


UNIVERSITE DU QUEBEC A CHICOUTIMI, EN EXTENSION DE

LOUNI VERSI TE DU QUEBEC é MONTREAL

SYNTHESE ET RELATIONS STRUCTURBCTIVITE CYTOTOXIQUE ET

ANTIBACTERIENNE DES DIRCHROMONES

THESE
PRESENTEE
COMME EXIGENCE PARTIELLE

DU DOCTORAT EN BIOLOGIE (MOLECULES BIOACTIVES)

PAR

ALEXIS ST-GELAIS

DECEMBRE 2021



REMERCIEMENTS

Mes premiers remerciements vont au professeur André Pichette, qui a diri¢jéosette

Il a toujours eu pour moi une oreille empathique, notamment au gré des changements

de thématique de recherche qui ont par la force des choses jalonné les premieres années

de ce programme doctoral. Jbdai temmgnour s pu
jugement et mes impressions et ses perspectives traduisant sa grande expérience du
domaine de la chimie des produits naturels. Il importe aussi de souligner le caractéere
essenti el de tout |l e travail de Irongue h

développer et entretenir un laboratoire de recherche de pointe en région, malgré les

emb3%ches. Sans ces infrastructures et | 0ex
jamais pu voir |l e jour. Enfin, |[jdédes@uliitgne
guant © ma situation particuli re, accept a

de me laisser mener de front un projet entrepreneurial parallelement a cette these.

Je remercie également mon codirecteur, le professeur Jean Legault,edont |
perspectives sur les activités biologiques des dirchromones ont toujours été
clairvoyantes et justes, offrant un recul posé et nécessaire sur les résultats obtenus. De

la méme maniere que pour André Pichette, son investissement de longue date a
maintent un | aboratoire de haute qualit® au
Chicoutimi a été un rouage essentiel de ce projet. Mes remerciements également au
professeur Charles Gauthier de | 0l nstitut
contributiona® a m®I1 i or ati on du manuscrit du premie
thése a été rendue possible grace au soutien financier offert par des bourses doctorales

du Fonds de recherche nature et technologies du Québec (FRQNT2@®)4et ES



il
D du Conseilde recherches en sciences naturelles et en génie du Canada (CRSNG,
20152018).

Je tiens ®gal ement ” s 0 u | kdgciomlr (dédornaisnp | i c at

professeur) Jérbme Alsarraf, arrivé au laboratoire lors de certaines des heures les plus

somb es de mon parcours. |l a d s |l ors ®t® t
pistes, une saine perspective et de | 6op
techniques de travail gue par ses suggest

naufrageet rendre le trajet beaucoup plus agréable.

De nombreuses autres personnes du laboratoire LASEVE, chercheurs, employés,
étudiants ou stagiaires, ont au fil des années contribué de diverses maniéres a produire

|l es r®sultats de ce€e'ttpeertsh®vsRer eooru “Somd e necsotur
liste ne soit pas exhaustive, je remercie entre autres Catherine Dussault, Francois
Simard, Karl GirareLalancette, Balla Sylla, Lydia Genthon, Mouadh Mihoub, Audrey

Bélanger, Vakhtang Mshvildadze, Joanne PlouRiesreYves Fleury, Cindy Caron,

Fanny Charlier, Lionel Ripoll, Serge Lavoie, Anne Ardaillou, Paul Gormand, Michael

Ouellet, Rim Kboubi, Charlotte Pichard, Sophie Fortin, Simon Gandrieau, Marion

Etienne, Ludivine Chaurand, Philippe Plourde, Quentin Liéa, Garcia, Héloise Coté,

Estelle Juere, Francelavier Sirois, Ariane Nadeau et Valérie Bérubé. Merci
également a Maril€ | aude Bergeron pour son aide pr®
gestion des bourses doctorales, a Dominique Simard du secrétariafdemépt des

sciences fondamentales pour son efficacité et sa patience, et a Tommy Perron et
Caroline Potvin pour leur appui matériel et logistique régulier tout au long du projet.

Mon inscription au doctorat en Biologie aura été un pari audacieux det ldepaes
associés chez Laboratoire PhytoChemia, Laurie Caron et Hubert Marceau. Année apres
anneée, nonobstant les embdches et les défis posés par la croissance de notre entreprise,

il s ont accept® de me partager rmsMesc | e p



iv

moments de découragement. Un merci également a tous les employés de PhytoChemia

gui mdéont toujours aussi support® dans cet
Le soutien de ma famille a ®gal ement ®t®
vraimentpa®t ® un | ong fleuve tranquille pour m
pére, DanySGel ai s, dbéavoir entam® ces ®tudes, ¢

et il a su trouver les mots pour me convaincre de me donner ma chance. Ma mere,
Marie-Héléne Toestler, mon pére, mon frére, Xavier&tlais et mes grandseres,

feu Ghislaine Jacob et Andr ®e Tremblay, on
tout au long de ce parcours régulierement éprouvant. Quant & ma conjointe Lindsay
Girard, sa patiencesta f oi en ma r ®ussite paraissent
méme que je me laissais envahir par le doute. Elle est ma lumiére lorsque la nuit est

trop sombre.



AVANT -PROPOS

Ce document a été assemblé sur le modele desa par articles, en conformité avec
|l es r glements applicabl es dRegleméntdméesver si t
études de cycles supérieumreglement numér8, annexe 1, avril 2020), dont le
doctorat en biologie e séduQuédeedaChicoatimi.Z2 xt ens i

cette fin, trois publications arbitrées sontpres référées.

L 6 ar t Satemlization BakeiWenkataraman rearrangement enabled total

synthesis of dirchromones and relatesiLdstituted chromonesest paru en 2018 dans

le journal Organic Leters Le candidat au doctorat Alexis-Skelais @& e st l 6aut et
principal. 1l a pris en charge | 0ensembl e
de nombreux essais préalables infructueux dont les tout premiers remontent a 2013,
avant m°me | 6amorce du programme doctor al
manuscrit. J®r*me Alsarraf, second auteur,
candidat dans ses explorations synthétiques, a facilité leur intégration dans un tout
coh®rent, puis a contribu® ~ | 6am®l i or at i
| 6ensemble des mani pul ations relatives auj

ainsi synthétisée, et révisé le manuscrit. Charles Gauthier a participé a la révision et

| 6am®l i oration du manuscrit. Andr ® Pichett
projet.
Le second article, ¢ On the role of the vi

its cytotoxic and antimicrobirmalOrganc&i vi ti es
Biomolecular ChemistryLes réles joués par Alexis -&elais Jérobme Asarraf et

André Pichette sont congrus avec ceux présentés pour le premier article. Jean Legault



Vi

et Mouadh Mi houb ont contribu® ° | a s®quer
au caract re dobébaccepteur de Michael de | &
noue au | 6ensemble des observations sur | e s
décrites.

Le troisi me manuscrit, ¢ Effect of the CI

on the Resultant e@pawdaocsdeloaraal of NawraliProdudtsi e s e,
en 2021 Les rOles joués par les quatre autguécédemment cité&ontrespectivement
semblables &eux décrits pour les deux autres articles, alors que Joanne Plourde a
contribu® ° | 6attri bution des signaux de
molécules finales, suivant les demandes de correctifs soumis par les réviseurs du

manuscrit avant publication.

Ces articles, sous r®serve de r®visions ¢
présente these, sont conformes aux versions publiées ou soumisds du dépot de
l a th se, ) | 6exception de | a gestion des
derni res a ®t® uniformi s®e sans ®gard aux
la constance de la présentation tout au long de la thésenaat fauteudate, selon le

modele de gestion des références de la rEXiygochemistry



TABLE DES MATIERES

AVANT -PROPOS.......coeiiiieiieieieteeeeseseseseseietsesessesessvsnssesesessssssesssssssesssennmneas ) v
LISTE DES FIGURES . ....coovitieeeeeetce et eeemeeeetes et es e essmaes s tensennaeenensanseann X
LISTE DES SCHEMAS.........oovitetetceeeeee e eteeeeses st eeemases s st Xii
LISTE DES TABLEAUX......coiviuiteeeieteeeeeeeeeeetesesetees s essineee s seasesnensannnns xiii
LISTE DES ABREVIATIONS .......coooiiuiieeeeeeeeteeemeet e eseseeete et nmee s, Xiv
RESUME . ... .ottt eteeeee ettt vemeasete s seeseetesteesensernmnnsesease e XViii
ABSTRACT .....oiiveieieteteeeeee et eeemae e eee s s et e st essnansssetssstetesesessesesssssaesesseesnanans XX
INTRODUCTION .....coovivieieieeteeeeeseeeme et essteee s et tessesseeesssesaessessaetesssesenssenmnennns 1

CHAPITRE ISOFT-ENOLIZATION BAKER-VENKATARAMAN
REARRANGEMENT ENABLED TOTAL SYNTHESIS OF DIRCHROMONES

AND RELATED 2-SUBSTITUTED CHROMONES............ccooiiiiiieeee e 23
1.1 RESUMERN fraNGAIS ... ..uuiiiiieiiiiiiiiie et e e e 24
1.2 Graphical @bStracCl........cccooeiieiiiiiieeeee e 24
G A o1 1 - o PSP 24
3 N xS PPRPRRPN 25
1.5 AUthOr INFOIMALION.......coiiiieeee e e e e e e e e e 34

1.5.1 Corresponding author...........ccooviiiii e 34

1.5.2 AUthOr CONEIBULIONS .....cooiieiieii e 34

L. 5.3 NO S . it e ———— 34
1.6 ACKNOWIEUGMENL........uiiiiiiiiiiiiii ettt emr e e e e e e e e e e 35
A U= (=] €= [ 35

1.8 SUpPPOrting INFOMMATION.. .....uuviiiiiiiiiiiiie e 39



1.8.1 General experimental proCedures.............oooiieiiiemmne e e 39
1.8.2 Experimental procedures and characterization.................cccoeeee.. 41
1.8.2.1 Preparation and characterization of chromdhiés...........................41
1.8.2.2 Preparation and characterization of et@r...............cccvvieeee. 45
1.8.2.3 Preparation of precursor SUlfOXIdBBX............cooovviiiiiiiiiennn e 46
1.8.2.4 Preparation and characterization of vinylsulfide esi®=18f and 18h
49
1.8.2.5 Preparation and characterization of vinylsulfide e&8gy.................. 54

1.8.2.6 Soft enolization Bake¥enkataraman rearrangement to afford €5

1.8.2.7 Consecutive soft Bakerenkataraman rearrangement and dehydrative

cyclization toward chromondSB and15X........ccccevveeiiiiiiiiiiiccceeeeeenn. 56
1.8.2.8 Preparation andharacterization of intermediate est2Bs24 and25..64
1.8.3 REFEIENCES.....cceeieiiiiiiiiiie st e e e e e rneess s s e e e e e e e e e e eeeeenenees 66
1.8.4 IH NMR, 13C NMR and HRMS SPECIA...........cceeeveecrrieiieeereeieireeinnn 68

CHAPITRE Il ON THE ROLE OF THE VINYLSULFOXIDE SIDE CHAIN OF

DIRCHROMONE TOWARDS ITS BIOACTIVITIES........cuvtiiiiiiiiiiiiiee e 156
2.1 RESUME €N fraNGaIS.........uveiiiiiiiiiii e 157
2.2 Graphical @bStracCt...........ccooiiiiiiiiiiieee e 157
PRGN 1] 1 - o U 157
2.4 ATTICIE ..t 158
P22t 1 0T ¥ Tox 1 o o S 158
2.4.2 Resultsand diSCUSSION.........cccuuuuuiiiiiiiiiireeiirtiiieeeeeeeeeeee e e e e eseeeeeeeees 160
2.4.2.1 Preparation of dirchromone analags.............cccvvvviiieemiiiiiinnnnee. 160
2.4.2.2 Effect of structural modifications on bioactivities........................ 164
2.4.2.3 Dirchromone as a peculiar Michael acceptor.............ccccvvvvieeeeee. 166
2.4.3 CONCIUSIONS......coiiiiiiiiiiie et eee e e s eeense e e eaeeeaaeaeaeenn 170
2.5 CoNfliCtS Of INTEIESL......ccoeiieeeeeeee e 171
2.6 ACKNOWIEAGMENL........ooiieiieiiie e e e e e e e e e e eaes 171
A (=] (=] =T 1o 171
2.8 Supporting iNfOrmMation..............coeiiiii e 175
2.8.1 General experimental ProCeduUIeS..........ccvvvviiiiiiecciieeeeeeeeeee 175
2.8.2 Experimental procedures and characterization...................ccceeen.... 176
2.8.3 REIEBIBNCES......cuuiiiiiiiiiee st e e e e e e rees e e e e e e e e e e e eeeeeeeennnes 196
2.8.4 NIMR SPECIIAL ... iiiiiieeiiii et ceeee e et e et e e e mmmr e et e e e aaaneeeees 197

2.8.5 NMR spetra of Michael addition NMR assays........ccccccccvveeeerriennee. 238



CHAPITRE Il EFFECT OF THE CHROMONE CORE SUBSTITUTION OF

DIRCHROMONE ON THERESULTANT BIOLOGICAL ACTIVITIES............ 240
3.1 RESUME €N fraNGaAIS.........uviiiieiiiiiiii e 241
3.2 Graphical @bStracCt...........ccooiiiiiiiiiiieee e 242
G0 1Y 0 1] 1 = (o PR 242
I N o 1o = S 243
341 INtrOAUCHION. ... .ciiiiiii e erer e e e e e e e e eeees 243
3.4.2 Results and diSCUSSIQMN...........cccvvviiiiiiiiiene e eeeeeeeeeeeee e 244
3.43 EXperimental SECHON...........uuuuiiiiiiiiiii e e 252
3.5 Associated CONLENL.........coiieiii e ieeeec e eeee e e 270
3.6 AUthOr INfOrMALION.........cceiiiii e eeee e 271
3.7 ACKNOWEAQGEMENLS.......cceiiiiiiieeeiie et as 271
e B R = (=] (=] [0S 272
3.9 Supporting iINfOrMAtioN............uuuiiiiii e e 275
3.9.1 Preparation and characterization of intermediate compounds.......275
3.9.2 REIEIENCES.....uuiiiei it 304
3.9.3 NMR SPECIAL....cci i eeee e 306
3.9.4 HPLC purities of compoundB21...........ccceviiiiiiieeeiiiceeiiciieee e e 476
CONCLUSIONS GENERALES ET PERSPECTIVES........ccooveeevivesieennnn . 492

REFERENGCES . ... ooooe oottt e et e e emeeeia e e e eeie e eesieesensienenn. . 499



LISTE DES FIGURES

Figure Page

Figurel-1 . Repr ®sentations sch®matiques de di
(o] 1010 11 1= UUURRRP 4

Figurel-2 . Repr ®sent at i on stndurat dassifidaten ol e | dappr ¢
Natural ProdUCES.......ueieiee e 5

Figure I3 . Repr ®sentation statistiqgue simul ®e
pour des composés organiques de 500 Da et moins........................ 6

Figurel-4. Structure de la Chromone.............ooviiiiiiiieee e 10

Figurel-5. Voies desynthese communes de chromogesibstituées.............. 11

Figurel-6. Structure commune des dirchromones isolées de Dirca palustris L4

Figurel-7. A: Structure de | a gl uc.or.aplanine.
Figurel-8. Structures de quelquesalkylchromones..............cccccviviiiieemnnnns 17

Figurel-9. Couplage de Heck (inopérant).................uvvvuiiicceeveeeevviiniiiene e 18

Figurel-1 O . Tentative de pr®paration doun int ¢

préparation de la dirchromone par recours a un réactif de Grignard. 19
Figurel-11. Essai du couplage de Wittig pour préparert@&&ydirchromone 19

Figure 1. Parenstructures of Zubstituted chromones..................coovvvveeee. 26



Xi
Figure 2. Possible planar conformers of chromone............ccccvvvviieeeeene 61

Figure 21. Structural modifications introduced to the lateral chain of
(0|1 7ed gl o]0 1 o] o [= 159

Figure 22. 1H NMR experiments of the cysteamine adduct test of Avonto et al.
fOr dIrCHIOMONE. ... e 167

Figure 23. Characterized products from the reaction of dirchromone with an
excess of cysteaming in DMSO........coooviiiiiiiiiiiiieceeeeeeee 168

Figure 24. A-549 cells monolayer incubated with A) DAPI nucleus stain and B)
10 UM dirCRrOMONE.....ceiiiiiieieee e 170

Figure 25. Enantiomeric excesses measured by chiral HBMC for
enantiomers of COMPOUNId............oooviiiiiiiiiiiiiicc e 178

Figure 26. Chromatographic profile of the fresh reaction of dirchromone with 4
equiv cysteamine in dimethylsulfoxide............cccovviviiiiic e 191

Figure 27. DQFRCOSY correlations and key HMBC correlations used to
elucidate the structure of COMPOULE..............oevviiiiiiiiiiieeeiiieeeeeen 193

Figure 28. DQFRCOSY correlations and key HMBC correlations used to
elucidate the structure of COMPOURN..............eeeeiiiiiiiiiiieeeiiiiiieeeeeeee 194

Figure 29. DQFRCOSY correlations and key HMBC correlations used to
elucidate the structure of COMPOUR.............ceeviiiiiiiiiiiieeniiieeeeeeeeeeee 196

Figure 31. Structures of dirchromone and its prepared and tested substituted
ANAIOGS Z-21). .ot a e e e 245



LISTE DES SCHEMAS

Schéma Page

Scheme 11. Failed synthetic routes explored for the preparation Spf (
deoXydIrChIOMONE. ........coiiieeeeeeee e 27

Scheme 2. Soft BakerVenkataraman enabled synthesis 05)-(

deoxydirchromone, and preparation of dirchromone......................... 30
Scheme 13. Scope of the soft-& rearrangement..........cccccvvveeiiiiiecseieneeeenn. 31
Scheme 2ZL. Synthetic route to dirchromone analogs.............cccccevvvieeeeeee.n. 161
Scheme 2. Oxidation ofdirchromone to sulfone............cccccvviiiiiieecnnn. 161
Scheme B. Synthesis of compounds8 and9................cccoovvvvvviieeee e, 163

Scheme 3dl. Synthetic routes for the preparation of compouhdls, 17ag, and



LISTE DES TABLEAUX

Tableau Page

Table 11. Cytotoxic activity of synthesized dirchromone against a pahel
CaANCET CII INES......viieiiice et 34

Table 21. Cytotoxicity and amtGrampositive activities of compounds?9...... 164

Table 31. Biological activities of compounds21.........ccccoeeeeeeiiiiiiiiieenieeeennn. 249



LISTE DES ABREVIATIONS

Ac: Acétyl

ACS: American Chemical Society

APCI: lonisation chimique a pression atmosphérique

ATR: Réflectance totale atténuée

Bu: Butyl

B-V: BakenVenkataraman

dDoubl et (dans | e contexte doébune caract ®r i
DAPI: 4 6-Di@minido-2-phénylindole

DC: Dirchromone

DCM: Dichlorométhane

DEPT135: Distortionless enhancement by polarization transfer a 135°
DIPEA: Diisopropyléthylamine

DMF: Diméthylformamide

DMSO: Diméthylsulfoxide

DQF-COSY: Double quantum filtered homonuclear correlation spectroscopy



EI-MS: Spectrométrie deasse a impact électronique

Equiv: Equivalents molaires

ESI: lonisation par électronébuliseur

Et: Ethyl

FTIR: Spectroscopie infrarouge a transformée de Fourier

GC: Chromatographie en phase gazeuse

GSH: Glutathione

Hex Hexanes ( m®l ange doéisom res)
HMBC: Heteronuclear multipler bond correlation

HPLC: Chromatographie liquide a haute pression

HRMS: Spectrométrie de masse de haute résolution

HSQC: Heteronuclear single quantum coherence

ICs0: Concentration inhibitrice & 50%

iPA: Alcool isopropylique

iIPr: Isopropy!

IR: Infrarouge

J)Constante de couplage (dans |
JxrsConstante de couplage entre

LC: Chromatographie liquide

e

e

XV

contexte

f

uor

et

d



XVi

mMul tiplet (dans | e contexte ddébune caract
m-CPBA: Acide métachloroperbenzoique

Me: Méthyl

MICoo:Concentration minimale doéinhibition 7 ¢
MS: Spectrométrie de masse (ou spectrometre de masse)

MS-TOF: Spectrométrie de masse a temps de vol

NIST: National institute of standards and technology

NMR: Résonnance magnétique nucléaire

NOESY: Nuclear overhauser effect spectroscopy

PBS: Solution tampon pbsphate

Ph: Phényl

g-Quadruplet (dans | e contexte dbébune caract
Rf: Rapport frontal

RMN: Résonnance magnétique nucléaire

rt: Température piéce

s:Singulet (dans | e contexte dbébune caract ®r
SAR: Relations structureactivités

tTriplet (dans | e contexte dbébune caract ®r i

TBAI: lodure de tétrabutylammonium



t-Bu: tert-Butyl

Tf: Triflate

THF: Tétrahydrofurane

TLC: Chromatographie sur couche mince
Tol: Toluéne

tp: Température piece

UV: Ultraviolet

Xyl: Xylene

XVii



RESUME

Loexploration de | 6espace chimique biologi
r gles ou de sources doébinspiration permett
| 6i mmensit® des ass e mdelcalpmesParmiocesssiraéyies,s de s
| 6examen de substances déorigine naturel!]l
guodoell es fournissent des pistes qui aur ai
classique que parce gavduddnl|de ormes dentie lese r ®s
s®cr ® ant pr ®ci s®ment pour influencer dobau
I

0 a r Diroagpalustrisa per mis déy d®couvrir une fami/|
dirchromones, présentant des activités cytotoxicgte antibactérienne contre
Staphylococcus aureukeur chaine latérale comportant un vinylsulfoxyde les classe a

| 6®cart des autres chromones v®g®tal es et
| 6espace chimique. Ce p e nld glamte ne pérreettait pak ai b |l e
d 6 a | {dedarde laun simple catalogage. Dans le cadre de cette thése, trois objectifs
étaient donc poursuivisedelopper une voie de synthese de la dirchromone qui soit a

la fois accessible, flexible et économe en étagéierminer la ou les caractéristiques
structurales les plus critiques pour les activités biologiques; et explorer les relations

entre des modifications structurales systématiques et les activités cytotoxique et
antibactérienne.

Dans un premier temps, une Hyése totale des dirchromones a été développée afin de
contourner les écueils rencontrés par des approches classiques, avec comme étapes clé

un r ®arrangement de Pumnmateé ette prdnder axempla sf er t
de réarrangement de Bakéenka ar aman en conditions doé®nol
dans la littérature. La démarche complete comporte sept étapes ayant permis de

pr ®parer | a dirchromone °~ | 6®chel%& du gr
partir de réactifs facilement accessiblest Gee m° me synt h se sobest
per mettant déintroduire des substituants
®gal ement de pr®parer dbdbautres chromones ¢
dirchromone synthétique a été validée suligr®es cellulaires cancéreuses.

En second lieu, mettant a profit cette synthése, différentes modifications structurales
ont été introduites sur le fragment moléculaire rendant la dirchromone unique, a savoir
sa chaine latérale soufrée. llenressortnoteamt que | e degr® doéoXxyc
est capital ) | 6expression de ses activi
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cytotoxique alors que la sulfone est plus antibactérienne et le sulfide inactif dans les

deux cas. Afin de miorede b chaimemEnale surdarréactivitd i mp | i
de la dirchromone, cette derniére a été soumise a un test pour mesurer son caractere
ddaccepteur de Michael par une r ®action a\

magnétique nucléaire. Devant le comportensemprenant observé, les produits de la

réaction ont été caractérisés, mettant en évidence une séquence de réactions combinant
une addition de Michael, une élimination du fragment méthylsulfinyl et des
conversions oxydoréductrices. La fluorescence deigsrdg ces produits a également
permis de mettre en ®vidence | 0occurrence
cellules traitées avec la dirchromone.

Troisiemement, 32nalogues de la dirchromone présentant différents substituants
(méthylations, Btéroatomes, acylations et alkoxydations avec différentes longueurs et
ramifications de chaines alkyles, modifications du cycle) ont été préparés et criblés

pour leurs activités cytotoxiques, antibactérienne gpasitive et antifongique. Les

résultats ontmontré une absence de corrélation entre les activités cytotoxique et
antibactérienne, suggérant des mécanismes de toxicité distincts. Quelques dérivés ont
montr® de fortes diff®rences dobéactivit®, n
par des gropements hydroxyle ou nitrile, alors que ce dernier augmentait le potentiel
antibact®rien. Léactivit® antifongique a
alkoxydes. Ces derniers dérivés, ainsi que la dirchromone bromée ou avec un cycle
aromatique suppmentaire, sont [égérement plus cytotoxiques que le composé parent.
Cependant , dans | 6ensembl e, |l e pharmacoph
activité dans la majorité des cas. Ce dernier pan du projet a donc démontré la robustesse

de la dirchromone wgia-vis la substitution de son noyau de base.

A

Cette th se marque donc une avanc®e de | 6
activités biologiques des dirchromones en fonction de leur structure. Elle a permis de

jeter un peu de lumiére surune portiendl 6 espace chi mi que bi ol oc
gui auparavant demeurait inexplor®e et hot
de recherche plus précises autour de ce squelette unique.

Mots clés: Dirchromone, synthése totale, relations strucho®ité, molécules
cytotoxiques, activité antibactérienne



ABSTRACT

The exploration of biologically relevant chemical space requires that some rules or
sources of inspiration are used so as to achieve some degree of focus whig scout
the vastness of theoretically possible carbon atoms assemblies. Among such strategies,
the examination of naturally occurring substances retains a place of choice, both
because this approach offers insight into structures that would have been hardly
accessible through classical synthesis and because natural products are the result of
constant coevolution of life forms secreting them precisely to influence other
organisms. Previously, a study of the shiitra palustrishad led to the discovery of

a famly of sulfur-bearing compounds, dirchromones. These exerted cytotoxic activity
and antibacterial potential agairStaphylococcus aureusnd they covered a new
niche of the chemical space owing to their peculiar side chain featuring a vinylsulfoxide
moigty. However, their low availability from the plant material did not allow for more
than mere cataloguing. In the course of this thesis, three objectives were therefore
pursued:developing asynthesis of dirchromone combining accessibility, flexibility

and a reasonable number of steps; determining the most relevant structural
characteristics towards the biological activities; and exploring the relationship between
systematic structural modifications and the cytotoxic and antibacterial activities.

