounds that haveshown significant activities in antrinflammatory,
antitumor allergy,analgesia, immunanodulation, and antiiral assays°

The oceanscavr mor e than 70% of the earthodos s
300,000 described species of plants and anifh&s

Macroscopic plants and animals have adapted to all regions of the oceans,
including temperate polar,and tropical areas he activity and theaumberof
natural prodcts is directly related to thibuge biodiversity of lié that the
marine environment ha¥he mospromisingmaitine natural products are small

to medium molecular weight compounds produced principally by marine
invertebrates (spongesoft corals tunicate$ and microbesTheseorganisms

live in a highly competitive and complex environment and produce a vast
variety of toxic chemicals in order to prevent parasitism and predation. All
marine organisms have provided a parade of vepsuwa novel structures;
biogenetically, they came included in thebiosynthetic pathwaysised for
terrestrial secondary metabolitewhereas, structurally, they often posse
predominantly marinéunctional groupsin Particular asci di ansd® c¢chem
characterisedby the presence of nitrogenous metabolit€hanks to the
combined efforts of marine natural product pharmacologsid chemists
severalpromising corpounds have beeidentified; some of themhave been
already selected as promising candidéesextended prelinical evaluation,
whereas others aralready at advanced stages of clinical trials. Most of these
products are used forcancer therapyjfor example,the marine alkalid
ecteinascidin 743 (EV43), which isan antitumour compoundarticularly

effective against solitimours®®

20 pomponi, SA.J Biotechnal 1999 70, 5 13.
21 Newman, D.J. Cragg, G. MJ; Nat. Prod, 2004 67 (8), 12161238.
22 Jimeno, M. Anticancer Drugs 2002 13,15 19.
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On the other handhe search afmarine originmoleculeshas evolved relatively
slowly, mainlybecause ofhe smallavailablequantities of the living material

It is very common to isolate less than one milligrafra bioactive substance
from onekilogram of the marine organism. However, more sensitive methods
of NMR spectroscopy and mass spectrometry combined with advanced liquid
chromatography techniques are currently used for identification and
characteration of natural products. @ complex molecular structures can be
now solved using less thanone milligram of compound. Chemical
identification of the molecules present in biological extracts is just one step of
their full investigation;a particularly intereng aspect is the individuation of
their real producerdhe incredible potential of even a single marine organism
to produce secondary metabolites is due to the peculiar features of the marine
environment The highly rich secondary metabolism of some mar
invertebrates can be explaindy the evidence that marine invertebrates
harbour microorganismis their tissues (in particulan the extra and intra
cellular spaces such as bact®, cyanobacteria and fungin some cases,
associated microorganismmay constitute up to a 40% of the biomalse
possible microbial origin of bioactive moleculé®m marine invertebrates
recently highlighted new and interesting perspectives for their synthesis at
commercial level. Isolation and -cultivation of the mecsted microbial
producers eithefrom the tissues of invertebratesor from the surrounding
seawater could provide a more satisfying answer to the ysypgpblem. If
bacteria are actuallythe producers of bioactive metabolites of interest,
transfering the gene clustergesponsible for the biosynthesis of the respective
natural productgo a vector suitable for lareggcale fermentation could provide
an alternative strategy thereby avoiding thiiculties in culturing symbiotic
bacteria.

A fascinating eample of thegreat variety of secondarynetabolites, from
marine spongesan be represented foyomopyrrole alkaloidsThese natural
products, whose architectural complexity ranges from simple, achiral,
monomeric oroidin I, Figure 1.1) to 16stereocentecontaining tetrameric

stylissadines 4-5, Figure 12), have been isolated from different species of

14



Agelasidag Axinellidag Dyctionellidae and Hymeniacidonidae sponges
families?® These alkaloids, belonging to the outlined above sponges families,
show a gstematic recurrence which allowed to speculate their taxon
specificity and later on, to consider them as chemical markers for
phylogenetically related spong&sThe majority of these alkaloids share the
key building block pyrrolemidazole; oroidin {) was the first member isolated
from this groupand it is the underlying structural motif of this alkaloids
family.2®

On this subject, we can mention the oroitlke linear monomerg1-3) and
tetramers(4-5). These structures contain the skeleton of orowdithout any
further GC or GN bond formation. Hymenidin2( Figure 1.1), isolated from
the Okinawan spongélymeniacidon spf is the 2debromo derivative of
oroidin, whereas clathrodir8), isolated from the Caribbean Sea spoAgelas
clathrodeg’is its 23-debromo derivative.

X3 15 NH, | x-v-B
HN =Y =Br
/ \s H 29 \ 2 X=Br Y=H
NM/N '
MR T 3 X-Y-H
H o 10

Figure 1.1. Structures of oroidinljj, hymenidin 2), and clathroding).

The degree of bromination of the pyrrole moiety has been shown to affect the
biological properties of these compoun@&mth oroidin and hymenidin have

exhibited to reduce the voltage dependent calcium elevation in PC12 cells.
Furthermore, the potency of the tested alkaloids increases together with the
number of bromine atoms associated to the pyrrole ring. Analogously, the

bromination degree also affectset feeding deterrent properties, hymenidin

2 Forte, B., Malgesini, B., Piutti, C., Quartieri, F., Scolaro, A., Pape®}4s. Drugs, 2009, 7,
705753
24 Braekman, J.C., Daloze, D., Stoller, C., Van Soest, R.VRigchem. Syst. Ecol1992 20,
417-431.
25 Garcia, E. E., Benjamin, L. E., Fryer, RJI.Chem. Soc. D. Chem. Commu®73 78-79.
26 Kobayashi, J., Ohizumi, Y., Nnakamura, Hirata, Y.Experientia., 1986 42, 11761177.
2" Morales, J. J., Rodriguez, A. D. Nat. Prod, 1991, 54, 629631.
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being less potent than oroidit Oroidin, hymenidin and clathrodin showed
marked antiserotonergic and anticholinergic activ?éd Clathrodin is a
sodium channel neurotoxin, which acts by influencing the alaronic
conductancé® Adversely, stylissadines 45) are tetrameric molecules.
Structurally speaking, they are ethieked dimers of massadine, they are the
largest ones and, with their 16 stereogenic centers, they represent the most
complex structures #hin the oroidin family of alkaloids so far discovered.
They both have biological activity as antagonists of the P2X7 receptor
involved in inflammatory diseases, however, their high molecular weight

together with their structural complexity make them Hardevelop as drugs

Figure 1.2. Oroidinlike tetramersstylissadines A anB (4-5).

In conclusion, it is eviderthat marine environment will continue to be gona
source of new drug leads, howevite effective utilization of these rearces
will require advances in technologidegether withthe opening of new

frontiers in science.

28 Assmann, M., Zea, S., Koeck, NI Nat. Prod, 2001, 64, 15931595.23

2 Rosa, R. Silva, W., Escalona de Motta, G., Rodriguez, A. D., lerd. J., Ortiz, M.
Experientia.,1992 48, 885887.

%0 Rivera Rentas, A.L., Rosa, R., Rodriguez, A. D., Escalona de MotfBpx&on,1995 33,
491-497.

31 Grube, A., Kéck, MOrg. Lett, 2006 8, 46754678
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CHAPTER 2

METHODOLOGY IN ISOLA TING AND CHARACTERIZ ING
MARINE NATURAL PRODU CTS

The collection of biological materiain the marine environment as well @&s
identificationinvolves a great number of restrictions that lead to the necessity
of separahg small quantities of mixturand ofcharacterimg themin a non
destructive way

The studyof marine natural products follows different stepssuch as the
isdation, purification and the wuctural determination othe isolatednew

compounds

2.1. Isolation procedures

The isolation of natural products from natural souregkibits numerous
problems, because they magly existin infinitesimal quantitiesThereforg a
good selection of different techniques and approachesjisred tosolvethis
issue The problem of separation and isolation of new metabolites was
overcomewith the introduction ofophisticatedechniques, such as the various
analytical and pparative chromatographic methpdsablinga successful
procedure of purificationNormally, after biomass exction with adequate
solvents (likeacetone,ethanol,and/or chloroform), the first stepf natural
compounds isolation, from the main extramnsists of a sequential gradient
partition with solvents. Theo gainedractions contain compounds distributed
according to their polarityin particular, n the case of bioactive extract, this
process can be guided by the appropriate assayderto localize the active
componentSubsequentlydifferent purification procedures can be performed,
taking in consideration the various properties of the components of these
fractions Specifically the fractionsof low or medium polarity, usually
monitored, acloselipophilic organiccompounds thatan be usually separated
by standard normal or reverse phase column chromatograplgr aMeLC

and finally HPLC to obtain thedividual components.
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Medium Pressure Liquid Chromatography (MPLC) is a liquidsolid
chromatography, in which the liquid mobile phase is forced through the solid
stationary phase at medium pressWiLC is more efficientregarding the
resolution, in comparison to thepencolumn andthe flash chromatography
methods andn addition,the sepration involves aignificantgain in time. The
solid stationary phase can be a normal phake,silicagel, or bonded phase
(RP-8, RR18). The techniqueses gpressureof ca. 5-40 bar and caneadily
accommodate much larger sample loads (10016@ g that are generally
applied in other separation§oncerning theseparating powerMPLC lies
between flash chromatography and sen@parative HPLC.

High Performance (or High PresslirLiquid Chromatography (HPLG3 the
most widely used chromatographic timed, employingboth the normaland
reversephase. lis usedn the preparative separation of sampte®optifnized

the isolation of natural products (optimization of the experimental conditions,
checking of the different fractiorall overthe separatin). However HPLC is
usually applied as the last step in purification procespesviding pure
compounds in high yieldgnd, in thisregard the quantities involvetave the
tendency to bat the lower end of the scale.

Finally, theisolatedcompounds i@ structurally characterized and ardjected

to pharmacological assays.

2.2.Structural determination methods

Recently, natural products chemistry hseen an exponentigirowth due to
advances in isolation techniques well asin the synthetic and iosynthetic
approacheandspectroscopic and chromatographic methods.

The structural determination described in ntiiesis isconsiderablybased on
spectroscopic techniques, in particufaass spectrometry (MS) and nuclear
magnetic resonance (NMR3nd sometimesdegradation methodso, coupled
with circular dichroism (ECD) and computational methods.

18



2.2.1 Mass Spectrometry

Mass Spectrometry is @estructiveanalytical technique,tilizedto define the
elementary formula of unknown compounds throughnileasurenentof their
molecular massegirstly, amoleculeis ionized and transferred to gas phase in
the ionsationsource and then it isansportedo the mass analyzés measure

its mass propeies. In order to obtain a mass spectrum, in the ions®unust

be generatedons in a gagphase They areconsequentlyaccelerated, by an
electric field,up tothey get to garticularspeed and they are transferred to the
mass analyzer, which separate different ions on the base of their mass/charge
(m/2 rato. Theseparated ions aidter thatmeasured on the detector and the
resultsshowed

Most of compoundseportedin the following chapters have been analyzed by
Electrospray lonisatio(ESI) mass spectrometry through @nbitrapsystem.

This type of techique is used to identifgonvolatile moleculesdirectly from

the liquid phaseHRigure 2.1). The stat andthe end of this processan be
verified by an electrical circuitthrough which the spray of liquiecharged

dropletsis driven

‘thermal desolv:atim‘ |cnllisional adivalian‘

v

v
— | :
) H!"—): :—} Mass
G 0 [l

.

Figure 2.1 ESI mas spectrometry

At the beginning othis processa moleculepresentsas an entity or complex
charged and dissolved in a watah environmentvhile a the end ofit, the
same molecule idisplayedby a mass analyser as a series of multicharged ions.
In vacuum, the biomolecular ioregethen selectivelyexaminel according to
their mass/charge rati@ue to the electric potential of the capillary, each
droplet of the spray carries an exce$positive or negative charge, and this

causeswide protonation ordeprotonation of the molecules of the sample,
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developingions. An uncharged carrier g&s examplenitrogen isutilized to
help the liquid tobe nebulizel and the neutral solvent in the droplets to
evaporate.

Orbitrapis aninnovativekind of mass analyar introduced by Makarot. The
LTQ-Orbitrap combines the most advanced lon Trap and Fourier Transform
technologies into a single instrument witinique analytical power and
adaptability The instrumentaffords a high mass resolution, accurate mass
determirations, and N& for routine highthroughput analysis.

In an orbitrap, iongire injected tangentially into the electric field between the
electrodes andcaptured because their electrostatic attraction to the inner
electroek isin equilibriumwith centrifugalforces.Therefore ions cycle around
the central electrode in ringadditionally, the ions also move back and forth
along the axis of the central electrode. Therefore, iors sjfecificmassto-
charge ratianove inrings thatoscillate along the centrapindle Figure 2.2).

The occurrenceof these harmonic oscillations is independent of the ion
velocity and is inversely proportional to the square root of the -tvadsarge

ratio (m/2.

Figure 2.2.1on trajectories in an Orbitrap mass spectrometer.

By sensing the ion oscillation similar as in fH&-MS (Fourier transform mass
spectrometry) the trap can betilized as a mass analyzer. Orbitraps have a
high mass accuracy A ppm), a high resolving power (up to 200,009¢w,

%2Hu, Q.; Noll, R. J.; Li, H.; Makarov, A.; &tkdmanand, M.; Cooks, R. G.; Mass Spectrom.
2005 40, 430'443.
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there are two commercial I-Orbitrap instruments, the Discovery and XL
models. One of therincipal differences is that the XL has a linear octopole
collision cell (absent in the Discovery model), in which collisional activation
and fragmentation can ba&chievel. Even if this featwe affords additional
versatility to MS/MS experiments, the analytical performance and fundamental
principles of operation of the Orbitrap analyzers in both instruments are

identical3®

2.2.2 Nuclear Magnetic Resonane

The structural determination of theolated compounds can be carried out
through theNuclear Magnetic Resonari¢€>3° spectroscopyvhich is based on
the reorientations of nuclear spins with respect to an applied static magnetic
field. Furthermoreto standardH and*3C NMR spectra, a largase of 2D
NMR experiments has been madaring my research activity. They are
superior to their 1D NMR counterparts both for the information on the
connectiorbetweemuclei and for the easier assignment of nuclei resonating in
crowded regions of the spe&t(signal overlapping is much less likely in two
dimensions than in one).

For example, in order to establigte connectivity of the molecule through the
identification of spins which are coupled to each other,GOSY(COrrelation
SpectroscopYgxperimatsare widely used.

Another type of he 2D NMR experiment is thelSQC (Heteronuclear Single
Quantum Correlationthat permits to obtain a chemical shift correlation
betweerdirectly bondedH-1°C.

The HMBC (Heteronuclear Multiple Bond Correlation) expemt is a
heteronuclear twand threebond *H-13C correlation experiment; its sequence
is less efficient than HSQC because the invol¥&ldn couplings are smaller
(3-10Hz). Moreover, whiléJcy are all quite close to each othéf)cr can be

33 pPerry, R. H.; Cooks, R. G.; Noll, R. Mass Spectrometry Revienw2008 27, 661 69.

34 Bax, A.; TwoDimensional Nuclear Magnetic Resonance in Liquids, Delft University Press,
Dordrech, 1982

35 palmer I, A. G.; Cavanagh, J.; Wright, P. E.; Rance,MNlagn. Reson1991, 151-170.

%6 Bax, A.; Summers, M. FJ. Am. Chem. Sqcl986 209394
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very dissmilar, making necessary the optimization of the experiment for each
kind of coupling. Consequently in many HMBC spectra not all of the
correlation peaks which could be expected from the structure of the molecule
areexistent Cross peaks are between prig@nd carbns that are two or three
bondsaway while direct orddond crosgpeaks are suppressedd. conclusion

this experimentallows the connection of the fragments and the assembling of

the structure of the molecules.
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CHAPTER 3

DISCOVERY OF NEW MARINE NAT URAL PRODUCTS FROM
INVERTEBRATES

3.1. Introduction

For the research of new active metabolitas, natural worldffers an endless
number of amazing matterslowever, many of the most intriguing problems
concern compounds only availabn definitely minute quantitieS hrough the
bioassayguided separation®riginal compounds with different activities can

be isolated from various invertebrates. In addition, updapectroscopiand

mass spectrometrytechniguesprovide an improvementf the studyof the
compoundghat exsisin nature in infinitesimaamountsThe researcher, in the
discovery of new bioactive compounds follows different steps suctheas
isolation ofmajor quantities of compoundhedefiningof its structure and the
attempt to use it in the pharmaceutical field.

Since the marine organisms rapresent a reach source of bioactive metabolites, |
have partly focused my attention on the investigation of tharine
invertebrates, such as sponges and tunicates.

Sponges, lackig any digestive, nervous, muscular, circulatory systems or any
physical defence from their predators, just produce secondary metabolites,
which are involved in their chemical defence, and are essential for their
survival. In fact, many species are compmbsé toxic substances, probably to
intimidate predatorand also to defend their placethe marine ecosystem.

Several promising compounds have been identified from marine sponges. They
possess pronounced biological activity and they already reachedicadva
stages of clinical trials, mostly for the treatment of canaed some of them
have been selected as candidates for extended preclinical evaluation.

Lately, asidians have increasingly become the target of natural products
researchand as resultnany new ascidian metabolites have been obtgined
raising the interesif both pharmacologists and synthetic chemists.

Ascidians belong to the@hylum Chordata which comprises all vertebrate

animals, including mammals. Therefore, they represent the mosedvgioup
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of animals commonly investigated by marine natural products chefistse
species belong to the class of tunicates because the covering of their body
looks like atunic.

While adult ascidians are exclusively marine invertebrates and resentbée to
other chordates, their larvae look like amphibian tadpoles and contain
notochorods, pharyngeal slits, dorsal hollow nerve cords, all of which are lost
during development. There are approximately 2000 living species of tunicates,
and ascidians are tmeost abundant among theAs regard themorphologyof

adult ascidians, the ones which liselitary havealengthranged froml cm up

to 15cmwhile those thaliveinc ol oni es donodt S5SemxSomed t he
of them are of undefined shape, resembbpgnges or fleshy coelenterates.
The contractions causing sea squirt to spray water stream allow inexperienced

observers to distinguish tunicates from other marine invertebrates.

3.2 Phallusiasterol C, a new disulfated steroid from the Mediterranean
Tunicate Phallusia fumigat

The chemical diversity shown byamne steroidsiepend on théasic carbon

skeleton extensive oxygenatiarleavage and/or rarrangement on the rings of
tetracyclic nucleus, and alteration of the side cRaifP94041

I n fuascual oA st er ol s -hgdeoryeholestaeyr-Bydroxys e nt a
oo cholestane nuclesand a CBC10 side chaiff, whereas marine sterols show

one or both the distinctive features of carbon side chairnkeirCl0 to C12

range, involving loss of carbon ats or their addition at other positions than

C-24, and multiple oxygenation of the side chain and/or the nutidie new

steroidal structures, isolated from sea organisms, are more than Ih600.

87 Lakshmi, V.; Kumar, RNat. Prod. Res2009 23, 801 850.
%8 Sarma, N.S.; Krishna, M.S.;aBha, S.G.; Rao, T.S.P.; Venkateswarlu, Y.; Parameswaran,
P.S.Chem. Rev2009 109, 28082828.
% Zhang, W.; Guo, Y.W.; Gu, Y.CGCurr. Med.Chem 2006 13, 20412090.
49Sjca, D.; Musumeci, D2004 69, 743 756.
41 Sun, P.; Meng, L.Y.; Tang, H.; Liu, B.4.j, L.; Yi, Y.; Zhang, W.J. Nat. Prod 2012 75,
1656 1659.
42 Goad, L.J.; Scheuer, P.J., Ed.; Academic Press: New York, NY, W&Z8 Volume 2, pp.
761 172.
43 Schmitz, F.J.; Scheuer, P.J., Ed.; Academic Press: New York, NY, U&7 Volume 1,
pp. 241 297.
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particular,they have been isolated mainly from marine irteerates, including
algae, porifera, and tunicat®s*The structural diversity of these metabolites,
especially the polar sterols, is reflected in a variety of different
pharmacological properties, including cytotd®jc  antifeedarff,
spermatostatf€, anti-inflammatory’ and antihuman cytomegalovird®
(HCMV) activities Particularly, therole of marine steroidsas nuclear receptor
ligands, has been recently highlightéulfated steroids endowed with dual
farnesoid X receptor (FXR) and pregnane X rége@gonismantagonism
have been recognized like solomonsterol@Aand B(10), isolated from the
spongeTheonella swinhoeP®! and phallusiasterol A7), previously isolated
from the Mediterranean ascididPhallusia fumigata together with its &b
epime phallusiasterol & (8, Figure 3.1).

Specifically, investigation of phallusiasterols effects on the activity of
pregnaneX-receptor (PXR) has shown that phallusiasterol A induces PXR
transactivation in HepG2 cells and stimulates the expression of thedPddr
genes CYP3A4 and MDR1 in the same cell liwbereas phallusiasterol B was
inactive. This study confirmed the role of steroids in regulating the nuclear
receptors (NR) activity, and highlighted a crucial reliance on some structural
features, likehie configuration at &, of the liganereceptor binding.
Particularly,during my research | have been dealing Wit reinvestigation

of a new collection oP. fumigat. This study led to the isolation, from the

44Yan, X.H.; Lin, L.P.; Ding, J.; Guo, Y.\Bioorg. Med. Chem. Let2007, 17, 2661 2663.