To begin wih, a total synthesis of dirchromones was designed so as to circumvent the
shortcomings of classical approaches, featuring as key steps an unusual Pummerer
rearrangement allowing for an oxidation transfer, and the first reported example of a
softenolizaton BakefVenkataraman rearrangement. The whole protocol comprises
seven steps which allowed to prepare dirchromone at the gram scale with an overall
yield of 21 % from readily accessible reagents. The same synthesis was shown to be
flexible, giving accesso multiple substitutions of the core structure and also to other
common chromones. At this stage, the cytotoxicity of synthetic dirchromone was
confirmed on 13 malignant cell lines.

Secondly, thanks to this synthetic route, various structural modifications were
incorporated to the moiety that makes dirchromone unique, i.e., its-belining side

chain. This revealed in particular that the oxidation level of the sulfur was pivotal to
the expression of the biological activities, with the sulfoxide being more cytotoxic
whereas the sulfone was more antibacterial and the sulfide inactive in both cases. In
order to grasp a broader understanding of the implication of the lateral chain on
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dr chromoneds reactivity, the |l atter was s
behavior by reacting it with cysteamine and following the reaction by nuclear magnetic
resonance. Since a surprising outcome was observed, some reaction products were
charaterized, highlighting a reaction sequence comprising a Michael addition, the
elimination of the methylsufinyl fragment and redox conversions. The fluorescence of

some of these products also highlighted that similar reactions occurred within the

cytosol ofcells to which dirchromone was administered.

Furthermore, 32 analogs of dirchromone featuring various substituents (methylation,
heteroatoms, acylation or alkoxidation with various chain lengths and branching,
modification of the cyclic core) were prepdrand screened for their cytotoxic, anti
Grampositive bacteria and antifungal activities. The results showed a lack of
correlation between antibacterial and cytotoxic activities, suggesting distinct toxicity
mechanisms. A few derivatives induced stronfjedence in activity, especially by
reducing cytotoxicity upon the introduction of hydroxyl or nitrile group, whereas the
latter increased the antibacterial activity. An antifungal activity also arose as the
al koxi de substituent beblattar hsavelh as [dichrgnbries | ncr e
featuring a bromide or an additional aromatic ring were slightly more cytotoxic than
the parent compound. That being said, as a whole, the pharmacophore of dirchromone
maintained its activity in the majority of cases. Thst part of the project therefore
outlined the robustness of dirchromone towards substitution of its core structure.

This thesis therefore furthered the accessibility and the understanding of the biological
activities of dirchromone with regard to itsuture. It hence shed a bit of light on a
portion of the biologically relevant chemical space that previously remained
unexplored and beyond reach, offering more precise research perspectives around this
unigue molecular entity.

Keywords : Dirchromone,total synthesis, structwactivity relationships, cytotoxic
molecules, antibacterial activity



INTRODUCTION

Dans ce chapitre, les perspectives générales ayant motivé le projet seront détaillées.
Les dirchromones seront ensuite ggndtées et mises en contexte. Les objectifs des
travaux seront subs®quemment d®crits et | L

approches méthodologiques retenues pour la préparation des trois articles.

LO®tude des dirchromenesespinsciliargeéeands | :
| 6espace chimique ° |l a recherche de mol ®c
sp®ci fiquement | e cas des dirchr-omémenes, il

dans cette large quéte de structures moléculageémentes.

Léun des ressorts essentiels de | a chi mi €
| 6espace chi mique. Cette notion est une r

molécules pouvant en théorie exister notamment grace a la saisissante diersgeé p

par | es assemblages des atomes de <carbone
anodine, puisque de nombreux parall | es ex
Tant pour |l a chimie que pour | 6astue,onomi e,

mais est assurément immer(sarsson et al.,, 2007)Les estimés existants pour la
chimie, basés sur des modeles mathématiques et informatiques, assignentan géné
un plafond de taille moléculaire ou de formule chimique avant de procéder a un
dénombrement des possibilités, pour des raisons pratiques. Ainsi, pour des assemblages
de 17atomes ou moins de carbone, azote, oxygene, soufre et halogenes, en excluant

cettaines conformations considérées trop instables, la base de d@DBdY



2

présente 1,66 x 1bmolécules se rattachant a plus de riiard de squelettes
distincts(Ruddigkeit et al., 2012)0n a avancé le nombre de4(Ros et al., 2009;
Virshup et al., 2013} 133 (Bohacek et al., 1996)olécules organiques possibles pour

un poids de moins de 5@xltons, et estimé a 1Y la quantité de composés
physiquement et chimiquent stables de moins de DaM@ns(Gorse, 2006)Notons

que de tels critéres excluent parfdis factodes molécules pourtant utiles dans un
contexte meédical, comme le médicament anticancéreux paclitaxel de masse
moléculaire de 853,§/mol(Priyadarshini and Keerthi Aparajitha, 2012%s saponines
cardiotoniques et cardioprotectrices pesant de 585 a D&@&s (Singh and

Chaudhuri, 2018)sans compter les polypeptides et polysaccharides.

A titre de comparaison, en 2020, Ghemical Abstract Seme (CAS) répertoriait

160millions de composés caractérisés par les chimistes, ce qui inclut toutefois des
substances inorganiques et alliaff@smerican Chemical Society, 202@n 2018, une

extraction plus ciblée de composés enregistrés au CAS, en se limitant a ceux disposant
déune structure do®fi naktomesmpappamnt e meontns’”
®l ®ments tir®s doéune | iste pertbBetseeht e ° I
présentant au moins un cycle, regroupait plutét B0libns de composés répartis en

5,2millions de squelettgd.ipkus et al., 2019)Dans tous les cas, ces nombres iterst

bien le caractére infinitésimal des connaissances pratiques actuelles en proportion de

|l a taille de | 6espace chimique, ~ | 6i mage
Devant |l 6i mmensi t® de ces espaces, l a rat
d 6 e x pl avuadeicestains ebjectifs pré¢idosa et al., 2009)Tout comme une

| arge partie de | 6Univers ne contiient pr e:
telle quobdelle nous est famili re, de vaste
eu doéint®r°t pour, notamment, l a chi mie n

base de carbone ndauront aucune ,acti on

puisqudils ne sont pas des | igands de | a
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doi ncompatibilit®s structurales fondament
pertinent est ainsi consi d®rabl ement pl us
dela coévolution des formes de vie en constantes interactions moléculaires mutuelles

sur des cent ai neBengkkal, 2013; Dobsom 2004¢dLarasonretiak, s

2007; Ro@n et al., 2009)Une représentation schématique de différentes catégories de
compos®s dans | 6espadiguret-hi mi que est 111l ust

Ainsi, " | 6i mage dbébastronomes recherchant
caractéristiques rappelant celles de la Terre, les chimistes recherchant des composés

bi oactifs orientent prioritairement | eurs
ils sont plus susceptibles de rencontrer
biologique. Ces zones peuvent étre repérées par le concept de similarité moléculaire:

des molécules semblables présentent des propriétés semi@abteson and Maggiora,

1990) Cela permet ainsi de guider | 6explor a
déja pésentes dans la nature, ou présentant certains points communs. Si en pratique la
d®f i nition et | appr ®ciation mat h®mati que
(Lipinski, 2004) le principe est utilisé en chimie informatique et médicinale pour

anticiper des candidats potentiels pour le développement de médicaments par
extrapolation des activités biologiques a partir de ressemblances structurales entre des

listes de composés. Cesmditudes sont généralement évaluées sur la base de
descripteurs moléculaires calcu{@guileraMendoza et al., 2020; Ash and Fourches,

2017; Larsson et al., 2007; Reymond et al., 2@L0je fragment&och et al., 2005;

Over et al., 2013; Schuffenhauer et al., 2007; Varnek et al., ZB@g)rel-2), qui

peuvent ddéaill eurs ®gal ement servir de <co
statistiqgues dgReyindne e pla 2020; \drshupnet a.u2018)

guoi | | migutelr3® es chefclaeurs peuvent ensuite utiliser ces descripteurs pour

i nf ®r er des r gl es qui , bien que souf fre

considérablement orienter la recherche de strestoandidates dans le processus de

d®couverte débun m®di cament . Le groupe de t



Espace
i chimique
néorque théorique
theorique

Accessibles

Naturels par synthéese

Meédi-
caments

Figure|-1.Repr ®s ent ations sch®mati ques dAMaleéldpfé@ntepfergetalp 2003) | As dei 1 6ke platces ad
chimique théorique se trouvent les zones, partiellement croisées, occupées par les produits naturels et les molébldegpacsysehese. Leurs

travaux définisent les composés biologiquement pertinents comme étant les seuls produits naturels jouant un rble essentiel dansnfe;métaboli

incidemment, une bonne partie des candidats pour le développement de médicaments se situent dans cette fenétre geivpede duride pour

la rechercheB. Modéle décrit pafRosth et al., 2009)A la différence de Deng et al., leur définition de composés bioactifs estlargn 6 e x cl uant pas
les processus métaboliques secondaires, et recouvre presque tous les produits naturels, qui sont par pression évduiivenpaassraction

bi ologique quelconque. De m°me, certaiasucempoei®sabteastbfesppavesynaht:
pour le moment théorique). Une partie des produits bioactifs se qualifie comme médicaments. Dans les deux modéle®ribest tout candidat

au titre de médicament doit forcément étre acckssitit via une source naturelle, soit par synthése.



Figure -2 Repr ®s ent at i on psructural eldssifieatioh ef ndtudabhppoduc{S@OINIR), préparée a partir des figureqi€lech et

al., 2005)avec simplifications. Les molécules naturelles contenant au moins un cycle y sont claseéesiausl 6un ar bre dont | es couch
ajoutent des cycles supplémentaires. Cet outil empirique a été utilisé par les auteurs pour trouver un dénominateur cdbrancunad e gl ycyrr h®t i ni
(A) un i nhi-bydroxgstenoidedéskydrdgénbsesleetlysidiolide B) , un | igand dobébune prot®i ne structura

phosphatase. Le motif cyclique commun (en orange) aux deux composeés a ensuite été retracé puis utilisé pour prégaderdéré/sérsimplifiés
basés sur ce squelette, t@uar exemple) lecomposgqui sbest av®r ® °t rhgdrokystéroide déshydrogénaséeni bi t eur de 1160
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Figure I-3. Repr ®sentation statistique simul ®e de | despa

organiques de 500det moins. Cette figure est assemblée en générant wécmarstilion représentatif

des 16° molécules estimées comme pouvant figurer dans cet espace, puis en les regroupant. Les zones
colorées indiquent celles ou des molécules connues sont situéegualtas espaces blancs représentent

des zones de | 6espace chimiqgue encore inexplor ®es.
ContrerasGarcia, J., Wipf, P., Yang, W., Beratan, D.N., 2088ochastic voyages into uncharted

chemical space produeerepresentative library of all possible dililge compoundsJ. Am. Chem. Soc.

135, 72967303. https://doi.org/10.1021/ja401184g, en page 7300. Tous droits réservés © 2013,
American Chemical Society.

conteste | a ¢ r gle dese q@iumqaunde gbapdes lpia
m®di caments oraux d®vel opp®s ne transgres s
suivants: masse moléculaire de 500 Daltons ou moins, coefficient de partition-octanol

eau (logP) inférieur a 5, moins dedénneurs de liaisons hgatjéne, et moins de
10accepteurs de telles liaisons, criteres auxquels Lipinski a plus tard ajouté un

maximum de 10iaisons rotativegLipinski, 2004) De tels critérepermettent donc de

canaliser | 6attention des <chercheurs vers
chimique.
Une fois qubébune certaine id®e des objecti

découverte et de tri des molécules peut commencer. Depsisaninée$990,
| 6approche de | a chimie combinatoire all.i
bi ol ogiques d®finies déavance a notamment

chimie combinatoire consiste a obtenir relativement rapidement destindopies de



nombreux compos®s par | 6assemblage de bl oc
méthodologies de synthese partiellement automatisées ou pouvant aisément étre
réalisées en parallélgSmith and Griebenow, 20Q6).e criblge a haut débit qui
sbensuit per met de tester un tr s grand I
Il nteragir avec une cible d®finie (enzyme,
dans des plaques multipuits dont la manutention peut étre aigéendlayr and

Fuerst,2008) La chimie combinatoire permet en (gg¢
de compos®s de FfPikcer dirué ke tj BWnpuarie WBun poi
mai s quoil convient de consi d®r er comme r

| 6 e s pirmigque(Hect et al., 2009)

Jusquod- r®cemment , | 6attention ®tait tour
structurale de telles chimioth gqgues mol ®cu
gudescompt ®. En efftf ede l@aurparéc @uvde meé de

biologiquement pertinent tend a étre incomplet ou trop fragmentaire, teinté par une
poignée de prérequis tenant a la nature méme des molécules accessibles dans les
contraintes des protocoles de synth@sasson et al., 2007; Smith and Griebenow,

2006) a la recherche de certaines propriétés pharmacocinétiques et au retrait de
certaines réactivités jugées nuisiblgsarvey et al., 2015)comme un caractére
ddaccept eu(Oprehe2000)i céh ateilt r e d @sede eipmpkisent | es r
davantage orientées vers une bonne biodisponibilité orale, mais peu en mesure de

di scriminer seules un compoq@ream®@d) ci nal do

Un certain nombre de ramgrcis peuvent étre utilisés pour orienter la construction des
collections de composés, qui ne découlent pas toutes de la chimie combinatoire. Le
croisement de propriétés structurales pour trouver des congénéres a des molécules dont

| 6acti vi tnee(Hawvdy etdl®2015; Koah et al., 2005; Schufimmdr et al.,

2007) ou encore la modélisatiom silicode | 6affinit® ~ des r1 ®cC
(Kutchukian and Shakhnovich, 2010; Vilseck etal.,2@&8) f ont parti e. L6
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par les molécules naturelles est un autre de ces @éts et al., 2009; Larsson et al.,
2007; Rodrigues et al., 2016)

Les produits naturels ont été, pour les chimistes médicinaux, parmi les toutes premieres
sources doéinspiration mol ®c ul aduvésentreDe f ai |
1981 et 2010 aux Etatdnis découlent soit directement de structures naturelles, soit

par des modifications hémisynthétiqugtarvey et al.,, 2015) L6 or i gi ne m° me
métabolites secondaires naturels les prédispose a figurer dans une partie

bi ol ogi qguement perti(Haweyetal.d2015;|lLdrssaetaalc,e c hi 1
2007; Ro@n et al., 2009)Résultantde lacgéo | ut i on des formes de
et la sélection des voies métaboliques sont en effet fagonnées par la nécessité
déinteragir avec |l es macromol ®cul es et m®
que virtuellement tous les produits naturels devigi@uvoir exercer au moins une

interaction biologiquéLarsson et al., 2ZI¥; Ro&n et al., 2009)

Les produits naturels peuvent par aill eur
déint®r°t biologiqgue qui ne s (Harteygia.s acces
2015; Larsson et al.,, 2007; Raset al.,, 2009) é titre doéoexempl e,
comporter plus dbéatomes ddédoxyg ne, une hy
ddazote et de <cycl es aromatiques, et dav
substances synthétiqugsrsson et al2007; Ortholand and Ganesan, 2004; Rodrigues

et al., 2016) Les produits naturels influencent fondamentalement la maniére dont la

chimie combinatoire est envisagée. En effet, les connaissances acquises au fil du temps

par la synthese totale de produiteat ur el s f our bi ssent | édar sen
chi mie m®dicinale. 1 en va de m°me pour |
des mécanismes des activités biologiques. Ces contributions induisent un biais
intrinseque dans le type de moléaulacluses dans les chimotheques combinatoires.

On a ainsi estim® qudbden 20009, |l es mol ®cu

criblages a haut débit dans le secteur pharmaceutique étaientfol0Qflus
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susceptibles de ressembler a un produit naturelicplies avaient été sélectionnées au

seul hasard dans | 6espace chimique possi bl
Ce dernier tend en outre a devenir plus important chez les molécules les plus complexes

(Hert et al.,, 2009) La m° me ®tude s ouboidgsntgesge 6" cet
sqguel ettes cycliques rencontr®s chez | es |
dans les collections combinatoir@sert et al., 2009)Cette couverture plus large de

| @pace chimique par les produits naturels ressort également des cartes basées sur des
descripteurs moléculairédRos& et al., 2009; Virshup et al., 201&es constatations

mettent en évidence le rble primordial des produits naturels comme source

doi nspiration ut i Harvey et hl.a20Xk5hLarssoneet am®@@v;ci nal
Ortholand and Ganesan, 2004; Rodrigues et al., 201&Rosl., 2009)

Beaucoup de Il a | itt®r at whineiqueshiblogiglemenx pl or a't
pertinent sobébattarde aux strat®gies de gr al
classifications statistiques, algorithmes de tri, calculs de propriétés, etc. Toutefois, au

vu de leurs propriétés indéniablement pertinentes darontexte de bioactivité, le

rtl e r ®c emment ¢ red®couvert €& des produl

également rappeler la nécessité de poursuivre les efforts de recherche vers

| 6i dentification de nouveaux merisade®!| i tes
apports contribuent ) l eur tour " enri ct
di sponi bl es. Les produits naturels so6i mpos
pour | 6augmentation de | a diversitean® des pi

moléculaires pouvant par la suite étre cribi@zsgorath, 2016; Rodrigues et al., 2016)

A

Lesdi rchr omones, auxgqguelles cette th se so6:
cette perspective, et les présents travaux ont eu pour motivation de les faire passer de
curiosit®s phytochimigues ° outils dobéexplo
pertinent.Les paragraphes suivants traitent dphes spécifiguement a la classe de

composeés a laquelle les travaux de cette thése ont été consacrés, les dirchromones. Elle
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situe bri vement ces derni res danes | 6esp:

leur découverte, et expose les défis liés a leur accessibilité.

En premier lieu, les dirchromones se rattachent structuralement au squelette des
chromones. Cellesi sont des dérivés de phénylpropanoide, largement répandus dans

la nature(Sharma et al., 2011ptructuralement parlant, elles présentent un squelette

bi cycligue copnysrtointeu ®et ddddaduwnre Figuseled). €llesar o mat i
peuvent présenter de nombreux substituants, et plus particulierement un groupement
aryle lié en positio2. Cesouggr oup e, d 06 u nreechaz eswvdgétaug,esbv al e

celui des flavonoides.

Figure 1-4. Structure de la chromone.

Des dérivés de chromonpsuvent présenter des propriétés biologiques variées, allant

des antiviraux aux antiallergenes en passant par des hypotenseurs, des antitumoraux,

des neuroprotecteurs, des relaxants musculaires, desnflmimatoires, etc.

(Machado and Marques, 2 1Sharma et al., 2011; Silva et al., 2016tidemment,

ce motif structural a de longue date été employé en chimie médi(Badpar et al.,

2014; Keri et al., 2014; Reisetal.,,2017) La chr omone figure dobai
squelettes hétécycliques les plus récurrents identifiés chez les composés bioactifs en

date de 200€Ertl et al., 2006)

Plusieurs approches de synthése de chroneabstituées sont connues et
courammentappl i qu®es. Bien qudil en exi ste di

fréguemment employées.
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Une premiére approche régulierement utilisée pour préparerdggyRhromones
consiste doéoabord -~ EBigutelgl5 A g r uparal d®bydai s at
hydroxyacétophénone en conditions basiques (hydroxyde de sodium, de potassium ou

de baryum dans un solvant alcoolique, bis(triméthylsilyl)amiduratiierh dans le

t ®t rahydrofurane (THF) ) . Léinter m®di ai r e
cyclisation oxydative, avec des syst mes t
(DMSO), du peroxyde doébhydrog ne edansmi | i eu

le pentanol ou le xylengantos and 8ia, 2017)

0 o o

8 OH j\PhS OH o o| R
+ —_— + —_—
OL H H Sppp, €7 R
0 0 0
OH OH OH O_R
Base H*
C) + = — —— I
RO” R R — R
0 0 O O OH 0
OYR
OH 0 OH OH O_R
Base H*
D) — = = A |
N
0 0 0 O O OH 0
OH o o L4 O_R O_R
2V5
— —_—
o (T + ol [ on @Qf
0

Figure I-5. Voies de synthése communes de chrom@masbstituéesA. Crotonisation suivie de

condensation oxydativeB. Couplage de Wittig intramoléculair€C. Condensation de Claisei.

Réarrangement de Bak¥enkataramark. Réaction de Simonis.

Un couplage de Wittig intramoléculaire peut également étre employé pour former une
chromone Figurel-5B ) . Un ester de salicyl ate est 14

phosphore. Léinterm®di aire est alors est ®r
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pyridine, et se cyclise pendant la méme étap chromonéSantos and Silva, 2017)

Des variantes sont possibles: | 0ester de m
et | 6est®rification du ph®nol peut °tre e
(Kumar et al., 2000) ou encor e | 6yl ur e peut °tre

chloroacétophénoniee et al., 1991)

La condensation de Claisdfigurel-5C) et certaines de ses variantes forment toutefois

le groupe de stratégies les plus communément empld@sespar et al., 2014; Reis et

al., 2017; Santos and Silva, 201lZa réaction parente fait intervenir une base forte (un
alkoxyde dans son alcool, un hydrure dans le THRawitement une réduction avec

du sodium m®tallique), |l a pyridine-ou | a t
hydroxyacétophénon@aspar et al., 2014e dernier réagit alors avec un ester du
groupement acyle d®sir®. On obtient alors
tend vers un énd|Santos and Silva, 200)7gjui peut étre cyclisée en chromone par
déshydratation, généralement par catalyse avec un acide fort (acide chlorhydrique,
acide paratoluénesulfonique, acide sulfurigu ou un agent de déshydratation
(anhydride trifliqgue, oxychlorure de phosphore), bien que des approches alternatives

puissent étre employééSaspar et al., 2014; Keri et al., 2014; Santos and Silva, 2017)

Le réarrangement de Bak®enkataramanHigurel-5D) est similaire, mais implique

| e recour s " une acyl ation i ntr-amol ®c ul
hydraxyacétophénone, typiguement en conditions basiques agressives: hydroxyde de
potassium dans le DMSO ou la pyridine, hydrure de sodium ou de lithium dans le THF

ou le toluene a reflux, carbonate de potassium dans différents solvants a chaud ou a

reflux, alcalate de potassium ou de sodium dans le THF (ktc2009; Santos and

Silva, 2017) Déautres r®actions proches de |l a ¢
communes pour la préparation d@a2 kyl chr omones, soi-t l a co
Robinson et la réactionedKostaneckRobinson, peuvent également étre utilisées.

Dans ces variantes, |l 6acyl e d®sir®, sous f
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sel de sodium ou pot as siydoxygcétoptenonemihaiteen pr
température, ce qui méne di@ment a la chromone sans étape distincte de cyclisation
(Gaspar et al., 2014; Li, 2009; Santos and Silva, 2017)

La réaction de SimonisF{gurel-5E) prend le chemin inverse des variantes de la

condensation de Cl aisen, pour pl ut?*t d®b
| 6acyl ati on. Un ph®nol , typi guement appau
ddabord conde®t®eatvec an pr ®sence de pent o
sul furique ou dbéacide polyphosphoriqgue. D&

acyler le cycle aromatique pour former une chrom@eespar et al., 2014)

Outre ces voies dobéacc s, dbéautres possibil
des alcynes terminaux peuvent, en pr ®sence
esters do(uyelocashu®ea catbanylation au monoxyde de carbone est

®gal ement r equorthkoanN®,t hoouw yebnecnozrae dd®ehoftllbe ou | e
méthoxybenzoyle, en chromoBesubstituédGaspar et al., 2014; Oyama et al., 2011)

La 2chl orochr omone peut ®gal ement 3,3°tr e pr
dichl oroacrylique et dbébun ph®nol par une

Fries et une cyclisation basiq(leevas and Levas, 1960)

Cebreft our doéhori zon s ur il dorvient delprésenteo plus en ¢ o mp |
détail les @rchromones et leur origine. Ellesnt ®t ® i sol ®es déun arb
| 6est de | 6 ADbir@arpalustusk., ddlafanille ded Thymelaeaceae. Leur
d®couverte r®sulte de s®rendipit® | ors dou
| 6 aictt® vcyt ot oxi que. Lébextrait au dichlorom
D. palustris présentait une forte cytotoxicité sur les cellules épithéliales
déad®nocar ci nfobd® cemu h justifie des efferts de fractionnement.
Cette cytotoxt i t ® s Oest ave®r ®e °tre principal em

hautement fonctionnalisés, des orthoesters de type daphnane, nommément la
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wikstrotoxine A et la huratoxingSt-Gelais, 2014) Toutefois, en cours de route, une

fraction présentant une toXi€ moindre envers les cellules549, mais plus notable

envers | es cellul es D[DLD-4 h®tembsarvée.iDaoettee c ol o
fraction, huit composés apparentés, présentant une fluorescence caractéristique
verdatre sous irradiation UV a 365/, ont été purifiés et baptisés dirchromoKgs

Gelais et al., 2015Figurel-6).

Rs (:)
Rz O XS+, R;=H,OH, OCH;3
| R,,R3=H, OCH;
Ri
o)

Figure 1-6. Structure commune des dirchromones isoléd3idm palustrisL.

La singularité des dirchromones tient notamment a la présence, sur leur chaine latérale,
déun atome de soufre. Les m®tabolites sec
habituellement carentrés dans quelques groupes botaniques spécifiques, notamment

les Alliaceae et les Brassical@giga and Seki, 2006; Cerella et al., 2011; Fahey et al.,

2001; Scherer et al.,, 200 6observation de tels composR®

Thymelaeaceae était une nouveauté, tout comme la structure de ce groupe de molécules.

Ainsi, les dirchromones se situent au croisement de deux groupes de composés naturels

d®] " connus. L e de so@re lesrrapprochte dleudeux grands types de

m®t abol ites secondaires de d®f ense, l es gl
ailleurs, au sein des chromones, elles se rapprochent plus particuliéerement des 2

alkylchromones.

Les glucosinolates e r etrouvent chez | es plantes de
forme native, i sbagit de thioglycosi des
oxime sulfonéeRigurel-7A) ( B1 a g e v 20R0; Kdigbenstdin.et al., 2005jont

environ 130structures sont connugsgerbirkard Ol sen, 2012; .Bl agevi
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Section commune des glucosinolates

/’ OH \\\ S\\
/ SO; . Cs
A ' HO o) S l\ll / Myrosinase N \/\/\S{
“._ HO =N o - 7
\\\"—--__ O_H_-— - Ly (_)
- S\
Glucoraphanine Sulforaphane

o
\v\ /YJ\ i i &
5 ?; r OH _ Allinase g OH oot g Sy
_ 2

Acide

allylsulfénique Allicine

Alliine

Figure I-7. A: Structure de la glucoraphanine et sa conversion en sulforaphane, illustrant la conversion

typique des glucosinolates en isothiocyasgiar la myrosinase chez les Brassicales. B: Structure de

|l 6alliine et de certains compos®s issus dSe son cli
alkyles variés, comportant typiquement de lcarbones.

Dans les tissus végétauy, ils sont biosynthétisés parallelement a des glycoprotéines, les
myrosinases, dont ils sont physiquement isolés. Lorsque les cellules sont endommagées,

la mise en contact de ces protéines et de leurs substrats relargue du gldocsmt

|l e r®arrangement de Lossen des h®t ® oat ome
des isothiocyanates et dans une moindre mesure des nitriles et des thio¢iFahates

et al., 2001; Kliebenstein et al., 2008)es composés, ainsi que les glucosinolates

intacts, participent a la défense des végeétaux contre les agresseurs, présentant
notamment des propriétés antimicrobiennes et repoussant plusieurs herbivores
(Agerbirk and Olsen, 2012; Fahey et al., 2001; Kliebenstein et al., 200&) que
certains retournent | 6arme chi -ménpsd ~ | eul

leurs prédateur@gerbirk and Olsen, 2012)

Les d®riv®s dobéalliines se rencontrent pour
jouent ®gal ement un rlle de protection de
pas sans rapport avec cedies glucosinolates. Les alliines sont des sulfoxydes dérivés

de la cystéine Higurel-7B) (Burow et al., 2008) Une enzy me, l 6al l

®gal ement produi te et stock®e dans des va
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lorsque la plante est endommageée. Les alliines sont alors clivées gaotines pour

libérer des acides sulféniques, qui se convertissent ensuite spontanément par
condensation, déshydratation, réarrangement ou hydrolyse en une grande variété de

mol ®cul es aliphatiques souf r @®ekeblixandhme | 6 a
Lanzotti, 2007; Burow et al., 2008} ette derniere molécule,iagant possiblement en
synergi e avec ddoautres compos ®s soufr ®s,
(Benkeblia and Lanzotti, 2007; Fujisawa et al., 2009)

1 ndexi ste guodun eitepsedorglair&esoufled eonnus chez lesm®t a b
végeétauxBurow et al., 2008; Nwachukwu et al., 2012 les glucosinolates et alliines

sont ceux présentant le plus souvent dessytfes. Les dirchromones possedent donc

une parent® avec ce regroupement de compo:

ressemblent pas aux autres molécules soufrées répertoriées.

Par ailleurs, dns la grande famille des chromones, legk¥lchromonedorment un

sousgroupe moins frequemment observé que lesyBhromones (les flavonoides).

Sans en faire un inventaire compl et gue

contenu de ce gr ou pakylchrbndores lgsplussimplestvded une de

entre autres chez le girofli@yzygium aromaticunfHan and Paik, 2010)est 2

méthylée Figurel-8). Diverses especes du genwsloe produisent des -2

al kylchromones © cha"ne déun ~° trois carbi
alcools, une cétone, ou une insatura(Bisrat et al., 2000; Lv et al., 2008; Okamura

et al., 1998, 1996D. palustrislui-méme, outre les dirchromones, contient également

de la 2hydroxyéthytichromongSt-Gelais, 2014)

Une série de -alkylchromones méritant une mention particuliére est celle des 2
phényléthylchromones. Il est notable que tout comme les dirchromones, ces composés
soient particulierement caractéristiques chez les Thymelaeaceae dAgeitiggia.

LO®t ude de c ens decleumafiribuer@ss adivitgs @ntimicrobiennes et
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OH O

Eugénine

0] OH

0]

2-Hydroxyéthylchromone

4',6-Dihydroxy-3'-methoxy-

Flindersiachromone
2-styrylchromone

Figure I-8. Structures de quelquesa2l kyl chr omones nbdappartenant pas

cytotoxiques, entre autrébrahim and Mohamed, 2019)e méme, un dérivé des 2
styrylchromones, par ailleurs globalement rares en né8ametos and Silva, 20173

également été identifié chémuillaria sinensis(Yang et al., 2012)Pour ce sous

groupe, exploré en large partie par synthese, des activités neuroprotectrices,
antitumorales, antivirales et antimicrobiennes ont été répertqSéedos and Silva,

2017 )Dans | 6espace chi neirapges a praximis reldhtivede tes o mo n e
2-alkylchromones. Elles en constituent toutefois une extension particuliere et sans

équivalents connus, y compris du c6té des composés synthétiques.

Si | es dirchromones ouvrent unr falleu veau p
accessibilité constitue un obstacle de tailles dirchromones sont des composés

présents en quantités trés faibles cBepalustris Pour la dirchromone eHméme,
compos® | e plus abondant de ce geignaitpe i sol
que 0,0003%. Il faudrait donc plus det®nnes de matiere végétale pour isoler un seul
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gramme de la molécule. Toute étude subséquente de la dirchromone exige donc la

di sponibilit® ddébune m®t hode de synth se to

Certains efforts exploratoires de synthese ont été réalisés préalablement a cette thése.

lls se sont concentr®s sur des strat®gies
partant donc de chromones construites antérieurement. Toutefois, avec oebegpr

certains écueils fondamentaux ont été rencontrés. Par exemple, le couplage de Heck de

la 2-chlorochromone avec le méthylvinylsulfidéidurel-99s e bute ~ | 6i nt ol
cette chromone a des conditions basiques, menant a sa dégradation. La préparation des

réactifs en présence était par ailleurs rédhibit@teselais, 2014)

0,5 eq. TBAI
o._ _ClI 6 eq. K3POy, (0] S
| + g —X— |
cat. Pd(PPh3)4
o H,O/DMF 4:1
Reflux, 5 h

o]
Figure-9.Coupl age de Heck (inop®rant) (BtGelaisu20l4dde | 6obt e

Similairement, les essais réalisés avec un réactif de Grignard et une chromone portant

un aldéhyde Rigurel-10) néont fourni aucun produi 't ca
réactif lurméme est incertaine et possiblement en cause. Qui plus est, méme en cas de
succes, la déshydratation dea cha " ne | at ®r ale pour obt e
incertaine.

De maniere inattendue, le couplage de Wittig centré sur le méme alcene ne fournit pas

le composé voulu Higurel-11) . Léanal yse du m®| ange
chromatographie liquide couplée a la spectrométrie de masse semble indiquer la

pr ®sence doéun interm®di aire m®tastabl e cor
phosphoré, se dégradanitement en une substance de masse moléculaire inférieure a

la chromone de départ.
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o]
1) AcOEt, Na
OH  “oh30,1p © Se0, SN
—_— ] — |
2) HCI Xyl, reflux .
O  MeOH, tp, 24h 0 12h o 0% OH
81% ° S
’ ¥ . I
THF, -78 °C
Mg, cat. I,
cat. EtBr, (0]
N N
cl THE, 15°c, 1h| M9~ S
Figurel-10. Tent ati ve de pr®paration doéun interm®diaire
dirchromone par recours a un réactif de Grignard.
Q NaH M o
) NG N 0 THF O NS 0 R
| + PSS e | | o)
/—O ou /S <
BuLi
¢} 0 @)

THF, 1h
\/ ?

Figure I-11. Essai du couplage de Wittig pour prépare&ldéoxydirchromone. Plutét que le produit
désiré, un intermédiaire de masse moléculaire indiquant la rétention du réactif phosphoré a été observé.
Une structure hypothétique est fournie.
Léaccessibilit® par synth se plusconplexdi r chr o
qgubdil néy para’t au premi ersineguamodtoutetEl | e es
compr ®hrension subs®quente du m®cani sme doa
®t ude de | 6i mpact des modi f ilogEues quinks st r uc

sont attribuables.

En effet, s dirchromones naturelles présentent, a des degrés variables, une
cytotoxicité (avec une l§g variant par exemple de 1 a > contre les cellules DLD

1, la lignée la plus sensible) et une activité antinfiienone enver$taphylococcus
aureus(MICgoode 3,7 a 14ug/mL) (St-Gelais et al., 2015}l a, depuisleur découverte,

été suggéré que ces composes pourraient participer au systéme de défzinse de
palustriscontre les agressions, en compensation de la faible lignification et donc de la

fragilité de son boigMottiaretal.,2020) Le nombre restreint doar

fai bles quantit®s disponi bl es dlieonmaméare pas pe
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|l es dirchromones pouvaient exercer ces act

modi fications structurales sur | eur potent

Conséquemment)l®t ude doct orale se conceatdes e aut o
par synthese aux dirchromones afin de pouvoir étudier davantage leurs activités
biologiques en relation avec leur structure. Ces travaux permettront conséquemment
déoinscrire | es dirchromones comme outil s

fraction de | 6espace chimique.

Deux hypothéses fondamentales guident les travaux de cette thése. La premiere
consiste ° supposer | a faisabilit® dbéune
en Tuvre (peu do®tapes), a cble €psssibilitkelde ( r end
modification structurale des substrats de départ). La seconde présume que

| 6i ntroduction de modifications structur al
dirchromone permet de moduler les activités cytotoxiques et antibactériams que

doam®l i orer | a compr ®hension des propri ®t

exerce ces activités.

La thése comporte trois objectifs centraux:

1 Développer une voie de synthese de la dirchromone qui soit a la fois accessible,

flexible et €onome en étapes;

7 Déterminer la ou les caractéristiques structurales les plus critiques pour les

activités biologiques;

1 Explorer les relations entre des modifications structurales systématiques et les

activités cytotoxique et antibactérienne.
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llconvientc&e bri vement esquisser | dapproche m®t
ces objectifsDans un premier temps, une stratégie de synthese de la dirchromone a été

®l abor ®e . Puisque |l es infructueuses approc
attardée§s | a f ormation de | 6alc ne de | a cha’'n
voies de synth ses se concentrant plut?®t a
explorées. Les réactions de condensation de Claisen et de réarrangement de Baker
Venkata a ma n , de mise en Tuvre plus simple et
de synthese des chromones, ont a cet égard été favorisées. Une fois une voie de
synthese identifiée, sa robustesse aux modifications structurales a été brievement
explorée par lppr ®par ati on de quel qgues analogues,

| 6®chell e du gr amme.

Par la suite, plusieurs dizaines de dérivés de dirchromone ont été préparés de maniére
syst®matique en adaptant | a strat®éie de s
parent . € cette occasion, | 6i ntroduction
méthoxyl) a différentes positions et des modifications a la structure de la chaine latérale

de la dirchromone a permis de repérer les parties de la molécule ayant le plus

déi mportance pour | d6activit® biologique.
diversité de substituants (cycles fusionnés, hétéroatomes, alkoxydes et esters) a pour

sa part fourni une perspective complémentaire a ces observations sur la possibilité de
moduler les activités cytotoxigque et antibactérienne des dirchromones. Les composés
préparés ont été caractérisés par des méthodes spectroscopiques classiques (masse a
haute résolution, résonnance magnétique nucléaire), et leurs activités biologiques ont

été étudiéem vitro en utilisant, pour la cytotoxicité, des courbes d@&gmonse sur la

survie de différentes lignées cellulaires obtenues en utilisant le réactif de HBagest

et al., 1990)et pourS. aureusune courbe doseeponse de la prolifération bactérienne

par une méthode de microdilutigBanfi et al., 2008
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Cettet h se est pr ®sent ®e par c u nantdoncdl® ar t i cl
contenu doéun article $cséatthrdee pull Mm®s e
la portée de la synthése de la dirchromone. Le chdpdéerit, apartré une s ®r i e d«
d®ri v®s <ci bl ®s, | 6i mportance de | a cha’ ne
biologiques et fournit un apercu du mécanisme moléculaire par lequel-aelles
pourraient s 0 e i ,poursmgar, coudedes abheavgtie t de | 61 mpac
de modifications structurales systématiques du squelette de base de la dirchromone sur

les activités cytotoxique et antibactérienne, ainsi que des observations circonstancielles

sur le potentiel antifongique de certains dérivés. Un chagétreonclusion résumera
ensuite | 0ensemble des r®sultats obtenus,

certaines avenues pour des travaux futurs.
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1.1 Résumé en francais

Une synthese totale en sept étapes du squelette original des dirchromones cytotoxiques,
impliquant un réarrangement de Baké&gnkataa man en condi ti ons df¢
douce sans précédent, a été développée. La méthodologie a donné acces a la
dirchromone naturelléd( 21 % de rendement gl oba-ti) ° | 6®
a fait | 6objet dobéun cr i blluaiges cancéreusey.taot oxi ¢
portée du réarrangement de Baki@nkataraman par énolisation douce englobe des
chromones de substitutions diverses, incluant les flavonoidesstgsyRhromones,

et les 2phényléthylchromones.

1.2 Graphical abstract

(o)
Soft-enolization Baker-Venkataraman rearrangement o
R'"s OH g

R2
R? ; R2 o NA-
Oﬁ.)%/SVR R3 1 I
4 steps | R3 o o SR
R3 OH 1)_Mg>2+ ! R4 i , ]

R4 DIPEA L Dirchromone
4 (IC50 1-14 uM)
R

(¢} 2)H*
gram-scale
o (21% overall yield)

1.3 Abstract

A sevenstep total synthesis of the original scaffold of cytotoxic dirchromones
involving an unprecedented s@holization BakeiVenkataraman rearrangement was
designed. The methodology enabled access to nateailyrring dichromonel (21 %
overall yield) at granscale, which was screened for cytotoxicity against 13 cancer cell
lines. The scope of the safholization BakeiNenkataraman rearrangement
encompasses diversely substituted chromones, including flavonoids, 2

styrylchromones, and-ghenylethylchromones.
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1.4 Article

Dirchromones are a series of sulfiantaining compounds that were isolated from
Dirca palustrisL. bark and woodSt-Gelais et al., 201550me of theseanpounds
exhibited a moderately selective cytotoxicity against human colorectal
adenocarcinoma (DLD) cells, with dirchromoné (Figure1-1) being the rost active

(ICs0 1.0 uM). However, only a limited number of derivatives were characterized and
they were isolated in minute quantities. For instance, 12.5 kg of dried wood and bark
of D. palustriswere required to obtain 36 mg of dirchromdpevhich was $olated

after an extensive purification process. A synthetic route toward dirchroinané
analogs is thus needed for any further studies to be conducted on the mechanism of
action and/or structuractivity relationships (SAR) of this peculiar class afngmunds.
Dirchromones are structurally similar to two other groups of biologically active
molecules. The group of-&yrylchromone< is uncommonly found in nature, but
within a large diversity of organisms, and has been the focus of several synthesg effo
with a variety of reported biological activities such as cytotoxicriaffimmatory,

and neuroprotective effectSantos and Silva, 201As for the second group, several

of the large number of-ghenylethylchromone8 found in agarwood, the fungi
infected wood of several Thymelaeacdieistanti et al., 2018)were reported to
exhibit interestingn vitro antrinflammatory propertieChen et al., 2012; Huet al.,

2017)
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ot o

Figure 1-1. Parent structures of-@ubstituted chromones: dirchromofig, 2-styrylchromone(2), 2-
phenylethylchromoné3) and flavong4).

Among the reported synthetic approaches toward these biologically active 2
substituted chromones, including the ubiquitous flavone sca#plthe Claisen
condensation of ac thydroayacetdphenon@Vitliae &ttale s ont o
2013)is the most common route. More specifically, its intramolecular counterpart,

the BakefVenkataraman (B/) rearrangement of -ci nnama
hydroxyacetophenon@ain et al., 1982; Santos and Silva, 20is/iddy used. This

reaction requires the formation of an enol@Evans et al., 1982fhat is typically

produced by deprotonation of acetophenone using a stronddiese et al., 2013)

The scope of the reaction is therefore retddo substrates that tolerate strongly basic
conditions, which are referred tolashard:- enolization conditionglLim et al., 2007)

On the other hand, soft. enolization conditions, where a Lewis acid is used to

enable the formation of enolates in the presence of a weakLvaset al., 2007; Zhou

et al., 2007) have never been applied to the/BearrangementfAmeen and Snape,

2015) Along these lines, we demonstrate that hard enolization conditions proved
inapplicable to the synthesis of dirchromones, which prompted the development of the

first softenolization BV rearrangement. This strategy specifically enabled a facile and

scalalle synthesis of diversely substituted dirchromone derivatives from readily

available and affordable buildings blocks. lllustrating the utility of the proposed
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Scheme 1-1. Failed synthetic routes explored thie preparation of3)-deoxydirchromonél15a)
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%a 10 11

synthesis, it gave access to graoale preparation of dirchromodelts cytotoxicity

was then screened against 13 cancer cell lines.

The preparation of §)-deoxydirchromonel5a was the main focus of the initial
investigation, provided that it could then be readily oxidized to racemic sulfdxide
using 3chloroperbenzoic acidntCPBA) (Xing et al., 2017) The first explored
strategy was modelled based on classical syesheis2substituted chromones through

a Claisen condensatiofWang et al., 2013; Williams et al., 2018j methyl 3
methylthiopropionat® a n d-hy@raxyacetophenon@a (Screme 1-1, route A). This
would have been followed by acidic dehydrative cyclisatorcompoundl4 and
oxidation to generate vinylsulfideba The Claisen condensation, under classical hard

conditions involving strong bases such as sodium hy{vidiams et al., 2013; Yu et
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al., 2004; Zhao et al., 2018} sodium alcoolatéGray et al., 2003however failed to
afford the desired intermediate. A methodological change was thus required.

We then envisioned an intramolecular version of this transformation involviny a B
rearrangement of ested followed by acidic cyclisation Scheme 1-1, route B).
However, esteB was found to readily degrade, preventing its isolation in sufficient
amount and purity to pursue this strategy. Construction of areliff sulfusbearing
chain via the easily prepared esidr (Scheme 1-1, route C) was found to be an
acceptable workaround. The conversion of esfdo diketone intermediatél under
classical BV conditions however gave pheno@a and starting estetO as the main
products.

The hard conditions involved in either the Claisen condensation or classi¢al B
rearrangement were suspected to interfere with the reaction. We thus envisioned
applying the soft enolization Claisen reaction developed byetiah (Lim et al., 2007)

to the case of dirchromones synthesis. After screening various Lewis acids, including
ZnClz, CuOTH and Nibk in different solvents such as THF or toluene, the authors
showed that room temperature Claisen condensations could be efficiently conducted
using acetophenone and a variety of activated acylating agents. The optimized
conditions were daonstrated to involvé&-acylbenzotriazoles or pentafluorophenyl
esters as acylating reagents in the presence of magnesium bromide diethyl etherate in
reagemgrade CHCI2 open to air and using diisopropylethylamine (DIPEA) as a base
(Limetal., 2008) Y et , -hydroxgacetogh@non®a) was used as the substrate,

the reported yields were significantly reduced. Furthermore, prepacthgited acyl
groups from sulfide bearing carboxylic a@itb perform a Claisen cdensation would
involve significant work, and our preliminary testing showed that the yields were very
low (data not shown). For these reasons, theesuaitization intermolecular Claisen
condensation seemed not to beel@vantstrategy for the preparaticof dirchromone

precursors. On the other hand, an intramolecularesadtization BV rearrangement
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appeared as an attractive alternative.
hydroxyacetophenon@a) would yield a proper substrate for a\Brearrangement,

leading to chromone precursors in an a®m o h o mi ¢ al fashion. Ap
conditions to estetO (Scheme 1-1, route D), which could be described as the first

reported soft enolization-B reaction (soft BV), followed by acidic cyclization and

cleavage of the crude thioeste? with K2CQs, provided he thiol 13 in satisfactory

yield. Yet, subsequent methylation of thid to afford compound4 did not proceed

under classical conditior{fRioz-Martinez et al., 2011; Roe et al., 2005)

In search of a more efficient alternative, sulfileas first quantitatively oxidized to
crude sulfoxidel6a(Sato et al., 2001(Scheme 1-2). The latter washen reacted with

oxalyl chloride in anhydrous Gi&l2, which had two purposes. Not only was the acyl
chloride generated, but a Pummerer rearrangement followed by an elimination led to
an oxidation transfer from the sulfur atom to the lateral chain, prayalvinyl sulfide

with completeE-selectivity. The formation of a vinylsulfide in such a way is, to the
best of our knowledge, quite uncomm@ur and Padwa2004; Smith et al., 2010)
sometimes observed as a side product in the course of other Pustyperaractions
(Horiguchi et al., 2000)As such, our procedure proved to be a straightforward route
to useful vinylsulfide building locks (Bates et al., 2004The overall reaction to yield
derivativel7awas completed faster when a catalytic amount of DMF was added. Once
gas evaltion had ceased, coupling the formed reactant with an excess of the conjugated
b as e -hydroxy&étophenonéda) yielded stable vinylsulfide estel8a in a
convenient 4@% yield, given the relatively complex opet sequence. EstéBawas

then submittd to the soft BV conditions (2.5 equiv MgBretherate, 3 equiv DIPEA,
CH:Cl> open to air, overnight at room temperature) to afford e®l(71 %).
Mechanistically, the reaction is likely to proceed through the coordination &ftulg

the ketone function foester 18a that would decrease thé<pof the U-proton and
promote deprotonation by the weak base DIPEA. The generated enolate would then

undergo the B/ rearrangement tafford enol19. The latter was then successfully
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Scheme 1-2. Soft BakerVenkataraman enabled synthesis®fdeoxydirchromone, and preparation of
dirchromong(1)

t. DMF, CH,ClI,, rt DMF, rt
HOJ\/\SMe — HOJ\/\ T

S C e
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cyclized into §-deoxydirchromonel5a (73 %). These two stepsere found to be
applicable consecutively, omitting isolation of the enol, with an identical overall yield

(52% over two steps).

Since this overall strategy secured straightforward access to the dirchromone scaffold,
it was applied to several substitutgiichromones to explore its scopggchemel-3).

The acyl chloride formation/Pummerer rearrangement/esterification step gave
moderate overall vyields. Risingly, the reaction still proceeded well with
ethylsulfoxidel8beven though the elimination step could have been expected to occur
on both sides of the sulfide following the Pummerer rearrangement, which could
explain the decreased yield. However, thguence failed for isopropylsulfoxidé&c,
indicating that only unbranched alkylsulfides can be transformed by this method. When
a benzoate protecting group was preseompoundl8g), generation of the phenolate

had to be conducted with NaH instead of KQkisulting in decreased esterification
efficiency. For other dirchromones, at best, use of potassium phenolate of%&ione
excess as both the substrate and the base was found to slightly increase the yield by 5
10 %, compared to an alternative approasing 1.5 equiv of ketor8ain the presence

of triethylamine. It thus seems that a stronger conjugated base leads to more convenient
yields. The excess phenone could be almost quantitatively retrieved by

chromatography, so this procedure was prefewegreparation of compounds8ab,



31

Schemel-3. Scope of the soft B rearrangement
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en © 3, R = (CH,),Ph (35%)
4, R=Ph (71%)

18d-f and 18h. The Pummererearrangement itself rather than the acyl chloride

generation or esterification steps is presumed to be the mostigéldg part of the
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sequence, since transposition of the same protocol starting=witinamic acid20)
toward the synthesis of chrame 3 gave a good 764 yield of ester2l. When
commercial acyl chloride2l and22 were used, a milder esterification with ket®@ze

in the presence of triethylamine was satisfactory, providing the expected ester with

yields ranging from 58 to 8%.

For the second step, it was found that the so Broceeded similarly well when
generating a subst i thydtoeypropiephemdne towariisSar t i n g
Substituted  vinylsulfide 18d afforded the corresponding methylated
deoxydirchromond5d in a very good 826 yield, showing that steric hindrance did

not interferewith the soft BV rearrangement. Also of interest was the possibility to
conduct the reaction while retaining a benzagup 15¢g indicating the compatibility

of the soft conditions with bassensitive functionalities. The reaction was also readily
scalable. The grarscale soft BV, which enabled conversion of vinylsufid8a into
chromonel5a, proceeded even better thantla mmol scale & %), with a yield
reaching 8 %, without changing the protocol. The conditions used for the sdft B
rearrangement represent, to the best of our knowledge, a novel approach to this
classical reaction, enabling the formation of a widepscof compounds featuring
sensitive functional groups that are not compatible with classical hard conditions. Upon
investigation, the reaction offered similarly useful conditions for the preparation of 2
styrylchromong(2), 2-phenylethylchromon€3) and favone(4) in 79, 61, and 8%
yields, respectively. In comparisonsgrylchromong?2) was obtained in 4% yield

(from phenon®) when the BV rearrangement was conducted wit#Cs in refluxing
acetongDesideri et al., 200Q)pr in 73% yield (from cinnamoyl chloride) following

a KOHmediated BV rearrangement procedur@Charvin et al., 2017) These
backbones of a large number of biologigaklevant compounds are, as far as we are
aware, always formed under strongly basic condit{@mseen and Snape, 2019he

softer base/magnesium system was here demonstrated to be applicable to the same
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reactions in high yields, foretelling that sof\MBcould be usefully applied in the fue

to a broad variety of syntheses, especially if is®esitive groups are present.