45 Li, R.; Shao, C.L.; Qi, X.; Li, X.B.; Li, J.; Sun, L.L.; Wang, C.¥lar. Drugs 2012 10,

1422 1432.

46 Tillekeratne, L.M.V.; Liyanage, G.K.; Ratnasooriya, DV. Ksebati, M.B.; Schmitz, F.J.

Nat. Prod 1989 52, 11481145.

47 Cheng, S.Y.; Huang, Y.C.; Wen, Z.H.; Hsu, C.H.; Wang, S.K.; Dai, C.F.; Duh, C.Y.
Steroids2009 74, 543547.

48 Chen, W.H.; Wang, S.K.; Duh, C.¥lar. Drugs.2011, 9, 18291839

4% Blumberg, B.; Sabbagh, W., Jr.; Juguilon, H.; Bolado, J., Jr.; van Meter, C.M.; Ong, E.S.;
Evans, R.MGenes Dev1998 12, 31953205.

®Festa, C.; de Marino, S.; Do6Auria, M.V.; Bifu
ZampellaJ. Med. Chen2011, 54, 401 405.

"Mencarelli, A.; Do6Amore, C.; Renga, B.; Cipri:
D6Auri a, M. V. ; Za nHoridcil aMar. Brugs.20D3 18,3658.t t i |, E. ;

| mperatore, C.; DO6Aniello,ciF.;S.Ai eDdlAomorrle.,; CMer

Mar. Drugs.2014 12, 20662078.
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more polar fraction of the butanol exttacf a new disulfated sterol, which has
been named phallusiasterol(€ Figure 3.1), whose structure was elucidated
by spectroscopic mearSeveral subsequent nornplase chromatographies of
the ethyl acetate extract of the ascidirnfumigad, collecied from the bay of
Pozzuoli (Napoli, Italy), provided the isolation of tbempound6 in its pure
form.

A pseudomolecular ion an/z 567.2054[MiNa’] was seen in the high
resolution ESI mass spectrum (negative ion mode), suggesting for compound
a moleular formula ofC2eHioNaGsS,” (calcd.567.2057, which indicated six

unsaturation degrees.

N 3 A 7 R;=R;=OH; R,=H; NaOSO™ a 9 R=CH,0SO;Na;
'Na0;SO § %, 8 Ri=Ro=OH; Ry=H 3 i 10 R=0SO;Na;
’ 11 R=CH,CI

Figure 3.1. Structures of phallusiasterol (®), phallusiasterols A7) and B (8),
solomonsterols A9) and B(10), and chalinulasterdlL1).

The ESland MSfragmentation patterof 6 revealed the presence of two

sulfate groups from the peaks 545 {iMhydrogen form), 272 (double charged

species), and 447 [M NaHS®a']. The *H NMR spectrum (CBOD) of 6

suggested its steroidal structure, with twofigb d met hyl 0772 ngl et s
(H:-18) and 1.03 (1 9) and one md.03h0y64 Hd ét2H.1 et at
Other proton resonances, combined Wi NMR and mass dathjghlighted

the presence o4l ddddI<sldc aendarly 4(d 4. 8, 4
80. 0, CH) angd3.88,md&J=9.r3i,ma6n.304,(ddd=9.3, 4.8

Hz ,c 7318, CH) sulfoxy groups in the molecule. Furthermore, three olefin

signalsr esonating i n t h5%38 (@dJe6t9o3B He fFE Bt r um a't
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6), 5.35 (ddJ=15.3,8.5 Hz, 1H, H22), and 5.28 (ddJ=15.3, 7.0 Hz, 1H, H

23), were assigned to two double bonds, one trisubstituted and one
disubstituted, based dhe four downrfield resonances present in tH€ NMR
spect rcddh5 ) 1284 (CH), 138.5 (CH) and 13QCH).

The interpretation of COSY, HSQC and HMBC 2D NMR experiments
permitted the assembly tfe steroidal backbone atfie assignment dll the
protons and carbons of the tetracyclic system to the relevant nessna
(Table 3.1). The location of thesecondary sulfoxy grquat G3 a n d°®t h e
position of the endocyclic double bond wese deduced. The HMBC
correlation peaks of the methyl protons-3® with G1, G5, G9, and C10

and of K-18 with G12, G13, G14, and G17 located the A/B and C/D ring
junctions and complted the planar structure determination of the steroid ring
system. The nature of the side chain weadily deduced by COSY map
analysis.A single 'H-'H spin sytem was delineated, starting tae methyl
doublet atti 1.03 (H-21) which was correlated tbe proton ati 2.06 (H20).

The latter was coupled with both theld methine protoni(1.67) and the
olefinic proton atll 5.35 (H22), then, in turn coupled with the other olefin
proton atli 5.28 (H23). Thisshowedthe gF? position of the remaining dousl
bond, whoseée-configuration was suggested by thealue (15.3 Hz) of H22

and H23. The coupling of F23 to the multiplet aii 2.44 (H24), which wasn

turn coupled both to the methyl protons @tl.02 (H-26) and the sulfoxy
methylene protons afi 3.74 (H-25a) andl 3.88 (H25b), completed the
assignment, indicating a 2dethyt25-sulfoxy C26 side chain foé (Figure

3.2). The relative stereochemistry of phallusiastero(6L with the B/C and
C/D transring junctions, was established throutje analyss of ROESY data
and coupling constant analysis. The axial orientation-8f H9 and H14 was
apparent from their respective coupling constaasyell as the orientaticof

the angular methyl groups from the ROESY correlations of beth8and H-

19 with H-8 and the axial H.1b.
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Figure 3.2 COSY segments (represented as colored bonds) and key ROESY
correlations (arrows) for the phallusiastero6L

Table 31.H (700 MHz) and®C (125 MHz) NMR data for phallusiasterol 6) (in
CDs0D.

Position #x (mult.,, JinHz) ®c HMBC  Pos. s (mult., Jin Hz) yc HMBC

1o 1.90,dt (135,36) 50, 2,510,19 - - - -
by 1.10, m " 2,3,10,19 13 - 43.4 -
8,13, 15, 16
a . b 1 1 H 1
20 1.63, m g9 1310 MK 1.02 58.2 18
% 2.07, ma 1,3,10 150 1.07, ma 13, 14, 16, 17
4.14, dddd, (11.4, , 25.3
by . K 58ab
114, 48, 4.8) 80.0 1,2,4 h 1.58 8, 14, 16
49  2.34,dd, (13.2,11.4 2,3,5,6, 10 164 1.28, ma 13, 15, 17
Ky 253 dd(zj,z()lS.Z, 48403 oo 171 me 297 1317 20
13,15, 1
5 - 141.F - 17 1.17, m 572 3 52’2 620,
6 5.38, dd, (6.9, 3.3) 123. 4,7,8,10 18 0.72, s 12.5 12,13, 14, 17
1.98, dt, (13.4, 6.9,
7 19 1. 197 1 1
(0 2.3) 330 2689 03, s 9 ,5,9,10
AY 1.55b 58,14 20 2.06, m 415 17,21,22, 22

80 1.48 m(qd, 10.7,4.5332 7,9,14 21  1.03d,(6.4) 19.7 17,20,22

NY 0.96,ddd (13.2,10.751.7 8, 10, 11, 1¢ 22 5.35,dd, (15.3, 8.5 138.5 20, 21, 23, 24

4.3)
10 - 37.7 - 23 5.28,dd, (15.3, 7.0 130.2 2" 2;’622‘ 25,
11¢ 1.55b pq 910,12 24 2.44, m 37.6 22,23,2526
huhu Y 1.51, m 7 9,10,12 25a 3.88,dd,(93,60) L, 23,24,26
12p  201,dt (129,35) ,, . 11,14 25b 3.74,dd,(93,78) ~~  23,24,26
bl ¥ 1.18, m ™~ 9,13,14 26  1.02,d,(6.2) 212 23,2425

2 Assignments may be interchangB@verlapped by other signals.

On this skeleton, the@sulfoxy configuration was assigned on the basis of the
coupling pattern of K8 indicating its axial orientatior?>**> Thanksto this

53 Ajello, A.; Fattorusso, E.; Menna, M.; Carnuccio, R.; luvoneSteroidsl995 60, 660673.
54 Fujimoto, Y.; Yamada, T.; lkekawa, IChem. PharmBull. (Tokyo) 1985 33, 31293133.
55 Notaro, G.; Piccialli, V.; Sica, D.; Corriero, G. Nat.Prod. 1991 54, 15701575.

28



information, the structure of phallusiasterol € (vas established as @R
26,27dinor-2 4-methylcholestas,22dyen3b, 25diyl-3,25sodium disulfate
Based on the reported activity of phallusiasterols A andsBiuclear receptor
ligands, the effects of phallusiasterols C as modulators of PXR receptor have
been also investigatedA transactivation ssay on HepG2 cells, a human
hepatocarcinoma cell line, has been performed. These sulid@ayedthat,
despite the structural similarity with solomonsterol A for the short and sulfated
side chain, compoun@ was inactive as PXR agonist.dditionally, it also
failed to reverse the induction of luciferase activity caused by rifaximin,
indicating that it was not a PXR antagon(iBigure 3.3. Similar results have
been obtained by analyzing the effect exertedbly terms of regulatiorof

PXR mediated indumn of two PXR target genes, CYP3Aa#d MDR1, in the
same cell line.n this assay, compourtlfailed to induce the expression of
both target genes (data not shown)

*
07 *
2.5x10 * 5 AT s
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0.0x10-0 ® @*@\ &
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(a) . (b)

Figure 3.3.(a, b) Luciferase reporter assayepiG2 cells were transiently transfed

with pSG5PXR, pSG5RXR, pCMV-bgal act osi da s-€K-laqwvdctors( CYP 3 A4
and then stimulated with (a)fotIBheoMb)ri faxi m
10 eM rifaximin alone or i n c6 Rdiativeat i on w
Luciferase Unitswe r e nor mal-g &lealc t wisti da e Uni t s (RL
experiments were performed in triplicate.

NT, not treated cells. R, RifaximifP < 0.05 versus NT cells. Data are mean + SE.
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These results, although negatiweere importantfor the knowledge bthe
structurePXR regulating actity relationship, concerning treulfatedsteroids.

In the binding modelproposed for solomonstesdb the PXR receptor, eear
stabilizing interaction betweethe side chain sulfate growgmdthe positively
charged lys210 is observetf This model was supported Imyany studies on
chalinulasterol(11), which has a structural relationship wslblomonsterd

and differ from the latter in having a chlorine atom instead of a sulfate function
at position G24 of the side lain®® Chalindasterol lacked any PXR
modulating activity andas a consequenca) essential role of the sulfate group
present in the side chain has been proposed. However, the activity of
phallusiasterol A(7) as PXR agonistwhich can be comparetb tha of
rifaximin, a well characterized ligand for the human PXdpposesthis
assumption since firesents "regular” sterol side chaffrigure 3.1). Instead,

the feature and/or the shape of the region around the A/B ring junction seems
to be crucial; in fat, both phallusiasterol B(8), which differs from
phallusiasterol A only for the configuration at6C and phallusiasterol C,
showing theq?® double bond, lacked any PXR modulating acti\igure

3.1). In conclusion, the investigation of the possitiie of phallusiasterol C as
modulator of the PXR nuclear receptor revealed important structural
requirements for the PXR nuclear receptor activity of sulfated steroidal

structures.

3.3 Cytotoxic thiazinoquinones from the Mediterranean ascidianAplidium
conicum.
Ascidians of the genuAplidiun?’ are recognized as an important source of

chemical diversity and bioactive natural products. Among the compounds
isolated by this genus apgesenimany meroterpenes. These compounds form

a class of complex metab@s, which derive from a mixed terpenoid

% Teta, R.; Della Sala, G.; Renga, B.; Mangoni, A.; Fiorucci, S.; Costantinilay..Drugs.
2012 10, 13831390.

57 Fenical, W. inFood-Drugsfrom the Sea Proceeding€ds.: H. H. Webber, G. D. Ruggieri),
Marine Technology Society, Washington DI®,76,4, 388-394.
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polyketide biosynthetic pathwagnd display a structural diversity The
guantity of meroterpenes in the spedgsidium conicumdepends on the place
where they are collecteBor example, it has been found outtttiee pecimens

of A. conicum situated in Tarifa Island, in Spain, contained geranyl
hydroquinoneand its hydroxylated and/or cyclized analogues as well as
variouschromenols?

From samplesf the same ascidian, collected in Italy along Sardinia coagts, m
research group have isolated a large group of new meroterpenes, with different
polycyclic skeletonsbut all showan unusual thiazinoguinone ring.

In the present thesithe electrochemistry of four natural thiazinoquino(is

15; Figure 3.4 from Aplidium specieswas reported in order tolarify the
mechanism of action which is the basis of their cytotoxiditye chemical and
farmacological chacterization of these compoundsvas previously
discussed®®2 This work was already performed and complefed the
compoundd2-15 that showed an interesting cytotoxic activity on different cell
lines,6164Table 3.2.

The electrochemicaktudies were elaborated together with the research group
of Prof. DoménectCarbd (University of Valencia, Spaiwhich, using an

i nnovative t e c hstaie g eleetrocheniistryn dollowing |thed
voltammetry of mi croparticles techni gque
about the electrochemical response of the compounds, either alone or in
presence of heme and @ orderto test the ability of the compounds to react
with heme and the reactive oxygen species (R@%.known that because of
their electrophilic properties some natural quinones can react directly with

cellular nucleophiles, including soluble and proteitoltlgroups, and may

8 Zubia, E.; Ortega, M. J.; Salva,Mini-Rev. Org. Chen2005 2, 389-399.

¥ Garrido, L.; Zubia, E.; Ortega, M. J.; Salva]).JNat. Prod2002 65, 13281331

80 Ajello, A.; Fattorusso, E.; Luciano, P.; Menna, M.; Esposito, G.; luvone, T.; PaiyrDJ.
Org. Chem2003 898-900.

51 Aiello, A.; Fattorusso, E.; Luciano, P.; Mangoni, A.; Menna, Bdr. J. Org. Chem2005
50245030.

62 Ajello, A.; Fattorusso, E.t.uciano, P.; Macho, A.; Menna, M.; Mufioz, E. Med.Chem.
2005 48, 34103416.
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inhibit critical processes in the c&#®* Some quinones intercalate between the
base pairs of DNA leading to blockage of DNA, RNA, and protein synfResis
while some others stabilize binding of nuclear topoisomerase 1l to DNA

resultingin proteinassociated DNA strand bred®s$!

15 R=CH,

Figure 3.4.Structures of the studied compounds

In addition, cytotoxic quinones can exert their effects through the formation of
redoxreactive specie¥®%7° Singleelectron reduction of quinonesdatalyzed

by flavoenzymes, resulting in the formation of semiquinone free radicals.
These latter can then either bind directly to DNA, protein, and lipid, or undergo

further redox reaction8:’2"374In recent years, particular interest has been paid

53 Di Monte, D.; Ross, D.; Bellomo, G.; Eklow, L.; Orrenius ASch. Biochem. Biophy<l9&4,
235, 334342,
64Ross, D.; Thor, H.; Orrenius, S.; Moldeusem:-Biol. Interad. 1985 55, 177184.
85 Pigram, W.J.; Fuller, W. L.; Hamilton, Nature1972 235, 1719.
% Tewey, K.M.; Rowe, T.C.; Yang, L.; Halligan, B.D.; Liu, L.Sciencel984 226, 466468.
57 Pommier, Y.; Schwartz, R.E.; Zwelling, L.A.; Kohn, K.\Biochemistryl985, 24, 6406
6410.
®®Cohen, G. M. ; Do h@ancensypplld87 8#658.. ; Br . J.
% Samoilova, R. I.; Crofts, A. R.; Dikanov, S. A.Phys. Chen201], 115, 1158911593.
OVerrax, J.; Beck, R.; Dejeans, N.; Glorieux, C.; Sid, R.C. Pedrosa, B.eBedit Vasquez,
D.; Valderrama, J.A.; Calderon, P.Bnticancer Agents Med Che011, 11, 213221.
"1 Sinha, B.; Gregory, J.IBiochem. Pharmacol 981, 30, 26262629.
2 Goormaghtigh, E.; Pollakis, G.; Ruysschaert, Bidchem. Pharmacoll983 32, 889893.
#Bachur, N.R.; Gordon, S.L.; Gee, M.V.; Kohn, Pfoc. Natl. Acad. ScUSA 1979 76, 954
957.
7 Muller, F.; Crofts, A. R.; Kramer, D. MBiochemistry2002, 41, 78667874.
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to quironebased compounds forming reactive semiquinone radicals which can
then reduce oxygen to form reactive oxygen species (ROS), such as superoxide
radicals (Q-), and regenerate the parent moleG8i&his pathway has been
considered as operative for somatural quinones %7 but it is not the sole
leading to ROS generation. Semiquinone free radical species can indeed
interfere with the whole electron transport chain in the mitochondria, being
either oxidized or reduced.n this scenario, thiaplidiaquinenB (12, Figure

3.4), a cytotoxic prenylated benzoquinone isolated from the marine ascidian
Aplidium conicumwas provef to induce apoptosis in Jurkat cells due to a
rapid overproduction of intracellular ROS, which mediate the collapse of the
mitochondrid transmembrane potential. Kinetic experiments showed that ROS
production preceded the disruption of the mitochondrial potential, and the later

one paralleled the appearance of apoptotic é2lls.

Table 3.2 Source and cytotoxic activity against cancell dees of the studied
compounds.

Cmp Source ICso (UM)
RBL -
_7a b q
MCF-7 C6 oH3e Jurkat
A. conicum .
12 Capo Caccia (Italy) " NT NT 3
13 A. conicum NT 20.3 231.6 NT
A. conicum
4 tarifaisiand (Spain) 44 NT NT NT
15 A. conicum 195.0 NT NT -

Tarifa Island (Spain)
aHuman breast adenocarcinoma cells
bRat glioma cells

¢Rat basophilic leukaemia cells
dHuman leukemia T Jurkat

eNT: not tested

SInbaraj, J. J.; Gandhisan, R.; Murugesark-iRe Radic. Biol. Med1999 26, 10721078.
76 Benchekroun, M. N.; Myers, C. E.; Sinha, B.iee Radic. Biol. Med1994 17, 191200.
"Huang, P.; Feng, L.; Oldham, E. A.; Keating, M. J.; PlunkettNature (London)200Q
407, 390395.

8 Aiello, A.; Fattorusso, E.; Luciano, P.; Mach®; Menna, M.; Mufioz, EJ. Med. Chem.
2005 48, 34103416.
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In the present work, VMP was applied to the study of the electrochemistry of
thiaplidiaquinone B® (12) as well as other cytotoxic marirgerived
meroterpenessuch asconicaquinone A X3), conithiaquinones A and BL4,

15), also isolated fromA. conicum (Figure 3.4).°%9 The methodology
previously used to study several synthetic quinone anald'gwas expanded

by combining conventional solution phase and VMP approaches incorporating
electrochemically generated R®%%®* and by integrating computational
studies performed on the starting quinone structures, as well as, on the reduced
species. Interaction with dsDNwas also monitored in order to obtain further
information to be correlated with the observed effects of these natural

thiazinoguinones on cells growth and viability.

3.3.1 Electrochemical studies

The voltammetric response thfe studied compounds in D3O solution was a
consequence of a mainly reversible -@hectron redox couple, corresponding
to the quinone to semiquinone reduction, thus coinciding to the typical
electrochemistry of quinones in nonaqueous electrofytislight of the low
solubility in water of these compounds, solid state electrochemistry was
performed on microparticulate films of them dipped into aqueous PBS at
physiological pH.Figure 3.5 displays the negativeand positivegoing scan
cyclic voltammograms ofi2. Reduction peaks ocguin the initial cathodic
scan(Figure 3.5 g, at- 0.65(G) and- 1.03 V vs. Ag/AgCI (G).

 Aiello, A.; Fattorusso, E.; Luciano, Menna, M.; Esposito, G.; luvone, T.; Pal&uD.J.

Org. Chem2003 898900.

8%OMe nna, M. ; Aiello, A.; D6 AnNni elng, &;lrade,.C;; | mper ato
Santamaria, Reur. J. Org. Chem2013 32413246.

8ymperatore, C.; Persico, M.; Aiello, A.; Luciano, P.; Guiso, M.; Sanasi, M.F.; Taramelli, D.;
Parapini, S.; Cebriadmorrején, G.; DoméneecRarbé, A.; Fattorusso, C.; Menna, RSC Adyv
2015 7, 7068970702.

82Yano, T.; Tryk, D.A.; Hashimoto, K.; Fujishima, A. Electrochem. S0d.998 145, 1870
1876.

83 Marselli, B.; GarciaGomez, J.; Michaud, FA.; Rodrigo, M.A.; Comninellis, CJ.
ElectrochemSoc 2003 150, D79 D83.

84K a p a g krati, G.;£omninellis, CElectrochim. Acta2009 54, 20182023.

85 Zuman, P.; Perrin, C.lOrganic PolarographyJohn Wiley & Sons, New YorKk,969.
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+1.4 0.0 -14
E/V vs. Ag/AgCI

Figure 3.5. Cyclic voltammograms ofil2 microparticulate films on glassy carbon
electrode immersed into 0.10 M PBS at pH 7.4. Potential scan initiated ¥td) in
the negative and b) in the positive directions; potential scan rate 50'mV s

These signals are coupled, in the consequent anodic scan, with a feeble
shoulder at 0.80 (A) and a weldefined,although feeble, oxidation peak at
-0.45 V (A1) which goes before a wide oxidation signal 8t04 V (Ag).This
peak is not found in initial anodic scan voltammogrdfigure 3.5 b), thus
proving that the processsAs due to the oxidation of any product generated in
previous cathodic steps.

The voltammety of all the studied quinones was analogous, but the potential
separation and the relative height of peaksa@d G differed considerably.
This is shown inFigure 3.6 where semderivative deconvolution of the
voltammetric curves was carried out in orderimprove peak resolution. As
can be seen in this figurd3 and 14 exhibit peaks € and G of similar
intensity and the peakiAemains weldefined. On the other hand, the peak C

is relatively weak inL2 and 15 and the former displays some weak sign&

and A, while the latter presents a relatively intense peakvithout showing
peak A.
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+1.4 0.0 214 +1.4 0.0 14
E /V vs. Ag|AgCI E/V vs. Ag|AgCl

Figure 3.6. Cyclic voltammograms, after semerivative convolution, of a}3; b) 14;

c) 15; d) 12. microparticulate films on glassy carbon eledddmmersed into 0.10 M

PBS at pH 7.4. Potential scan initiated at 0.0 V a) in the negative and b) in the positive
directions; potential scan rate 50 mV.s

This voltammetry can bexplanedon the basis of the precise knowledge of the
electrochemistry ofjuinones in solution pha&eand the Lovric and Scholz
model on the electrochemistry of idmsertion solid§"8889%991 Considering

the organic compounds in contact with aqueous electrolytes, solid state
electrochemical reaction initially ocaur at the soli particle/base
electrode/electrolyte thrgghase junction and spreads through the solid via
proton insertion coupled with electron hopping between immobile redox
centers in the soligf:%!

The reduction of quinones (Q) in agueous solution takes plaaalypvia two
rounds of electrotransfer (E) coupled with proton acceptance (chemical

reaction (C)) obtaining a quinomadicalanion or semiquinone (@) which is

86 Chambers, J.Electrochemistry of quinone®Viley, New York,1988.
87 Lovric, M.; Scholz, FJ. Solid Sate Electrochem997, 1, 108113.
88 |ovric, M., Hermes, M.; Scholz, B. Solid State Electrocherh998 2, 401404.
89 Oldham, K.B.J. Solid State Electrocherh998 2, 367377.
9 Lovric, M.; Scholz, FJ. Solid State Electrocherh999 3, 172175.
91 Schibder, U.; Oldham, K.B.; Myland, J.C.; Mahon, P.J.; Schold, Solid State
Electrochem200Q 4, 314324.
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protonated producing a radical (HQhat is subsequently reduced to 'Qldnd
new protonabn reaction generates the corresponding hydroquinone)(QH

speciegfScheme 3.1

step 1 Stle_|P+2 step 3 step 4
ey .+ . +e” _ +
Q =— Q =— QH —= QH :i_~ QH,
e H* e H*

Scheme 3.1 Reduction pathway of quinone to hydroquinone in agueous environment.

The general reduction process can be described in tefman ECEC
mechanism which appesamdepending on the pH and the buffering capacity of
the electrolyte, as a unique voltammetric couplg A9, where the cathodic
wave often(Figure 3.6 a, b)looks like two superimposed sign&s$®

The comparison withhe electrochemistry of synthetic thiazinoquindhes
suggests that the above electrochemical process would be followed by the
reduction of the S@unit to SO at more negative potentials/C couple) The
peak A, which is depleted when the peakis well developedFigure 3.6 b),

can be due to the oxidation of the reduced form resulting from the initial
reduction G through the NH motif. In some caséBigure 3.6 b, d),a not well
defined anodic shoulder ca. +0.6 VajAappears. This process can be latied

to the oxidation of the NH unit of the parent quinéhe.

3.3.2 Interaction with ROS

In order to test the possible interaction of the studied compounds with ROS, the
voltammetry of microparticulate films of the sasemplesn contact with ai
satuated PBS was carried owWigure 3.7 compares the cathodic response of
an unmodified glassy carbon electrode in contact wittsaturated PBS at
physiological pH, with those of microparticulate films of the studied natural

products on that electrode.
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Figure 3.7. Cyclic voltammograms, after semerivative deconvolution, of a)
unmodified glassy carbon electrode in contact witksaturated PBS at pH 7.4 and b
d) electrode modified with H)3; ¢) 14; d) 12. Potential scan rate 50 mV:s

At the unmodified glassy carbon electrode, dissolved oxygen yields a reduction
wave at ca- 0.85 V (Gx) which can be assigned, following literature, to the
oneelectron reduction of ©to the radical anion superoxide>-Owhich is
rapidly protonated ahreduced to kD, (Equations 3.13.6).91929394

Indeed, the electrochemical reduction at carbon electrodes of oxygen dissolved
in aqueous electrolytes ¢ proceeds through a multistep pathway
complicated by adsorption processatiated by the onelecton reduction of

O to superoxide radical anion

O,+e - O (ads)  (3.1)

92Nagaoka, T.; Sakai, T.; Ogura, K.; Yoshino Ahal. Chem1986 58, 19531955.
9 Xu, J.; Huang, W.; McCreery, R.L. Electroanal. Chenl996 410, 235242.
% Ratsgar, S.; Deng, H.; Cort&alazar, F.; Scanlon, M.D.; Pribil, M.; Amstutz, V.; Karyakin,
A.A.; Shahrokhian, S.; Girault, H.HELhemElectroChen2014 1, 5963.
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The generated radical anionndergoes protonation (3.2) followed by
electrochemical reductigi.3):

Oz* (ads) + HO - HO" (ads)+OH  (3.2)

HO.* (ads)+e - HOp (3.3)
Alternatively, it undergoedisproportionation:
20" (ads) +HO - HO, + O+ OH (3.4)
Leading to the final generation of®b:

HOz + HO - 2HO"+ OH (3.5)

HO: + HO*-  H:0» (3.6)

Through this series of processes, reaatadicals HG*and HG'can be formed
at the electrode surface, in agreement with literature on electrochemical
generatiof?8* and redox potential3®4°%%% of ROS. Accordingly, the process
Cox in Figure 3.7a corresponds to a multistep elexthemical reduton of
dissolved Qresulting in thegeneration of ROShe signals A« and Awox being
attributable to the oxidation @.* and HQ” respectively’

The Cox peakshows a weak anodic counterpart,)fand is accompanied by an
oxidation peak at +0.75 V @#). At films of the natural thiazinoquinones
(Figure 3.7 bd), the signal€ox and Aux are depleted and preceded by the first
reduction process of the compoundi)Ccorresponding,in PBS, to the
formation of HQ. The depletion of the signal is relativdgrge forl3 and14
and much less intense fa2 and 15. Interestingly, in the anodic scan, the
oxidation peak at ca. +0.75 V {4, appearing in the voltammograms at the

% Jinnouchi, R.; Anderson, A.B. Phys. Chen2008§ 112, 87478750.
% Anderson A.B.; Jinnouchi, R.; Uddin, J. Phys. ChenR2013 117, 4148.
97 Cofré, P.; Sawyer, D.TAnal. Chem1986 58, 10571062.
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unmodified glassy carbon electrod€igure 3.7 g, is also considerably
weakenedFigure 3.7 b-d).

The voltammetric features iRigure 3.7 can be rationalized on assuming that
there is another pathway operating in the oxidation of dissolved
peroxide/hydroperoxide at quinone films, which competes with its
electrochemical oxidatiorThis can be tested by means of voltammetric features
for the oxidation of the hydroperoxide radical (signabJA as illustrated in
Figure 3.8 where the square wave voltammograms ofsaiurated PBS in
contact with unmodified ant¥4-modified glassy carbonesgtrode at two different
square wave frequencies, are shodna relatively high frequencgFigure 3.8

a); andat a short experimentation time, both the unmodified Jhchodified
electrode display an essentially identical signabxAthus denoting thathe
generation of hydroperoxide radical occurs. When the frequency is lowered
(Figure 3.8 b) andthe time is longer, the peak\A appears at the unmodified
electrode whereas it vanishes at ttemodified electrode. This effect was
observed with essenliipidentical extent for the thiazinoquinones in this study.

A rationalization ofthe above electrochemical featusas beproposed taking

into account that it has been demonstrated that several quinones modify the
activity of superoxide dismutases (SOID) undergoing equilibrium reactions
with superoxide radicaf$

For quinones with no or short hydrophobic tails, the radical product is a
semiquinone at much lower vyield, likely indicating reduction of quinone by
superoxideand subsequent loss of most dfetsemiquinone product by
disproportionatiof® In solution phase, the depletion of the peakk&t 61 on g 6
times(Figure 3.8 b)could be attributed to semiquinodesproportionation but,

at microparticulate deposits of quinone it appears the most reésapion to
attribute the observed voltammetric features to the result of a relatively slow

reaction of HQwith the electrochemically generated hydroperoxide.

% Butler, J.; Hoey, B.MJ. Free Radicals Biol. Med 986 2, 7781.
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a) b)

Ahox
Ahox
1mA
+1.0 +0.7 +0.4 +0.7 +0.4
E /V vs. Ag|AgCI E /V vs. Ag|AgCl

Figure 3.8. Square wave voltammograms unmodified (red lines) anti4-modified
(black lines) glassy carbon electrode in contact withsaiurated PBS at pH 7.4.
Potential scan initiated at.05 V in the positive direction; potential step increment 4
mV; square wave amplitude 25 mV; frequencies of a) 5 and b) 50 Hz. Only tbe reg
of potentials around the peak,As depicted.

Experiments in DMSO solution, also representative of the interaction of the
studied products with oxygen and ROS, were used to complement the above
scenario.

Figure 3.9 compares the voltammograms of sikved oxygen in 0.10 M
BuwNPFR/DMSO solutions Figure 3.9), 12 in the same electrolyte previously
deoxygenatedHigure 3.9b) and airsaturated solutions d# (Figure 3.%) and

15 (Figure 3.9d). As it is welkknown, the electrochemical reduction of
dissdved oxygen in aprotic solvents occurs reversibly at potentialsc8.V
(Figure 3.9 a, G/Ao couple) yielding superoxideadicalanion. In the absence

of oxygen, the studied quinones produce an essentially reversibkdemien
reduction (@1/Aq1) to the corresponding semiquinone at .75 V followed

by a second onrelectron reduction at cal.5 V (Gg2/Aq2). Voltammograms

of air-saturated DMSO solutions of such compounds consist of superimposed
signals for @ and Q reduction but remarkably, in throdic scan the anodic

signal A1 is entirely or almost entirely depleted after passing the peak A
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which remains essentially unaltered, while the couple/A%. is also

decreased.

Ahox

0.0 0.8 -1.6 0.0 -0.8 -1.6
E /V vs. Ag|AgCI E /V vs. Ag|AgCI

Figure 3.9. Cyclic voltammograms at glassy carbon electrafer semiderivative
convolution, of different 0.10 M BMNPR/DMSO solutions. a) aisaturated
electrolyte solution; b) 0.5 mM2 in deoxygenated electrolyte; c) -@aturated 0.5
mM 14; d) airsaturated 5. Potential scan rate mV's

The depletion othe peak A1 and the G2/Aq2 couple in the voltammograms

of air-saturated thiazinoguinone solutions can be considered as indicative of the
occurrence of a relatively fast reaction between dissolved oxygen and the
semiquinone radical anion electrochemicajgnerated. The large separation
between the two orelectron reduction processes of the thiazinoquinones
(Figure 3.9 b, in sharp contrast with the signal merging recorded in agueous
media(Figure 3.5, denotes that there is no significant disproportimmabdf

the intermediate semiquinone radical anion and there is no interactiof of Q
with the superoxide anion.

Thus, while the voltammetry of microparticulate films of the studied qusone

in contact with aksaturated PBS revealed the reduction of thatomated

semiquinone radicals by the superoxrdéical anion, in airsatuated DMSO
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solution, on the contrary, the semiquinoraglical aniors are oxidized by
oxygen.

This difference can be assessed by performing additional experiments in water
containingDMSO solution. This can be seenhkigure 3.10for 12 (in Figure

3.10 compoundl3 is reported). In anhydrous DMSO in the abseftegure

3.10a) of dissolved @, the voltammetric response is identical to all other
thazinoquinones in this study, with welemarated couples @@Aq1 and
Cq2/Ag2. In air saturated DMSO containing a small concentration of water
(Figure 3.10 b, an additional couple &/AqH) is recorded, corresponding to

the overall reduction to hydroquinone, appearing as a unique voltammetric
couple in presence of water, that is, when the protonated semiquinone species
can be formedFigure 3.6). This new couple is placed at ca. 250 mV more
negative potential than theq@Aoq1 couple corresponding to the reversible
formation of @&. This new couple can be attributed to the reversible one
electron reduction of the protonated semiquinone resulting from the fast
protonation of the semiquinone radical anion produced in the cathodic step
Co1. Consistently with this interpretation, evén a medium such as DMSO
having high radical scavenging abifitya weak anodic signal )
attributable to the formation of some radical hydroperoxide as a result of the
presence of residual water, was recorded at the unmodified eleffigdee

3.1(@). Again, this signal vanishes more or less intensively in the presence of
thiazinoquinones, now in the solution ph@sgure 3.1M).

In summary, the results of these voltammetric studies suggest that all the
considered natural thiazinoquinones are abléorm the semiquinone radical
speciesand that this latter, depending on its protonation state, can be reduced
or oxidized in presence of redaxctive compounds, such as, in the case of

these experiments,,@nd ROS
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+1.6 0.0 -16
E / Vvs. Ag|AgCI

Figure 3.10.Cyclic voltammograms at glassy carbon electrode, after-denative
convolution, of different 0.10 M BNPR/DMSO solutions. a) 0.5 mM3 b) air
saturated 0.5 mM3 + 0.5 mM water; c) air saturated 0.10 MBFPR/DMSO + 0.5
mM water. Potential scan rate m\t.s

3.3.3. Interaction with dsDNA

The interaction between the thiazinoquinones and salmon testes dsDNA was
studied in DMSO solutiorfigure 3.11compares the cyclic voltammogramis

a) 13, b) 14; c) 15; d) 12 plus dsDNA solutions. Under these experimental
conditions, dsDNA remained electrochemically silent. However, the
voltammetry of the thiazinoquinones experienced significant modifications
relative to the previously observed respo(iSgure 3.10. Thus, the G/Ao1
couple showedpeak splitting and weakerg of the anodic signal. The new
cathodic signal (6a), whose anodic counterpart ¢4 is almost entirely
absent, can be attributed to the quintwealized reduction of the dsDNA
thiazinoquinone complex, a feature parallel to that observed for ceitnia



alkaloidmodified electrode®’ which can be considered as indicative of the
existence of a strong interaction between the thiazinoquinones and dsDNA.
The weakness of the anodic signajsAvould be the result of secondary post
electron transfer reactions

The voltammograms, however, display a weak couple at less negative
potentials (Ge/Ags) wWhose intensity appears to be larger for the compounds
displaying the lower ga/Aqga signals. The new couple can be attributed to the
reduction of a thiazinoquinordsDNA complex different from that responsible

of the Gya/Aga couple, so that the overall voltammetric pattern can be
described in terms of a square scheme such as depictEédyure 3.12
Assuming reversibility, the aforementioned electron transfer processdd

be coupled with the complexation equilibria between the oxidized (quinone)
and reduced (semiquinomadical anion) forms of the thiazinoquinone with
two binding sites (A and B) of dsDNA.

In this kind of systems, the equilibrium constants for theraution with the
oxidized K> and reducedK;®) forms (J=A,B) can be related with the shift

of the equilibrium potential of the {JdAq; couple relative to the equilibrium
potential of the unbounded thiazinoquinoneq{®Bq1) by means of the
following relationship(Equation 3.7):

ES = EY +ﬂlnae—o @.7)

a<ox

Our data indicate that the semiquinoreical anion form is much more
stabilized, relative to the quinone, when the interaction occurs in the site B than
when the interaction occurs via the site A.

Using equimolarconcentrations of thiazinoquinone and dsDNA, the height of
the peaks g relative to the peak & (Figure 3.11) would be indicative of the

intensity of the respective quinocasDNA interaction via the-dite. Our data

% DoméneckCarbd, A.; Cebri&Torrejon, G.; De Miguel, L.; Twlera, V.; Rodrigues, D.;
AssadKahn, S.; Fournet, A.; Figadére, B.; Vazquez, R.; PopuogE|ldetrochim. Acta2014
115, 546552.
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indicate that, under our experimentabnditions, the intensity of the
thiazinoquinonedsDNA binding in the Asite decreases in the ordg?> 14 >
13° 15, whereas the intensity of the thiazinoquin@s®NA binding in the B

site decreases just in the inverse order.

a) Ca Con b) Co ¢ A
A

Age Aar | ¢ A
c d C

) Ca ¢, ) Cor/\

Cop Q Cos

A \/\J
Q1
I 5m Ag:
0.0 -0.8 -1.6 -0.8 -16
E /V vs. Ag|AgCl E /V vs. Ag|AgCI

Figure 3.11.Cyclic voltammograms at glassy carbon electrode, after-dervative
convolution, of different 0.2 mM dsDNA (salmon testes) plus 0.3 mM
thiazinoquinone solutions in 0.10 M BNPR/DMSO. a) 13; b) 14; c) 15, d) 12
Potential scan rate mVs

This featue is in agreement with the competing effect exerted by the two sites
for the interaction with thiazinoquinong$igure 3.12. Interestingly, the
relative order of Asite interaction of the conithiaquinoneb4 > 15, is in
agreement with the relative cytaio ability with respectto human breast
adenocarcinoma cells (MCFline)& This feature suggests a relation between
the interaction with the binding site A and the cytotoxic activity of this family

of compounds.

46



dsDNA dsDNA
{Q-dsDNA}, ——— @ ——— {Q-dsDNA},

—

K A%% Ko
e’ ConlA -
o Cos/Ags| | €
CQllAQ:l
KArd KBrd
{Q-dsDNA}, ——— Q- ———=1{Q"-dsDNA}
dsDNA dsDNA

Figure 3.12 Square deeme for the electrochemistry of DMSO solutions of dsDNA
plus the studied natural thiazinoquinones.

3.3.4. Computational Studies

Computational studies were performed on the molecular models of compounds
12-15 (Figure 3.4) by using a combination of moleeul dynamics (MD) and
mechanic (MM) calculations with quantamechanical (QM) methods (PM7
and DFT)(see the experimental section for details).

The conformational and electronic properties of the compounds were
investigated taking into account the reductipathway of quinonesQ) to
hydroquinones@H:2) in aqueous systemshis involves a sequence of steps in
which reversible onelectron reduction reactions are followed by proton
uptake reactions producing different intermediate species, as illustrated in
Scheme 3.1 In the case ofhe natural thiazinoquinonel?-15, two possible
protonated semiquinone radicals can be produced, na@tall, QHT;,
respectively(Figure 3.13.

Firstly, the conformational space of the starting neutral quinone speaies
samplel by applying a procedure including molecular dynamics (simulated
annealing; SA), molecular mechanic (MM), and PM7 calculations. Obtained
conformers were grouped into conformational families and ranked by their
potential energy values.

Secondly, the lowesenergy conformer of each family was selected to be
subjected tdDFT full optimization. Finally, the DFTglobal minimum(GM)

conformer of each compound was used to generate the reduced pecies
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QHT, QHT;, QH’, QHi, andQH2, which were again subjead to DFT full
optimization(Figure 3.14).
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Figure 3.13.Schematic representatiof the formation of the two possible protonated
semiquinones radicals the reduction pathway ofatural thiazinoquinones.
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Table 3.3 Reaction energy valuesydE; kcal/mol) calculated for the proposed
reduction pathway(Scheme 3.1)considering the formation of the two possible
semiquinone species.

Cmp (QA QH2) Stepl Step2 Step 2i Step 3 Step 3 Step 4 Step 4

12 -773.6 -60.0 -326.4 -310.2 -54.8 -60.7 -332.4 -342.7
13 -762.6 -50.4 -330.5 -313.2 -448 -56.4 -336.9 -342.6
14 -769.4 -60.6 -323.2 -307.5 -53.0 -62.2 -332.6 -339.1
15 -768.4 -53.0 -330.3 -313.6 -48.2 -55.1 -336.9 -346.7

This allowed the calculation of the reaction energied¢od.)- Ei(React.) of
each step of the reduction pathyweeported inScheme 3.1 Due to the
formation of the two possible semiquinone spec®4’i and QHTi (Figure
3.13), two different set of reaction steps were calculated for the reduction from
Q to QH2(Table 3.3; Figure 3.13.

The first consideration thatan be derived is that all compounds present a
definite preference for the formation of one of the two possible semiquinone
species, namel@HT. (Step 2 vs Step 2; Table 3.3) This is likely due to the
formation of a hydrogen bond between the §@upand the newly generated
hydroxyl group of QHT; which cannot be formed in the alternati@HT;
semiquinongFigures 3.13 and 3.14.