Oxidation of sulfidel5ato sulfoxidel was completed in good yields {89 %) using
m-CPBA, overall offering a straightforward and efficient synthesis of dirchror(fgne
whose NMR data were in full agreement with the reported stru(BH@elais et al.,
2015) With no significant modification to experimental protocols, the sestep
sequence,i.e, oxidation, acyl chloride generation, Pummerer rearrangement,
esterification, soft B/ rearrangement, condensation, and oxidation, was consecutively
and successfully applied to the synthesis ofgld dirchromong1l), with an overall
yield of 21 %. With such quanty at hand, cytotoxic activity screening of dirchromone
(1) was broadened to 13 cancer cell lines. As present&dbie 1-1, dirchromonel

was found to be cytotoxic against all cancer cell lines tested, withrd@ging from

1.5 to 14.1 pM. The range of activity (UM) is similar to etoposide used as positive
control. DLD-1 and PG3 are the most sensitive cancer cell lines to dirchromanes
with ICso of 1.5 and 1.7 uM, respectively. The results confirm the previously reported
activity for DLD-1 and A549cell lines(StGelais et al., 2015)

In summary, we have reported the first soft¥/ Bearrangementvhich can be applied

to basesensitive substrates. Combinectanylsulfidegenerating Pummerer reaction,
this in turn enabled the total synthesis of biologically active dirchronibnen an
amount that would have required over four tons of dBedyalustriswood to be
isolated. Synthetic preparation of dirchramo(1l) proceeded from two cheaply
available substratesdmpounds and9a). It is expected that this work will pave the
way to a detailed study of mechanism of action of dirchron{@ghend SAR. The
vinylsulfide-generating Pummerer rearrangement desciieeein will also be further
studied to broaden its field of application. Investigations on the mechanism of action

are ongoing and will be reported in due course.
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Table 1-1. Cytotoxic activity of synthesized dirchromo(i against a panel of cancer cell lines

15

. IC50(UM)

Cellline Type Dirchromone (1) | Etoposide
DLD-1 colorectal adenocarcinom 1.5+0.2 51
Cace2 colorectal adenocarcinom 6.5+0.5 > 50
HT-29 colorectal adenocarcinom 13.7+0.8 10£2

PG3 prostate adenocarcinom 1.7+0.1 4.4 +0.7
MCF-7 mammary adenocarcinon 3.0+£0.3 > 50
PA-1 ovarian teratocarcinomal 3.1+0.8 <0.4
PANC 05.04| pancreatic adenocarcinon 3.6+0.3 > 50

SK-Mel-2 skin melanoma 3.7£05 35+£04
SAOS2 osteosarcoma 3.8+£0.2 35+£04
HEP-G2 hepatocarcinoma 41+0.7 06+0.1

uU-87 brain glioblastoma 43+0.1 > 50
A-549 lung carcinoma 11.9+0.7 1.7+£0.3
U251 glioma 14.1+£0.6 3.4+0.7
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1.8 Supporting information

1.8.1 General experimental procedures

All starting materials andeagents were purchased from commercial sources (Sigma
Aldrich, Toronto Research Chemicals, Alfa Aesar and Oakwood Chemicals) and used
as received without further purification. Unless noted otherwise, reactions were
conducted using anhydrous commercial enotg under argon atmosphere, introducing
reagents with dry disposable syringes and needles. Anhydrous solvents, supplied over
molecular sieves, were used as received. Reactions were monitored Hgyehin
chromatography (TLC) with silica gel 604x0.25mm precoated aluminum foil plates
(Silicycle) and visualised under UM or by dipping the eluted plates into iodine
impregnated silicacfrca 500 mg $ crystals shaken witleirca 200 g SiQ until a
uniform color was obtained, then stored in a closedsglastainer) for one minute. All

flash chromatographic purifications were performed using apiessure liquid
chromatographic system (Buchi) and silica gel 60-4@5.m) columns (Silicycle).
Infrared spectra were recorded on dry compounds (a drop ad lajua few solid

particles) using an Agilent Cary 630 FTIR spectrometer equipped with an attenuated
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total reflectance (ATR) module, diamond sample interface, with a resolution of 2 cm
from 4000 cm' to 650 cm'. NMR spectra were recorded with a Bruker Avance 400
spectrometer at 400 MHz féH nuclei and 100 MHz fof*C nuclei, using deuterated
chloroform (CDC}$) as the solvent. Chemical shifts were reported in ppm relative to
the solvent residual peaki € 7.26ppm forH and 77.1 ppm fot*C) and coupling
constantsJ in Hertz (Hz). Multiplicites were reported using the following
abbreviations: s, singlet; d, doublet, t, triplet; g, quartet; m, multiplet. HRMS were
recorded onan Agilent 6224 MSTOF mass spectnoeter equipped with an
electrospray source. Electron impact mass spectrdi@Iwere recorded using an
Agilent 7890 GC containing an HR8S 30 mx 25 mmx 0.25 um capillary column,
using helium (1 mL/min) as carrier gas with a temperature ramp of 403@1teC in

15 minutes, coupled to an AgileB®75Cmass spectrometer. The injection port was
heated at 250 °C, and the MS transfer line at 300 °C; MS mode: El; detector voltage:
1.34 kV; mass range: 4660 u; scan: 1458.6 u/s.

The DLD-1 human colorectal @hocarcinomaPG3 human prostatic adenocarcinoma,
SAOS2 human osteosarcoma,-29 human colorectal adenocarcinoma, PANC 05.04
human pancreatic adenocarcinoma, Cadwman colorectal adenocarcinoma,-PA
human metastatic ovarian teratocarcinoA®49 huma lung carcinomaU-87 human
glioblastomaSK-Mel-2 human skin melanoma, HER2 humarhepatocarcinoma, U
251 human glioma and ME7 human mammary adenocarcinowell lines were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Cell lines were gr own i n mini mum essenti al medi un
(Mediatech Cellgro, Herndon, VA, USA), supplemented witho4d fetal calf serum
(Hyclone, Logan, UT, USA), 1 x solution of vitamins, 1 x sodium pyruvate, 1 x non
essential amino acid$00 I.U. of penicillin and 10Qg/mL of streptomycin (Mediatech
Cellgro). Cellswerecultured at 37C in a humidified atmosphere containifgo CO.
Exponentially growing cellsvereplated at a density of 5 x 40ells per well in 96

well microplates (BD Falcon) in culture medium (380 andwereallowed to adhere
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for 16 h before treatment. Then, cellsreincubated for 48 h in the presence or absence
of 100pL of increasing concentrations of compounds dissoivedlture medium and
DMSO. The final concentration of DMSO in the culture mediwas maintained at
0.5 %((v/v) to avoid toxicity. Cytotoxicityvasassessed using Hoechst {benzimide)
(Rage etl., 1990) It wasexpressed as the concentration of drug inhibiting cell growth
by 50 % (ICsq).

1.8.2 Experimental procedures and characterization
1.8.2.1 Preparation and characterization of chromdizds

Dirchromone (1):

15a 1

Sulfide 15a (238 mg 1.1 mmol) was dissolvedn 15 mL of dichloromethane at 0 °C
To this stirred solution was slowly addegetachloroperbenzoiacid of 75 % purity
(275 mg, 1.2 mmol) in solution in 5 mL of dichloromethaaed the mixturestirred
overnight at room temperatur@he reactionwas quenched by pouringaturated
NaHCGQ into the reactiorvessel and wasextracted with 3x dichloromethaneThe
combined organic phasegerewashed with brine, dried with N&Q;, filtered, and
evaporatedThe residue was purified by flash chromatography witi@0 % acetone
in hexanes to afford dirchromon®) (177 mg, 69 %) as an offvhite powderH and
13C NMR spectra ofl. were identical to published dai&t-Gelais et al., 2015)
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2-Styrylchromone (2):

21 2

2-Acetylphenyl cinnamate2() (205 mg 0.77mmol) was dissolvedn 15 mL of ACS
grade dichloromethane, open to air. Magnesium broetio\d etherate496 mg, 1.92
mmol) wasadded, and the mixtusgasstirred for 2 minutes. Diisopropyl ethyl amine
(399 uL, 2.31mmol) wasthen added, and the reactiaas stirred overnight with a
stopperto prevent excessive evaporation of the solvent.réhetionwasquenched by
pouring 10mL of HCI 10 % into the reactiorvessel and wasxtracted with 3x
dichloromethane. The combined organic phasese washed with brine, dried with
NaSQq, filtered, and evaporatedhe dried residuavasthen dissolved irlO mL of
ACS methangl open to air Concentrated HCI (1.5 mL) waben added, and the
solution was stirred overnight. The reactiowas quenched by pouring 3L of
saturated NaHCgInto the reactionessel and wasxtracted witl8 x dichloromethane.
The combined organic phasgsrewashed with brine, dried with NaQs, filtered, and
evaporatedThe residue was purified by flash chromatography witt8Q%% ethyl
acetate in hexanes to afford compo@(d51 mg,79 %) as a light yelloypowder.H
and'3C NMR spectra of tyrylchromone were identical to published dafainto et
al., 1998)
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2-Phenylethylchromone (3):

23 3

2-Acetylphenyl 3phenylpropanoaté?3) (235 mg, 0.88nmol) wassuspended ina

mL of ACS gradedichloromethane, open to air. Magnesium bromide ethyl etherate
(566 mg, 2.19nmol)wasadded, and the mixtureasstirred for 2 minutes. Diisopropy!
ethyl amine 490 pL, 2.63mmol) was then added, and the reactiovas stirred
overnight with a stoppdp prevent excessive evaporation of the solvent. The reaction
wasquenched by pouring AL of HCI 10 %into the reactionessel and wasxtracted

with 3 xdichloromethane. The combined organic phassgwashed with brine, dried
with NaSQq, filtered, and evaorated The dried residuerasthen dissolved in 1L

of ACS methanglopen to airConcentrated HCI (1.5 mL) was then addadd the
solution was stirred overnight. The reactiowas quenched by pouring 3L of
saturated NaHCgInto the reactionessel ad wasextracted witl8 x dichloromethane.
The combined organic phasgsrewashed with brine, dried with NaQs, filtered, and
evaporatedThe residue was purified by flash chromatography wib00% ethyl
acetate in hexanes to afford compo@{d35 mg, 611 %) as a brownish oiR = 030
(Hex/AcOEt 7:3); IR (ATR)nmax 3062, 3027, 2922, 2851, 1644, 1603, 1574, 1497,
1464, 1379, 1246, 1220, 1160, 1151, 1119, 1076, 1024, 961, 920, 847, 778, 755, 698,
676, 'H NMR (400 MHz, CDCJ) dd: 8.13 (d,J=7.8, 1H), 7.58 (t)= 7.1, 1H), 7.37
(d,J=8.3,1H), 7.30 (t)= 7.5, 1H), 7.27 7.21 (m, 2H), 7.21 7.11 (m, 3H), 6.09 (s,
1H), 2.99 (tJ = 7.6, 2H), 2.86 (tJ = 7.6, 2H);*3C NMR (10 MHz, CDCk) d: 178.1,
168.3, 156.3, 139.6, 133.4, 128.5, 28.26.4, 125.5,124.8, 123.5, 117.7, 110.0, 35.9,
32.7 HRMS (ESI)m/zcalcd for G/H1502 [M+H]* 251.1067, found 251.107EI-MS
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m/z251 (4), 250 (19), 131 (8), 128 (4), 92 (22), 91 (100), 77 (8), 65 (17), 64 (5), 63 (8),
51 (5)

Flavone (4):

25 4

2-Acetylphenyl benzoate2b) (325 mg 1.36 mmol) wassuspended in@mL of ACS
grade dichloromethane, open o Magnesium bromide ethyl ethera&/6 mg, 3.39
mmol) wasadded, and the mixtusgasstirred for 2 minutes. Diisopropy! ethyl amine
(706 uL, 4.08mmol) wasthen added, and the reactinas stirred overnight with a
stoppetrto prevent excessive evaporatiof the solvent. The reactiovasquenched by
pouring 10mL of HCI 10 % into the reactiorvessel and wasxtracted with3 x
dichloromethane. The combined organic phasesewashed with brine, dried with
NaSQq, filtered, and evaporatedhe driedresiduewasthen dissolved in 1L of
ACS methangl open to air Concentrated HCI (1.5 mL) was then addedd the
solution was stirred overnight. The reactiowas quenched by pouring 3L of
saturated NaHCgInto the reactionessel and wasxtracted wih 3 xdichloromethane.
The combined organic phaseerewashed with brine, dried with NaQ, filtered, and
evaporatedThe residue was purified by flash chromatography wiB00% ethyl
acetate in hexanes to afford compodr(@60 mg, 86 %) as an effhite solid.*H and
13C NMR spectra of flavone4) were identical to those of a reference commercial
sample (Sigmahldrich).
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1.8.2.2 Preparation and characterization of edtr

2-Acetylphenyl 3-(acetylthio)propanoate (10):

O S
YU
—_—
O O
9a 10

To a s ol -bydroxgacetoghénon®d) (1.8 mL, 15 mmoljandtriethylamine
(3.1 mL, 22.5 mmol)n dry dichloromethan€20 mL) under argon atmospheveas
added acryloyl chloridel(83 mL,15 mmol) at C. Thesolutionwasstirred at room
temperature fodO minutes. The reaction vessghsthen cooled again to TC and
moretriethylamine(1.05 mL, 7.5 mmol) waadded, followed by thioacetic adid.22

mL, 45 mmol) The reactiorwasthen stirred forlO minutes atroom temperature,
quenched with NaHC®and extracted witl8 x dichloromethane. The combined
organic phasewerewashed with brine, dried with N&Qy, filtered, and evaporated
The residue wasurified by flash chromatographywith 10-40 % ethyl acetate in
hexanes to afford compourttD (3.14 g, 79 %) as a light yellowil. Rr = 0.54
(Hex/AcOEt 7:3); IR (ATR)nmax 1759, 1682, 1603, 1481, 1447, 1420, 1355, 1283,
1249, 1195, 1119, 1070, 952, 926, 876, 828, 758, 7071A3MMR (400 MHz, CDCY)

d: 7.66(dd,J=7.8, 1.6, 1H), 78(td,J=8.1, 1.6, 1H), 74(td,J=7.8; 0.9, 1H), 6.B
(dd,J=8.1,0.9, 1H); A9 (t,J= 7.0, 2H), 2.8 (t, J= 7.0, 2H), 2.37 (s, 3H), 2.19 (s,
3H); 1*C NMR (10 MHz, CDCk) d: 196.9, 1948, 169.9, 148.5, 133.2, 130.130.0,
1258, 123.5, 34.230.1, 28.9, 23.6HRMS (ESI) m/zcalcd forCi3H1804NS [M+NH4]*
284.0951 found284.0958 EI-MS m/z266 (t), 223 (t), 206 (5), 191 (2), 178 (2), 151
(3), 136 (53), 133 (4), 132 (5), 131 (83), 121 (100), 107 (9), 92 (15), 79 (6), 77 (14),
65 (11), 59 (7), 55 (11), 43 (70).
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1.8.2.3 Preparation of precursor sulfoxide&x

3-(Methylsulfinyl)propanoic acid (16a)

O 0]
HO)J\/\S/ HO)J\/\SJJ"

0]
7 16a

To compound (4.98 g, 41.5 mmol) diluted in 20 mL of distilled water was added 30 %
aqueous hydrogen peroxide (4.70 mL, 45.6 mmol). The solution was stirred at room
temperature for 48 h, then evaporated dfford virtually pure compoundé6a
(quantitative) as a colorless oil, used for the following steps without further purification.
R = 0.51 (n-BUOH/ACOH/H:0, 3:1:1); IR (ATR) Nmax 1708, 1597, 1418, 1295, 1235,
1187, 1149, 1125, 1004, 985, 945, 9872, 784, 744, 729, 6684 NMR (400 MHz,
CDCL) d: 9.43 (s, 1H), 2.87 (d = 13.6, 7.7, 1H), 2.76 (di,= 13.6, 6.7, 1H), 2.51 (t,

J= 6.8, 2H), 2.43 (s, 3H)*C NMR (1@ MHz, CDCk) d: 173.0, 47.6, 37.1, 26.6
HRMS (ESI) m/z calcd for C4HgOsS [M+H]* 137.0267 found 137.0262;EI-MS:

decomposes to/rearranges into several other products.

3-(Ethylsulfinyl)propanoic acid (16b)

o o)
HO)J\/\SH Ho)J\Aﬁﬂv\
¢!
16b

The protocol was adapted from a published proce@taismaa et al., 2007Jo 2 mL
of absolute ethanol were addean@rcaptopropionic acid (424 L, 4.81mol), ethyl
bromide (397 uL, 5.4 mmol), and sodium hydroxide (390 mg, 9.7 mifiod solution
wasthen shaken vigorously and placed in a capped vial in an oven maintaineétCat 80
for 18 h The reaction mixture was then cooled, and 3 mL of 10 % aqueBLwéte

added. The solution was diluted in water and extracted with 3 x ethyl acetate. The
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organic layer was dried over P&y, filtered, and evaporated to afford crude 3
(ethylthio)propanoic acid, which wasluted in 15 mL of distilled water containing 5

mL of methanol. To this solution was added 30 % aqueous hydrogen peroxide (491 L,
4.8 mmol). The solution was stirred at room temperature for 48 h, then evaporated,
yielding compoundL6b (659.4 mg) as a cotless oil. The crude producivas used
without purificationfor the synthesis a#sterl8b.

3-(Isopropylsulfinyl)propanoic acid (16c)

0 0
o~ Ho)vﬁfj\
0
16¢

The protocol was adapted from a published proce@taismaa et al., 200770 2 mL

of absolute ethanavereadded 3mercaptopropionic acid (522 uL, 6 mmagopropyl
bromide (620 pL, 6.6 mmol), and sodium hydroxide (480 mg, 12 mmb§ solution
wasthen shaken vigorously and placed in a capped vial in an oven maintaineétCat 80
for 18 h. The reaction mixturgasthen cooled, and 3 mL 001% aqueous HCWere
added. The solutiomwas diluted in water and extracted with 3 x ethyl acetate. The
organic layerwas dried over NaSQu, filtered, and evaporated to afford crude 3
(isopropylthio)propanoic acid, whiskasdiluted in 15mL of distilled watercontaining

10 mL of methanol. To this solutiowasadded 8 % aqueous hydrogen peroxide (547
uL, 5.36 mmol). The solutiowasstirred at room temperature for 48 h, then evaporated,
yielding compoundl6c (796.4 mg) as a colorless oilhe crude producivas used
without purification for the synthesis oéster18c (not shown here sindée reaction

did not proceed).
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2-M ethyl-3-(methylsulfinyl)propanoic acid (16d)

0] 0]

e
@)

16d

Following the published procedug€adamuro, Silvam; Degani, lacopo; Fochi, Rita;
Regondi, 1986)to 5 mL of watexwereaddedpotassium hydroxidel(5 g 26.7 mmol)
and methacrylic acid1(36 mL 16 mmo), with agitation. After 3 minutes§S6
dimethyl dithiocarbonat€1.04 i, 10 mmol) was added. The vigorously stirred
solutionwasbrought to reflux for 8 h then cooled down. A slight excess of HCY3
wasadded, and the resulting suspensi@sdried under vacuum. Several portions of
hot acetonaveresequentially mixed with the residue afiitered to remove the salts.
The combined filtered acetone portiomsere dried to afford crude -Pnethyt3-
(methylthio)propanoic acid he latter (383.3 mg) wakluted in 8 mL of distilled water.
To this solution was added 30 % aqueous hydrogen perad®dep(lL, 3.15 mmol).
The solution was stirred at room temperature for 48 h, then evaporated, yielding crude
racemic compound6d (436.7 mg) as a clear oifhe crude produavasused asvas

for the following synthesis adsterl8d.
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1.8.2.4 Preparation and characterization of vinylsulfide est8es18f and18h

Typical procedure:

o) OH
N @;{ .
I
0]
0]
16x 9x 18x

O NS~
T
0

A) To a solution of sulfoxidd6 (1 mmol) in dry dichloromethane (4 mL) containing
a drop of dry dimethylformamide was slowly addedlgkchloride (2 mmol) under
argon atmosphere. The solution was stirred at room temperature for approximately

1h30, or until no more gas was evolving.

B) In a separate flask, phenod4 mmol) was mixed to ACS grade methanol (10
mL). To this solution was aéd potassium hydroxide (4 mmol), and the resulting
solution was sonicated until all the base was dissolved. The solution was then
thoroughly evaporated under reduced pressure and dried at 10 mbar. The resulting
solid was then dissolved in 5 mL of dry dimngfformamide under argon

atmosphere.

C) Solution A) was transferred dropwise to solution B) with vigorous stirring. After
10 minutes, the reaction was quenched withsGlHand extracted with ethyl
acetate/toluene 1:1. The organic phase was washed with 3& NH brine, dried
with NaSQ, filtered, and evaporated. The residue was purified by flash
chromatography with a gradient of ethyl acetate in hexanes (specified below for

each compound).
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(E)-2-Acetylphenyl-3-(methylthio)acrylate (18a):
O XS
j)/\/
e}

18a
Fromcompoundl6éa( 1 36 mg, 1 -hydnoxyacgtoplaenot@aR(489 L, 4
mmol), purified with 810 %ethyl acetate in hexang&safford compound8a(95 mg,
40 %) as a translucent oiR = 0.53 (Hex/AcOEt, 7:3); IR (AR) nmax 2926, 1708,
1597, 1418, 1295, 1235, 1187, 1149, 1125, 1004, 985, 946, 917, 811, 784, 744, 729,
668;*H NMR (400 MHz, CDCJ) d: 7.99 (d,J = 14.8, 1H), 7.78 (dt} = 7.8, 1.7, 1H),
7.50 (td,J = 8.1, 1.7, 1H), 7.28 (tdl = 7.8, 1.0, 1H), 7.11 (dd = 8.1, 1.0, 1H), 5.86
(d, J = 14.8, 1H), 2.52 (s, 3H), 2.36 (s, 3HJC NMR (1® MHz, CDCk) d: 197.8,
163.3, 150.7, 149.1, 133.3, 131.4, 130.0, 125.9, 123.8, 111.6, 29.&1RAMS (ESI)
m/zcalcd for GoH120sSNa [M+Na] 259.0400, found 259.040EI-MS m/z236 (2),
121 (2), 103 (4), 102 (5), 101 (100), 92 (3), 77 (3), 73 (13), 58 (5), 45 (6).

2-Acetylphenyl (E)-3-(ethylthio)acrylate (18b):

OY\/SM
O
o
18b

From crudecompoundléb ( 56 0 mg, 3 . FhydnoxyacktQphemaongh) 2 6
(1.82 mL, 7.5 mmol), purified with-Q0 %ethyl acetate in hexanesafford compound
18b (242 mg, 3 %) as an unresolved mixture witirca 10 % impurity (yield takes
this into account) in the form ofyellow oil. R = 0.64 (Hex/AcOEt 7:3); IR (ATR)



51

Nmax 2975, 2929, 1718, 1685, 1604, 1570, 1479, 1447, 1356, 1295, 1283, 1246, 1189,
1124, 1069, 1018, 947, 922, 863, 819, 745, B84IMR (400 MHz, CDC4) d: 7.87
(d,J=15.1, 1H), 7.69 (ddl = 7.9, 1.3, H), 7.41 (tdJ = 7.9, 1.3, 1H), 7.19 (= 7.5,

1H), 7.04 (dJ = 7.9, 1H), 5.88 (dJ = 15.1, 1H), 2.77 (¢] = 7.4, 2H), 2.43 (s, 3H),

1.26 (t,J= 7.4, 3H).23C NMR (100 MHz, CDCh) d: 197.4, 163.0, 150.1, 148.9, 133.0,
131.1, 129.7, 125.6, 123.5117, 29.5, 25.8, 13.34RMS (ESI) m/z calcd for
C13H140sSNa [M+Na] 273.0556, found 273.054&I-MS m/z250 (5), 136 (3), 121

(8), 117 (10), 116 (14), 115 (100), 97 (5), 92 (7), 87 (30), 86 (5), 85 (7), 77 (6), 65 (4),
64 (3), 63 (4), 59 (18), 58 (7), 43 (7).

2-Acetylphenyl (E)-2-methyl-3-(methylthio)acrylate (18d):

O\\‘)\/S\
L

o]

18d
From cude compound6d( 421 mg, 2 . -Bydroxyasdtophersomdd) (121 6
mL, 11.2 mmol), prified with 0-10 % ethyl acetate in hexanes to afford compound
18d (221 mg,32 %) as a yellow solid® = 0.61 (Hex/AcOEt 7:3)IR (ATR) Nmax
3000, 2923, 175,710, 1685, 1591, 1481, 1445, 1429, 1379, 1356, 1334, 1315, 1300,
1282, 1274, 1251, 1220, 1189, 1121, 1070, 1024, 982, 961, 951, 894, 866, 861, 832,
812, 756, 716, 676H NMR (400 MHz, CDCY) d: 7.77 (ddJ= 7.8, 1.6, 1H); 7.75 (d,
J=1.1, 1H), 7.49 (tdJ = 8.1, 0.7, 1H), 7.27 (tdl = 7.7, 0.6, 1H), 7.09 (dd, = 8.1,
0.7, 1H), 2.50 (s, 3H), 2.45 (s, 3H), 1.96J¢; 1.1, 3H) 3C NMR (10 MHz, CDCk)
d: 197.8,163.9, 149.5, 147.8, 133.2, 131.4, 130.0, 125.8, 123.8,121.3, 29.7, 17.5, 13.9
HRMS (ESI)m/zcalcd for GaH1404SNa [M+Na] 273.0556, found 273.05481-MS
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m/z250 (7), 121 (2), 117 (5), 116 (6), 115 (100), 92 (2), 87 (17), 72 (4), 71 (4), 59 (2),
53 (2), 45 (6).