Regarding the relative compound potency in biological as@estsle 3.2) it

has to be underlined that, sint2 and13were tested on different cancer cell
lines, only14 and15 (tested on MCF cells) can be directly comparé&t® In

this view, the rank order of the calculated reaction energies reporiabia

3.3 for the wholereduction pathwayQ@A QH>) reflects the activity order of the
compounds(Table 3.2. Then, considering each reaction s{&@cheme 3.1,
Figure 3.13 and 3.1% the more active compouridt shows higher propensity

to acquire both the first and the second eteci{Step 1 and 3, respectively)
with respect tdl5 (Table 3.3; Figures 3.4and 3.5). On the contrary, the two
protonation step&Step 2 and Step 4present more favorable reaction energies
for 15 with respect tdl4. In any case, according to the data reggmbin Table

3.3, either the formation of the semiquinone spe@et, either its subsequent
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reduction to hydroquinone is more favored Idr(more active)with respect to
15(less active).

It is noteworthy that the larger contribute to the overalltreaenergy comes

from the protonation steps and this is in agreement with the role played by
semiquinone radical anion protonation on quinone reduction, as evidenced by
our electrochemicalstudies Actually, many variables can affect the
protonation rateof the reduced species, which can significantly differ in a
cellular environment.

To further investigate the reactivity of the studied quinones and their
semiquinone radical species, we calculated the vertical electron affinity (EA)
of Q andQH% and the énization potentia(IP) of QT and QHA. The vertical

EA measures the propensity of a molecule to acquire one elewitbout
considering subsequent electronic and/or structural rearrangements which may
drive the structure to a lower energy minimum (H&e experimental section

for details). At the same conditions, the vertical IP measures the propensity of a
molecule to lose one electrofihe resultingEA andIP values are reported in
Table 3.4 together with theenergy of the frontier orbitals of i) theeutral
quinoneQ (LUMO), ii) the radical anion Q% (SOMO), and iii) the radical
semiquinon&QHA (SOMO).

Table 3.4Calculated energy values (kcal/mol) of LUMO and SOMO orbitals, Vertical
IP and verticaEAof t he @ndQAHAI s paziodqensnenf natur al

Q Q¥ QH/

Cmp Vertical Esomo  Vertical Esomo  Vertical Vertical

Bwo v P P EA

- 15.35 127.99 -34.074 66.8 - 151.7 49.4
12 86.383 121.47

- 24.82 93.77 -21.517 56.8 - 151.5 39.2
13 80.083 115.93

- 30.00 111.81 -32.442 69.2 - 164.8 46.2
14 89.452 127.72

- 22.52 93.85 -24.950 60.9 - 158.2 41.2
1 81.401 121.88
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The higher verticaEA and lowerELumo energy of14 with respect tal5, as

well as, the higher verticdP and lowerEsowmo of its QT and QH# radicals
(Table 34), is in agreement with its lower reaction energy to form the
semiquinone specieflTable 3.3. Moreover, the higher propensity d2,
characterized by an kcof 3 uM on Jurkat cell§Table 3.2, to acquire, both,

the first and the second electr¢Btep 1and 3, respectively; Scheme 3.1,
Table 33), agrees with i) the LUMO orbital energy of {@form, and ii) the
SOMO orbital energy and the vertich? of its Q" form (Table 3.4. By
contrast, some considerations can be made comparing the relatively low
vertical EA of the neutral quinone form df2 (Table 3.4 to the calculated
reaction energy for its one electron reduct{@tep 1, Table 3.3) Indeed,
contrarily to the verticaEA, the reaction energy takes in to account possible
structural rearrangemerdfier electron acquisition, by consequence, the results
obtained for12 revealed that the stability of it®" radical anion strongly
depends on the ability to extend the electronic conjugation to the extra aromatic
ring, as well as, the conformation dfetlong unsaturated alkyl chajRigure

3.6).

Interestingly,the values reported ifable 3.4also indicate that the protonated
semiquinone radicals of all compound3H?) are characterized by marked
vertical EA, significantly higher than the one ofethcorresponding parent
quinone Q, following the same rank order of the relative activity of the
compounds. This can account for their propensity to be reduced by superoxide
anions, as resulted from electrochemical studies.

Finally, we calculatedhe electophilicity index'° of all compoundgy ; Table

3.4) as a measure of their propensity to undergo a nucleophilic attack by
biological molecules (DNA, protein, etc.). Interestingly, the resulting values
resulted to be correlated to the intensity of the thiazinoquidsB®A binding

in the A-sitecalculated from voltammetric data.

00parr, R.G.; Szentplay, L.V.; Liu, S.Am. Chem. S0d.999 121, 19221924,
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34. Conclusions

In conclusion, the extraction and the chemical analysBhallusia fumigata

led to the isolation ofhe phallusiasterol Q6), a sulfated sterol, which is a
possible modulator of the PXR nuclear moe Additionally, the
electrochemical response of four natural cytotoxic thiazinoquin¢l#45),

which were previously isolated and characterized fAgphdium species, has
been investigated. The structural diversity of the metabolites, above reported,
highlighted the fact that marine organisms continue tedisfyingsources of
chemodiversity, associated with a very large array of pharmacological
activities. These products provide a rich source of chemical diversity that can

be used to design and adep new potentially useful therapeutic agents.
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CHAPTER 4

THE STEREOCHEMISTRY A SSIGNMENT: A GREAT
CHALLENGE IN NATURAL PRODUCTS CHEMISTRY

4.1. Introduction

Molecular shape, symmetry and stereogenicity/chirality are the key concepts in
natural products research. In the majority of cases, the planar structure
elucidation is just the initial step for studying a natural product and many of its
important aspects, e.g. the spectroscopic properties and reactivity, as well as
the structureactivity relationship or proteltigand interactionsThe lattercan

only be studied after the structwea compoundincludingthe stereochemical
configuratiors, has been well determiné®f.Additionally, the bioactive natural
product 6ds i nf od farastructureactivityerelatiomships owufere
retrosynthetic design for total synthesis, is precisely represented by its 3D
structure.

Generally, NMR, Xray, synthetic approaches or chiroptical methods, the
stereochemistryof natural products. However, inomparison to synthetic
organic molecules, the stereochemical elucidation of natural products is
significantly more impressive. In most cases, the number of available samples,
which were isolated from an uncommon source or from species difficult to
collect is not sufficient. Moreover, while the absolute configuration of
synthetic compounds can derive from the chiral educts stef@wnation,
nothing is known about the natural products configuration, unless related to
other  previously  isolated and strucilly  related natural
metabolited04103104105

The determination of the relative configuration of the stereogenic centers, that

in turndetermineghe conformational properties, is usually the starting point of

101 Mori, K. Chirality 2011, 23, 449 462.

102 Molinski, T. F.Nat. Prod. Rep201Q 27, 321329,

103 Halabalaki, M.; Vougogiannopoulou, K.; Mikros, E.; Skaltsounis, A.Qurr. Opin.
Biotechnol2014 25, 1i 7.

1041 i, K.; ChungDavidson, Y.; Bussy, U.; Li, WMar. Drugs.2015 13, 26942713.

105 Allenmark S. G.Nat. Prod. Rep200Q 17, 145 155.
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the complete stereochemical assignment, includuegatsolute configuration

of all the stereocenters. Many techniques and approaches have been developed
and are nowadays available. Unfortunately, some of them are not always useful
in natural products research; for examplesay structure determinationadds

to valid assignment in the case of samples forming suitable crystals. While for
the over expressed biomacromolecules or synthetic compounds, this can be
easily achieved, for a natural productcan be difficult, that is, an unusual
chemical entity, cold derive from an uncommon marine organism found in
very small amont. The best solution regarding the stereochemical problem,
would be the synthesis of all the possible stereocisomers for comparison of
spectroscopic data. From a practical standpoint, tde& is neither easily
obtained nor necessary. The synthesi s
sometimes may help the stereostructure determination; usually, chemical
degradations of the original metabolite to more simple compounds, which are
more suitableto synthesis and/or spectroscopic analysis, are required, thus
achieving microscale chemical transformations. NMR and CD based methods,
assisted by empirical quantum mechanical prediction and/or chemical
derivatization, became popular tools for stereodakeyn analysis of natural
products:®®

It should be kept in mind, that none of these techniques is predominant in the
configuration assignments, however, each of them have their respective goals
and limitations. Even today, when planar structures can bendetsl with
microgram samples of molecules available, the stereochemistry assignment is
still a great challenge for chemists and, sometimes, the proposed planar
structure is completed years later. In faegardless ofhe compound contains

only one or seeral stereocenters, natural products absolute stereostructures are

solved on a casky-case basis.

106 petrovic, A. G.; Navarryazquez, A.; Alonse€Gomez, J. LCurr. Org. Chem201Q 14,
16121628.
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Sometimes we could not assign the stereochemistry of a new compound
exclusively on the basis of classic methods, therefore we had to refer to other
techniques that | am describing in this chapter.

The following section talks about tipeoblem of stereochemistry elucidation of
acyclic scaffoldsthat | have been dealing with during my researthis
problem is an important challenge in natural products chemastd often,
integrated approaches are needed, which require a number of rigorously
acquired data obtained by combination of different tools, including chemical
manipulation of the original molecule and organic synth@$iBatabases of
spectral informatio can be a great resource for stereostructure determination,
too. For example, Kishi and coworkers, on the basis of their extensive
experience on polyketides chemistry and synthesis, developed an NMR
database of several motifs common to this natural ptedamily. This data
collection, known as the "universal NMR database (UDB)", allowed simplified
protocols to be used for the relative and absolute configuration assignment of

unknown  polyketides  without degradation and/or derivatization
Work.108109,110,111

4.2.Assignment of the Complete Stereochemistry of Phosphoeleganin
Phosphoelegani(l6, Figure 4.1), a new phosphorylated polyketide, having a
protein tyrosine phosphatase 1B (PTP1B) inhibitory activity, has been recently
isolated from the Mediterranean asaiBidnyum elegan's? By combination

of spectroscopic analysis and microscale chemical degradation and/or
derivatization, the stereostructure of this marine natural product has been
established except for the absolute configuration of the carbinolic c&itérs

and C12. This provided two alternative stereostructures for the natural

107 Kobayashi; Y; Lee, J.; Tezuka, K.; Kishi, YOrg. Lett 1999 1, 21812184

108 Molinski, T. F.; Morinaka, B. ITetrahedror2012 68, 930791628.

0% obayashi, Y.; Tan, GH.; Kishi, Y.J. Am. Chem. So2001, 123, 20762078.

110Kishi, Y. TetrahedrorR002 58, 62396258

11 Hjgashibayashi, S.; Kishi, YTetrahedror2004 60, 1197711982

112 |mperatore, C.; Luciano, P.;iéllo, A.; Vitalone, R.; Irace, C.; Santamaria, R.; Li, J.; Guo,
Y.-W.; Menna, MJ. Nat. Prod2016 79, 11441148
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metabolite(Figure 4.1) corresponding to the3 11S 12R, 155 16R and &

11R, 125 155 16R configuration patternslherefore, my research was focused

on absolute stereochenmistof C11/C12 determination, which led tie
univocal & 11S 1R, 155 16R stereochemical assignment of
phosphoeleganin, performed by combination of organic synthesis and chiral
derivatization methods directed to the application of UDB concept. Intfeed,
logic used in the universal NMR database approach is that, given a complex
molecule composed of structural clusters of stereogenic centers connected with
a number of methylene bridges, we can assume that (1) the structural properties
of these clusterare inherent to the specific stereochemical arrangement of the
(small) substituents on the carbon backbone and (2) the structural properties of
these clusters are independent from the rest of molecule, when they are
sufficiently separated from each oti&tIn practice, the stereogenic subunits
need only to be separated by two or more methylene groups so that they may

be treated independently.

__COOH

2( OH OH OPO3H,
HN - 1 _2* 15 2
1 8 * 12 16 30
10
0 OH OH

Figure 4.1.Structure of phosphoelegan(ib6)

On this basis, we considered the-C82 stereocluster of phdspeleganin, in

which theSabsolute configuration at C8 and the C11, @€tyhrorelationship

had been previously assignedlt was decided to compare the NMR chemical

shifts of this stereocluster with those of synthetic compounds with known
stereochemtsy. We did not find any suitable model compound for comparison

in the Kishids wuniversal NMR database;
four 8,%erythro stereoisomers of 5,8f@tradecanetriol for this purpase

(Scheme 4.1
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NN NN mBuli - v
CHO R
THF, 25°C,2 h
17 18

OH

NMO (1,5 eq), OsO4 1%
H,0/Acetone 1:9

Scheme 4.1Synthesif the four 8,9rythrosterecisomers of 5,8f@tradecanetriol

The cis-4-decenal 17) was converted to the&)-tetradee8-en5-ol (racemate)
18 by coupling withn-BuLi and, then, treated with NMO and OsD% to give
a mixture of the four 8;@rythro stereoisomers of 5,8;&tradecanetrio{rac-
19 andrac-20).

Separation by reverse phase HPLC (Luna C18 Me@BI/H3) of the reaction
mixture afforded two diastereoisomeric fractionac{l9 and rac-20) as
racemates. Bothrac-19 and rac-20 were separately ativatized with three
equivalents of R)-methoxyphenylacetic acidR{MPA) to afford, in each case,
a diasterecisomeric mixture of H{R)-MPA esters, 21/22 and 23/24,

respectively $cheme 4.2

OH OH O(RIMPA O(RIMPA O(R)MPA O(R)MPA
5% A a A s_A
S R¥ —_— S R, LR T s,
rac-19 L. O(R)MPA 2 <=J(R)MPA
21
OH OH O(RIMPA O(R)MPA O(R)MPA O(RIMPA
: R* a \WR/'\M/ s A
\MW T s s Y s, \HSJR\/W
H O(RMPA O(R)MPA

rac-20 OH 23 24

Scheme 4.2Synthesis of the two diastereomerixtures oftriesters21/22and23/24
a)EDC, DMAP, R)-MPA, CH.ClI5, r.t. overnight.

The four R)-MPA derivatives were obtained as individual compounds by
HPLC separation on silica gel colunfhexane/EtOAc 85:1)5and theirlH
NMR spectra were registered. Aecdmng to the approach proposed by Riguera
group for the assignment of the relative configuration of acyclic set/sec
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diols by double derivatizatiott?!4 the chemical shift difference®dq) in the
couples21/22 and 23/24 were calculatedit is to be noted that in our case it
was not necessary to prepare the tRad S trissMPA esters since theS(-
MPA derivatives of21 and 23 would be enantiomeric to theRFMPA

derivatives of22 and 24, respectively, and, consequently, their NMR chemical

shifts would be identical. oi values

( U2l B o r 22t Hh) values for C1C5 protons and positivir negative)

U v al ue@®l4 drotons inCtiBe21/22 couple Figure 4.2.9; on the
contrary al | positi vemlbior naldl valuesenere U
obtained for C5 C8 protons in the23/24 couple Figure 4.2.h. Finally,
comparison of the signs distribution in our couples with the trends ngted b
Riguera in every isomer of acyclic sec/ded-diols''® suggestech 5,8anti,
8,9-anti configuration in the21/22 couple and a 5;8yn 8,9-anti configuration

in the23/24 couple.

O(R)MPA O(R)MPA
017 z +0.12 H +0.76
- 055 fogs 013 e Firoee HOT0
a) \/\/S\x/b R
-0.50 043 0 +0.55 0.09 +0.18
-0.45 .75 +0.57

O(R)MPA

+0.34

-0.27

A8 31722 =8H21 — SH22 OF Sp22-Om215 R = (R)-MPA

O(R)MPA O(R)MPA

H +0.55 -0.57
b) -0.13 <010 d30% +0.67 031 062 -033
S S
-0.11 +0.10 Y -0.17 -0.40 -0.18
+0.08 +0.72 H -0.23 -0.48

O(R)MPA

A8 2324 =0H23 — OH24 OF S124-Oy1235 R = (R)-MPA

Figure 42 @0 signs di stri but ouple2l/Z2@yand3¥L4 MP A

(b)

Actually, as depicted inFigure 4.2 the patterns in thepduvalues sign
distribution were not perfectly homogeneous, especially in the cQipi?

ca

es

WFEreire, F.; Manuel , JJOrg, Chm200§ Bp3A7H3790E. ; Ri guer a,

114 Seco, J.M.; Riguera, RMagRes2015 4, 1i 30.
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where anomalies were detected for the protons whose signals are diagnostic.
Combined shielding/deshielding effects of the MPA units enough close to each
other possibly produce these anomalies, and increase the uncertainty degree in
the stereochemical assignmétt.

Therefore, we considered to substantiate th&*8*9R*) and the
(55*,8R*,9S*) relative configuration assignments in compourdd#?2 and

23/24, respectively, by chemical means.

To this purpose, we used a gpat method® to perform the stereoselective
synthesis of tetrahydrofuran ringg the intermedigy of cyclic orthoesters

(19a and 208) generated in sitirom the enantiomerically pure tetradecane
5,8,9triols 19 and 20, derived from bBsecatalysed methanolysis of thes-
(R)-MPA ester21and23 (Scheme 4.3)

O(R)MPA O(R)MPA OH OH
: 55 i NaOH, CH;OH H 5% A
S* R* —_— S* R*
Overnight
21 19
O(R)MPA OH

O(RIMPA O(R)MPA

R* NaOH, CH;OH
S* Y s

Overnight

23 (=)(R)MPA (:)H

Scheme 4.3Basecatalysed hydrolysis of compous2ll and23.

Treatment of19 and 20 with trimethyl orthoacetate and 10 mol % PPTS
followed by addition of catalytic BffELO, led to cyclization of the triols to
provide excellent yields &5 and26.

The ionization of the intermediate ortho ester, witheavis acid, led to a
reactive acetoxonium speci€®9p). The reaction proceeded via exo cyclization
of the reactive acetoxonium intermediaté9lf), thereby inverting the
configuration at C8.

11535eco J. M.; QUio§, E.; Riguera, RChemRev 201211246 031.46 4 1

116 Zheng, T.; Narayan, R. S.; Schomaker, J. M.; Borhad, Bm. Chem. So2005 9 VOL.
127, NO. 19, 6947
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A trans and cis relationship across the THF rings in compou@8sand 26,
respectively, was then established by ROESY experiments. Particularly, strong
dipolar couplings were observed between H5 and H8 in comp@indhereas

we did not detect any ROE correlation between these two protons for

compound?5 (Figure 4.3).
ox on oH
! s i MeC(OMe), 5% Rt B
S* R* Cat. PPTS \\V//~\\//§:\//A\7___(/A\\J//\\V//
OH () (o]

Compound 19 >< 19a
MeO

oH ghe
H R* 0. IR*
B ——— o
M_(\/\/ S* !

g
Y Trans
19b 25

OH OH OH

\/\/\/\M MeC(OMe); WM/
5 " g% —_— ~
S i Cat. PPTS S it

H Y
OH S

(o)
Compound 20 >< 20a
MeO

OAc

BF,

Cis 26

Scheme 4.4Preparation and stereoselective cyclization of tetradeg@q@triols 19
and20

These results, combined with the stereoselective outcome of the cyclization
reactionwhere the configuration at C8 is invertedere in agreement thi an
anti-anti relative configuration in compound9 and a synanti relative
configuration in compound20. Thus, the (5*8S*9R*)- and the
(5S*,8R*,9S*)- relative configurations were definitely assigned to the
tetradecan®,8,9triols 19 and 20, respectrely. The chemical characterization

of compoundsac-19,rac-20, 25and26 was easily performed through spectral
analysis and the data were reportedable 4.1andTable 4.2.

Finally, the NMR data of the tetradecab@,3triols 19 and20 were compared

to those of the natural phosphoelegani®).( This analysis evidenced that

proton and carbon NMR resonances &6 matched with those of
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(5S*,85*9R*) tetradecan®&,8,9triol

(19) suggesting an 8,14nti relative
configuration inl6 (Figure 4 4).

/\L\ NO correlation ROESY W
N )
8y 3.88 )
H $
o

Correlation ROESY

o
51391 OAc

Figure 4.3. Key ROE correlations of compoun@Sand26

3.34
OH 76.3
1.72-1.39 =
34.6 H
55' [ENG) L?’a
353 | (s Y
72.9 1‘8209' '6'38 3'533 3'25f 1.70-1.48 z N_ 338
. - . = 756
OH 15 OH OH 293 Su
3.37 20
OH 76.3

K8 NG
erithroY 12
3'253 1.81-1.37 N 339
oH 20.7

OH 76.3
16

Figure 44.*H andC chemical shift values (GDD) of the triol portion ofl6 and
those of the triol49and?20.

The absolute configuration at C8 in phosphoeleganin has been ysigvio

established a$. Thus, the assignment of the relative stereochemistry ef C8
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Cl1l1l segment asanti required an absolute configuration at C1l1 &s
Analogously, the CILC12 anti configuration, previously established, too,
required an absolute configuati at C12 asR. Therefore, the absolute
stereochemistry of phosphoeleganin was completely determine®, asls
12R, 155 16R.

In conclusion, these data confirmed #rdi-anti relative configuration ofrac-
19 and asynanti relative configuration ofrac-20 as previously established by

CDA derivatization method.