(E)-2-((2)-1-Hydroxyprop -1-en-1-yl)phenyl 3-(methylthio)acrylate (18e):

Os NS
p O
.
OH

18e
Fromcompoundl6a( 2 75 mg, 2 -hydroxyprgpiophenon©e @.11 mL,
8.1 mmol), purified with €10 %ethyl acetate in hexanasafford compound8e(156
mg, 3L %) as a yellow 0ilRs = 0.64 (Hex/AcOEt 7:3); IR (AR) nmax 3049, 2985,
2934, 1731, 1632, 1610, 1540, 1485, 1445, 1371, 1276, 1239, 1205, 1154, 1102, 1061,
1045, 973, 954, 942, 896, 861, 836, 803, 751, AONMR (400 MHz, CDCJ) d:
12.12 (s, 1H), 7.84 (d = 14.6, 1H), 7.72 (d) = 7.6, 1H), 7.43 (t) = 7.1,1H), 6.94
(d,J=8.1, 1H), 6.85 (t) = 7.1, 1H), 6.07 (d] = 14.6, 1H), 4.55rf1, 1H), 2.29 (s, 3H),
1.46 (d,J= 6.4, 3H);*C NMR (100 MHz, CDCk) d: 202.8, 191.3, 162.7, 149.8, 136.6,
130.1, 119.1, 118.8, 118.5, 118.0, 54.4, 14.5, 1BBMS (ESI) m/z calcd for
C13H130,S [M+H]*-[H20] 233.0631, found 233.063&I-MS m/z 250 (t), 203 (53),
147 (1), 130 (1), 121 (27), 115 (10), 101 (100), 93 (7), 77 (3), 73 (13), 65 (11), 58 (5),
45 (6).
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(E)-2-Acetyl-3-methoxyphenyl 3(methylthio)acrylate (18f):
OWS\

; :o

0 O

18f
Fromcompoundl6a( 171 mg, 1 . 3hydroxg6 fingthoxyacetoptidone
(9f) (835 mg, 5.0 mmol), purified with-05 % ethyl acetate in hexanes afford
compoundl8f (129 mg, 8 %) as a yellow oilR= 0.53 (Hex/AcOEt B); IR (ATR)
Nmax 2924, 2841, 1718, 1698, 1602, 1571, 1466, 1437, 1351, 1322, 1293, 1272, 1250,
1224,1207, 1169, 1128, 1077, 1053, 1011, 942, 918, 842, 804, 766, 729, 708, 693, 665;
IH NMR (400 MHz, CDCJ) d: 7.88 (d,J = 14.9, 1H), 7.29 () = 8.30, 1H), 6.77 (d]
= 8.4, 1H), 6.70 (dJ = 8.1, 1H), 5.74 (dJ = 14.9, 1H), 3.79 (s, 3H), 2.45 (s, 3H), 2.31
(s, 3H);**C NMR (1@ MHz, CDCk) d: 200.6, 163.0, 157.2, 150.3, 147.5, 130.8, 124.4,
115.1, 111.3, 108.5, 55.9, 31.6, 14:BRMS (ESI)m/zcalcd for GsH1504S [M+H]*
267.0686, found 267.067EI-MS m/z266 (1), 238 (t), 219 (10), 175 (2), 166 (1), 151
(4), 107 (6), 101 (100), 91 (1), 73 (13), 58 (4), 45 (5).

(E)-6-Acetyl-2,3-dimethoxyphenyl 3-(methylthio)acrylate (18h):

18h

Fromcompoundl6a( 172 mg, 1.3 mmol ) admnethygetherl ac et op
(9h) (984 mg, 5.0 mmol), purified with 285 % ethyl ac¢ate in hexane$o afford
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compoundl8h (201 mg, B %) as a sticky yellow solidk = 0.23 (Hex/AcOE7:3);

IR (ATR) nmax 2939, 2841, 1719, 1675, 1593, 1576, 1498, 1452, 1421, 1357, 1272,
1246,1211,1194,1181, 1128, 1078, 1015, 969, 943, 843, 802, 740, 7GH BRER

(400 MHz, CDC}) d: 7.98 (dJ= 14.8, 1H), 7.57 (d] = 8.8, 1H), 6.80 (d] = 8.8,1H),

5.90 (d,J = 14.8, 1H), 3.87 (s, 3H), 3.77 (s, 3H), 2.44 (s, 3H), 2.37 (s, BE)NMR

(100 MHz, CDCk) d: 195.9, 162.9, 157.1, 150.5, 144.1, 141.4, 125.8, 124.7, 111.4,
108.9, 608, 56.1, 29.7, 14.HRMS (ESI) m/z calcd for G4H160sSNa [M+Naf
319.0611, found 319.0618I-MS m/z296 (3), 196 (3), 181 (6), 137 (4), 109 (2), 101
(100), 95 (2), 73 (13), 58 (4), 43 (6).

1.8.2.5 Preparation and characterization of vinylsulfide e:8gy

(E)-3-Acetyl-4-((3-(methylthio)acryloyl)oxy)phenyl benzoate (189):
OY\/S\
o o)
o
O
18g

A) To a solution of crude compoudéa (138 mg, 1.0 mmol) in dry dichloromethane
(4 mL) containing a drop of dry dimethylformamide was slowly added oxalyl
chloride (173 pL, 2.0 mmol) under argon atmosph&he solutionwasstirred at

room temperature for A.

B)l n a s e p a-hyaroxg5 thehzaytagetophehdn®d) (1.04 g, 4.0 mmol)
prepared according to a published proced{Messbaumer et al., 2002yas
dissolved in 8 mL of dry dimethylformamide. To this solution was added 60 %
sodium hydride in mineral oil (162 mg, 4.0 mmol), and the resulting solution was

sonicated until all the base was dissaly
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C) Solution A) was transferred dropwise to solution B) with vigorous stirring.

After 10 minutes, the reactiomas quenched with NECI, and extracted with ethyl
acetate/toluene 1:1. The organic phasswashed with3 x NH:CI, 1 x brine, dried
with NaSQu, filtered, and evaporatedThe residuewas purified by flash
chromatography with-20 %ethyl acetate in hexanesafford compound8g(73 mg,

20 %) as a \ite solid Rr = 0.60 (Hex/AcOEt 7:3); IR (ATRJmax 2920, 1730, 1723,
1691, 1584, 1480, 1451, 1425, 1362, 1317, 1293, 1274, 1265, 1240, 1213, 1177, 1128,
1081, 1063, 1024, 964, 949, 932, 910, 867, 852, 839, 814, 797, 752, 703, 688, 675;
NMR (400 MHz, CDC}) d: 8.19 (dJ= 7.2, 2H), 8.03 (d]) = 14.8,1H), 7.707.61 (m,
2H), 7.51 (tJ=7.7, 2H), 7.40 (dd] = 8.7, 2.7, 1H), 7.20 (d,= 8.7, 1H), 5.88 (d) =
14.8, 1H), 2.54 (s, 3H), 2.40 (s, 3HYC NMR (1@ MHz, CDCk) d: 196.8, 164.9,
163.3, 151.2, 148.2, 146.7, 134.0, 132.2, 130.3, 129.0, 123676, 125.0, 123.1,
111.4, 29.9, 14.84RMS (ESI)m/zcalcd for GoH200sNS [M+NH4]" 374.1057, found
374.1042 EI-MS m/z256 (6), 151 (4), 106 (12), 105 (100), 78 (5), 77 (64), 53 (4), 52
(5), 51 (17), 50 (5), 43 (9).

1.8.2.6 Soft enolization Bake¥enkataraman egrangement to afford end9

(2Z,4E)-3-Hydroxy -1-(2-hydroxyphenyl)-5-(methylthio)penta-2,4-dien-1-one (19):

OH
—_—
NS

OY\/S\
o]
O OH
o]
18a 19
Compound18a (301 mg, 1.3 mmol) was suspended in 10nL of ACS grade
dichloromethane, open to aMagnesium bromide ethyl etheraB2@ mg, 3.2nmol)

wasadded, and the mixtumeasstirred for 2 minutes. Diisopropyl ethyl amirG50 L,
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2.8 mmol) wasthen added, and the reactiosas stirred overnight with a stoppéo
prevent excessive evaporation bétsolvent. The reactiomasquenched by pouring
10mL of HCI 10 %into the reactionessel and waasxtracted witt8 x dichloromethane.
The combined organic phasgsrewashed with brine, dried with NaQs, filtered, and
evaporatedThe residue wagpurified with 05 % ethyl acetate in hexanes to afford
compoundl9 (213 mg,71 %) as a gllow solid. Rr= 0.67 (Hex/AcOEt 7:3); IR (ATR)
Nmax. 2920, 2116, 1731, 1575, 1534, 1481, 1425, 1341, 1294, 1255, 1237, 1163, 1129,
1037, 981, 934, 986, 956, 925, 7303, 676:H NMR (400 MHz, CDCJ) d: 14.87 (s,
1H), 12.26 (s, 1H), 70/(d, J = 14.7, 1H), 7.62 (d) = 7.9, 1H), 7.40 () = 7.7, 1H),
6.95 (d,J=8.3, 1H), 6.85 (t) = 7.5, 1H), 6.07 (s, 1H), 5.78,(d= 14.7, 1H), 2.39 (s,
3H); 13C NMR (100 MHz CDCl3) d: 195.5, 173.6, 162.3, 143.0, 135.5, 128.4, 119.1,
119.0, 118.6, 117.0, 94.3, 14.BIRMS (ESI) m/z calcd for C12H130sS [M+H]"
237.0580found237.0579 EI-MS m/z236 (5), 191 (1), 190 (12), 189 (100), 121 (26),
101 (58), 93 (6), 77 (5), 73 (11), 65 (11), 58 (4), 45 (6).

1.8.2.7 Consecutive soft Bakeérenkataraman rearrangement and dehydrative
cyclization toward chromones3 and15x

S-(2-(4-Oxo-4H-chromen-2-yl)ethyl) ethanethioate (12):

) S @) SH
(;[;)/ O_,@J/\/\[(_»W
)
) @)

10 12 13

To a solution ofester10 (2.74 g, 10.25nmol) in ACS grade dichloromethar(&00

mL), open to air, was added magnesium bromide ethyl etherate (6.62 g, 25.63 mmol)
and the mixture was stirred for 2 minutes. Diisopropyl ethyl amine (5.4 mL, 31.1 mmol)
was then added, and the reaction was stirred overnight with a stopper to prevent

excessiveevaporation of the solventhe reactiorwasquenched by pouring50 mL
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of HCI 10 %into the reactiovessel and wasxtracted witl8 x dichloromethane. The
combined organic phasegere washed with brine, dried with N&Q;, filtered, and
evaporatedThe died residuevasthen dissolved i50mL of ACS grademethand
Concentrated HClI6 mL) wasthen added, and the solutisasstirred overnight. The
reactionwas quenched by pouring00 mL of saturated NaHC®into the reaction
vessel and wasxtracted wih 3 xdichloromethane. The combined organic phasss
washed with brine, dried with NM8Qy, filtered, and evaporatedhe residue was
purified with 3040 % ethyl acetate in hexanes to afford a mixture of compol@ds
and13. This mixture (1.33 g) was dislved in methanol/water 2:1 (25 mL) to which
was added KCOs (883 mg, 6.4 mmol). The solution was vigorously stirred for 24 h at
room temperature. The reaction was quenched with HCI 10 % in excess and extracted
with 3 x ethyl acetate. The combined orgapiases were washed with brimkied
with NaSQq, filtered, and evaporated to afford compodr3d973 mg, 46 % &teps)

as abrownishpowder R = 0.13 (Hex/AcOEt 1:1); IR (ATRhmax 3056, 2029, 1633,
1607, 1571, 1466, 1419, 1388, 1332, 1275, 12821, 1162, 1118, 1029, 1019, 958,
925, 874, 846, 841, 785, 757, 680, §5ONMR (400 MHz, CDCY) d: 8.17 (d,J= 7.7,

1H), 7.6 (t, J = 7.7, 1H), 751-7.31 (m, 2H), 6.2 (s, 1H), 3.4-2.74 (m, 4H) ;'°C
NMR (100 MHz, CDCk) d: 178.3, 166.8, 156.5, 133.825.9, 125.3, 123.8, 118.0,
110.8, 34.8, 23; HRMS (ESI) m/z calcd for C11H1002S [M+H]* 207.0474 found
207.0475EI1-MS: compoundl3 decomposeto 2-vinylchromone.

Typical procedure for 15x:

O XS
Y\/
o 1) Soft B-V PN
- @QQN
O o)

18x 15x
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To a solution oesterl8x (1 mmol) inACS grade dichloromethar{@0 mL), open to

air, magnesium bromide ethyl etherate (2.5 mmol) was added, and the mixture was
stirred for 2 minutes. Diisopropyl ethyl amine (3 mmol) was then added, and the
reaction wastgred overnight with a stopper to prevent excessive evaporation of the
solvent.The reactiorwasquenched by pouring5 mL of HCI 10 % into the reaction
vessel and wasxtracted witl8 x dichloromethane. The combined organic phaszs
washed with brinedried with NaSQ;, filtered, and evaporate@he dried residueas

then dissolved i25 mL of ACS grademethand Concentrated HCI(5mL) wasthen
added, and the solutiomasstirred overnight. The reactiomasquenched by pouring

20 mL of saturated NaHC®into the reactiorvessel and wasxtracted with3 x
dichloromethane. The combined organic phasese washed with brine, dried with
NaSQy, filtered, and evaporatedThe crude productwas purified by flash
chromatography with gradient ofethyl acetate in hexanéspecified below for each
compound).

(E)-2-(2-(methylthio)vinyl) -4H-chromen-4-one ((S)-deoxydirchromone, 15a):

15a
From compoundl8a (244 mg, 1.0 mmol), purified with 380 % ethyl acetate in
hexanesto afford compoundl5a (117 mg, 2 %) as a reddish solid® = 0.23
(Hex/AcOEt 7:3); IR (ATR) 3062, 3042, 2997, 1639, 1616, 1601, 1571, 1463, 1427,
1380, 1329, 1292, 1245, 1236, 1219, 111784, 1026, 988, 964, 935, 853, 835, 777,
768, 754, 707, 692, 678, 67 NMR (400 MHz, CDCJ) d: 8.11 (d,J= 7.8, 1H), 7.58
(m, 1H), 7.53 (dJ = 15.1, 1H), 7.36 (d] = 8.4, 1H), 7.30 (t) = 7.5, 1H), 6.04 (s, 1H),
5.90 (dJ=15.1, 1H), 2.39 (s,13); 1°C NMR (10 MHz, CDCk) d: 178.4, 160.8, 155.8,
138.2, 133.5, 125.6, 124.8, 123.9, 117.6, 115.0, 107.7,ARMES ESI) m/zcalcd for
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C12H110:S [M+H]* 219.0474 found219.0465 EI-MS m/z220 (2), 29 (5), 218 (33),
205 (6), 204 (13), 203 (100), 171 (3), 159 (1), 147 (6), 131 (4), 121 (7), 120 (4), 115
(4), 98 (12), 97 (13), 95 (4), 92 (13), 69 (2), 64 (7), 63 (8), 45 (4).

The same compound was obtained from erf8b(62 mg, 0.26 mmol), apping the
protocol starting at the stage of dissolution in methanol, with a yield of 73 % (38 mg).

(E)-2-(2-(Ethylthio)vinyl) -4H-chromen-4-one (15b):

o
|
0
15b

From compoundl8b (202 mg, 0.81 mmol), purified with 120 % ethyl aceta in
hexanedo afford compoundl5b (90 mg, 8 %) as a light orange solid = 0.44
(Hex/AcOEt 7:3); IR (ATR)nmax 3054, 2972, 2928, 2865, 1638, 1614, 1600, 1566,
1477, 1459, 1378, 1263, 1253, 1218, 1176, 1125, 1026, 970, 940, 890, 848, 832, 785,
775, 767, 753, 695, 6744 NMR (400 MHz, CDCJ) d: 8.04 (dd,J = 7.9, 1.2, 1H),

7.51 (dddJ=8.4,7.2, 1.5, 1H), 7.41 (d= 15.3, 1H), 7.30 (d] = 8.4, 1H), 7.23 (1)

= 7.5, 1H), 5.96 (s, 1H), 5.94 (= 15.3, 1H), 2.81 (¢) = 7.5, 2H), 1.30 (tJ = 7.5,

3H); 13C NMR (10 MHz, CDCk) d: 178.2, 160.6, 155.6, 137.8, 133.3, 125.4, 124.7,
123.8, 117.5, 115.7, 107.5, 26.1, 13HRMS (ESI)m/zcalcd for GsH1302S [M+H]*
233.0631, found 233.062EI-MS m/z234 (1), 233 (3), 232 (15), 205 (5), 204 (13),
203 (100), 175 (3), 147 (9), 131 (6), 121 (7), 115 (4), 97 (4), 92 (12), 77 (5), 64 (6), 63
(8),45 (6).
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(E)-2-(1-(M ethylthio)prop -1-en-2-yl)-4H-chromen-4-one (1XMethyl-(S)-
deoxydirchromone, 15d):

15d

From compoundl8d (220 mg, 0.88 mmol), yrified with 20-30 % ethyl acetate in
hexanes to afford compouribd (165 mg, 811 %) as an orange solidk = 0.49
(Hex/ACOEt 7:3);IR (ATR) nmax 2921, 1624, 1595, 1570, 1464392, 1370, 1327,
1247, 1225, 1129, 1067, 997, 933, 858, 836, 812, 773, 750'HRBVIR (400 MHz,
CDCL) d: 8.04 (ddJ= 7.9, 1.4, 1H), 7.51 (ddd,= 8.5, 7.3, 1.4, 1H), 7.31 (d= 8.5,
1H), 7.24 (dJ= 7.3, 1H), 7.21 (d) = 1.1, 1H), 6.11 (s, 1HP.43 (s, 3H), 1.84 (d] =
1.1, 3H) 3C NMR (100 MHz CDCk) d: 178.5, 161.8, 155.7, 137.7, 133.4, 125.3,
124.6, 123.4, 122.2, 117.5, 105.4, 17.4, 1HRMS (ESI)m/zcalcd for G3H130.S
[M+H] * 233.0631, found 233.06281-MS m/z234 (1), 233 (4), 232 &, 219 (6), 218
(15), 217 (100), 185 (3), 184 (3), 128 (6), 121 (6), 115 (5), 112 (4), 111 (3), 102 (4),
97 (14), 92 (14), 77 (4), 69 (4), 65 (6), 64 (7), 63 (11), 53 (6), 45 (9)

Configuration of E/Z isomer. In a £) isomer for two possiblglanar conformers, a
correlation between H3 and H¥&asnot possible, whereaswasfor one conformer
of the(E) isomer(Figurel-2). Such correlation as observed ihD NOESYfor proton
H3.
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Conformer A

O No correlation (0] Observed
possible

Conformer B

Figure 1-2. Possible planar conformersafromonel5dfor (Z) and E) isomerswith observed NOESY
correlation confirming theR) isomer shown in red.
(E)-3-M ethyl-2-(2-(methylthio)vinyl) -4H-chromen-4-one (3methyl-(S)-

deoxydirchromone, 15e):

15e

From compoundl8e (101 mg, 0.43 mmol), purified with 286 % ethyl acetate in
hexanesto afford compoundLl5e (68 mg, & %) as an offwhite solid. Rr = 0.63
(Hex/AcOEt 7:3); IR (ATR)nmax 3068, 2921, 1633, 1615, 1605, 1569, 1467, 1393,
1376, 1334, 1298, 1285, 1255, 1233, 1179, 1111, 1090, 1000, 980, 934, 983864,
813, 789, 752, 713, 692, 68% NMR (400 MHz, CDCY) d: 8.10 (dd,J = 7.9, 1.4,
1H), 7.52 (m, 1H), 7.48 (dl = 14.9, 1H), 7.34.19 (m, 2H), 6.17 (d] = 14.9, 1H),
2.39 (s, 3H), 2.04 (s, 3H¥C NMR (10 MHz, CDCk) d: 178.2, 156.4, 155.1, 137.5,
133.0, 125.7, 124.3, 122.5, 117.2, 114.0, 113.1, 14.5HRBS (ESI)m/zcalcd for
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C13H1305S [M+H]* 233.0631, found 233.063&I1-MS m/z234 (3), 233 (4), 232 (27),
217 (50), 185 (100), 173 (4), 155 (5), 128 (13), 121 (5), 112 (6), 102 (8), 97 (13), 92
(11), 77 (6), 65 (8), 63 (8), 53 (5), 45 (5).

(E)-5-M ethoxy-2-(2-(methylthio)vinyl) -4H-chromen-4-one (5methoxy-(S)-
deoxydirchromone, 15f)

15f
From compoundl8f (123 mg, 0.46 mmol), purified with 486 % ethyl acetate in
hexanego afford compound5f (76 mg, & %) as a pink solidR = 0.23 (AcOEY); IR
(ATR) nmax 3009, 2917, 2843, 1618, 1599, 1571, 1955,3, 1437, 1376, 1320, 1264,
1170, 1117, 1079, 1066, 990, 973, 947, 863, 841, 806, 793, 759, 714, 678 660;
NMR (400 MHz, CDC}) d: 7.43 (t,J = 8.4, 1H); 7.41 (d) = 15.1, 1H), 6.91 (d) =
8.4, 1H), 6.70 (dJ = 8.3, 1H), 5.92 (s, 1H), 5.81 (d= 15.1, 1H), 3.89 (s, 3H), 2.34
(s, 3H);**C NMR (1@ MHz, CDCk) d: 178.3, 159.6, 158.6, 157.8, 137.2, 133.4, 114.5,
114.3, 109.7, 109.1, 106.2, 56.4, 14RMS (ESI)m/zcalcd for GaH1303S [M+H]*
249.0580, found 249.058&I-MS m/z250 (6), 249 (17), 24@.00), 231 (12), 219 (30),
218 (9), 215 (4), 204 (210), 203 (60), 202 (60), 187 (5), 171 (7), 147 (4), 134 (4), 122
(4), 121 (5), 115 (5), 107 (17), 98 (7), 97 (8), 92 (5), 51 (3).
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(E)-2-(2-(M ethylthio)vinyl) -4-oxo-4H-chromen-6-yl benzoate(6-benzoybxy-(S)-
deoxydirchromone, 15g)

15¢g
From compoundl8g (137 mg, 0.39 mmol), purifiesvith 10-40 % ethyl acetate in
hexanesto afford compoundl5g (67 mg, 611 %) as a pink powderR = 030
(Hex/AcOEt 7:3); IR (ATR)nmax 2922, 1730, 1648, 1624, 1610, 1578, 1478, 1448,
1370, 1316, 1265, 1169, 1135, 1087, 1057, 1023, 987, 968, 924, 898, 855, 830, 814,
799, 739, 739, 703, 684, 638 NMR (400 MHz, CDCJ) d: 8.19 (d,J= 7.3, 2H), 7.98
(d,J=1.9, 1H), 7.68 7.57 (m, 2H), 7.56 7.46 (m, 4H), 6.09 (s, 1H), 5.96 @ =
15.0, 1H), 2.44 (s, 3H)°C NMR (10 MHz, CDCk) d: 177.8, 165.2, 161.1, 153.5,
147.7,138.8, 134.0, 130.3, 129.1, 128.8, 127.8, 124.8,119.1, 117.9, 114.9, 107.3, 14.6
HRMS (ESI)m/zcalcd for GoH1504S [M+H]" 339.0686, found 339.070EI-MS m/z
unavailable (compound not sufficiently volatile for GC analysis).

(E)-7,8-Dimethoxy-2-(2-(methylthio)vinyl) -4H-chromen-4-one (7,8dimethoxy-
(S)-deoxydirchromone, 15h)

15h
From compoundl8h (144 mg, 0.49 mmol), yrified with 3055 % ethyl acetate in
hexanesto afford compoundl5h (64 mg, 48 %) as a eddish powderR: = 0.13
(Hex/AcOEt 7:3); IR (ATR)nmax 3056, 3007, 2934, 2841, 2250, 164620, 1600,
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1574, 1509, 1451, 1427, 1382, 1331, 1285, 1244, 1231, 1203, 1182, 1137, 1096, 1029,
998, 930, 867, 850, 835, 814, 796, 780, 724, 707,*6BRMR (400 MHz, CDCJ) d:

7.83 (d,J= 9.0, 1H), 7.57 (d) = 15.0, 1H), 6.94 (d] = 9.0, 1H), 5.97 (s, 1H), 5.91 (d,
J=15.0, 1H), 3.93 (s, 6H), 2.39 (s, 3HC NMR (10 MHz, CDCk) d: 178.1, 160.5,

156.5, 150.1, 137.9, 136.5, 120.9, 118.6, 115.1, 109.4, 107.0, 61.5, 56.4/NIRS;
(ESI)m/zcalcd for G4H1s04S [M+H]* 279.0686, fand 279.0692EI-MS m/z280 (4),

279 (9), 278 (57), 263 (100), 248 (10), 219 (9), 179 (6), 165 (8), 152 (20), 137 (22),
121 (12), 109 (15), 94 (11), 66 (8), 53 (8).

1.8.2.8 Preparation and characterization of intermediate e288% and25

2-Acetylphenyl cinnamate 23):

—_— O
OH [I ~
20 23
A) To a solution of E)-cinnamic acid Z0) (150 mg, 1 mmol) in dry dichloromethane
(4 mL) containing a drop of dry dimethylformamide was slowly added oxalyl

chloride (173 pL, 2 mmol) under argon atmosphditee solutionwas stirred at

room temperature fdrth30.

B)l n a s e p a-hydroxgacetpheaomeda) (424qiL, 4 mmol) was mixed to
ACS grade methanol (10 mL). To this solution was added potassium hydroxide
(227 mg, 4 mmol) and the resulting solution was sonicated until all the base was
dissolved. The solution was then thoroughly evaporatelrureduced pressure
and dried at 10 mbar. The resulting solid was then dissolved in 5 mL of dry

dimethylformamide under argon atmosphere.
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C) Solution A) was transferred dropwise to solution B) with vigorous stirring.