Table 4.1 *H (700 MHz)and **C NMR (175 MHz) data forac-19 andrac-
20in CDsOD

rac- 19 rac- 20
Pos dc dH_ dc dH_
(mult, Jin Hz) (mult, Jin Hz)
1 14.1 0.92 (t, 7.6) 14.1 0.92 (t, 7.6)
2 28.7 1.328-1.432 28.7 1.332-1.4423
3 32.8 1.328 32.8 1.322
4 37.9 1.42%-1.46 37.9 1.422-1.462
5 72.9 3.53 72.1 3.55
6 34.6 1.392-1.72 34.3 1.532-1.60%
7 29.6 1.38%-1.80 29.3 1.48%1 1.70?
8 76.3 3.34 75.6 3.37
9 75.9 3.36 75.6 3.38
10 33.4 1.36%1 1.60% 33.4 1.36%1 1.60%
11 26.4 1.332-1.54 26.4 1.332-1.542
12 32.8 1.322 32.8 1.322
13 23.7 1.342 23.7 1.342
14 14.1 0.92 (t, 7.6) 14.1 0.92 (t, 7.6)

FPartially overlapped by other resonances
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Table 4.2 H (700 MHz)and 3C NMR (175 MHz) data foR5 and26in

CDs0D
25 26
Pos de du du
(mult, J in Hz) (mult, J in Hz)

1 14.1 0.87 (t, 7.6) 14.1 0.87 (t, 7.6)
2 22.8 1.302 22.9 1.302

3 28.4 1.312-1.25 28.5 1.312-1.25
4 35.5 1.38%-1.56 35.5 1.40%-1.562
5 79.6 3.88 80.1 3.81

6 32.4 1.44%-1.98 312 1.442-1.922
7 28.4 1.58%-1.96 27.8 1.62%1 1.892
8 79.3 3.98 79.6 3.91

9 75.7 4.86 75.9 4.87

10 31.1 1.532 31.2 1.562

11 31.9 1.272 31.9 1.272

12 25.6 1.282 25.2 1.282

13 22.8 1.302 22.6 1.298

14 14.1 0.87 (t, 7.6) 14.1 0.87(t, 7.6)

#Partially overlapped by other resonances
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4.3 Conclusions

The assignment of a natwural productoés
and mistakes can occur as well. When a novel natural product is ready for
stereochemical assigrent, its chemical structure should be carefully studied
and its physicochemical properties considered before a preferable method is
chosen. So, the configurational assignment in natural products depends on the
skills and on the tenacity of the chemist,ovinust have a great power of
observation and extreme perseverance. From these studies, several issues may
arise. For example: are all the natural products pure enantiomers? Can a single
enantiomer of a biomolecule be always responsible for its bioactiRiegent
results have shown that bioactive natural products are not always
enantiomerically pure, the stereochemistipactivity relationships are
complicated and the existing dogma about an enantiomer being bioactive must
be modified. Additionally, severastudies show the complexity and the
importance of the stereochemistry for the expression of bioactivity of natural
products. Kenji Mori, a welknown researcher in the natural products
stereochemistry field, recently pointed out that the so far accepésd
regarding only a certain enantiomer responsible for the activity, is not a fixed
rule in nature anymore. Furthermore, other examples show different
relationships between configuration and bioactivity, e.g. both enantiomers are
needed for the bioactiyi, or even in the same genus, different species accept

different enantiomers.
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CHAPTER 5

DEVELOPMENT OF NATURE INSPIRED ANTIMALARI AL
HITS POSSESSING THE THIAZINOQUINONE
PHARMACOPHORE

5.1. Introduction

Part of my work was also focused on the depemient of nature inspired
antimalarial hits possessing the thiazinoquinone pharmacophore.

The starting point of this research was the identification of the thiazinoquinone
scaffold as a new chemotype active agaihstalciparumbased orstudies on
marinederived quinone compounds with antiplasmodial actitAfy!8119120
which inspired the design and synthesis of a series of new deriv&tiés
(Figure 5.1).

Natural compounds Regioisomer A Regioisomer B
(RA) (RB)
(o]
H (@)
. N 4a ) S8
6 2
2 3
O//S\\ga 7R
(0]
_ Al 27 R=-OMe; n=1 28 R =-OMe; n=1
R = -OMe; Aplidinone A B Lo _ .
R = -NH,; Aplidinone B 29 R =-OMe; n=7 30 R=-OMe; n=7
31 R=-OMe; n=13 32 R=-OMe; n=13
33 R =-NHCOC(CHs)3; n=1 34 R =-NHCOC(CHg)3; n=1
35 R =-NHCOC(CH3)3; n=4 36 R=-NHCOC(CHj)3; n=4
37 R=-NHCOC(CHs);; =10 38 R =-NHCOC(CHg)s; n=10

Figure 5.1 Structures of aplidinones A and B and their synthetic analogues

In collaborationwith the Department of Biomedical, Surgical and Dental

sciences (University of Milansome previously synthesizédiazinoquinones

17 Laurent, D.; Jullian, V.; Parenty, A.; Knibiehler, M.; Dorin, D.; Schpfit; Lozach, O.;
Lebouvier, N.; Frostin, M.; Alby, F.; Maurel, S.; Doerig, C.; Meijer, L.; SauvainBiborg.
Med. Chem2006 14, 447782.

118 | ongeon, A.; Copp, B.R.; Roué, M.; Dubois, J.; Valentin, A.; Petek, S.; Debitus, C.;
BourguetKondracki, M.Bioorg. Med. Chem201Q 18, 600611

119 Davis, R. A.; Duffy, S.; Fletcher, S.; Avery, V.M.; Quinn, R.JJ.Org. Chem2013 78,
960813.

120 Ajello, A.; Fattorusso, E.; Luciano, P.; Menna, M.; Calzado, M. A.; Munoz, E.; Bonadies,
F.; Guiso, M.; Sanasi, M. F.;d€co, G.; Nicoletti, RBioorg. Med. Chen01Q 18, 719727.

121 |mperatore, C.; Persico, M.; Aiello, A.; Luciano, P.; Gyish; Sanasi, M. F.; Taramelli,

D.; Parapini, S.; Cebriamorrején, G.; DoméneeRarb6, A.; Fattorusso, C.; Menna, RSC
Advances2015 5, 7068970702.
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have been tested. These compouwtusved an interesting vitro antimalarial
activity, also on chloroquineesistant strais of P. falciparum(lICso< 1 ¢ M) ,
although some of them were strongly cytotoxic. Some structural requirements
critical for both the antiplasmodial activity and cytotoxicity were then revealed.
In particular, it has been seen that both the regiochemistry of dioxothiazine ring
and te type of the substituent on the quinone play an important role on the
antiplasmodial effects whereas, in the active regioisoifiRiB3, the presence
and/or the length of the side chain distinguishes the antiplasmodial activity
from the cytotoxidy. Two rew antimalarial hits, compoun@8 and 33, were

thus identified, with an 16 in the low micromolar range and nooxic'?!
(Figure 5.2.

Hits

(0] O O (o]
\V/ H
S N
MeO N (H3C)sC N S
H
H o) O//\\O
33

o
28

ICso (D10): 2.4uM ICs0 (D10): 0.39 uM
ICso (W2): 2.4 M ICs0 (W2): 0.50 uM

Figure 5.2 New marine inspired thiazinoquinone hig8(33)

Additionally, in order to rationalize the struogactivity relationshig (SARS),

an integrated approach based on computational and electroahstoidies

was performed. These studies were carried out by a further collaborating
external research group.

These studies led to the hypothesis that the lastypdial activity of
thiazinoquinones is related to their capacity to form toxic semiquinone species,
with the thiazinoquinone ring system planarity favoring the reductive
activation of parent quinone and the length of alkyl side chain distinguishing
theantiplasmodial from the cytotoxic activify.

Accordingly, the electrochemical studies strongly evidenced the relationship
between the antiplasmodial activity and an intense interaction with Fe(lll)

heme, achieved through the formation of an adduct betee semiquinone
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species and Fe(IHheme'??2 The results obtained by the combination of these
studies allowed us to identify new hits candidates.
The newly identified hits compoun@8 and33 were used as starting point for
the synthesis and/or chemical dification of additional analogues, with
improved pharmacological proprieties and featuring this chemical scaffold
The structural determination of the new compounds was univocally performed
through NMR spectroscopy and mass spectrometry.
In addition, stugks on the reaction intermediates and their collateral products
have been performed through an extensive spectroscopic analysis in order to
improve the yields and/or to expand the chemical diversity.
The final aim of my research was to produce a poolesi nompounds to be
tested for their antiplasmodial and cytotoxic activity.
Based on the obtained SAR results for the previously developed antiplasmodial
thiazinoquinone compound&?!| performed the synthesis of new analogues
containing:

1. a double bondh the thiazine ring

2. different alkyl side chains

3. different benzyl side chains
5.2 Synthesis of derivatives with a double bond in dioxothiazine ring
A first chemical modification has been the introduction of a double bond in
dioxothiazine ring. This mofication has been inspired by data about

Tiaplakortones A and B, reported in literattfféFigure 5.3).

CF4C00°~ CF,C00™
+
NH; NH;
(o] o O
o 0 o
Y (\\S//
E N N N
N
H H H H
o) (o]
Tiaplakortone A Tiaplakortone B
IC5q 6.6 nM P. falciparum (Dd2) IC50 92 nM  P. falciparum (Dd2)
IC59 51 nM P. falciparum (3D7) IC5¢ 650 nM P. falciparum (3D7)

Figure 5.3 Tiaplakortones A and B

122 poméneckCarb6, A.; Maciuk, A.; Figadére, B.; Popuon, E.; Cebii@nrejon, G.Anal.
Chem 2013 85, 40144021.

123 pavis, R. A.; Duffy, S.;Fletcher,S.; Avery, V. M.; Quinn R. J. J. Org. Chem.2013 78
(19), 96089613
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It has been evidenced that the presence of a double bond in the thiazinoquinone
nucleus, produced in these compouras increasing of the antiplasmodial
activity. Moreover, this modification has also been related to computational
studies, performed on the compounds of the previous sé€itpsré 5.1), that

have evidenced that thiazinoquinone ring system planarity playsportant

role in the antiplasmodial activity! In particular, it is shown that the increase
of the antiplasmodial activity, in relation to the presence of the double bond,
seems to be correlated to a greater planarity and rigidity of the thiazinoguin
nucleus.

In order to perform this modification, the derivatias 30, 33 and34 with an
interesting antiplasmodial activii}, were treated with a solution of potassium
hydroxide 1 M for 3h atoom temperatur&*

Subsequently, the reaction mixtureasvdiluted with hydrochloric acid 2 M;
then extracted with ethyl acetate and purified by column chromatiogran
silica gel (EtOAc /hexane:4) to afford the pure compound$8, 41, 42 and

only the compound0 as collateral producScheme 5.1

[ " KOH1M (
3h rt
2N\, R

33 R NHCOC(CH3)3 n=1 39R = NHCOC(CH3)3 n=1
o)
\\// \\//
E ) KOH 1M E |
—>
3h, rt
J N R
R H
o
28 R= OMe n=1 40 R= -OH n=1
30 R =-OMe; n=7 41 R =-OMe; n=7
34 R = -NHCOC(CHj3)s; n=1 42 R = -NHCOC(CHa); n=1

Schemeb.1. Synthesis of thiazinoquinon&Si 42

124 Chia, E. W.; Pearce, A. N.; Berridge, M. V.; Larsen, L.; Perry, N. B.; Sansom, C. E.;
Godfrey, C. A.; Hanton, L. R.; Lu, G. L.; Walton, M.; Denny, W. A.; Webb, V. L.; Copp, B
R.; Harper, J. LBioorg. Med. Chen008 16, 94329442,
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The spectroscopic data have evidenced that the reaction performed on the
compound28 has produced the compou#d, in which beside the formation of
the double bond, the substitution of methognoup with hydroxyl group
occurred. This collateral reasti has not been observed in the reaction of the
compound30 which leads only to the formation of the compouiid probably
because of the longest steric hindrance of the side chain. However, this is an
aspect that needs further investigations.

The structues of the new compound9-42 were establishedn the basis of
the spectroscap analysis of the starting compourtfd?! 28, 30, 33 and34, as
described belowThe molecular formula of the compoud@ was determined

to be GoHoNOsSNa by (+)HRESIMS of he pseudeanolecular [M #Na] * ion
peak at m/z 278.0098. The spectral daib(e 5.1) obtained for compoundi0
were nearly identical to those 28 apartfrom the presence of two downfield
ol efin signals resonat6.18 ,J=8% 1H HZ%, pr ot on
andy 7.04 (d,J=8.9, 1H, H3). These resonances were assigned to one
disubstituted double bond, based on the two dfi@ld resonances present in
the 3C NMR s p e cct109Unf{CHR t1130.81 (CH). Furthermore, the
spectroscopic dattH and*C NMR have not evidenced the presence of the
methyl signal observed in the compoud8 thus suggesting that during the
oxidation reaction, beside the formation of the double bond in the
dioxothiazine ring, in the compourdd the substitution of methoxgroup with
hydroxyl group occurred.

The chemical characterization of compoutidwas easily performed through
spectral analysisT@ble 5.1). The molecular formula of the compoudd was
determined to be ZH23NOsSNa on the basis of (+JRESIMS ofthe pseua-
molecular ion [M +NaJ at m/z 376.1193, differing from that 80 only for the
additional unsaturation. Analysis 8 and3C spectra confirmed that the only
difference betweenl and30was the presence of a double bondin
Analogously, the structas of the oxidized compoun@9 and42 were easily
established on the basis of spectroscapalysis Table 5.2.

The pharmacological results have shown that the compt@més completely

inactive compared to the starting compo@&dThe lack of any dtwvity can be
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due to the presence of hydroxyl group that might be subjected to a tautomeric
equilibrium which could cause a significant deviation from the planarity of
benzoquinone ring. Currently, in collaboration with the research group of Prof.
Fattorus o (University of Naples fAFederico
compound40 is still subject of computational studies in order to clarify the
effects of a possible tautomeric equilibrium on the antiplasmodial activity

Table 5.1.NMR data of compouts 40 (CDsOD) and41 (DMSO-d).

40 41
. Uy, mult. . Un, mult.
Pos. Uc HMBC Uc HMBC
(Jin Hz) (JinHz)
1 - - - - - -
2 109.1 6.19 d (8.9) 3,8a,8 1119 6.41d(8.9) 3,8, 8a
3 130.3 7.04 d (8.9) 2,4a 130.8 7.02d (8.9) 2,4a
4 - - - - - -
da 137.7 - - 138.9 - -
5 180.6 - - 175.9 - -
6 158.8 - - 154.8 - -
7 122.6 - - 138.9 - -
8 180.2 - - 181.6 - -
8a 114.4 - - 110.1 - -
16 17.0 2.45,q (7.5) 6, 7, 23.4 2.46,t(7r5 6, 7,
o} 13.6 1.03,t(7.5) 5, 6, 28.8 143, m
0 - - - 29.5 1.26 76
4B 06 - - - 29.1 1.26
6 0 - - - 31.7 1.24
706 - - 22.3 1.27
80 - - 135 0.87,t, (7.5)
OCHj3; - - 61.1 3.88
4-NH - - 7, 8, - 11.1, brs
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Table 5.2.NMR data of compound39 and42in CD;OD.

39 42
Pos. e Uke LK. HMBC lic v MUt Be
(Jin Hz) (Jin Hz)
1 - - - - - -
2 112.2 6.40 d (8.9) 3,8a,8 1121  640d(89) 3,8 8a
3 1317 7.13d (8.9) 2,42 1316 7.11d(89) 2 4a
4 - - - - - -
42 140.8 i i 139.8 i i
5 180.9 : i 175.9 i i
6 142.0 : i 149.0 i i
7 139.9 : i 137.0 i i
8 180.7 i i 181.7 i i
g8a 1146 i i 112.1 i i
16 207 247,q(75) 26, 202  251,q(75) 2,678
26 121 1.09, 1 (7.5) 1 128 1.09,1(7.5) 1
16 1806 i 181.3 i
20 408 i 405 i
Me 276 1.32, s 2738 128, s
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5.3.Synthesis of derivatives with different alkyl side chains
The newly identified hit compoun@8 was used as starting point for the
synthesis of additional analogues, compound&51 with improved

pharmacological proprieties afehturing different alkyl chainéScheme 5.2

OCH;,4 ocH, o
1) n-BuLi R R
2) R'-Br, R2-Br, R3-Br (NH,),Ce(NO3)s
- 0°C, 30 min
ocH, THF dry, 0°C, 24h ocH, ocH,
OCHj,3 OcH, o
1 2 3
43 44-R1,44-R?, 44-R3 45-R’, 45-R? 45-R
EtOH/CH;CN, 24 h
R NH,CH,CH,SO,H
R'= W
o
0, o
K \V/
R2= /\/\;{ N R 3
( | ’ [ |
S OCH3 N OCH
R3= /\ H 3
(o) (o]
o .. ©O
regioisomer A (RA) regioisomer B (RB)
RA-R'= 46 RB-R'= 47
RA-R2= 48 RB-R2= 49
RA-R3= 50 RB-R3= 51

Scheme 5.2Synthesis of thiazinoquinond&-51

A first series of new methoxgerivatives have been prepared using a synthetic
approach very similar to that adopted for the synthesis of thpaami28.12°

In particular, the first synthetic step has beenlith@ation of the commercially
available 1,2,4rimethoxybenzened@) and then the alkylation with three alkyl
bromidesto obtainthe corresponding 1,2#imethoxy3 alkylbenzened4-R?,
44-R?, and44-R® with good yields (80%, 76%, and 77%, respectivelyjen,

the oxidation of 44-R!, 44-R?, and 44-R3 with cerium ammonium nitrate
(CAN) gave the quinone45-R? (65% vyield), $-R? (65% vyield), andt5-R3 (74

% vyield), respectively. Finally, theondensation reaction with hypotaurine
provided the newthiazinoquinones46-51. This last reaction is not highly
regioselective, and produces for each quinone two regioisomers in a ratio of
8:2 in favor of regioisomer BRB); however, it is simple and che& order to

obtain the required scaffold. Moreover, the formation of both regioisomers also
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enlarges the pool of compounds to include in pharmacological studies. In

addition, the regioisomers can be easily separated by HPLC in the same

conditions, and tbn identified by spectroscopic techniques.

The chemical characterization of compount&51 was easily performed

through spectral analysisTgbles 5.3, 5.3 referring to the NMR spectral

assignments made f@7 and 28.1%° Actually, carbon and proton resances

relative to the bicyclic nucleus of the couples of compougi47, 48/49and

50/51 were virtually identical to those of compoun2ig and 28, respectively,

thus defining the structuré®-51 asreported in Scheme 5.2.

Table 5.3.NMR data of compouits 46-49.

46 47 48 49
Pos. e l\.‘lH,. mult. e UH,. mult. e UH,. mult. e UH,. mult.
(JinHz) (Jin Hz) (JinHz) (JinHz)
1 - - - - - - - -
2 48.6 3.29m 48.7 3.28m 48.8 3.29m 48.7 3.28m
3 39.8 4.06 m 39.5 4.06 m 39.7 4.06 m 39.5 4.06 m
4 - - - - - - - -
4a 144.2 - 142.8 - 1443 - 142.8 -
5 179.5 - 176.5 - 1794 - 176.5 -
6 127.7 - 152.9 - 127.7 - 152.9 -
7 157.6 - 138.8 - 157.6 - 138.8 -
8 174.1 - 178.1 - 174.1 - 178.1 -
8a 109.1 - 110.2 - 109.0 - 110.2 -
16 349 2.28,d(7.3) 34.8 2.38,d(7.3) 229 238,t(7.5) 235 247,t(7.5)
20 28.1 1.75m 28.3 1.87 28.1 1.45m 28.8 1.43, m
36 22.6 0.86,d(6.7) 225 0.89,t(7.5) 29.6 1.40, m 29.5 1.38, m
40 22.6 0.86,d(6.7) 225 0.89,t(7.5 139 0.88t(7.5) 13.8 0.86t(7.5)
OCHs; 62.2 4.23s 60.6 391s 62.1 4.26 s 60.7 3.92s
NH - 6.71, brs - 6.50, brs - 6.81, brs - 6.40, brs
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Table 5.4.NMR data of compounds0-51.

50 51
Pos. du, mult. d d., mult.
(Jin Hz) (JinHz)
1 - - - -
2 48.7 3.28, m 48.9 3.30, m
3 39.7 4.05, m 39.8 4.02, m
4 - - - -
da 144.6 - 142.5 -
5 180.4 - 176.5 -
6 126.7 - 153.5 -
7 158.6 - 137.8 -
8 173.2 - 179.0 -
8a 109.5 - 1105 -

CH; 304 2.29,d(7.2) 314 2.23,d(7.1)
106 37.7 1.39, m 38.1 1.55 m
2® 06 332 156092, m 334 1.530.95 m
306 260 1661.14,m 26.2 1.661.15 m
406 26.1 1.60, m 26.7 1.60, m
OCHs 62.3 422s 60.8 3.88s
NH - 6.74, brs - 6.45, brs
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5.4.Synthesis ofbenzylmethoxy thiazinoquinones

The previous synthetic protocol has been modified to prepare the benzyl
derivaives 66-61; Scheme 5.3

This synthesis has been inspired by date reported in literature about
benzylmenadione, a naphthoquinone, whose antimalarial activity has been
related to its redox proprieties, probably due to electronic effects of its benzyl

chain 125126

NADPH, H* NADP*
GR

OH

o o}
= RedOx O D @
I R 5 6 R Cycle %

OH O
benzyINQ benzoyINQ = reduced benzoyINQ
biometabaolite | = biometabolite Il
he
inhibition of hemozoin ‘
hemozoin formation formation
./ and Hb(Fe') metHb(Fe'l) amd
trophozoite L PRIX(Fe")| | PFIX(Fe') growthof oo
1c 25h development arrest the parasite _~°" —‘

Figure 5.4.Putative redox cascade reactions accounting for the observed antimalarial
activity of 3-benzylmenadione derivatives.