After 10 minutes, the reactiomas quencled with NHCI, and extracted with ethyl
acetate/toluene 1:1. The organic phasswashed with3 x NH:CI, 1 x brine, dried
with NaSQu, filtered, and evaporatedThe residuewas purified by flash
chromatography with-00 %ethyl acetate in hexanesafford compoun@3 (205 mg,
76 %) as a yellow solid. Identity confirmed by @45 with reference to NIST14
databas@NIST Mass Spectrometry Data Center, 2017)

2-Acetylphenyl 3-phenylpropanoate (2):

P e

21 24

To a solution of -@ydroxyacetophenon®4) (200 uL, 1.6 mmol) and triethylamine
(342 pL, 2.5 mmol) in dry dichloromethane (5 mL) was added hydrocinnamyl chloride
21 (364 pL, 2.5mmol) dropwise mder argon atmosphere. The solutigas stirred
overnight at room temperaturehd reactiorwasquenched wittbring and extracted
with 3 x ethyl acetateThe combined organic phasesrewashed with brine, dried
with NaSQ;, filtered, andevaporatedThe residue was purified with-80 % ethyl
acetate in hexanes to afford compo@dd255 mg,58 %) as aolorless oil R = 0.71
(Hex/AcOEt 7:3); IR (ATR)nmax 3063, 3028, 2928, 1758, 1685, 1603, 1577, 1497,
1481, 1447, 1420, 1356, 1283, 125095, 1119, 1071, 1031, 955, 932, 907, 827, 745,
698;H NMR (400 MHz, CDCY) d: 7.83 (ddJ = 7.8, 1.2, 1H), 7.54 (td} = 8.0, 1.5,
1H), 7.427.27 (m, 6H), 7.07 (dd] = 8.1, 0.7, 1H), 3.15 ({1 = 7.7, 2H), 3.00 (tJ =

7.7, 2H), 2.53 (s, 3H®3C NMR (100 MHz, CDCk) d: 195.6, 171.4, 149.0, 140.2,
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133.4, 1307, 130.3, 128.6, 128.4, 126.4, 126.1, 123.8, 36.0, 30.6HRAVES (ESI)
m/zcalcd forCi7H1703 [M+H] " 269.1172, foun@69.1176 EI-MS m/z268 (t), 250 (1),

222 (2), 208 (9), 136 (52), 133 (12), 121 (22), 105 (100), 91 (87), 79 (10), 77 (18), 65
(10), 51 (5), 43 (5).

2-Acetylphenyl benzoate (25)

Cl

oﬁﬁdfj

22 25

To a solution o -Biydroxyacetophenon®g) (200 uL, 1.6 mmagl and triethylamine
(342 pL, 2.5 mmol) in dry dichloromethane (5 mL) was added benzoyl! chi(@®)e
(286 pL, 2.5mmol) dropwise under argon atmosphere. The soluti@s stirred
overnight at room temperaturehd reactiorwasquenched wittbring andextracted
with 3 x ethyl acetateThe combined organic phasesrewashed with brine, dried
with NaSQ;, filtered, and evaporatedhe residue was purified with-80 % ethyl
acetate in hexanes to afford compol%l(333 mg, 84 %) as a clear oil. Identity
confirmed by GEMS with reference to NIST14 databa®ST Mass Spectrometry
Data Center, 2017)
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1.8.4 HNMR, 3C NMR and HRMS spectra

100 MHz

13C
CDCls

ZE0F—

ET'ETTA,
T6£TT
a_mﬂ/
05'SZT+|
5L STT~
Al

SE'PET—

18Tk

PS5~
90'85T~

PEBLT—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



69

100 MHz

13C
CDCi3

£1000 9TLL—

05'0TT—
91T
T0°02T
€6 ot
SBPET~
9 'SZT—

OSEET
mm_mmL\q
mm_mmd%
T9°EET
srver
97'9gT4
BLSST—

ES'T9T—

PCBLT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



70

1H
400 MHz
CDCi3

ST
Pas .,.H.W _
8Tf—
A
vE L
8L~
0L~
zee
9E LS
s’

95"L_
85L—
09"

Wi
fA N
aT'L
[ty A
PC'L
E|2d2 9C°L
0E'L
ZE'L
9L

BE'L
mm_h\w

T8~
k-

75 74 73 72 71

7.6

f1 (ppm)

00re

PT'T
00T

Foor

66T |
00T |

Foot .

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



71
13C
100 MHz
CDCsi3
100 Mhz
CDCl4

PLZE—
28'58—

£1000 9T LL—

£0'0TT—
ELLTTA,
z5'eeT

vm.vmﬁﬁ

Sk'SET—

TFeET

9C'95T—

TE'89T—

LO'BLT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



72

100 MHz

13
CDCi3

£1000 9TLL—

0E40T—

SEETT
wh.mmT__

mo_mm.ﬁ%
Pr'SET

90'9ZT

£8'82T
w¢.HmH.\1
29°EET

66'55T—

20°£9T—

9T '8LT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



CDCi

73
H
400 MHz

6T'E

LB

BL'E
Hm.NW
£8'C
B0ME-~_

TTE

96’9
LE'9
26'9
66’9
PTL
FTL
9T'L
ar's
BT'L
8TL
£20D 92 L~
98'L
9E'L
BE'L
BE'L
BE'L
OF'L
59°L
99'L
L9L
B9'L

CHs

10

10 |

Fr1oe

Fooz |

Fooz

H_(.DD.H

H...D_u.._” +

Foot

M%o_u_.._”

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



74

100 MHz

13C
CDCi

55T
£8'BC

ET0E— ~
ot A

P-WIQYOI0D OT 'LL—

LPEET

STCH3

CH;

10

FE'SET~ —

66'62T
:.omHVT

LTEET

L3 BPT—

98'69T—

PaPET
om.@mﬁﬁ

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



75

H
400 MHz
CDCi

0e'g
Te'S
Ce'C
PE'C
S6'C

SH

13

967g
hm.mﬂ
PO'E
502
502
90'E

E|202 9C°L
9E'L
BE'L
OF'L

hE
£97—
5_&“
99'¢

T8~
arer"

— I

HIDD.N
—

56'0 L

Foort |

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -05 -1
f1 (ppm)

8.5



76

100 MHz
CDCi3

13

28'0TT—
S6ETT—~
mh_mm._”./.
Hm_mmﬁ./
98'5CT—

PE'EET—

Bf 95T —

BL99T—

SCBLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



I

I

|

H [a£]

M ]

o & BT L~ o
S8 0E'L— :
S M~

ze "
SEf—
L= <+ \m,,
~
a
a
o
i
TS~ I~
S5/
mm_nun
85—
o
09'f~" ~
GEE
[ar]
T
&)
/
0}
=]
"p]
S Ll
O

88'S_

26'5— —

w9

£)2aD 924

62

0c's

zes

Se

LEL

IS¢

S5

95

85

0oL

0T'8~_

T8

Feez

oot
00T

00T L

0ot
260

PO'T |

FooT

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



78

100 MHz

13C
CDCi

9P PT—

£1000 oFs

99 L0T—

TO'STT—
T9LTIT—
£6'€2T

b boTs
s5gz1/
Bb'EET—
Z2'8ET—

6L'55T—

9L09T—

BE'BLT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



79

H

400 MHz
CDCi

W

8z'1
o,.s,u\,r
TET
8T
om.m#
mm.m%
P
T~ _
- 66
gzt n
sz’ ™~
BT £ _
TEE~ _ -0’
%\I.ll
~E
BEL— - a
| -~
ThE— - b,
. LM
Bb'L n
BbE ~
054
Hm_mw,lx - £0
15 ary
ZSE Ty
£5Y r~
Z6'5~ —
07
T
2L P
TEY w
BE'L
P A v
BbL
0S¢ &
5% ——
5% \
a
-]
£0'8 —
£0'8 d o

mo.m%‘
508

Froe |

ooz |

Fooz

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -0.5
f1 (ppm)

2.0



80

100 MHz

13
CDCi3

509E—

1000 CTeL—

TS40T——

ST T

BRLTT-"
ILEET
h@.wm.ﬁljm -
wm_mm.ﬁ.\.
EE'EET— -
ERYET—

E9'55T—

£9°09T—

TZ'8LT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



81

H

400 MHz
CDCi

PET—

Py
s

S
N ~cH,

CH;

ted
£CL
S5C'E
024
CEL
BF'L
6k’
TSL
TS'L
T5E

£oa
£oa
508
508

15d

J\

00T

56T |

Azo1
00T

oot

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



82

100 MHz

13C
CDCi

39
T 3

£1000 9TLL—

L8'50T— =

_um_hj”./
m._”_mm._”)/.l
LETEET

LSFET

CH;

S
= \CH3

15d

mm_mm.ﬁkﬁ

BEEET

0LLET

B9'55T—

T8'T9T—

ShBET—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



83
11-Methyl

H12 H3

H spectra | !

i

1D NOESY for H3

7.8 7.2 6.6 6.0 5.4 4.8 4.2 3.6 3.0 2.4 1.8
f1 (ppm)



84

H

]
H o3
=6
= 0
=+ O
<
SEE |Mw I-00°E
BEE Ifu I-60'E
IA
[an)
T
]
/
]
o
J =
]
)
— "p]
=
@] @]
ST'9-,_ _ W .
= 0o'T
o MM |
L7
2t
8z =
0EL
b
0s't
zst = Foazt
F=4 _ 66'0
Fi=4 — a0'T
60'8
60'8 —— FE0T
T8 L
TT'8

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -05 -1i.
f1 (ppm)

8.5

2.0



85

130
7 100 MHz
T CDCis

o
M

+
u
i
-

£1000 9TLL—

SO'ETT~,
B6'ETT—

s
“CH,

AN

CH;

15e

PTLIT
B ZZT-_
L2 HET—
[958+

B6'ZET—

T—————————

0S'£ET

PT'SST~C
T#'85T-"

TZ'8LT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



86
H
400 MHz
CDCi3

15f

_J

65,
£8'5—
765"

599
E.mT/r
069~
ze'9s

£100D 9TL

BE'L
THL
Eb'L
Sk'L

Foee'c

Froe

Feso |

k60

FzoT L

FooT

Froz

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



87

100 MHz

13
CDCi3

-

9E'95

£1200 9T

m._”__w_u._”./r
QT80T
ZL'e0T-
EEPTT

mm_¢HH.Vw

£ EET—
BTLET—

@m.mm.ﬁ./
£5'85T—
mm_mm.ﬁk\

PEBLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



88

H
400 MHz
CDCi

bt
Fro

P66
86'5—"
60'9~"

1202 9C°L
Bi'L
05'L
TS'L
5L
ES'L

65'L~F
z9't
mm_n%s
99 %
{6
86'2 k
a1'g
0z'g

Teoe

Fee0
Feso

60t

e

oot

ooz |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0.5
f1 (ppm)

2.0



89

100 MHz
CDCi3

Ol N""CH,
0
0

13

~
i
k.
—
S

o

E1200 Sk

15g

60T —

T6'PT T~
TELTT~,
SO'ETT—
pa'bET

Hm_RHW
9L'82T=

90621/
1£05T

mm.mmﬁ.\a
pa'8eT~"

CLLPT—
S EST—

2T T9T—
LT'59T—

CBLLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



9(

H
400 MHz
CDCi3

E|2d2 92°L~
55°L
mm_hM
Nm_h./.

Pa'L—

15h

L

Feez

oo

560

00T

Foor

Foot

oot |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



91

100 MHz

13
CDCi3

BE'$T—

LE95—

PST9—

1000 SHES

$0'L0T~
92601+
BO'ST T~
E9'8TT~,
06'0ZT~

2998 T~
9BYLET-"

TT'0ST—

TS'95T—
05'09T—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



92

H
400 MHz
CDCi

EF'C
6¥'C
152
£5'C
2L
SL°E

L2k
8L
o8’z

£8'C
582
98'c
L8'2
28'Z
0e'g

1002 9L —

EP'6—

S
~CH,

OH

16a

28 27 26 25 24 23

2.9

f1 (ppm)

00rE

36T

00T +

00T

%Ymm.ﬁ

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 2.0

1.0 05 0.0 -05

1.5

f1 (ppm)



93

m
L]

© o 13

o i 3 o n 100 MHz

“T‘ ~ ¥ i 5 CDCp

190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O -1iC
f1 (ppm)



94

H

400 MHz
CDCi3

If'!\l
UL

15— =002

\\.
CH;
18a

PES~
ik
0Té
L
ZT'L
oy s
BC'L
6C'L

o H,..HQA 3

0E'L -
H_rDD.H

BF'L
ap's B fogor
05'% _ F 00T L

054 Q0T
90 = 15
LEE

8L'L

(ST

LE'L

ooa

o0

== I-66'0

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



95

100 MHz

13
CDCi3

M~

=

<

T
|

£1000 9TLL—

BS'TIT— -

6LECT

26'5CT~— -

TO0ET

T TET—

oz geT

TTeFT~

99057~ 7

0E'E9T—

£8'L6T—

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



96

400 MHz
CDCi3

99'5~_
635"
€0
S04
FAYa
614
T2

£10a0 924~
6E'L
6E'L
THe
THL
£b'Y
chs
897
69
0L
TLL
S8
68'L

O
C%/CHS

|1
™~
. ™M
[~
-
g
01T
a
I5.I|\
~3
ooft. ™
M~
mm.ﬂg.
™~
=
-
=
% [=%
®E
o £
Z

*=T0'T

gl

07

=007 |

= Fee0

-

= ¢
-

4.5

2.5 1.5 0.5 -0.5

3.5

5.5
f1 (ppm)

11.5 10.5 9.5 8.5 7.5 6.5

2.5



97

100 MHz

13
CDCi3

E0dD 9T LL—

OY\\/S\/CHa

CH;

18b
(with impurity)

ELTTT—

TS'E2T
09521~
DLBZT~

ZTTET—
s6'ze7

S8'8FT~
90051~

POEIT—

LELGT—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



sci
N mm.nur B Wmo_
W = o LTy ¢
o = m mm.&» r~
2 -
TS0 6ct <+
Ly ~
mv.h#n \m;
6L = I
£0 a
052 lﬂ ﬁ NQ
Hm.&“ =
Z5¢ 0%
~
T
. ~
=T ~
=T ~ ﬁ
8L'L =~ 0o
sri” N
96T —
SP'T
052
(2]
T
]
/
%!
. T
O O =2
Ll
@]
o
802
ot
s2'
9zt
£100D 924
Lz
6T'L
6L
'L
8k
Bk
0s't
=
5t
SEE
9L
9Lt
8L

BLL

Ml

o
W
o
™

e
G o
(R
2.5

H_w__.on_.ﬁ |

Aot
07

H‘.Dcn |

T

7.5

-1.0

1.0 05 0.0 -0.5

1.5

2.0

65 60 55 50 45 4.0 35 3.0
f1 (ppm)

7.0

8.0

8.5



99

100 MHz

13
CDCi3

|€pf\1
r o
I m
H h

Lo

E1000 9=

0E'TET
£ ummH/

0252

00°0ET=
TF TEI-Z

PCEET

EL P T =
L' eFT-"

EG'E9T—

0846T—

CHs

S
x ~cH,

CHs

18d

-1C

30 20 10

40

170 150 130 110 %0 80 70 60 50

190

210

f1 (ppm)



10C

]

H o3

=6

= 0

ES =+

SbT

Q.Hv.

HEE
ba'9
sE'o-t ___ = z0
89" B
£5'9-F = 50
mm_m\

. —
£5'b ~
vm.vw
95'p —
85 m.

Then 2
Epi— ——= T_H_ o
e LN
~
509~
60'9 T4
a9 - 20"
g
mm.@w. mm.m
£8'9 e T 50°
ce's L\\“ sa¢ W
5694,
€000 92t
b2
b
Sb
T2
A
z8¢
S8
(]
T
2
/
v =
T
\ C
\ = &

N

Feoe

o0e |

oot

Foot

20T |
W”m_n_.._”

=O0T'T

20T

soT |

Feso]|

4.5

-0.5

2.5 1.5 0.5

3.5

6.5 5.5
f1 (ppm)

11.5 10.5 9.5 8.5 7.5

2.5



101

100 MHz

13
CDCi3

65'ET

ES'PT

CF'FS— —

£1000 00LL—

bO'ST T
Bt 8TT~L

LLBTT
BO'GTT

00T

£9'9CT

0g8'ekpT— -

0L29T—

0E'T6T—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



10z

H
400 MHz
CDCi3

Tee

CH;

HiC”

o

ST

BLE

2L
565"

699
TL9
LT
2L'9
E|202 9L
hm_hM.

mm_&“
1€

9L~
06"

Foort +

50T

vOT |

80T |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



CDCi3

10¢<
e
100 MHz

o
[y
-+
T

09 TE— -

oh
&
L
L

E|2dD 9T LL—

£F'80T—
ZETTT—
L0°STE

b #ZT—

£8'0ET— —

BRLPT— -
62'05T—

STLST—

POEIT— -
o
o
A\
P9'00C— nlaqq -
Xz

CH;

S

‘\\
CH;

0
0
18f

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



|
T
8 = o 6T 'L— - e
2 BEH -
S =0 12— %7 ~
=l
= = O
. ™
r~
6E'L
~
mm.T/f = oot T E
S.HM = ~a
Fil —
o |
B~ _ 't
15— -TofE S
€5~ - ..A
£9°7 [ 2
~
EHM s B
99— 008
s O~
0F'Z ~
ﬂ.|.|
. >
Fao |-JJJ.
o
T
(]
/
W)
o
4 T
O
© L
O
£8'S~_ ——
W7 )
12%
6EL
65
A
6L
15
£S5 o
-V |M
99 _
=V
108~ B
pO'8— =
81'8 =
6T'8

Fooe

Fioe

Feso

FEe'0 |

00T
102

Fooz |

Foot

Tooz|

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



10t

13
100 MHz
CDCi3

M~
n
<
—
I

68'6E—

E0dD 9T LL—

BE'TTIT—

ET'E2T
B_EH%
m@_wmﬁ/ﬁ

PLBET

CH;

18g

86 BT
mm_oﬂq\,ﬁ
gzzet
66'€ET
99'9pT~_
02 86T~
ST 75T+

BZE9T~
26 'F9T-"

6L'96T—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



10¢€

H
400 MHz
CDCi3

“CH;

0

CHs

0
0
18h

H3C”

LiE

L8E-

85'5~_
z26'5"

BLO~_
189"

£1200 92—
95'L
mm_hwr..

96'L~_
ooa~"

=

e |
Wmo.m

+HTE L

F-60'E

FaoT |

00T

Feeo

T

8.0

70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 0.0 -0.5 -1
f1 (ppm)

7.5

8.5

2.0



100 MHz

107
13
CDCi3

GEPT—

6B

Elens,

6L 09

£1200 Sene

PE'80T— -

T TITT—

EER AL

Z8'5eT1-"

h T
60T+

o
B 05T~ w
/

90z57— R
63'29T— \ T
@]
s
o o=
o
o)
/
O
o
T

26'56T—

H3C”

W TS P DUV SO PG \WRRTRNUOD SRR ST JE UY s

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



10¢

H
400 MHz
CDCi

e

£LG
ng's-"
L0097

£8'9
mm.mw
£a2'9
vm.@*
96'9

E2d2 9C°L
BE'L
OF'L
A4
T9'L
E9°L
B9'L
TLL

L8'PT—

OH

T X S\‘th

OH
19

E89-_
58'9—
e
P69

wm.m.&u

7.0

7.2

74

7.6

7.8

f1 (ppm)

J

pafi-yaul

Foot
00T

£6'0
ﬂvc.._”

.m__.mm._u

£6°0 |
Hbuan_.ﬁ

860

Fe60

f1 (ppm)

14 13 12 11 10

15



10¢
13
100 MHz
CDCi3

T9¢T

£1000 9TLL—

0E'F6—

POLTT
EQ'BTT

~CHj

OH
19

OH

56 5T
506114

SE'8CT—

B 'SET

TOERT—

EE'Z29T—

BS'ELT—

Sb'S6T—

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



O T
3 =3 -
=f= ~
m“.A.C
™~
[~
~_
=
O
_f.p
e
+ &
M~
LN
[~
o
[~

66T

23

50'2
802
€120 92'F o o
8z
62
Zer

CHs,

JI

92 keza
BEYL - 107

IQL
£T'E -lllﬁ Fooz
mdm% I

EE'L
PE'L —
SE'L H,rHD.H L

A=) HﬁDD.H |

T

3.0

20 15 10 05 0.0 -0.5 -1d

2.5

85 80 75 70 65 60 55 50 45 40 3.5
f1 (ppm)

2.0



111

100 MHz

13
CDCi3

PEBL—
mm._um.\
56'5E—

£1000 9T LL—

T8'ECTy
S0'9ET
._nv.wm._”.._y
£ 'BET
==

mN_Dm._”.\u
mh_om._”,\
PP EET

TCOFT—

206k T—

OF'TLT—

CHj

23

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



112

13C

100 MHz
CDCss

CE'0F—

ET'ETT~,
THLTT
E_mmH/
05'SZ T~
BLSTT~
e ol

SEPET—

T8 ThT—

P3'SST—
0'85T-"

PEBLT—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



11¢

100 MHz

13C
CDCi3

£1000 9TLL—

05'0TT—
91T
T0°02T
€6 ot
SBPET~
9 'SZT—

OSEET
mm_mmL\q
mm_mmd%
T9°EET
srver
97'9gT4
BLSST—

ES'T9T—

PCBLT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



114

1H
400 MHz
CDCi3

ST
Pas .,.H.W _
8Tf—
A
vE L
8L~
0L~
zee
9E LS
s’

95"L_
85L—
09"

Wi
fA N
aT'L
[ty A
PC'L
E|2d2 9C°L
0E'L
ZE'L
9L

BE'L
mm_h\w

T8~
k-

75 74 73 72 71

7.6

f1 (ppm)

00re

PT'T
00T

Foor

66T |
00T |

Foot .

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



11¢
13C
100 MHz
CDCsi3
100 Mhz
CDCl4

PLZE—
28'58—

£1000 9T LL—

£0'0TT—
ELLTTA,
z5'eeT

vm.vmﬁﬁ

Sk'SET—

TFeET

9C'95T—

TE'89T—

LO'BLT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



11¢€

100 MHz

13
CDCi3

£1000 9TLL—

0E40T—

SEETT
wh.mmT__

mo_mm.ﬁ%
Pr'SET

90'9ZT

£8'82T
w¢.HmH.\1
29°EET

66'55T—

20°£9T—

9T '8LT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



CDCi

117
H
400 MHz

6T'E

LB

BL'E
Hm.NW
£8'C
B0ME-~_

TTE

96’9
LE'9
26'9
66’9
PTL
FTL
9T'L
ar's
BT'L
8TL
£20D 92 L~
98'L
9E'L
BE'L
BE'L
BE'L
OF'L
59°L
99'L
L9L
B9'L

CHs

10

10 |

Fr1oe

Fooz |

Fooz

H_(.DD.H

H...D_u.._” +

Foot

M%o_u_.._”

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



11€

100 MHz

13C
CDCi

55T
£8'BC

ET0E— ~
ot A

P-WIQYOI0D OT 'LL—

LPEET

STCH3

CH;

10

FE'SET~ —

66'62T
:.omHVT

LTEET

L3 BPT—

98'69T—

PaPET
om.@mﬁﬁ

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



11¢€

H
400 MHz
CDCi

0e'g
Te'S
Ce'C
PE'C
S6'C

SH

13

967g
hm.mﬂ
PO'E
502
502
90'E

E|202 9C°L
9E'L
BE'L
OF'L

hE
£97—
5_&“
99'¢

T8~
arer"

— I

HIDD.N
—

56'0 L

Foort |

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -05 -1
f1 (ppm)

8.5



12C

100 MHz
CDCi3

13

28'0TT—
S6ETT—~
mh_mm._”./.
Hm_mmﬁ./
98'5CT—

PE'EET—

Bf 95T —

BL99T—

SCBLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



121

I

|

H [a£]

M ]

o & BT L~ o
S8 0E'L— :
S M~

ze "
SEf—
L= <+ \m,,
~
a
a
o
i
TS~ I~
S5/
mm_nun
85—
o
09'f~" ~
GEE
[ar]
T
&)
/
0}
=]
"p]
S Ll
O

88'S_

26'5— —

w9

£)2aD 924

62

0c's

zes

Se

LEL

IS¢

S5

95

85

0oL

0T'8~_

T8

Feez

oot
00T

00T L

0ot
260

PO'T |

FooT

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



122

100 MHz

13C
CDCi

9P PT— -

£1000 oFs

99 L0T— -

TOSTT— -

T9LIT—
EG'ECT
vm_¢NHJl,rr =

mm_mm._”.\_.

BF EET—

22'8ET— -

6L'55T—

9L09T—

BE'BLT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



12¢

H

400 MHz
CDCi

W

8z'1
o,.s,u\,r
TET
8T
om.m#
mm.m%
P
T~ _
- 66
gzt n
sz’ ™~
BT £ _
TEE~ _ -0’
%\I.ll
~E
BEL— - a
| -~
ThE— - b,
. LM
Bb'L n
BbE ~
054
Hm_mw,lx - £0
15 ary
ZSE Ty
£5Y r~
Z6'5~ —
07
T
2L P
TEY w
BE'L
P A v
BbL
0S¢ &
5% ——
5% \
a
-]
£0'8 —
£0'8 d o

mo.m%‘
508

Froe |

ooz |

Fooz

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -0.5
f1 (ppm)

2.0



124

100 MHz

13
CDCi3

509E—

1000 CTeL—

TS40T——

ST T

BRLTT-"
ILEET
h@.wm.ﬁljm -
wm_mm.ﬁ.\.
EE'EET— -
ERYET—

E9'55T—

£9°09T—

TZ'8LT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



12t

H

400 MHz
CDCi

PET—

Py
s

S
N ~cH,

CH;

ted
£CL
S5C'E
024
CEL
BF'L
6k’
TSL
TS'L
T5E

£oa
£oa
508
508

15d

J\

00T

56T |

Azo1
00T

oot

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



12¢

100 MHz

13C
CDCi

39
T 3

£1000 9TLL—

L8'50T— =

_um_hj”./
m._”_mm._”)/.l
LETEET

LSFET

CH;

S
= \CH3

15d

mm_mm.ﬁkﬁ

BEEET

0LLET

B9'55T—

T8'T9T—

ShBET—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



127
11-Methyl

H12 H3

H spectra | !

i

1D NOESY for H3

7.8 7.2 6.6 6.0 5.4 4.8 4.2 3.6 3.0 2.4 1.8
f1 (ppm)



12¢

H

]
H o3
=6
= 0
=+ O
<
SEE |Mw I-00°E
BEE Ifu I-60'E
IA
[an)
T
]
/
]
o
J =
]
)
— "p]
=
@] @]
ST'9-,_ _ W .
= 0o'T
o MM |
L7
2t
8z =
0EL
b
0s't
zst = Foazt
F=4 _ 66'0
Fi=4 — a0'T
60'8
60'8 —— FE0T
T8 L
TT'8

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -05 -1i.
f1 (ppm)

8.5

2.0



12¢

130
7 100 MHz
T CDCis

o
M

+
u
i
-

£1000 9TLL—

SO'ETT~,
B6'ETT—

s
“CH,

AN

CH;

15e

PTLIT
B ZZT-_
L2 HET—
[958+

B6'ZET—

T—————————

0S'£ET

PT'SST~C
T#'85T-"

TZ'8LT—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



13C
H
400 MHz
CDCi3

15f

_J

65,
£8'5—
765"

599
E.mT/r
069~
ze'9s

£100D 9TL

BE'L
THL
Eb'L
Sk'L

Foee'c

Froe

Feso |

k60

FzoT L

FooT

Froz

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



131

100 MHz

13
CDCi3

-

9E'95

£1200 9T

m._”__w_u._”./r
QT80T
ZL'e0T-
EEPTT

mm_¢HH.Vw

£ EET—
BTLET—

@m.mm.ﬁ./
£5'85T—
mm_mm.ﬁk\

PEBLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



132

H
400 MHz
CDCi

bt
Fro

P66
86'5—"
60'9~"

1202 9C°L
Bi'L
05'L
TS'L
5L
ES'L

65'L~F
z9't
mm_n%s
99 %
{6
86'2 k
a1'g
0z'g

Teoe

Fee0
Feso

60t

e

oot

ooz |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0.5
f1 (ppm)

2.0



13¢

100 MHz
CDCi3

Ol N""CH,
0
0

13

~
i
k.
—
S

o

E1200 Sk

15g

60T —

T6'PT T~
TELTT~,
SO'ETT—
pa'bET

Hm_RHW
9L'82T=

90621/
1£05T

mm.mmﬁ.\a
pa'8eT~"

CLLPT—
S EST—

2T T9T—
LT'59T—

CBLLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



134

H
400 MHz
CDCi3

E|2d2 92°L~
55°L
mm_hM
Nm_h./.

Pa'L—

15h

L

Feez

oo

560

00T

Foor

Foot

oot |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



13E
13
100 MHz
CDCi3

BE'$T—

LE95—

PST9—

1000 SHES

$0'L0T~
92601+
BO'ST T~
E9'8TT~,
06'0ZT~

2998 T~
9BYLET-"

TT'0ST—

TS'95T—
05'09T—

-1C

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



13¢€

H
400 MHz
CDCi

EF'C
6¥'C
152
£5'C
2L
SL°E

L2k
8L
o8’z

£8'C
582
98'c
L8'2
28'Z
0e'g

1002 9L —

EP'6—

S
~CH,

OH

16a

28 27 26 25 24 23

2.9

f1 (ppm)

00rE

36T

00T +

00T

%Ymm.ﬁ

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 2.0

1.0 05 0.0 -05

1.5

f1 (ppm)



m
L]

© o 13

o i 3 o n 100 MHz

“T‘ ~ ¥ i 5 CDCp

190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O -1iC
f1 (ppm)



13¢€

H

400 MHz
CDCi3

If'!\l
UL

15— =002

\\.
CH;
18a

PES~
ik
0Té
L
ZT'L
oy s
BC'L
6C'L

o H,..HQA 3

0E'L -
H_rDD.H

BF'L
ap's B fogor
05'% _ F 00T L

054 Q0T
90 = 15
LEE

8L'L

(ST

LE'L

ooa

o0

== I-66'0

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



CDCi3

13¢
13
100 MHz

M~

=

<

T
|

£1000 9TLL—

BS'TIT— -

6LECT

26'5CT~— -

TO0ET

T TET—

oz geT

TTeFT~

99057~ 7

0E'E9T—

£8'L6T—

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



14C

400 MHz
CDCi3

99'5~_
635"
€0
S04
FAYa
614
T2

£10a0 924~
6E'L
6E'L
THe
THL
£b'Y
chs
897
69
0L
TLL
S8
68'L

O
C%/CHS

|1
™~
. ™M
[~
-
g
01T
a
I5.I|\
~3
ooft. ™
M~
mm.ﬂg.
™~
=
-
=
% [=%
®E
o £
Z

*=T0'T

gl

07

=007 |

= Fee0

-

= ¢
-

4.5

2.5 1.5 0.5 -0.5

3.5

5.5
f1 (ppm)

11.5 10.5 9.5 8.5 7.5 6.5

2.5



141

100 MHz

13
CDCi3

E0dD 9T LL—

OY\\/S\/CHa

CH;

18b
(with impurity)

ELTTT—

TS'E2T
09521~
DLBZT~

ZTTET—
s6'ze7

S8'8FT~
90051~

POEIT—

LELGT—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



STL
N mm.nur B Wmo_
N = Lz, e
< O mm.&» r~
— = =)
= 6T
== O <+
LbL ~N
mv.h#n \m;
Bb'L = I
€0 a
052 lﬂ ﬁ NQ
Hm.&“ =
z5¢ 0%
~
SEL
. ~
ors ~
ors ~ ﬁ
BLL - o)
sri” N
96'T—
Sb'Z
052
(2]
T
]
/
%!
. o
O O =2
Ll
@]
o
80z
ors
s2
9k
£0aD 924
£z
BT
6T
I
8t
BbL
054
5%
z5¢
S0
9L
oL
8L

BLL

Ml

o
W
o
™

e
G o
(R
2.5

H_w__.on_.ﬁ |

Aot
07

H‘.Dcn |

T

7.5

-1.0

1.0 05 0.0 -0.5

1.5

2.0

65 60 55 50 45 4.0 35 3.0
f1 (ppm)

7.0

8.0

8.5



CDCi3

14z
13
100 MHz

|€pf\1
r o
I m
H h

Lo

E1000 9=

0E'TET
£ ummH/

0252

00°0ET=
TF TEI-Z

PCEET

EL P T =
L' eFT-"

EG'E9T—

0846T—

CHs

S
x ~cH,

CHs

18d

-1C

30 20 10

40

170 150 130 110 %0 80 70 60 50

190

210

f1 (ppm)



144

]

H o3

=6

= 0

ES =+

SbT

Q.Hv.

HEE
ba'9
sE'o-t ___ = z0
89" B
£5'9-F = 50
mm_m\

. —
£5'b ~
vm.vw
95'p —
85 m.

Then 2
Epi— ——= T_H_ o
e LN
~
509~
60'9 T4
a9 - 20"
g
mm.@w. mm.m
£8'9 e T 50°
ce's L\\“ sa¢ W
5694,
€000 92t
b2
b
Sb
T2
A
z8¢
S8
(]
T
2
/
v =
T
\ C
\ = &

N

Feoe

o0e |

oot

Foot

20T |
W”m_n_.._”

=O0T'T

20T

soT |

Feso]|

4.5

-0.5

2.5 1.5 0.5

3.5

6.5 5.5
f1 (ppm)

11.5 10.5 9.5 8.5 7.5

2.5



100 MHz

14¢
13
CDCi3

65'ET

ES'PT

CF'FS— —

£1000 00LL—

bO'ST T
Bt 8TT~L

LLBTT
BO'GTT

00T

£9'9CT

0g8'ekpT— -

0L29T—

0E'T6T—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



14¢

H
400 MHz
CDCi3

Tee

CH;

HiC”

o

ST

BLE

2L
565"

699
TL9
LT
2L'9
E|202 9L
hm_hM.

mm_&“
1€

9L~
06"

Foort +

50T

vOT |

80T |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



CDCi3

147
e
100 MHz

o
[y
-+
T

09 TE— -

oh
&
L
L

E|2dD 9T LL—

£F'80T—
ZETTT—
L0°STE

b #ZT—

£8'0ET— —

BRLPT— -
62'05T—

STLST—

POEIT— -
o
o
A\
P9'00C— nlaqq -
Xz

CH;

S

‘\\
CH;

0
0
18f

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



]
T
w @ BT L~ - o~
= .5 BE%
3 =0 12— %7 ~
o8
== O
. ™M
r~
BE'L
_—
mm.m;/f = oot T E
S..mﬂ = ~a
Fal ~—
—
B~ _ 't
15— -T1olE I~
€5~ - 9
£9'4 - 2
~
vm.nM - 3
99— 008
19/ o~
OF'Z ~
ﬂ.|.|
s >
Fao |-JJJ.
o
T
&
/
0]
o
4 T
O
© -
o
£8'S~_ ——
%5 )
12
BE'L
BEL
Zhe
Bbe
15¢
£S5 -
$9¢ |M
99'¢ _
£9¢
108~ B
PO'E— =
8T8 =
BT'8

Fooe

Fioe

Feso

FEe'0 |

00T
102

Fooz |

Foot

Tooz|

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
f1 (ppm)

2.0



14¢

13
100 MHz
CDCi3

M~
n
<
—
I

68'6E—

E0dD 9T LL—

BE'TTIT—

ET'E2T
B_EH%
m@_wmﬁ/ﬁ

PLBET

CH;

18g

86 BT
mm_oﬂq\,ﬁ
gzzet
66'€ET
99'9pT~_
02 86T~
ST 75T+

BZE9T~
26 'F9T-"

6L'96T—

-1C

80 70 60 50 40 30 20 10

90

110

130

150

170

190

210

f1 (ppm)



15C

H
400 MHz
CDCi3

“CH;

0

CHs

0
0
18h

H3C”

LiE

L8E-

85'5~_
z26'5"

BLO~_
189"

£1200 92—
95'L
mm_hwr..

96'L~_
ooa~"

=

e |
Wmo.m

+HTE L

F-60'E

FaoT |

00T

Feeo

T

8.0

70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 0.0 -0.5 -1
f1 (ppm)

7.5

8.5

2.0



151

100 MHz

13
CDCi3

GEPT—

6B

Elens,

6L 09

£1200 Sene

PE'80T— -

T TITT—

EER AL

Z8'5eT1-"

h T
60T+

o
B 05T~ w
/

90z57— R
63'29T— \ T
@]
s
o o=
o
o)
/
O
o
T

26'56T—

H3C”

W TS P DUV SO PG \WRRTRNUOD SRR ST JE UY s

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



152

H

400 MHz
CDCi

e

£L'5
08's
£0'9
£8'9
58'9
£a2'9
P9
96’9
E2d2 9C°L
BE'L
OF'L
A4
T9'L
E9°L
B9'L
TLL

L8'FT

T
~

e

W

OH

T X S\‘th

OH
19

E89-_
58'9—
e
P69

wm.m.&u

7.0

7.2

74

7.6

7.8

f1 (ppm)

J

pafi-yaul

Foot
00T

£6'0
ﬂvc.._”

.m__.mm._u

£6°0 |
Hbuan_.ﬁ

860

Fe60

f1 (ppm)

14 13 12 11 10

15



15¢

100 MHz

13
CDCi3

T9¢T

£1000 9TLL—

0E'F6—

POLTT
EQ'BTT

~CHj

OH

OH
0]

56 5T
506114

SE'8CT—

B 'SET

TOERT—

EE'Z29T—

BS'ELT—

Sb'S6T—

-1C

° 80 70 60 50 40 30 20 10

f1 (ppm)

170 150 130 110

190



3 E
4 =3 -
=f= ~
m“.A.C
™~
[~
~_
=
O
_f.p
e
+ &
M~
LN
[~
o
[~

66T

23

50'2
802
€120 92'F o o
8z
62
Zer

CHs,

JI

92 keza
BEYL - 107

IQL
£T'E -lllﬁ Fooz
mdm% I

EE'L
PE'L —
SE'L H,rHD.H L

A=) HﬁDD.H |

T

3.0

20 15 10 05 0.0 -0.5 -1d

2.5

85 80 75 70 65 60 55 50 45 40 3.5
f1 (ppm)

2.0



15¢
100 MHz

13
CDCi3

PEBL—
mm._um.\
56'5E—

£1000 9T LL—

T8'ECTy
S0'9ET
._nv.wm._”.._y
£ 'BET
==

mN_Dm._”.\u
mh_om._”,\
PP EET

TCOFT—

206k T—

OF'TLT—

CHj

23

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190



CHAPITRE I

ON THE ROLE OF THE VINYLSULFOXIDE SIDE CHAIN OF
DIRCHROMONE TOWARDS ITS BIOACTIVITIES

Ce chapitre reprend | e contenu doéun articl

présenté dans cette langue, avecdsumé en francais.

Titre: On the role of the vinylsulfoxide side chain of dirchromone towards its

bioactivities

Auteurs: Alexis StGel ai s A, J®r ' me Al sarrafA*, Jean
Andr® PichetteA*

Affiliation: “Chaire de recherche sur les ageats t i canc ®r eux doéori gi
Laboratoire déanalyse et de s®paration des
des Sciences Fondamentales, Université du Québec a Chicoutimi, 555, boulevard de

| 6Uni versit®, Chicouti mi (Qu®bec), Canada,

Référencecomplete: St-Gelais, A., Alsarraf, J., Legault, J., Mihoub, M., Pichette, A.,
2020. On the role of the vinylsulfoxide side chain of dirchromone towards its
bioactivities. Org. Biomol. Cheni8 (47), 970G 9705.



2.1 Résumé en francais

Des analogues da dirchromone ont été préparés pour mettre en lumiere le réle central

de sa chaine latérale vinylsulfoxyde particuliere en regard de ses propriétés
cytotoxiques et antimicrobiennes, notamment en ce qui concerne la présence et le degré
dbéoxydat ieola rédction dedaudirchromone avec de la cystéamine a révélé

un comportement surprenant ddbaccepteur de
radical méthylsulfinyl et & une transformationoxyd®d uct ri ce de | datom

qui pourrait étre impliquéalns | e mode dbéaction de |l a dirc

2.2 Graphical abstract

Non-fluorescent S
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©iﬂjljuo;s:mt
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A-549 cells

2.3 Abstract

Analogs of dirchromone were prepared to shed light on the pivotal role of its peculiar
vinylsulfoxide side chain towards its cytotoxand antimicrobial properties, especially
dependant upon the presence and oxidation state of sulfur. The reaction of dirchromone
with cysteamine revealed a surprising Michael acceptor behavior with elimination of
the methylsulfinyl moiety and redox trangiation of the sulfur atom that could be

involved in the mode of action of dirchromone within cells.
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2.4 Article

2.4.1 Introduction

Dirchromones are a group of unique sulfwaring compounds found in minute
amounts in the stem, bark and roots of the North AmesbanbDirca palustrisL.
(Thymelaeacege Depending on their aromatic substitution pattern, they exhibited
various degrees of cytotoxic and Grawsitive antimicrobial activities vitro (St
Gelais et al., 2015)heir scarcity in the plant, however, initially prevented any rational
structureactivity relationshipstudies. A synthetic route to grasoale preparation of
dirchromone 1) was therefore specifically devis€8t-Gelais et al., 2018as the
inclusion of the vinylsulfoxide moiety as the side chain of a chromone proved to be a
challenging task. The incorporation of the peculiar conjugated sulfur function relied on
an original Pummerer reaction wkean alkyl sulfoxide was converted into a vinyl
sulfide. A novel sofenolization Bakelenkataraman rearrangement, inspired by the
conditions developed by Limt al.for mixed Claisen condensatiofism et al., 2007)
thenenabled the construction of the chromone framework which bore this sensitive
function. With this fruitful strateggvailable, the ensuing step naturally was to define
the relevant features of the parent scaffold towards its cytotoxic and antimicrobial

activities.

The lateral chain of dirchromor{#) features a conjugated stereogenic sulfoxide. This
moiety naturally dras attention as the salient structural originality of dirchromone,
which is one of the relatively rare examples of sulfearing secondary metabolites in
terrestrial plants outside the Alliaceae and Brassicaceae fafNireschukwu et al.,
2012) and the first within the ThymelaeaegSt-Gelais et al., 2(). It lends itself to
several potential structural modifications in order to define its role in the biological

activity of dirchromoneKigure2-1).
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Figure 2-1. Structural modifications introduced to the lateral chain of dirchrombnia prder to
study tleir influence on bioactivity.

Firstly, the chiral nature of the sulfoxide must be addressed. The natural dirchromone
(1) and its derivatives were isolated as racemates. However, sulfoxide chirality
regularly features a key impact on bioactivity: a relevant example is the affinity of the
sulfoxide R)-modafinil for dopamine D2 receptors in rat brain tissues, where& its (
counterpart is virtually inactivéSeeman et al., 2009)arious pharmaceutically
relevant sulfoxides are preferably prepared as enantiomerically pure drugs
(Woj aczy EGka and .Wothen instagc@ss dhirality ish6t asOdjrectly
critical. Sulindac, a nosteroidal antinflammatory drug, is produced as a racemic
methylsulfoxide. The active compound in fact being its sulfide metabolite, both
enantiomers can elicit activity; it is, however, worth noting that the metabolization
profiles of these enantiomers diff@runell et al., 2011)In addition to chirality, the
example of suhdac also points out the importance of verifying this impact of the
oxidation state of the sulfur atom in dirchromone. To complete this study of the sulfur
moiety, the recurring bioisosteric replacement between carbonyl, sulfoxide, and
sulfone in medicinachemistry has to be consider¢Batani and LaVoie, 1996)
Broadening this exploration, thiophene analogs, which were prepared preihusly
et al., 2012)but apparently never tested for their cytotoxicity, have been included in

the structural study herein reported.
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In addition of the side chain heteroatoms, its carbon backbone must also be considered.
On the one and, the homologation of the alkyl chain of the sulfoxide could have an
impact. On the other hand, the role of the alkene should be clarified, as it induces
extended conjugation of the chromone and sulfoxide. This could in turn, among others,
produce a r@vant Michael acceptor. For instance, vinylsulfones were developed to
irreversibly bind to cysteine proteases by such a mechafitgsimer et al., 1995)
Michael acceptor properties are relevant both for desired biological effects and toxicity
of drugs, for example inducing binding to macromolecules (often via freeing
thiols) or depleting glutathione (GSH) stocks in target cells to increase susceptibility
to other treatments. Modulation of this reactivity can be a helpful approach in tuning
the activity of drug candidaté€sl. Johansson, 2012)herefore, the Michael acceptor
nature of dirchromone was studied, and the products of this reaction were in part

characteried.

2.4.2 Results and discussion
2.4.2.1 Preparation of dirchromone analogs

Dirchromone(1) and itsdeoxy counterpara were obtained from the dirchromone
preparation described earl{@t-Gelais et al., 201&5cteme 2-1). Briefly, commercial
3-methylthiopropionic acid was quantitatively oxidized into the corresponding
sulfoxide 10a which then underwent an uncommon Pummerer rearrangement
transferring the oxidation to the carbon chain whilewianeously generating a
suitable acyl chloride to obtain a phenone e&fiex This intermediate was in turn
submitted to a sofenolization Bakeenkataraman rearrangement enabled by the
addition of magnesium bromide diethyl etherate, and further dategirto the
chromone to yield sulfid@a. Racemic dirchromongl) was produced by oxidation
with metachloroperbenzoic acidntCPBA). Attempts at preparing enantiopure
sulfoxides from sulfide2a using classical Kagan oxidation conditigi&agan, 1986)

afforded equivocal resultsith unpredictable enantiomeric excesses. Therefore, direct
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Scheme 2-1. Synthetic oute to dirchromone analogs. i: Oxalyl chloride (2 equiv), cat. DIMEM, 1h,
r t ; -hydroxyac@t@phenone (4 equiv), KOH (4 equiv), DMF, 5 min, rt; iii: MgB&O (2.5 equiv),
diisopropylethylamine (3 equiv), DCM, 24 h, rt; iv: HCT 86, MeOH, 24h, rty: m-CPBA (1 equiv),
DCM, 24h, rt.

iiil,iv
—_—

10a-d 11a-d

o S Rs a: Ry,Ry,R3=H

) 5, b: Ry,Ry=H, R3=CHj3
7 c: Ry=CHj, Ry,Ry=H

d: Ry,Rg=H, Ry=CH,4

separation of the enantiomers of dirchroménéa-1)and(+)-1) by chiral preparative
HPLC was achieved at milligram scale. Sulfdh&vas prepared in good yield by
oxidation of dirchromongl) with an excess of hydrogen peroxide in acetic acid
(Scheme2-2).

Scheme2-2. Oxidation of dirchromonél) to sulfone3.

The same synthetic route was successfully applied to the preparation of substituted
compoundsb, 6, and7 (see the supporting information)-(Bthylsulfinyl)propanoic
acid(10b) was obtained by first reactingrBercaptopropionic acid with ethyl bromide
(Vaismaa et al., 20079 obtain crudé&-ethyl3-mercaptopropionic acid and oxithg

the latter to sulfoxideCompound2b was obtained from-&ercaptopropionic acid in

11 % yield over 6 steps following a published proced(&Gelais et al., 2018)
compounds was then prepared by oxidation in a yield @f%. Methacrylic acid was
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used as the starting material towards compo@iray reacting withSSadimethyl
dithiocarbonatein presence of agueous potassium hydroXidadamuro, Silvano;
Degani, lacopo; Fochi, Rita; Regondi, 198&jowed by oxidation to sulfoxid&Oc.

The 1tmethylated produdd was subsequently prepared in an overalPAdyield (7

steps from methacryi acid). 12methytdirchromone 7 was prepared by first
performing a Michael addition on methyl crotonate ustngethytisothioureaZhao

et al., 2007) hydrolyzing the ester and oxidizing thetained sulfidebearing acid to
prepare crude-Bnethylsulfinyl}butanoicacidOd. The presence of a m
to the sulfoxide apparently interfered with the ensuing Pummerer rearrangement, with
roughly equivalent quantities of the suHoearing eter and of the crotonate ester of

2 -hydroxy-acetophenone being obtained as an inseparable mixture. These were thus
submitted as is without further purification,to the softenolization Baker
Venkataraman rearrangement and acidic methanolic dehydratieidipg a mixture

of the expected chromone and2methoxypropyBchromone. Nevertheless, with the
oxidation of the sulfide, the desired prodidotould be obtained separately albeit in
low overall yield 6 % from methyl crotonate, over 5 steps). The $isteric
replacement of the sulfoxide by a ketone to obtain compéwas carried through the
synthesis of £)-2-but-1- en-1-ylchromonel4 (Scheme 2-3). Esterification of (E)-
pentenoicacidl2vi a it s a c y-hydraxpatetophendre afforded esBid

in 64 %yield. Chromonel4 was then prepared in/2so yield over two steps by éh
softenolization BakeWenkataraman rearrangement and cyclization sequence used for
other derivatives. The moderate yield could be explained by partial Idgbvad the
acid-catalyzed methoxylation of the 11;hkene during chromone cyclization in
metanol. Classical Riley oxidation conditiofisirti and Czakd, 2005)sing Se®@

failed to oxdize the allylic methylene of chromofé, but a Pd(OH)K-COs/tert-butyl
hydroperoxide systeifYu and Corey, 2003)fforded ketond albeit in a modest2%

oxidation yield.
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Scheme 2-3. Synthesis of compoundk 8 and9. (a) (COCI) (1.5 eqiv), cat. DMF, DCM, rt, 1 h; (b)
2 dydroxyacetophenone (4 @g), KOH (4 eiv), DMF, rt, 5min; (c) MgBrA EQ (2.5 ewiv),
diisopropylethylamine (3 edv), rt, 24 h; (d) HCI 3 % MeOH, rt, 24 h; (e) Pd(OHY0.05 eqiv),
K2CQ; (0.25 eqiv), t-BuOOH (10 eqiv), DCM, rt, 48 h.

HO
12 13
O 64% (2 steps)

segglleeng

0 27% (2 steps) 27%

(o] OH 16 o
15 O 82% (2 steps) 79% (2 steps)
|\
° s o [ N\
a,b c,d
(e} OH 18 o) 9
17 O 81% (2 steps) 87% (2 steps)

The softenolization BakeWenkataaman rearrangement was also efficiently extended
to the preparation of thiophen8sand9 from commercial thiophenecarboxylic acids
15and 17 (Scheme 3). Preparation of their sulfone analogs was attempted, but the
molecules either resisted oxidation oriexly degraded, depending on the amount of
m-CPBA used. To complete this study, the preparation of the deconjugated sulfoxide
2-(2-(methylsufinyl)ethyl)chromone was attempted by successive treatmem{(f 2
mercaptoethy)chromongt-Gelais et al., 2018)ith aqueous dimethylsulfate in the
presence of a base and immediatedation to the sulfoxide, but the prevalence of
byproducts (notably -Rinylchromone) prevented isolation of a sufficient amount to
proceed to testing.
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2.4.2.2 Effect of structural modifications on bioactivities

Synthesized compounds were screened for their cytitpxising two malignant
(DLD-1 colorectal adenocarcinoma anebA9 pulmonary adenocarcinoma) and one
healthy (WS1 skin fibroblasts) human cell lin@galjle2-1). The results are expressed
ashalf-maximal inhibitory concentration (Ko) using etoposide as a positive control.
Overall, it is of interest to note that DEDcells appeared to be more affected than the
other cell lines by dirchromone and its lgs. It could be of interest to pursue

experiments towards other colorectal malignant cells.

No relevant difference in cytotoxic activities was recorded between the two
enantiomers of dirchromor(¢ 1-1)and(+)-1). Although this structural feature could
have relevance for other aspects of the biological interactions of dirchromuoive,

such as systemic toxicity and metabolization, this result established that ituthey

Table 2-1. Cytotoxicity and antiGrampositive activities of compounds9

ICs0(UM)2 MIC 90 (UM)?2
Compound
DLD-1 A-549 WS1 S. aureus
1 28+0.2 13+1 3.1+£0.1 12+1
(- 25+0.3 14+1 28+0.2 22+ 2
(+)-1 28+04 17+1 3.8+0.5 16+2
2a 367 62+7 >100 >100
3 6.2+0.3 28+2 6.1+0.1 29+04
4 13+2 22+1 12+1 >100
5 1.4+0.1 7.2+0.9 3.3+£0.1 37+3
6 1.7+0.2 6.7+0.5 15+0.1 83+4
7 2.8+0.2 5+1 3.1+04 >100
8 53+2 84 +£10 >100 >100
9 >100 93+8 >100 >100
Etoposide 3.0x04 20x£0.3 46 + 12 -
Gentamycin - - - 0.072 + 0.006

A/alues + SD 1§ = 3) are representative of three different experiments
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screening efforts could proceed with racemic sulfoxides like those initially isolated
from D. palustris Other sulfoxide analods7 were therefore tested as racemates.