Concerning the antimalarial mode of action, it was proposed that the lead
benzyl naphthoquinones are initially dikied at the benzylic chain to benzoyl
naphthoquinones in a heroatalyzed reaction within the digestive acidic
vesicles of the parasite. The major putative benzoyl metabolites were then
found to function as redox cyclers: (i) in their oxidized form, tleazoyl
metabolites are reduced by NADPH in glutathione reduatatdyzed

reactions within the cytosols of infected red blood cells; (ii) in their reduced

125 Muller, T.; Johann, L.Jannack, B.; Bruckner, M.; Lanfranchi, D. A.; Bauer, H.; Sanchez,
C.; Yardley, V.; Deregnaucourt, C.; Schrevel, J.; Lanzer, M.; Schirmer, R. H.; Davioud
Charvet, E.J. Am. Chem. So2011, 133, 1155v11571
126 Bjelitza, M.; Belorgey, D.; Ehrhardt, K.; Joma, L.; Lanfranchi, D. A.; Gallo, V.;
Schwarzer, E.; Mohring, F.; Jortzik, E.; Williams, D. L.; Becker, K.; Arese, P.; Elhabiri, M.;
DavioudCharvet, EAntioxid. Redox Sign2015 22, 13371351.
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forms, these benzoyl metabolites can convert methemoglobin, the major
nutrient of the parasite, tadigestible hemoglobinF{gure 5.4). Therefore, on

the basis of this hypothesis, thenzyltmethoxy derivativesvere prepared.

In order to improve the yieldghe previous synthetic protocol has been
modified Regarding the synthetic approach, firstly, vitas utilized the
benzaldehyde instead of the benzylic halide, which was addix tithiated

of 1,2,4 trimethoxybenzene solutiob2f giving rise to the secondary benzylic
alcohols 63-R?%, 53 R>, 53 R9), followed by their reduction5@-R*, 54R®, 54

R®), using trifluoracetic acid in dichloromethane and then
triethylsilanet?’128129 After that, as in the previous protocol, an oxidation and
finally a condensation with hypotaurine took place. The last reaction is not

highly regioselective in this case tddchane 5.3.

OCH;3 OCH; OH OCH,
1) n-BuLi, THF, 0°C TFA CHCl,
2) add aldehyde, THF, 0°C to rt TES over night O
OCH,4 OCHs OCH, R
OCH,§ OCH;, " 5 6
52 53R4 53-R5, 53-R® 54-R% 54-R>, 54-R
(NHy4)2Ce(NO3)s
o )
o 0°C, 30 min
< NH2CH,CHRS0,H
EtOH/CHacN 24 h, 1t
| OCH3 R
RA-R‘= 56 ” RB-R‘= 57
R RA-R5= 58 RB-R5= 59
- 6: - 6=
R4=H RA-R®= 60 RB-R%= 61
R5CI
R®= CF;

Scheme 5.3Synthesis of thiazinoquinon&§-61

Also in this case, all regioisomesg-61 were isolated as individual compounds

by HPLC separations in same conditions. Their chemical characterization

127 Spyroudis, S. Molecule€00Q 5, 12911330

128\Waterlot, C;, Couturier, D.; De Backer, M.; Rigo, Ban. J. Chem200Q 78, 12421246
12%Farmer, J. L.; Froese, R. D. J.; EReff, E.; Organ M. GChem. Eur. J2015 21, 1888
1893.
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(Tables 5.5,5.6) was readily idetified by comparison of their spectroscopic
data with those reported in literatui@, compound®7 and28.1%4

Table 5.5.NMR data of compounds6-57.

56 57
du, mult. du, mult.
Pos. dc _ dc _
(Jin Hz) (Jin Hz)
1 - - - -
2 48.3 3.24, m 49.3 3.24, m
3 40.0 4.02, m 40.6 3.99, m
4 - - - -
4a 1443 - 142.6 -
179.2 - 176.1 -
127.0 - 152.9 -
157.5 - 136.0 -
8 173.1 - 178.1 -
8a  109.2 - 110.5 -
CH2  28.7 3.71, s 29.8 3.80, s
16 1389 - 138.1 -
2® 6 128.8 7.19,d,(7.3) 130.0 7.28,d,(7.3)
3606 1288 7.24,t(7.3) 129.0 7.22,t,(7.3)
46 1268 7.17,t(7.3) 127.2 7.15,t,(7.3)
OCHs 63.3 4.29s 62.0 3.87s
NH - 6.74, brs - 6.45, brs
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Table 5.6.NMR data of compounds8-61.

58 59 60 61
dx, mult. du, mult. d., mult. dy, mult.
Pos. dc _ dc _ dc i dc i
(Jin Hz) (Jin Hz) (Jin Hz) (Jin Hz)
1 - - - - - - - -
2 48.2 3.24,m 49.0 3.23,m 48.3 3.24, m 49.3 3.24, m
3 40.1 4.02, m 40.4 3.99, m 40.0 4.02, m 40.6 3.99, m
4 - - - - - - - -
4a 144.2 - 1425 - 144.3 - 142.6 -
179.1 - 176.2 - 179.2 - 176.1 -
127.2 - 152.8 - 127.0 - 152.9 -
157.3 - 136.1 - 157.5 - 136.0 -
173.0 - 178.0 - 173.1 - 178.1 -
8a 109.1 - 1104 - 109.2 - 110.5 -
CH, 28.6 3.71,s 29.8 3.80, s 28.6 3.77,s 29.8 3.85, s
16 1378 - 137.8 - 142.3 - 142.1 -
2® 06 126.8 7.19,d,(8.3) 1264 7.21,d, (8.3) 127.8 7.30,d,(8.3) 127.6 7.20,d, (8.3)
3H 06 1276 7.24,d(8.3) 127.3 7.25, d, (8.3) 126.4 7.49,d(8.3) 1265 7.24,d (8.3)
46 133.2 - 133.1 - 128.8 - 128.9 -
CFs - - - - 124.2 124.1
OCH; 63.2 429 s 62.1 3.94s 63.1 4.29s 63.3 3.93s
NH - 6.80, brs - 6.45, brs - 6.80, brs - 6.55, brs
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5.5.Pharmacological activity

In collaboration with the Department of Biomedical, Surgical and Dental
sciences (Univeity of Milan), the synthetic analogues of natural
thiazinoguinones have been tested for their in vitro antiplasmodial activity
against both chloroquine (C@gnsitive (D10) aneresistant (W2) strains df.
falciparum cytoxicity against human microvasaul endothelial (HMEEL)

cells has been also evaluated.

Regarding the oxidized compound$-42, they havenot shown
effects on the antiplasmodial activityable 5.7). In fact, all compounds with

the added insaturation resulted less active thiha starting related
compound¥?® (28, 30, 33, 34 However, while the amidderivatives39 and

42 have shown only a slight decrease of the antiplasmodial activity compared
to the starting compound$3-34, the methoxyderivative 41 resulted
significantly less active than the starting compouB@d In the case of
compound40 (Table 5.7), the lack of any activity can be related to the
tautomeric equilibrium due to the presence of the free hydroxyl group that
might cause a significant deviation from the platyaaf benzoquinone ring.
These differences underline the key role of the type of substituent on the
quinone, which we are trying to understand through computational studies.

Table 5.7.Pharmacological activity of compoun@g-42

D1C(? w22 HMEC -12
Compound
IC 50 (UM) IC 50 (LM) IC 50 (UM)
39 0.72 2.1 2.3
40 NA NA NA
41 8.9 NA NA
42 35 7.4 NA

aCloroquine (CQ) has been considered as positive control (DbG=1@.04 + 0.01;
W2 1Cs0 = 0.54 + 0.28; not cytotoxic). Data are the mean + SD of three diff
experiments in duplicate; NA: not active €C> 10 nM against D10 and W.
strains of P. falciparum and 4> 100 pM against HMEE1)
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Moreover, the pharmacological screening on the two regioisomers waahes
different alkyl side chains4g-51), have confirmed, above all, the critical role

of the regiochemistry on the antiplasmodial effects since the regioisdiiers

48, 50resulted completely inactive.

In series of the active regioisometg, 49, 51 (Table 5.8),although we have

not obtained a compound with improved proprieties compared tstarimg

hit 28, these results have shown that the presence lodilley side chain
increases the cytotoxic activity, even if a linear correlation leagtivity has

not been evidenced, suggesting that a particular "shape" of the side chain is
required.

Table 5.8 Pharmacological activity of compoung@55

Compound D107 w22 HMEC -12
IC 50 (UM) IC 50 (LM) IC 50 (UM)

46 NA NA NA

47 1.3 2.7 26.8

48 NA NA NA

49 1.7 25 40.2

50 NA NA NA

51 2.37 3.03 3.91

&Cloroquine (CQ) has been considered as positive @ofi10 1Gso = 0.04 +
0.01; W2 1Go = 0.54 + 0.28; not cytotoxic). Data are the mean + SD of t
different experiments in duplicate; NA: not active (& 10 nM against D1C
and W2 strains of P. falciparum and$G 100 uM against HME€CL)

The most interesting pharmacological results were obtained for the compound
57. It exhibitedthe highest antiplasmodial activity (less than 1 micromolar) and
an aceptable selectivity index, thugpresentinga new hit with improved
proprieties compared to the starting28t(Table 5.9)

In addition, comparison of the antiplasmodial activity of this compound to
those of the totally inactive compounsi, its regbisomer, and5-R*, lacking

the thiazine ring, strongly evidenc#ue crucial role of the dioxothiazine ring

for the antiplasmodial effect as well as the importance of the regiochemistry.
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Table 5.9.Pharmacological activity of compounfi§-61 and55-R*

D1(? w22 HMEC-12
Compound
ICs0 (UM) ICs0 (UM) ICs0 (UM)
56 NA NA NA
57 0.60 0.70 17.6
58 NA NA NA
59 1.63 1.90 8.5
60 NA NA NA
61 5.05 5.02 20.4
55-R* NA NA NA

&Cloroquine (CQ) has been considered as positive control (Db&IC04 £+ 0.01; W2
ICs0 = 0.54 £ 0.28; not cytotoxic). Data are the mean + SD of three different experin
in duplicate; NA: not active (16> 10mM against D10 and W2 strains of P. falciparurr
and 1Go > 100 uM against HME€1)

As regard to the mechanism of action of the thiazinoquinones, certainly it is
related to their redox proprieties. It would seem related to the possibility to
fom stable toxic semiquinone spuai es
it still remains unclear. Further experiments were carried out on the novel hit
compoundb7, as described below.

The hemolysis of red blood cells (RBCs), bdth falciparuminfected and
uninfected, was evaluated. The activity of the compdaihdias compared to

its inactiveregioisomers6 in each experiment. The hemolysis percentage was
monitored with a spectrophotometer (OD 405) measuring the absorbance of the
hemoglobin releasedhithe supernatant of the uninfected and infected RBCs.
As shown in thelTable 5.1Q the release of hemoglobin was very low both in
control RBCs and in those treated whb and 57 up to a concentration of
20microg / ml. This demonstrated the almost com@esence of hemolysis in
both infected and neimfected red blood cells.

A second experiment was performed in order to evaluate the formation of
methemoglobin, the major parasites nutrient. This experiment was carried out
using the algorithm of Winterbourand was performed in both PBS and in

complete cell culture medium used for the growth of the parasite.
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As reported inTable 5.11, both 56 and 57 induced the formation of
methemoglobin, with7 evenacting at low concentrations.

Table 5.10 Hemolysisof P. falciparuminfected and uninfected RB@) the presence
of different concentrations &6 and57.

OD2405nm OD2405 nm
RBC W2
Conc. uM 56 57 56 57
0.93 0.096 0.098 0.135 0.135
1.86 0.098 0.099 0.135 0.135
3.72 0.098 0.101 0.136 0.134
7.44 0.0% 0.105 0.137 0.137
14.88 0.100 0.108 0.139 0.137
29.76 0.100 0.113 0.139 0.141
59.52 0.103 0.117 0.141 0.145
Control 0.091 0.132

20D indicates the release of hemoglobin

Table 5.11 Formation of methemoglobin

56 in PBS 1%G? 20%0G2 57 in PBS 1%0G? 20%02
Conc.pM %OXY %META %OXY %META Conc.pM %OXY %META %OXY %META

0.93 98,30 1,70 97,06 2,94 0.93 39,30 60,70 42,29 57,71
1.86 95,19 4,81 93,85 6,15 1.86 26,44 7356 27,47 72,53
3.72 89,83 10,17 88,06 11,94 3.72 16,71 83,29 17,21 82,79
7.44 8031 19,69 79,03 20,97 7.44 11,05 88,95 11,71 88,29
14.88 67,26 32,74 64,96 35,04 1488 8,63 91,37 8,48 91,52
29.76 51,14 48,86 49,53 50,47 29.76 8,47 9153 7,75 92,25
59052 34,71 6529 32,37 67,63 59.52 9,77 90,23 9,98 90,02
Control 99,59 0,41 99,29 0,71 Control 99,59 0,41 99,29 0,71

3RBCs (3 days of seniority) were treated for 24 hours ®élor 57 in PBS. Incubation in an atmosphere
20% G or 1% Q (Condition ofP. FalciparumGrowth)

Unfortunately, the addition oN-acetyl Cysteing(NAC) to RBCs was not

protective againgheformation of methaemoglohin
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Finally, it was evaluated the activity 66 and57 againstP. falciparum W2
(CQ-R), pretreated with increasing doses of NAC. As showhaiple 5.12 in

the presence of NAC, an increase ofl@ly on57 occurred.

Table 5.12 Activity againstP. falciparum W2 (CQR) strain,
pretreated with NAC.

Compound W2 (CQ-R)
NAC 0.1 NAC 1 NAC 10
@n  CoWM)  ICso@M) I1Cs (M)
56 NA NA NA NA
57 0.70 0.70 1.05 1.34

In concluson, the fact that NAC protects the parasite from the activity7of
suggested that the mechanism of actiorbdfis related to oxidative stress
induced in the presence of the parasite. In addition, both compb@raisl 57
seemed to have oxidizing cap&sst given that induce the formation of
methemoglobin. However, the formation of methemoglobin did not appear to
be related to the compounds mechanism of action, since the NAC, which
inhibits the activity o567 on the parasite, did not prevent the methemdgli n 6 s

formation.
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5.6. Conclusions

The whole series of data obtained led to the identification of several
antimalarial hit candidates, compoun#é8, 33, 57 and shed light on the
mechanism of action of this kind of molecules. Particularly, the higve7
seemed to have oxidizing capacities, suggesting that the key feature of
antimalarial activity resides ultimatelg disturbing the redox homeostasis in
theparasitized red blood cells

Currently, the new derivatives are still subject of computatistudies in order

to clarify even more the mechanism of action and the pharmacological results.
It is to be noted that the presenceanfelectron withdrawing group on the
benzyl group, such as in derivative®61, did not significantly influenced the
antiplasmodial activity compared to compoubd denoting that n only
electronic factors, acting on the stability of the toxic radical species seemingly
responsible of the antiplasmodial effects, but further events and factors could
be involved in their mde of action. However, these preliminary data clearly
point out the thiazinoquinone scaffold gstential new lead structure for

antimalarial drugs discovery.
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CHAPTER 6

EXPERIMENTAL SECTION

6.1 Phallusia fumigata

General Experimenat ProceduresHigh-resolution ESIMS analyses were

performed on a Thermo LTQ Orbitrap XL mass spectrometer. The spectra
were recorded by infusion into the ESI source using MeOH as solvent. Optical
rotations were measured at 589 nm on a Jas?@0P polanmeter using a X0

cm microcell.*H (700 MHz) and*C (175 MHz) NMR spectra were recorded

on an Agilent INOVA spectrometer equipped with*@ enhanced HCN Cold
Probe; chemical shifts were referenced to the residual solvent signal
(CHDOD :n=U0 3 .c3%490). leor an accurate measurement of the coupling
constants, the ordimensional’'H NMR spectra were transformed at 64K
points (digital resolution: 0.09 Hz). Homonucledd connectivities were
determined by COSY experiment. Througpace !H connectivities were
evidenced using a ROESY experiment with a mixing time of 500 ms. Two and
three bond!H-13C connectivities were determined by gradient 2D HMBC
experiments optimized for 23] of 8 Hz.3Ju.1 values were extracted from 1D

H NMR. Mediumpressure liquid iromatographies (MPLC) were performed
on a Bichi 861 apparatus with octadeftyictionalized silica gel (26@00
mesh) packed column. High performance liquid chromatography (HPLC)
separations were achieved on a ShimadztlQ&T apparatus equipped with a

Knauer k2301 refractive index detector.

Collection, Extraction, and Isolatiotspecimens oPhallusia fumigatawere

collected in May 2010 in the bay of Pozzuoli (Napoli, Italy). The samples were
frozen immediately after collection arglt or ed at T20 AC until
reference specimen is deposited at the Department of Pharmacy, University of
Naples. The fresh thawed animals (402 g of dry weight after extraction) were
homogenized and extracted twice with methanol and then twich wit
chloroform (4 x 200 mL). The combined extracts were concentrated in vacuo,
and the resulting aqueous residue was extracted with EtOAc and subsequently
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with n-BuOH. Separation of the-BuOH soluble material (3,06 g) was
achieved by gradient RP8 silica ¢l MPLC (HO Y Me OH ¥ toCHCI
yield nine fractions Al. The fraction eluted with ¥D/MeOH 3:7 vlv, (fraction

D, 98.2 mg) was chromatographed by HPLC on alBRolumn (polaRP 5

mm, 250 x 4.60 mm) eluting with 4@/MeOH 35:65 (v/v), yielding a fraction
mainly compaed of6 (5.6 mg) which has been further purified by HPLC on a
RP-18 column (Synergy #m, 250 x 4.60 mm), eluting with Z/MeOH 3:7,

thus affording phallusiasterol C (1.1 mg) as pure compound.

Phallusiasterol C (6)colorless amorphous solidJJp?® -4.0 (c 0.1, CHOH);
HRESIMS (negative ion mode, GEH) m/z 567.2054 ([MNa], calcd. for
C2eHaoNaGsS, 567.2057);*H and 13C NMR (CD;OD) data are reported in
Table 3.1.

Transactivation Experiment$o investigate the PXR mediated transactivation,

HepG2 cels were plated in a 24ells plate, at 5x1f@ells/well, and transiently

transfected with 75 ng of pSG@5XR, 75 ng of pPSGRXR, 125 ng of pCMV
b-galactosidase, and with 250 ng of the reporter vector pCYP3A4premoter

TKLuc, using Fugene HD transfection reagent (Roche). At 24 hours; post
transfection, ells were primed 18 hours with Rifaximinaéd 1 0 e M) or wi t |
the combination of Ri fa%i(rdiOn eM) Qe MAT t el
treat ment s, cell s were | ysedphasphatel 00 ¢ L
pH 7.8; 2mM DTT; 10% glycerol; 1% Triton-X00)and® €L <cel |l ul ar |
was assayed for Luciferase activity using the Luciferase Assay System
(Promega). Luminescence was measured using an automated luminometer
(Glomax 20/20, Promega). Luciferase activities were normalized for
transfection efficiencies byiwdding the Luciferase relative light units (RLU)

by-gal actosidase activity-tragndfegtadlwWith expr es
pCMVbgal . All experiments were perfor me

Cells culture, RNA extraction and ReEime PCR HepG2 cells were cultude
at 37 °C in EMEM supplemented with 10% FBS, 1%glutamine and 1%
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penicillin/streptomycin. To evaluate PXR target genes expression, serum
starved HepG2 cells were stimulated for 18 h with Rifaximin and comp®und

(10e M) . Tot al RNA wdaRlzoleeagent glovitregdn), usi n g
purified of the genomic DNA by DNAase | treatment (Invitrogen) and random
reversetranscribed with Superscript 1l (Invitrogen). 18y template was
amplified wusing the following reagents:
KAPA SYBR FAST Universal qPCR Kit (KAPA BIOSYSTEMS). All
reactions were performed in triplicate and the thermal cycling conditions were:
3 min at 95 °C, followed by 40 cycles of 95 °C for 15 s, 58 °C for 20 s and 72
°C for 30 s. The relative mRNA expressionsaealculated and expressed as
21(®®Ct) pPrimers  used for gRPCR  were: hGAPDH:
GAAGGTGAAGGTCGGAGT and CATGGGTGGAATCATATTGGAA;
hCYP3A4: CAAGACCCCTTTGTGGAAAA and
CGAGGCGACTTTCTTTCATC; hMDR1: GTGGGGCAAGTCAGTTCATT
and CTTCACCTCCAGGCTCAGT.

Statistical AnalysisAll values are expressed agams * standard error (SE) of

n observations/group. Comparisons of two groups were made with-a one
wayANOVA with post hoc Tukeyos test.

statistically significant at values 8f< 0.05.

6.2 Electrochemical and computational stalies

Reagents, compoundisolation and characterizationDouble stranded

deoxyribonucleic acid sodium salt from salmon testes (dsDNA) was purchased
from Sigma and used as received. Compoub®45 (Figure 3.4 were

isolated and characterized as previousjorted.

Electrochemical studiesElectrochemical experiments were performead
298+1 K in a thermostated cell with CH 1660 equipment. A BAS MF2012 glassy

carbon working electrode (GCE) (geometrical area 0.07), @platinum wire
auxiliary electrode andn Ag/AgClI (3M NaCl) reference electrode were used in a

typical threeelectrode arrangement. 0.10 M Phosphate buffer saline (PBS) at pH
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7.4 (from Merck reagents) was used for experiments in aqueous solution.
Experiments in DMSO (Carlo Erba) were performesing 0.10 M BuNPFe
(Fluka) as a supporting electrolyterior to electrochemical runs, all solutions
were deaerated by bubbling Ar during 15 min.

The electrochemistry of films of the studied receptors on glassy carbon electrode
was studied using the nhetdology previously describday pipeting 10mL of a
solution (1 mg/mL), previously ultrasonicated by 5 min, of the compound in
ethanol and allowing the solvent to evaporate in air. As a result, a uniform, fine

coating of the quinones was adhered to tisalbelectrode.

Computational studiesApparent (K. values were calculated by using

ACD/Percepta softwarE® The compounds were built, taking into account the
prevalent ionic forms at physiological pH (7.4), using the Insight 2005 Builder
module (Accelrys 8ftware Inc., San Diego). Atomic potentials and charges
were assigned using the CFF91 force fiéldThe conformational space of the
compounds was sampled through 200 cycles of Simulated Annedling (
80*r). The following protocol was applied: the system was heated up to 1000
K over 2000 fs (time step = 3.0 fs); the temperature of 1000 K was applied to
the system for 2000 fs (time step = 3.0 fs) with the aim of surmounting
torsional barriers; succgisely, temperature was linearly reduced to 300 K in
1000 fs (time step = 1.0 fs). Resulting conformations were then subjected to
molecular mechanic (MM) energy minimization within Insight 2005 Discover
module (CFF91 force field)= 80%*) until the maximm RMS derivative was

less than 0.001 kcal/A, using Conjugate Gradféiats minimization algorithm.

MM conformers were then subjected to a full geometry optimization by-semi

empirical calculations, using the quantum mechanical method"®N7the

13%ACD/Percepta, Advanced Chemistry Development, Inc., Toronto, ON, Canada, 2015,
http://www.acdlabs.com

131 Maple, J.R.; Hwang, M.J.; Stockfisch, T.P.; Dinur, U.; Waldman, M.; Ewig, C.S.; Hagler,

A.T. J. Comput. Cheml994 15, 1621 182.

132 Fletcher, R.; Unconstrained Optimization. In Practical Methods of Optimization; John
Wiley & Sons: NewYork, 198(Q vol. 1.

133 Stewart, J.JJ. Mol. Model 2013 19, 1 32.
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Mopac2012 pekage3* and EF (Eigenvector Following routifé)as geometry
optimization algorithm. GNORM value was set to 0.01. To reach a full
geometry optimization, the criteria for terminating all optimizations were
increased by a factor of 100, using the keyword PRIECIResulting
conformers were ranked by tEhfemthe pot ent
global energy minimum) and grouped into conformational families. The
occurr ence Eemaangesfor aachd confprmational family were
calculated. The lowest energynima of each family have been then subjected
to DFT calculations. All structures were fully optimized in pasise and
characterized as minima at the B3LYR/®+G (d, p) level**The calculations
were carried out using the Gaussian 09 packZlge.

Starting fom the structure of the Q (i.e., the starting quinone species) GM
conformers, the redox stated,@HA, QHY. QH, QHi", QH. were generated.

In particular, following the reduction pathway of quinones reportegcimeme

3.1, each species was generaséatting from the DFT optimized species of the
previous step. The reaction energies (kcal/mol) for the electron/proton transfer
of each step of the reduction reactidBgs o) Were calculatedn particular,

gas phase reaction energy -calculations forctela attachment were
accompl i shed Bbofthedeadtienrym¥ n Mnhga t H=iIEQ)
- E(Y), where Y is the Q or QFDFT conformer. Reaction energies for proton

134 MOPAC2012; Stewart Computational Chemistry: Colorado Springs, CO, USA,;
http://OpenMOPAC.net (2012)

135Baker, JJ. Comput. Chemi986 7, 38 395.

136 3) Becke, A. D.J. Chem. Phys1993 9 8 , 64815652; (b)) Lee, C.; Y
Phys. Rev. B: Condens. Matter Mater. P38 37, 7851 789.
137 Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.;
Scalmani, G.; Barone, V.; Mennucci, B.; Peterssod\. @\akatsuiji, H.; Caricato, M.; Li, X.;
Hratchian, H.P.; Izmaylov, A.F.; Bloino, J.; Zheng, G.; Sonnenberg, J.L.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Vreven, T.; MontgomeryJ.A.Jr.; Peralta, J.E.; Ogliaro, F.; Bearpark, M.; Heyd, J.J,;
Brothers, E.; Kudin, K.N.; Staroverov, V.N.; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A.; Burant, J.C.; lyengar, S.S.; Tomasi, J.; Cossi, M.; Rega, N. ; Millam, N.J.;. Klene,
M.; Knox, J.E.; Cross, J.B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann,
R.E.; Yazyev, O.; Austin, AJ.; Cammi, R.; Pomelli, C.; Chterski, J.W.; Martin, R.L.;
Morokuma, K.; Zakrzewski, V.G.; Voth, G.A.; Salvador, P.; Dannenberg, J.J.;ridhpf.;
Daniels, A.D.; Farkas, O.; Foresman, J.B.; Ortiz, J.V.; Cioslowski, J.; Fox, D.J. Gaussian 09,
revision A.1.Gaussian Inc. Wallingford2009

- »
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attachment wer e c alEofutheacactiah Yb#HY d¥Her mi ni
that isqE = E(YH) - E(Y), where Y is @ or QH DFT conformer:38

For each considered redox state, the energy of the frontier molecular orbitals
(HOMO, LUMO, and SOMO) were used to calculate the following parameters:

i) the el ectr ophi lical onizatpn potantdadB, iiiYthe) , i)
vertical electron affinity €A) . The electrophilicity ind:e
following the expressionr = (£%/2d), whereg is the chemical potential given
bye=-(IP+EA / 2 and d i s t heenlyf=({Ri-€EA,I har dn
wherelP = E(N=No.1) - E(N=No) andEA = E(N=No) - E(N=No+1). Here,No is

the number of electrons in the ground state of the (usually neutral) system.

Thus, the single point energies) (of the cationic Ko.1 electron system), and

anioric (No+1 electron system) forms for each considered species were

calculated for each compound.

6.3 Synthesisofp hosphoel eganinds anal ogues

General Experimental Procedur€ptical rotations were measured at 589 nm

with a Jasco 2000 polarimeter using H0-cm microcell. HRMS (ESI positive
mode) was performed with a Thermo LTQ Orbitrap XL mass spectrometer.
The spectra were recorded by infusion into the ESI source using MeOH as
solvent. CD spectra were recorded with -#@10 spectropolarimeter (Jasco,
Tokyo, Japan) with -710 for Windows software (JascdH (700 MHz) and

13C (175 MHz) NMR spectra were recorded on an Agilent INOVA
spectrometer; chemical shifts were referenced to the residual solvent signal
(CDsOD:ny=U0 3.c3%9.0;GDCL: w# 7 .c2=7.0). HomonuclealH
connectivities were determined by COSY experiments. Two and three bond
H-13C connectivities were determined by gradient 2D HMBC experiments
optimized for a?3) of 8 Hz. Mediumpressure liquid chromatographies
(MPLC) were performedon a Bichi 861 apparatus with octadecyl

functionalized silica gel (206800 mesh) packed column. High performance

138 sawyer, A.; Sullivan, E.; Mariam, Y.H. Comput. Chend 996 17, 204225.
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liquid chromatography (HPLC) separation was achieved on a Kna@&&1K
apparatus equipped with an KnauePB01 RI detector.

Collection, Extaction, and IsolatianCompoundl6 (Figure 4.1) was isolated

and characterized as previously reported.

Synthesis of compound 18ompoundl8 was prepared from a solution of cis
4-decenal (424 mg, 2,75 mmol, 1.0 equiv) in anhydrous THF (20mL) to which
wasaddedn-BuLi dropwise (2.06 mL, 1.6 M in hexane, 3.30 mmol, 1.2 equiv).

The reaction mixture was stirred-&8°C for 10 min and after for an additional
8h at rt. The reaction was quenched with saturatedCNEINd extracted with
EtOAc. The organic phase walried over anhydrous BB and solvent
removed with rotary evaporatiofl.8). *H-NMR (700 MHz, CDC4) d 0.84 (m,
6H), 1.201.51 (m, 14H), 1.95 (m, 2H), 2.05 (m, 1H), 2.12 (m, 1H), 3.54 (m,
1H), 5.32 (m, 2H)*C-NMR (175 MHz, CDC4) d 14.0, 22.5, 22.723.4, 27.1,
27.7, 29.3, 31.4, 37.0, 37.1, 71.5, 129.1, 130.5-NESI(pos.) m/z 213.22
[M+H] *.

Synthesis ofompoundsl9* and 20* 495 mg of compound8 (2.3 mmol, 1
equiv) were dissolved with acetonef (9:1, 10 mL), added NMO (410 mg,

3.5 mmol, 1.5 quiv) and Os®@ (1 mol%, 6mg). The reaction mixture was
stirred overnight at rt. The reaction was quenched with saturate8Cha
solution and extracted with EtOAc (3x). Organic layer was dried over anydrous
NaxSQy, filtered and concentrated in vacuo. Separaby reverse phase HPLC
(Luna C18 1nMeOH/H20 7:3) of the obtained stereisomeric triols mixture
gave two diastereoisomeric fractiona¢-19 (55.1 mg,tr 12.6 min) andac-20

(61.4 mg,tr 14.4 min), as enatiomeric mixtures. B88 (pos.) m/z 247.22
[M+H] .

Synthesis of compounds 2P and 2324. Esterification reaction was carried
out both on fractiomac-19 (5.1 mg, 0.048 mmol) thatc-20 (18.1 mg, 0.074

mmol) respectively each dissolved in &Hb dry (3mL). To arac-19
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compound solution was adde®€ (37.4 mg, 0.195 mmol), DMAP (11.8 mg,
0.096 mmol) and R)-methoxyphenylacetic acid (6.32 mg, 0.195 mmol).
Instead, to arac-20 compound solution was added EDC (63.3 mg, 0.334
mmol), DMAP (18.1 mg, 0.148 mmol)R}-methoxyphenylacetic acid (54.8
mg, 0.338 mmol). Each mixture was stirred overnight underaldinosphere at
rt. After solvent evaporation, HPLC purification of two mixtures on :SiO
column (Luna Si@3p), eluiting with Hexane/ EtOAc 85:15 (v/v), each gave
two diastereoisomeric trieste?d 2.1 mg tr 3.74 min),22 (2.3,tr 4.64 min),
23(7.8 mg,tr 3.12 min) and®4 (8.0 mg,tr 4.32 min).

(21). *H NMR (700 MHz, CDC4, J in Hz)d0.67 (t, 7.6, 3H, HL), 0.98
(overlapped, 2H, F2), 0.61 (m, 2H, FB), 0.94 (overlapped, 1H,-Ha), 0.98
(overlapped,1H, Hib), 4.42 (m, 1H, ¥b), 0.56 (m, 1H, kba), 0.88
(overlapped, 1H, K6b), 0.93 (overlapped, 1H,-A), 1.14 (m, 1H, b), 4.66
(m, 1H, H8), 5.09 (m, 1H, FB), 1.36 (overlapped, 1H, -#H0a), 1.39
(overlapped, 1H, HODb), 1.22 (overlapped, 2H,-HL), 1.22 (overlapped, 2H,
H-12), 1.25 (overlapped, 2H,-H3), 0.86 (t, 7.6, 3H, H4); 13C NMR (CDCE,
signals assigned from HSQC dath)3.5(C-1), 22.1 (G2), 26.2 (C3), 33.4
(C-4), 74.9 (G5), 29.1 (G6), 24.0 (G7), 74.7 (C8), 74.1 (C9), 29.9 (C10),
24.9 (G11), 31.1 (C12), 22.3 (C13), 13.7 (C14).HRMS (ESI): m/z [M +Na]

" calcd. for GiHs4O9Na": 713.3660, found: 713.3680.

(22): 'H NMR (700 MHz, CDC4, J in Hz)d0.84 (t, 7.6, 3H, HL), 1.25
(overlapped, 2H, F2), 1.16 (overlapped, 2H,-B), 1.39 (m, 1H, Ha), 1.48
(m,1H, H4b), 4.80 (m, 1H, Fkb), 1.31 (overlapped, 2H, -H), 0.80
(overlapped, 1H, Ha), 1.02 (m, 1H, Hb), 4.88 (m, 1H, K8), 4.40 (m, 1H,
H-9), 0.79 (overlapped, 1H, H0a), 0.84 (overlapped, 1H,-10b), 0.46 (m,
1H, H11a), 0.52 (m, 1H, H.1b) 1.31 (overlapped, 2H,-E2), 0.91 (m, 2H, H
13), 0.68 (t, 7.6, 3H, H14); 3C NMR (CDCE, signals assigned from HSQC
data)d 13.8 (G1), 22.3 (G2), 27.1 (C3), 33.9 (G4), 74.7 (G5), 30.4 (G6),
25.5 (G7), 74.4 (G8), 74.7 (G9), 26.9 (C10), 23.9 (C11), 30.3 (C12), 22.1
(C-13), 13.5 (G14). HRMS (ESI): m/z [M +NaJ calcd. for GiHs4sOoNa'
713.3660, found: 713.3677.
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(23): *H NMR (700 MHz, CDC4, J in H2) d0.68 (t, 7.6, 3H, HL), 1.05 (m,
2H, H2), 0.83 (overlapped, 2H, -B), 1.29 (overlapped, 1H, -Ba), 1.31
(overlapped,1H, Htb), 4.83 (m, 1H, Fb), 1.42 (overlapped, H, Ha), 1.46
(overlapped, 1H, K6b), 1.37 (overlapped, 1H,-Aa), 1.44 (overlapped, 1Hi-
7b), 5.07 (m, 1H, KB), 4.69 (m, 1H, FB), 0.99 (overlapped, 2H,-H0), 0.54
(overlapped, 1H, H1a), 0.59 (overlapped, 1H-HLb), 0.74 (m, 1H, H2a),
0.82 (overlapped, 1H, H2b), 0.91 (m, 2H, H.3), 0.67 (t, 7.6, 3H, H4);1°C
NMR (CDCk, signals asigned from HSQC data)13.7 (G1), 22.1 (G2),
26.7 (C3), 33.4 (G4), 74.2 (C5), 29.9 (C6), 25.9 (C7), 74.5 (C8), 74.8 (C
9), 27.6 (G10), 23.9 (G11), 30.9 (C12), 22.1 (G13), 13.7 (G14). HRMS
(ESI): m/z [M +NaJ" calcd. for GiHs4OoNa": 713.3660, found: 713.3681.
(24): 'H NMR (700 MHz, CDC4, J in Hz)d0.81 (t, 7.6, 3H, HL), 1.16
(overlapped, 2H, F2), 0.93 (overlapped, 2H,-B), 0.99 (overlapped, 1H,-H
4a), 1.21 (overlapped,1H,-#b), 4.53 (m, 1H, kb), 0.74 (overlapped, 2H,-H
6), 0.77 (overlapped, 1H,-Aa), 0.89overlapped, 1H, Hb), 4.61 (m, 1H, H
8), 5.00 (m, 1H, FB), 1.16 (overlapped, 1H,-#H0a), 1.22 (overlapped, 1H-H
10b), 1.16 (overlapped, 2H, -HL), 1.22 (overlapped, 2H, -#H2), 1.24
(overlapped, 2H, H3), 0.85 (t, 7.6, 3H, H4); 13C NMR (CDCE, signaé
assigned from HSQC data)13.8 (C1), 22.4 (G2), 27.1 (C3), 33.4 (C4),
73.9 (G5), 28.8 (C6), 22.6 (C7), 74.2 (C8), 74.4 (C9), 29.6 (C10), 24.9 (C
11), 31.4 (G12), 22.4 (G13), 13.9 (G14). HRMS (ESI): m/z [M +Naj calcd.
for Ca1Hs409Na": 713.3660, found: 713.3688.

Syrthesis of compound 1%ure enantiomerid9 triol was obtained by1 (2

mg , 0. 003 mmol) compoundbés hydrolysis
mmol) in MeOH (3mL) and any water drops. The mixture was stirred at rt
overnight, then diluted with HCI (1% solutiy washed with brine and the triol

was extracted with 20 mL BuOH (3x). The organic extract was dried over
anhydrous Ng£5Q; and then concentrated in vacuo. Reverse phase HPLC
(Luna 5u C18), eluiting with MeOH: H20 7:3, allowed triol purification (2mg,

tr 10.5 min).(19): *H NMR (700 MHz, CROD, J in Hz), viewds anddc (rac-
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19) in Table 4.1 ESKMS (pos.) m/z 247.22M+H] * [a]p?® +3.71 (0.009,
MeOH).

Synthesis of compound 200 triol (3.6mg,tr 12.0 min) was obtained by the
same reaction and purificatiqreverse phase HPLC MeOH: H20 7:3)1&
reported above, using 4,8 mg (0.007 mmolRaf (20): *H NMR (700 MHz,
CDsOD, J in Hz), viewdy anddc (rac-20) in Table 4.1 ESFMS (pos.) m/z
247.22[M+H] *. [a]p?: +1.56 (0.015, MeOH).

Cyclization of 19* enatiomeric mixture 10.4 mg ofrac-19 (0.0422 mmol, 1.0

equiv) were dissolved in Gi&l> (5 mL) and added trimethyl orthoacetate (7
uL, 1.2 equiv), PPTS (0.100 mg, 0.01 equiv) at rt. Spent 15 misABR 2 O
(0.53 pL, 0.1 equiv) was added at 0°C and when ThOwsed orthoester
absence, the mixture was quenched wid©OMcetone 9:1 and after solvent
was removed in vacuo. Cyclised proddétwas obtained quantitativel{25).

H NMR (700 MHz, CROD, J in Hz), viewdy anddc in Table 4.2 HRMS
(ESI): m/z [M 4Na]* calcd. for GeHsoOsNa'": 293.2087 found:293.2075

Cyclization of 20* enantiomeric mixturdJsing 10.5 mg ofrac-20 (0.0422

mmol, 1.0 equiv), compoun®6 was obtained with the same conditions26f
reportel above(26). *H NMR (700 MHz, CROD, J in Hz), viewdy anddc in
Table 4.2 HRMS (ESI): m/z [M 4a] * calcd. for GeHacOsNa": 293.2087
found:293.2083

6.4. Synthesis of thiazinoquinone derivatives
General experimental proceduredigh-resolution ESIMS analyses were

performed on a Thermo LTQ Orbitrap XL mass spectrometer (Thersher,

San Jose, CA, USA). The spectra were recorded by infusion into the ESI
(ThermaFisher, San Jose, CA, USA) source dissolving the sample in MeOH.
1H (700 MHz) and*C (175 MHz) NMR spectra were recorded on an Agilent
INOVA spectrometer (Agilent Technology, Cernusco sul Naviglio, Italy)
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equipped with a*C enhanced HCN Cold Probe; chemical shifts were
referenced to the residual solvent signal (GDGl €1 7 . c267.0; DMSQ

dé6 v = 2. 89 39.0)l For an accurate measurement of the coupling
constants, the omgimensional'H NMR spectra were transformed at 64 K
points (digital resolution: 0.09 Hz). Homonucle&d{ *H) and heteronuclear
(*H-13C) connectivities were determined by COSY and HSQC experiments,
respectively. Two and three borH-°C connectivities were determined by
gradient 2D HMBC experiments optimized fof-# of 8 Hz.3Ju.1 values were
extracted from 1DH NMR. High performanceduid chromatography (HPLC)
separations were achieved on a Shimadztl0&T (Shimadzu, Milan, Italy)
apparatus equipped with a Knaue2B01 (LabService Analytica s.r.l., Anzola

dell'Emilia, Italy) refractive index detector.

Reagents Sigma Aldrich. Solvents: Carlo Erba. TLC: Silica Gel 60 F254
(plates 5 x 20, 0.25 mm) Merck. Preparative TLC: Silica Gel 60 F254 plates
(20 x 20, 2 mm). Spots revealed by UV lamp then by spraying with 2 N
sulfuric acid and heating at 120 °C. Anhydrous solvents: Sigidach or

prepared by distillation according to standard procedures

Synthesis of compounds 32. Aqueous sodium hydroxide (1 M; 1 mL) was

added to a solution of 0.055 mmol of each starting comp@¢lhdng of28,

19.5 mg of30, 18.7 mg 0f33 and 34) dissolved in2 mL of methanol The
mixture was stirred for 3 hours at room temperature. Subsequently, the reaction
mixture was diluted with hydrochloric acid (2 M; 5 mL); then extracted with
ethyl acetate three times. The combined organic phases were dried ovef MgSO
and the solvent was evaporated. The residue was purified by column
chromatography on silica gel (EtOAc/hexane 6:4) to afford the pure
compounds39 (6 mg, 28%)41 (6.0 mg, 32%)42 (5.8 mg, 31%)pand only the

only compoundiO (4 mg, 28%) as collateral produNMR data of compounds

39, 40, 42(CDsOD) and41 (DMSO-ds) are reported infables 5.1and 5.2

(39): ESI MS (positive ions): m/337 ([M-H] ). (40). ESI MS (positive ions):

95



m/z 278 ([M+Na] *). (41) ESI MS (positive ions): m/376 ((M+Na] ™). (42):
ESIMS (positive ions): m/837([M-H] ).

Synthesis of compounds &, 44-R? and 44R3, 1.68 g (10 mmol) of 1,2;4
trimethoxybenzene4@) were dissolved in 25 mL of anhydrous THF and 12.5

mL of a n-BuLi 1.6 M solution (20 mmol) were added, under argon
atmosgere at rt; the mixture was stirred for 1 h. Then, the bromoalkzhe (
mmol; 2.2 mL ofl-bromo2-methylpropang2.1 mL of Xbromobutane and.8

mL of (bromomethyl)cyclohexane) were added and the mixture was left under
stirring for 24 h (the end of the rémm was controlled with TLC, eluent:
chloroform/hexane 7:3). After this time, the mixture was poured into cold
water (150 mL) and extracted three times with ether. The ethereal solution was
washed with brine several times ,dried over sodium sulfateyefilteind
concentratedThe residue was purified by column chromatography on silica
gel (hexane/EtOAc 9:1) to affordd-R* (1.8 g, 80.3% vyield) 44-R? (1.7 g,
76.0% vyield) and44-R® (2.0g, 76.5% yield)as colorless oil.

44-R%: 'H-NMR (CDCh): 6.68 {H, d, J = 8.8 Hz, H6); 6.51 (1H, dJ= 8.8

Hz, H-5); 3.79 (3H, s;0CH); 3.78 (3H, s;OCHs); 3.73 (3H, s;OCHg); 2.49
(2H, d,J=7.3 Hz, CH); 1.89 (1H, mJ= 7.3 Hz6.7 Hz, CH); 0.86 (6H, dl =
6.7Hz, CH). HRMS (ESI): m/z [M +Na] calcd. for GsH200sNa'": 247.1305,
found: 247.1314

44-R2: 247.1315H-NMR (CDCh): 6.69 ¢H, d,J = 8.8 Hz, H6); 6.52 (1H, d,

J = 8.8 Hz, H5); 3.77 (3H, s-OCH); 3.74 (3H, s,-OCHg); 3.72 (3H, s,
OCHy); 2.63 (2H, t,J = 7.4 Hz, CHCH.CH.CHs); 1.49 (2H, m,
CH2CH,CH2CHg); 1.38 (2H, m, CHCHCH,CHz ); 0.92 (3H, d,J = 6.7Hz,
CHs). HRMS (ESI): m/z [M +Na] calcd. for GsH200sNa": 247.1305, found:
44-R3 H-NMR (CDCh): 6.69 {H, d, J = 8.8 Hz, H6); 6.52 (1H, dJ = 8.8

Hz, H-5); 3.80 (3H, s;0CHg); 3.78 (3H, s;OCHg); 3.74 (3H, s;OCHgz); 2.50
(2H, d,J = 7.4 Hz,CHy-cyclohexyl); 1.55 (1H, m, CH); 1.58.95 (4H, m);
1.151.66 (4H, m), 1.60(2H, m)HRMS (ESI): m/z [M +Na] calcd. for
Ci6H240sNa’": 287.1618, found: 287.1626.
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Synthesis of compounds 48, 45-R?and 45R3, 3.5 mmol of each compound
(680 mg of44-R?, 680 mg 0f44-R?, 820 mg 0f44-R?) dissolved in 90 mL of

acetonitrile were added dropwise to a solution of CAN (9.6 g, 17.5 mmol) in

water (100mL) at 0°C. The mixture was stirred for 30 minutes at room
temperaturgthe end of the reaction was checked by TLC, eluent: chloroform/
EtOAc 7:3). The orange liquid was then poured into 100 mL of cold water and
extracted three times with ether. The combined organic layers were washed
with brine, dried over sodium sulfateydafiltered. The solvent removal under
reduced pressure affordd8-R? (382 mg, 65%)45-R? (382 mg, 65%) and5-

R2 (540 mg, 74 %) sufficiently pure for the following reaction.

(45-RY): 'H-NMR (CDCL): 6.66 ¢H, d, J = 10.0 Hz, H6); 6.51 (1H, dJ =
10.0Hz, H-5); 3.99 (3H, s;OCHg); 2.34 (2H, dJ = 7.3 Hz, CH); 1.81 (1H,

m,J = 7.3 Hz6.7 Hz, CH); 0.89 (6H, d] = 6.7Hz, CH). HRMS (ESI): m/z

[M +Na]" calcd. for GiH1403Na": 217.0835, found: 217.0841;

(45-R?): H-NMR (CDCLk): 6.66 {H, d,J = 10.0 Hz,H-6); 6.51 (1H, d, J =
10.0 Hz, H5); 4.01 (3H, s;0CHg); 2.42 (2H, tJ = 7.4 Hz,CH.CH.CH2CHp);

1.47 (2H, m, CHCH,CH.CHg); 1.39 (2H, m, CHCH.CH.CHz); 0.92 (3H, d,J

= 6.7Hz, CH). HRMS (ESI): m/z [M +Ng" calcd. for GiH14OsNa':
217.0835, found: 2Z.0843.

(45-R3): *H-NMR (CDCh): 6.69 ¢H, d,J = 8.8 Hz, H6); 6.52 (1H, dJ = 8.8

Hz, H-5); 4.01 (3H, s;OCH); 2.35 (2H, dJ = 7.4 Hz,CH.-cyclohexyl); 1.55
(1H, m, CH); 1.530.95 (4H, m); 1.18..66 (4H, m), 1.60 (2H, mHRMS
(ESI): m/z [M +Nd]" cdcd. for Ci4H1803Na": 257.1148, found: 257.1139.

Synthesis of compounds 44. 1.5 mmol of each quinone (290 mg4#-R*,
290 mg of 45R? 350 mg of 45R3) were dissolved in a mixture of
EtOH/CHCN 1:1 and heated in a water bath under stirring; thenluéicso of

hypotaurine (163.7 mg, 1.5 mmol) in 8 mL of waded acatalytic amounbf
salcomine were added in portions. The mixture was stirred for 24 h at room
temperature and the yellow solution became orange/red. Most of the ethanol
was removed in vacuand the residue was poured into water. The mixture was

extracted with ether (three times) and the organic phase was washed with brine,
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dried over sodium sulfate, and filtered. Solvent removal gave residues
containing mixtures of compound$/47 (from 45-R*, 170 mg, 38 % vyield),
48/49(from 45-R?, 173 mg, 39 % vyield) as well as of compous@#51 (from
45-R3, 167 mg, 33 % vyield); they were separated as reported below.

Separation of crude mixtures of 46/47, 484@ 50/51 isomersSeparation of

isomers46/47 mixture (170 mg) was achieved by HPLC on a StOlumn
(Luna 5um, 250 x 4.60 mm) eluting with EtOAc/hexane 6:4 (v/v) and afforded
pure compoundd6 (16 mg) and47 (62 mg). Mixture of isomerd8/49 (170
mg), as well as that &0/51 67 mg), were sepae in the same conditions
and yielded pure compounds$ (14 mg),49 (60 mg),50 (11 mg), andb1 (43
mgQ).

(46): HPLC EtOAc/hexane 6:4 (V/V)id): 13.5 min (single peak}H and3C
NMR data are reported ifable 5.3 HRMS (ESI): m/z [M +Na]' calcd. for
C13H17/NOsSNa': 322.0720, found: 322.0727.

(47): HPLC EtOAc/hexane 6:4 (VIV)id): 24 min (single peak)!H and*3C
NMR data are reported ifable 5.3 HRMS (ESI): m/z [M +NaJ calcd. for
C13H17NOsSNa': 322.0720, found: 322.0729.

(48): HPLC EtOAc/hexane @: (v/v), (r): 11.5 min (single peak}H and3C
NMR data are reported ifable 5.3 HRMS (ESI): m/z [M +NaJ calcd. for
C13H17/NOsSNa': 322.0720, found: 322.0733.

(49): HPLC EtOAc/hexane 6:4 (V/IV)id): 22 min (single peak)H and*3C
NMR data are repted in Table 5.3 HRMS (ESI): m/z [M +NaJ calcd. for
C13H17/NOsSNa': 322.0720, found: 322.0735.

(50): HPLC EtOAc/hexane 6:4 (v/v)tf): 11.8 min (single peak}H and*C
NMR data are reported ifable 5.4 HRMS (ESI): m/z [M +NaJ calcd. for
C16H2:NOsSNa': 362.1033, found: 362.1042.

(51): HPLC EtOAc/hexane 6:4 (v/V]tr): 21.4 min (single peak}{H and3C
NMR data are reported ihable 5.4 HRMS (ESI): m/z [M +NaJ calcd. for
C16H2:NOsSNa': 362.1033, found: 362.1038.
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Synthesis of compounds3-R*, 53-R° and 53R° To a solution of 1,24
trimethoxybenzene5@, 1.0 mL, 6.7 mmol) in THF (25 mL) was added 6 mL
n-BuLi 1.6 M solution (10 mmol) under argon atmosphere at 0 °C; the mixture
was stirred for 1 h. Then, the aldehyde (10 mmol; 1.0 mL of benzaldebhy

g of 4chlorobenzaldehyde, 1.3 mL df(trifluoromethyl)benzaldehydevere

added and the mixture was left under stirring at room temperature overnight.
and quenched by adding saturated aqueougCNEBO mL). The two layers
were separated and the aqus layer was extracted with ether (three times).
The combined organic layers were washed with brine, dried over anhydrous
sodium sulfate, and concentrated. The crude material was purified by column
chromatography on silica gel (hexane/EtOAc 8:2) to dfftve corresponding
secondary benzylic alcohoB3-R* (1.3 g, 70% vyield),53-R° (1.5 g, 73%
yield), 53-R® (1.6 g, 70% yield)(1.3 g, 70% yield).

(53-R% H-NMR (CDCk): 6.82 (1H, dJ = 8.8 Hz, H6); 6.62 (1H, dJ=8.8

Hz, H-5); 3.82 (3H, s;0OCHg); 3.74 (3H, s,-OCHg); 3.61 (3H, s;OCHz); 6.25

(1H, d,J=11.7 Hz, CHOH); 7.36 (2H, dJ = 7.0 Hz); 7.28 (2H, t) = 7.6Hz);

7.19 (1H, t,J = 7.6Hz); 4.29 (1H, dJ = 11.7Hz, OH). HRMS (ESI): m/z [M
+Na] " calcd. for GeH1g0sNa™: 297.1097, found: 297.1109.

(53-R% H-NMR (CDCk): 6.82 (1H, dJ = 8.8 Hz, H6); 6.62 (1H, dJ=8.8

Hz, H-5); 3.81 (3H, s;0CHg); 3.72 (3H, s;OCHg); 3.62 (3H, s;OCH); 6.24

(1H, d,J = 11.7 Hz, CHOH); 7.23 (2H, d,J = 8.3 Hz); 7.27 (2H, dJ =
8.3Hz); 4.29 (1H, dJ = 11.MHz, OH). HRMS (ESI): m/z [M +Nal] calcd. for
C16H17ClO4Na": 331.0708, found: 331.0719.

(53-R® H-NMR (CDCh): 6.82 (1H, d,J = 8.8 Hz, H6); 6.62 (1H, dJ = 8.8

Hz, H-5); 3.78 (3H, s;0OCHg); 3.68 (3H, s;OCHg); 3.63 (3H, s;OCH); 6.30

(1H, brs, CHOH); 7.53 (2H, dJ = 8.3 Hz); 7.50 (2H, d] = 8.3Hz); 4.29 (1H,

brs, OH). HRMS (ESI): m/z [M +Na]calcd. for G/H17Fs04Na’: 365.10971,
found: 365.0954.

Synthesis of compound$-R?*, 54 R°® and 54R°. Trifluoracetic acid (0.5 mL,

7,1 mmol) was slowly addtl to a solution of each compound (2.4 mmol; 650
mg of 53-R*4, 740 mg of53-R®, 821 mg 0f53-R®) and triethylsilane (1.1 mL,
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7.1 mmol) in dichloromethane (30 mL). The mixture was stirred at room
temperature overnight. The organic phase was washed withuensodrbonate
solution (30 mL) and dried. The solvent removal affor@deR* (570 mg,
93%) 54-R° (661 mg, 94%)54-R® (720 mg, 92%) sufficiently pure for the
following reaction.

(54-R*) H-NMR (CDCk): 6.73 (1H, dJ = 8.8 Hz, H6); 6.56 (1H, dJ = 8.8
Hz, H-5); 3.80 (3H, s;0CHg); 3.72 (3H, s;OCHg); 3.68 (3H, s;OCHs); 4.01
(1H, s, CH-benzyl); 7.22 (2H, dJ = 7.0 Hz); 7.18 (2H, tJ = 7.6Hz); 7.09
(1H, t, J = 7.6Hz). HRMS (ESI): m/z [M +NaJ calcd. for GeHisOsNa':
281.1148, found: 281.1154.

(54-R%) 'H-NMR (CDCk): 6.76 (1H, dJ = 8.8 Hz, H6); 6.57 (1H, dJ = 8.8
Hz, H-5); 3.80 (3H, s;0OCHg); 3.72 (3H, s;OCHg); 3.70 (3H, s;OCHs); 3.99
(1H, s, CH-benzyl); 7.19 (2H, s); 7.17 (2H, s). HRMS (ESI): m/z [M +Na]
calcd. for GeH17ClO3Na'": 315.058, found: 315.0770.

(54-R® 'H-NMR (CDCk): 6.85 (1H, dJ = 8.8 Hz, H6); 6.65 (1H, dJ = 8.8
Hz, H-5); 3.88 (3H, s;OCHg); 3.85 (3H, s;OCHg); 3.80 (3H, s;OCHg); 4.20
(1H, s, CH-benzyl); 7.57 (2H, dJ = 8.0 Hz); 7.48 (2H, dJ = 8.0 Hz). HRMS
(ES): m/z [M +Na]* calcd. for G7H17F303Na": 349.1022, found: 281.1004.

Synthesis of compoundss-R?*, 55-R® and 55R®. 2.2 mmol of each compound
(570 mg of54-R4, 643 mg 0f54-R°, 717 mg 0f54-R®) dissolved in 90 mL of

acetonitrile were added dropwise te@ution of CAN (6.0 g, 11.0 mmol) in

water (110 mL) at rt. The mixture was stirred for 30 minutes at room
temperature (the end of the reaction was checked by TLC, eluent: chloroform/
EtOAc 7:3). The orange liquid was then poured into 100 mL of cold \aatér
extracted three times with ethyl acetate. The combined organic layers were
washed with brine, dried over sodium sulfate, and filtered. The solvent removal
under reduced pressure affords8iR* (324 mg ,65%)55-R°® (372 mg ,64%),
55-R6 (427 mg, 65%), ufficiently pure for the following reactior{55-R*) *H-

NMR (CDCk): 6.66 (1H, dJ = 10.0 Hz, H6); 6.57 (1H, d,J = 10.0 Hz, H5);

4.02 (3H, s;OCHg); 3.77 (1H, s, Chtbenzyl); 7.25 (2H, dJ = 7.0 Hz); 7.23
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(2H, t,J = 7.6Hz); 7.16 (1H, t) = 7.6Hz).HRMS (ESI): m/z [M +NaJ calcd.
for Ci4H120sNa'™: 251.0679, found: 251.0689.

(55-R% H-NMR (CDCk): 6.66 (1H, d,J = 10.0 Hz, H6); 6.57 (1H, dJ =
10.0 Hz, H5); 4.04 (3H, s;0OCHg); 3.71 (1H, s, Chktbenzyl); 7.19 (2H, dJ) =
8.5 Hz); 7.17 (2H, dJ = 85 Hz); HRMS (ESI): m/z [M +NaJ calcd. for
C14H11ClOsNa": 315.0758, found: 315.0770.

(55-R%) H-NMR (CDCk): 6.67 (1H, d,J = 10.0 Hz, H6); 6.59 (1H, dJ =
10.0 Hz, H5); 4.06 (3H, s;OCHs); 3.80 (1H, s, Cktbenzyl); 7.50 (2H, dJ) =
8.0 Hz); 7.36 (1K d, J = 8.0Hz). HRMS (ESI): m/z [M +NaJ calcd. for
CisH11F30sNa'™: 319.0553, found: 319.0545.

Synthesis of compounds #4. 1.42 mmol of each quinone (324 mg5&#R*,
372 mg of55-R5, 420 mg 0f55-R®) were dissolved in 26 mL of a mixture of
EtOH/CHCN 1:1 and heated in a water bath under stirring; then, a solution of

hypotaurine (155 mg, 1.42 mmol) in 2 mL of water andatalytic amount of
salcomine were added in portions. The mixture was stirred for 24 h at room
temperature. The yellow solution becabrange/red. Most of the ethanol was
removed in vacuo and the residue was poured into water. The mixture was
extracted with ether (three times) and the organic phase was washed with brine,
dried over sodium sulfate, and filtered. Solvent removal gave uesid
containing a mixture of the isomeb6§/57 (from 55-R*4, 175 mg, 37 % yield),
58/59(from 55-R°, 181 mg, 35 % yield) as well as of compouB@%61 (from

55-R®, 213 mg, 37 % yield); they were separated as reported below.

Separation of crude mixtures 0661 isomers.Separation of isomers6/57

mixture (175 mg) was achieved by HPLC on aSt@lumn (Luna 5pm, 250 x
4.60 mm) eluting with EtOAc/hexane 6:4 (v/v) and afforded pure compounds
56 (14 mg) andb7 (56 mg). Mixture of isomer§8/59(181 mg), as welds that

of 60/61 (213 mg), were separated in the same conditions and yielded pure
compound$8 (10 mg),59 (42 mq),60 (11 mg), ands1 (49 mg).
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(56): HPLC EtOAc/hexane 6:4 (vIV)td): 14 min (single peak)H and3C
NMR data are reported ifable 5.5 HRMS (ESI): m/z [M +Na]' calcd. for
Ci16H1sNOsSNa': 356.0563, found: 356.0565.

(57): HPLC EtOAc/hexane 6:4 (vIV)td): 27 min (single peak)H and*3C
NMR data are reported ifable 5.5 HRMS (ESI): m/z [M +Na]' calcd. for
Ci16H1sNOsSNa': 356.0563, found356.0565.

(58) HPLC: EtOAc/hexane 6:4 (V/V)tr): 7 min (single peak)!H and3C
NMR data are reported ifable 5.6 HRMS (ESI): m/z [M +NaJ' calcd. for
Ci16H14CINOsSNa': 390.0173, found: 390.0169.

(59) HPLC: EtOAc/hexane 6:4 (V/V)ir): 14 min (singlepeak).'H and*3C
NMR data are reported ifable 5.6 HRMS (ESI): m/z [M +NaJ' calcd. for
Ci16H14CINOsSNa*: 390.0173, found: 390.0169.

(60) HPLC: EtOAc/hexane 6:4 (V/V)ir): 11 min (single peak)*H and*3C
NMR data are reported ifable 5.6 HRMS (ESI) m/z [M-H] calcd. for
Ci17H13F3NOsS: 400.0461, found: 400.0491.

(61) HPLC: EtOAc/hexane 6:4 (v/v)tr): 21 min (single peak)H and3C
NMR data are reported imable 5.6. HRMS (ESI): m/z [MH] calcd. for
C17H13F3NOsS: 400.0461, found: 400.0492.
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CHAPTER 7

SUPPORTING DATA

7.1. Mass Spectra
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7.2 NMR Spectra
H-NMR CDs;0D of compoundb
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ROESY of compound (CDs;OD)
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H NMR of compound8) in CDCk
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H NMR of compoundr@c-19) in CD;OD

5.0

4.5 4.0

13C NMR of compoundr@c-19) in CDsOD

b
Lid i\

Lol e

3.0
f1 (ppm)

25

2.0

L5

70 65

119

F20

r19

ris

F17

rie

F15

ri4

F13

riz

rii

rio




H NMR of compoundr@c-20) in CD;OD
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H NMR of compoundZ1) in CDCk
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H NMR of compoundZ3) in CDCk
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'H NMR of compoundZ5) in CDCk
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ROESY of compoun@5 in CDCk
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H NMR of compoun®6in CDCl

L |

6.0 55 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 05
f1 (ppm)

HSQC of compoun@6in CDClk

0.0

N 80

45

T
4.0

3.5 3.0 25 20 1.5 Lo 05
f2 (ppm)

f1 (ppm)

125
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H NMR of compound9in CDsOD
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'H NMR of compoundt0in CD;OD
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'H NMR of compoundtlin DMSO-d6
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'H NMR of compoundt2in CD;0D
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H NMR of compound6in CDCk
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H NMR of compound8in CDCk
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