Modifications to the sulfur heteroatom generally reduced cytotoxicity. The s@kide

is much less active, even exerting no effece{I€100 pM) on healthy WS1 cells.
Thiophenes8-9 also feature greatly diminished potency. Bioisosteric replacement of
the sulfoxide by a carbonyl in compountl had a detrimental effect on activity,
especially for DLD1 and WS1 cells. Sulfon® was slightly less active than
dirchromong1) on these lines, but not as clearly affected as the s@fidad carbonyl

4. This demostrates that the sulfur atom is an advantageous feature to exert the
biological response, and that th&dSond is pivotal in that regard at least for BILD

and WSL1 cell lines. Methylation in compounanly slightly increased activity on-A

549, while in ompounds5 and 6, the increment affected both DED and A549.
Although the effects are modest, this suggests that alkylation with longer carbon chains
could be explored to obtain more active analogs.

Antimicrobial activity is reported on Grapositive Stgphylococcus aureughereas
the analogs were not active on Graegpative bacteria, as found with natural
dirchromoneg(St-Gelais et al., 2015)Here again, chirality of the sulfoxide had a
limited effect. Several of the structural modifications abolish activity: thioph&fes
sulfide2a, carbony and methylated dirchromonésind7 were inactive (>100 uM),
or nearly so. Homologation of thsulfoxide in compound did not affect the
antimicrobial effect much. The most interesting observation is, however, that sulfone
3 is consistently more active than dirchromofig. Since this modification also
decreased cytotoxicityt provides perspective to design analogd thauld be less
toxic and more potent against Grguositive bacteria. Finallythere does not appear to
be a relationship between cytotoxicity and antibacterial potential, implyinghbat
mechanisms underlying both activities are possibly distinct aintewely arising from
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generic toxicity. Future investigations should thus not only seek increased cytotoxicity,

but also identification of less toxic analogs expressing antibacterial potential.

2.4.2.3 Dirchromone as a peculiar Michael acceptor

As these results ghlighted the importance of the vinylsulfoxide side chain of
dirchromong1) towards its cytotoxicity, the possibility that dirchromone might act as

a thiaMichael acceptor was then examined. Vinyl sulfoxides, to the best of our
awareness, have not beenmuoonly considered as useful Michael acceptors;
Nicponski and Marchi also noted scarcity of reports of Michael additions to unsaturated
sulfoxides even though they could be suitable subsiiidiegonski and Marchi, 2014)
Conversely, one could envision that th&iylchromone motif, independently of the
sulfoxide, could be a thiMichael acceptor. This type of structure has seemingly not
been studied extensively in that regard as only two studies reporting Michaedradditi
of amines and nitrilimines to -&yrylchromone derivatives could be retrieved
(Bouchama et al., 2018; Hassaneen et al., 20@®ertheless showing some potential
for this hypothesis. Since thMichael addition mechanisms are knoterbe involved

in several wlogical trapping agents, dirchromone was submitted to the cysteamine
adduct NMR test proposed by Avorgbal (Avonto et al., 2011)Addition of 2 equiv

of cysteamine to a solution of dirchromg@gin deuterated dimethylsulfoxide clearly

led, within minutes, to disappearance of the original alkene si@aslinger, 2010;

H. Johansson, 2012figure2-2, zones A and B) in an irreversible fashion (based on
the CDCtdilution reversibility test, data not shown). However, this transformégbn

to the formation of several products with the¢ NMR spectrum of the mixture
progressively evolving over the course of 45 minutes (zones C and D) with loss of the
methylsulfinyl signal (zone E). When the experiment was repeated with 4 equiv of
cysteamne, the process immediately proceeded towards a cleaner mixture, but in no
cases did a single compound form. Under the same condiaxedirchromong3)

featured a similar behavior, with loss of the alkene&nethyl signals and emergence
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Figure 2-2. 'H NMR experiments of the cysteamine adduct test of Avonto et al. for dirchromone, with

all spectra locked on DMS@s residual peak. Spectrum (1) shows pure dirchromone, spectrum (2) its
reactionwith 2 equiv cysteamine after 10 min, spectrum (3) its reaction withutvecysteamine after

45 min, and spectrum (4) its reaction with diigccysteamine (which was stable over time). Zones A

and B indicate the original side chain olefinic signals; zGnie CG3 signals; zone D evolving side

chain signals; zone E the methylsulfoxide singlet.

of new NMR peaks (see Supporting information). The bioisosteric ketoalso
reacted as an irreversible Michael acceptor, but the terminal methyl signal remained as

a more shielded signal, setting it apart from suitfeiaring compounds.

Some reaction products of 0.5 mmol dirchromone and 4 equiv cysteamine in DMSO
were isolated by flash chromatography. This allowed identification of part of the
products as compound8-21 (Figure2-3). Since Michael addition occurred at position

12, 2vinylchromone could be the driving Michael acceptor moiety. The methylsulfinyl
moiety was then effectivelyocking the adduct in place. Iméstingly, a similar
elimination of methylsulfoxide (as methanesulfenic acid) was already reported for the
reaction of GSH with aromattgoxides of agrochemicals derivatives such as terbutryn
sulfoxide (Huwe et al., 1991)Furthermore, the presencd disulfide bridges in

compoundd9and21 and the incorporation (after reduction) of at least some of the
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Figure 2-3. Characterized products3-21 from the reaction of dirchromond)(with an excess of
cysteamine in DMSO.
methylsulfur released by dirchromone in structur® further indicated redox
transformations driven by the sulfur atom. Such a phenomenon may be relevant in
biological activities,since many natural sulfdrearing molecules exert part of their
action via redox reactions: for example, the thiosulfinate generated enzymatically from
alliin in Allium sp., allicin, can in turn mobilize four equiv of thiol to yield disulfides,
which may &ectively disrupt microbial biochemical integrity and could depress GSH

stocks in mammalian cel{acob, 2006)

In perspective, these findings could rationalize why sulfoxides and the sulfone were
more efficient than the other derivatives in the cytotoxic assays: cardbdioylwhich

the terminal methyl remains, would not undergo the elimination step. Ackngiwted

that cysteamine is not the only biologically relevant substrate that could react with
dirchromone, reaction of the latter with excess cysteine or GSH in aqueous media was
tested. All attempts similarly led to quick and complete transformation of aomfo

into polar products, which could not be isolated but illustrated that this sequence of
events was reasonably not limited to cysteamine and could take place with other
biomolecules. It is noteworthy that in pure acetonitrile, no reaction between

dirchromone and cysteamine took place in over 48 h, at which point addition of water
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triggered the conversion within seconds. The presence of either water or DMSO
appears to be necessary to the reaction.

This offers an intriguing overall picture, where dirchmma combines three distinct
reactivity mechanisms (Michael addition, concomitant elimination of the
methylsuflinyl moiety, and redox capabilities) to generate a structurally original series
of reaction products. How this sequence of reactions takes ptatepracisely
contribute to bioactivity is currently unknown, but the contribution is plausible: it could
for example deplete the GSH stocks of the cells, generate toxic amounts of small sulfur
bearing compounds, disable enzymes or proteins, or generaigofites related th9-

21that in turn exert the activity. Further research is warranted to describe the reactivity
of dirchromone and its sulfone analog in more detail, with a variety of thiols or amines

and in different reaction conditions.

Notwithstanding, empirical observations suggest that this reaction was likely to take
place within cells cytosol. None of the synthesized dirchromone derivatives exhibited
fluorescence when exposed to 365 nm UV light, to the exception of shifidéich
emitted a blue color. Compound® and21 (but not20) shared this property with the
sulfide. Treatment of A549 cells with dirchromofi¢ at the 1Go concentration gave

rise to a clear blue fluorescence in the cytoplasm upon exposure to 377 nm UV light
(Figure 2-4). Dirchromone could therefore serve as its own fluorescent probe to
confirm that the Michael addition/sulfur elimination/redox sequence toale pl&hin

the cells.
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200 ym

Figure 224.A-549 <cel |l s monol ay e-diaminia2pleaylindote (DAPIXnhcleds) 4 6 ,
stain and B) 10 uM dirchromor(&) for 4 h, both excited at 377 nm and monitored at 447 nm.

2.4.3 Conclusions

The versatile strategy established for the total synthesis ofraiincime(1) granted a
straightforward access to various analogs, thus enabling the exploration of the relevant
features of the side chain of dirchromone towards its biological properties. This study
showed that its peculiar vinylsulfoxide function playedpiaotal role to exert
cytotoxicity. Chirality of the sulfoxide did not influence these activities, but tie S
bond presence was critical to induce them. Homologation of the alkylsulfoxide slightly
increased cytotoxicity. Methylation of the olefin also l@adhild increasing effect on

this activity, but these modifications disabled antibacterial potential. On the other hand,
sulfone 3 displayed reduced cytotoxicity and improved activity agafistureus
making sulfone analogs of dirchromones a relevassaié compounds to be explored

for antimicrobial properties. In presence of cysteamine, dirchromone acted as a
Michael acceptor, followed by elimination of the sulfoxide moiety and redox reactions
to generate a series of structurally original compoundsesof which exhibiting
fluorescence. Therefore, dirchromone could probe such transformations within cells.
These initial findings not only stress the uniqueness of reactivity of dirchromone, but
also calls for future detailed investigation of the Michaateptor properties and

mechanism of action of dirchromone within cells.
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2.8 Supporting information

2.8.1 General experimental procedures

All starting materials andeagents were purchased from commercial sources (Sigma
Aldrich, Toronto ResearciChemicals, TCl America, Alfa Aesar and Oakwood
Chemicals) and used as received without further purification. Unless noted otherwise,
reactions were conducted using anhydrous commercial solvents under argon
atmosphere, introducing reagents with dry displessjringes and needles. Anhydrous
solvents, supplied over molecular sieves, were used as received. Reactions were
monitored by thidayer chromatography (TLC) with silica gel 6@8550.25 mm pre
coated aluminum foil platesMilliPore) and visualised undetJVzsa All flash
chromatographic purifications were performed using a -pogssure liquid
chromatographic system (Buchi) and silica gel 664Q%m) columns packed esite.

NMR spectra were recorded with a Bruker Avance 400 spectrometer at 400 MHz for
'H nuclei and 100 MHz fof*C nuclei, usingleuterated chloroform (CDg}lor pyridine
(CsDsN) as the solvent. Chemical shifts were reported in ppm relative to the solvent
residual peaki(= 7.26 ppm forH and 77.1 ppm fot°C) in chloroform, ando TMS

in pyridine,and coupling constanfsvere expressed in Hertz (Hz). Multiplicities were
reported using the following abbreviations: s, singlet; d, doublet, t, triplet; g, quartet;
m, multiplet. HRMS were recorded @m Agilent 6210 TORMS mass spectrometer
equipped with an electrospray source. Purities were measured by injecting the
compounds dissolved at about 1 mg/mL in acetonitrile on an Agilent 1100 HPLC
system equipped with a DAD detector, and monitoring the chromatograb® ain2

with a 100 nm bw (reference 375 nm, 5 nm bw), except where noted otherwise; a blank
run was substracted. The column used was a Kineg50 x 4.6 mm column (5 pm
particle size, Phenomenex), maintained at 25 °C, with a gradient from 10 to 100 %
acdonitrile (0.1 % formic acid) in water (0.1 % formic acid) in 12 minutes, with pure

acetonitrile maintained for 3 further minutes, at 1 mL/min.
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The DLD-1 human colorectal adenocarcinoma, A549 human lung carcinomvisnd
human skin fibroblast cell lines wne obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cell lines were grown in minimum essential
medi um containing Earl eds salt (Medi at e
supplemented withQL.% fetal calf serum (Hyclone, Logan, UT34), 1 x solution of
vitamins, 1 x sodium pyruvate, 1 x nessential amino acids, 100 I.U. of penicillin
and 100 pg/mL of streptomycin (Mediatech Cellgro). Cells were cultured at 37 °C in a
humidified atmosphere containifig% CO,. Exponentially growing @lls were plated

at a density of 5 x Bcells per well in 96vell microplates (BD Falcon) in culture
medium (100 pL) and were allowed to adhere for 16 h before treatment. Then, cells
were were incubated for 48 h in the presence or absence of 100 plLredisimg
concentrations of compounds dissolved in culture medium and DMSO. The final
concentration of DMSO in the culture medium was maintainecb&o@v/v) to avoid
toxicity. Cytotoxicity was assessed using Hoechstlfeiszimide)Rage et al., 1990)

It was expressed as the concentration of drug inhibiting cell growth &y(BCs0). For
fluorescent visualization, a -B49 cells monolayer was incubated with 10 uM
dirchromone 1) in phosphate buffer (PBS) for 4 h. The PBS was then removed,
replaced with fresh PBS, and the cells were observed using a Cytation 3 imaging
system (BioTek, Winooski, VT, USA) using a DAPI filter (exc. 377 nm, em. 447 nm).

2.8.2 Experimental procedures and cheterization

Dirchromone (1):
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This compound wasrppared according to the published proced&teGelais et al.,
2018) Its HPLC purity was 99.7 %.

Enantiomeric separation

rac-Dirchromone was suspended denatured reagent alcohol, HPLC grade, at a
concentration of 33 mg/mL (almost saturated). This solution was injected by
preparative HPLC (Shimadzu) in 250 uL portions onto a Lux® 5#mylose 1 semi
preparative column, 250 x 10.0 mm (Phenomenex, CAjnglisocratically with 15 %
denatured reagent alcohol (HPLC) in hexanes (HPLC) at a rate of 12 mL/min.)The (
enantiomer eluted first and collected separately; the (+) enantiomer was partly
contaminated with tailing (), and had to be repurified. The pess was repeated until
enough (+Hdirchromone was obtained. Enantiomeric excességuie 2-5) were
measured at 251 nm (100 nm bw) onto the same column, eluting isocratically with 20 %
denatured reagent alcohol in hexan®g,injecting 10 uL of each enantiomer at a
concentration of 5 gfmL

(1)-Dirchromone (i )-1). [Up?% -164.1 (c = 0.2, Acetonege (HPLC-UV) 92 %,
HPLC purity 992 %.

(+)-Dirchromone((+)-1). [Up?% +161.8 (c = 0.6, Acetonele (HPLC-UV) 98 %;
HPLC purity 99.7 %.



17¢€

300

PDA Multi 1 251nm,100ni

()-1

2501

8.78 min/ 96.2 %

200+
150

100+

. \

o] 4 L
T . T T

(+)-1

11.79 min/ 3.8 %

T
150
min

=)
=)
™
o
o
o
~d
tn
=
o
IS
2

3,52 min/ 99.1 %|

9.67 min/ 0.9 %

T T T
0.0 25 50 75 100 125 15.0

min

Figure 2-5. Enantiomeric excesses measured by chiral HRMXor enantiomers of compourid

(S)-Deoxydirchromone (2a)

2a

(9-Deoxydirchromone 4a) was pepared according to the published proced@te
Gelais et al.,, 2018as a red solid. Theatter was repeatedly recrystallized from
methanol to afford strawwoloured needles. Its HPLC purity was 99.8 %, contrarily to
the other compounds, purity was evaluated at 275 nm (150 nm bw) from a solution at
2 mg/mL, owing to a significantly different Usbsorption spectrum @compared to

the other analogs.



(S)-Oxodirchromone (3)
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Dirchromone {) (234 mg, 1.0 mmol) was stirred at room temperature in 2 mL acetic
acid. Hydrogen peroxide 30 % (1.02 mL, 10 mmol) was added. After 18 h, saturated
aqueous NaHCg&was added, and the mixture was extracted @vitrethyl acetate. The
combined organic phases were dried ovesSTa and evaporated to dryness. The
residuewas purified by flash chromatography with-80 % acetone in hexanes to

afford compound (201 mg, 80 % vyield) as a white solid.

R = 0.46 (Hex/Act 1:1); *H NMR (400 MHz,CDCls) d: 8.16 (dd,J = 7.9, 1.6, 1H),
7.72 (ddd,)=8.6, 7.3, 1.6, 1H), 7.47 (d= 8.4, 1H), 7.42 (ddd] = 8.0, 7.2, 0,71H),
7.41 (dJ=15.1, 1H), 7.30 (d] = 15.1, 1H), 6.49 (s, 1H), 3.10 (s, 3M)C NMR (100
MHz, CDCk) d: 177.9, 156.7, 155.8, 135.3, 134.9, 133.36.0, 125.9, 124.1, 118.1,
116.1, 43.0; HRMS (ES/zcalcdfor C12H1104S [M+H]* 251.0373 found 251.0374
HPLC purity 99.8 %.

2-Acetylphenyl (E)-pent-2-enoate (13)
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(2E)-Pentenoic acidl2 (2.65 g, 26.4 mmol) was dissolved in 10 mL anhydrous
dichloromethane under argon atmosphere. After addition of 5 drops of
dimethylformamide, oxalyl chloride (3.40 mL, 39.7 mmol) was added slowly, and the

resulting mixture was stirred until no more gaslesd.

I n a s e p a-hydroxgacetophansrie (6.4&ML, 52.8 mmol) was suspended in

25 mL methanol and potassium hydroxide (2.96 g, 52.8 mmol) was added. When all of
the base had dissolved, the solution was dried under reduced vacuum, and resuspended
in 30 mL anhydrous dimethylformamide. Thee)zentenoyl chloride solution was

then poured slowly into this solution, stirring vigorously. After 5 minutes stirring,
saturated aqueous NEI was added, alongside 50 mL of ethyl acetate/toluene 1:1. The
organiclayer was decanted, washed with a further portion ofMkhen brine, dried

over NaoSQ; and evaporated under reduced pressure. The residue was purified by
column chromatography with-05 % ethyl acetate in hexanes to afford compdltd

(3.70 g, 64 % yial) as a yellow oil.

Rr = 0.59 (Hex/ACOEt 7:3); *H NMR (400 MHz,CDCls) d: 7.77 (ddJ = 7.7, 1.3, 1H),
7.49 (tdJ=8.1, 1.5, 1H), 7.30 7.19 (m, 2H), 7.10 (d] = 8.1, 1H), 6.04 (dtJ = 15.8,
1.6, 1H), 2.50 (s, 3H), 2.342.25 (m, 2H), 1.10 (] = 7.4, 3H);**C NMR (100 MHz,
CDCl) d: 197.7, 164.8, 154.0, 149.1, 133.3, 131.3, 130.0, 125.9, 123.7, 119.3, 29.7,
25.5, 11.9; HRMS (ESHn/zcalcd for GsH140sNa [M+Na] 241.0835, found 240836.

(E)-2-(but-1-en-1-yl)-4H-chromen-4-one (14)
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Ester13 (3.7 g, 17.0 mmol) wa stirred into 25 mL dichloromethane open to air.
Magnesium bromide diethyl etherate (5.47 g, 21.2 mmol) was added, then
diisopropylethylamine (4.4 mL, 25.4 mmol) was added slowly. The reaction was stirred
overnight, then quenched by pouring 50 mL of 10 % HCI into the reaction vessel. Ethyl
acetate (50 mL) was added, and the organic phase was decanted. The aqueous phase
wasextracted twice more with 10 mL ethyl acetate. The combined organic phases were
dried over NaSQy, filtered and evaporated under reduced pressure. The residue was
redissolved in 25 mL methanol, to which was added 6 mL of HCI 37 %. The reaction
was stirredovernight, then quenched by pouring 50 mL of saturated NaHTia
reaction mixture was then extracted withx 3thyl acetate. The combined organic
phases were washed with brine, dried ovesSy, filtered, and evaporated under
reduced pressure. The rasgdwas purified by column chromatography witb® %

ethyl acetate in hexanes to afford compoi@330 mg, 27 %) as a yellow oil. It was
noticed that another portion of the product has undergone addition of a methoxy residue

to the double bond, lowering overall yield, and this byproduct was discarded.

R = 0.42 (Hex/AcOEt 7:3%H NMR (400 MHz, CDCY) d: 7.84 (d,J = 7.9, 1H), 7.30
(ddd,J = 8.4, 7.2, 1.4, 1H), 7.08 (d,= 8.4, 1H), 7.02 (tJ = 7.5, 1H), 6.53 (dt) =
15.7, 6.4, 1H), 5.83 (s, 1H), 5.78 (& 15.7, 1H), 2.03 1.91 (m, 2H), 0.82 (1 = 7.4,
3H); 13C NMR (100 MHz, CDGJ) d: 177.7, B1.2, 155.3, 142.2, 133.0, 124.8, 124.2,
123.3, 121.3, 117.3, 108.5, 25.4, 12.1; HRMS (ESBcalcd for GaH1302 [M+H]*
201.0910, found 201.0908.
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(E)-2-(3-oxobut-1-en-1-yl)-4H-chromen-4-one (4)

Inspired by a published proceduyu and Corey, 2003)compoundl4 (479mg, 2.4

mmol) was mixed with 169 mg 10 % ceslipported palladium hydroxide (0.12 mmol)

and 83 mg (0.6 mmol) potassium carbonate, and vigorously stirred at room temperature
in 7.5 mL dichloromethane, opéo air.Tertbutyl hydrogen peroxide 70 % (1.65 mL,

12.0 mmol) was added. After 48 h, a further portion of 1.65 nikrébutyl hydrogen
peroxide 70 % (12.0 mmol) was again added. After 72 h, the reaction mixture was
filtered over celite and dried.heresiduewas purified by flash chromatography with
20-55 % ethyl acetate in hexanes to afford compeufid7mg,27 % yield) as a white

solid.

Rr = 0.19 (Hex/ACcOEt 7:3); 'H NMR (400 MHz,CDCl) d: 8.07 (d,J = 7.9, 1H), 7.63
(t,J=7.7, 1H), 7.41 (d) = 8.4, 1H), 7.33 (t) = 7.5, 1H), 7.03 (q] = 15.9, 2H), 6.39
(s, 1H), 2.37 (s, 3H}C NMR (100 MHz, CDCk) d: 197.Q 178.0, 158.9, 15, 134.4,
1338, 132.5, 125.6, 125, 123.9, 118.0, 118, 284; HRMS (ESI) m/z calcd for
CisH1103 [M+H]* 215.0703, found 2150699 HPLC purity 93.7 %.

Homodirchromone (5)
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To (E)-2-(2-(ethylthio)vinyl)-4H-chromenr4-one (2b) (90 mg, 039 mmol) prepared
according to the published proced&+Gelais et al., 2018and dissolved in BnL
dichloromethane open to air was addeetachloroperbenzoic acid 75 % (89 mg, 0.39
mmol). The reaction was stirred overnigiihe dried residuevas purified by flash
chromatography with-@5 % acetone in dichloromethane to afford compadbija4
mg, 67 % as an oHwhite solid.

R = 0.34(Hex/Act 1:1); *H NMR (400 MHz CDCk) d: 8.10 (d,J= 7.9, 1H), 7.64 (t,
J=7.8, 1H), 7.48 7.39 (m, 2H), 7.35 (t)= 7.5, 1H), 6.94 (d) = 14.9, 1H), 6.32 (s,
1H), 3.01 (dg,) = 14.6, 7.4 Hz, 1H), 2.76 (dd,= 14.3, 7.4, 1H), 1.32 (8, = 7.4, 3H);

13C NMR (100 MHz, CDGJ) d: 178.3, 158.1, 155.8, 139.7, 134.3, 128.1, 125.7, 125.4,
123.9,117.9,112.9, 46.4, 5.8; HRMS (ESlkcalcd for G3H130sS [M+H]* 249.0580,
found 249.053; HPLC purity 997 %.

11-Methyldirchromone (6)
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11-methyldeoxydirchromong2c) (165 mg, 071 mmol) prepared as described
previously(St-Gelais et al., 2018)was dissolved in 10 mL dichloromethane open to
air. To this solution was addetetachloroperbenzoic acid 75 % (163 mg, 0.71 mmol),
and the resulting solution was stirred overnidlie dried residue/as purified by flash
chromatography with-50 % acetone in dichloromethane to afford compodi(itl4
mg, 70 %) as a beige solid.
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R = 0.18 (Hex/Act 1:1); 'H NMR (400MHz, CDCk) d: 8.03 (dd,J = 7.9, 1.3, 1H),
7.60 (ddd,J=8.6, 7.3, 1.3, 1H), 7.37 (d= 8.6, 1H), 7.30 (t)= 7.5, 1H), 7.24 (s, 1H),
6.41 (s, 1H), 2.71 (s, 3H), 2.17 (s, 3MC NMR (100 MHz, CDGJ) d: 178.2, 159.8,
155.6, 139.2, 137.0, 134.4, 125.5, 125.4, 123.4, 117.9, ¥02A,14.6; HRMS (ESI)
m/zcalcd for GaH1303S [M+H]" 249.0580found 249.0575HPLC purity 98.1 %.

12-Methyldirchromone (7)
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To a solution of methyl crotonate (479 pL, 4.5 mmol) in 50 mL water was g8ded
methylthiourea (1.26 g, 4.5 mmol) and sodium hydroxide (@4§211.3 mmol). The
reaction was stirred 30 min, then more sodium hydroxide (542 mg, 13.5 mmol) was
added and the reaction was heated &Bfbr 30 min. The reaction was quenched with

an excessf 37 % aqueous HCI, and the reaction was extracted witbtByl acetate.

The combined organic phases were dried ovelSRaand evaporated to dryness to
afford 623 mg of a yellow oil of the intermediate sulfidewhich was used as is

(without furtherpurification) for the next step.
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The residue was resuspended in 20 mL water + 5 mL methanol, and 508 pL
30 % aqueous hydrogen peroxide (5.0 mmol) was added. The reaction was
stirred overnight and evaporated to dryness to afford intermediate suli@dde
(626 mg) as a colorless oil, which was used as is (without further purification)

for the ensuing steps.

To a solution of sulfoxid&0d (626 mg, 4.2 mmol) in dry dichloromethane (15
mL) containing a drop of dry dimethylformamide was slowly added oxalyl
chloride (714 pL, 8.3 mmol) under argon atmosphere. The solution was stirred

at room temperature for approximately 1h30, or until no more gas was evolving.

I n a s e p a-hydroxgacetophanere (2.1 2nB, 16.7 mmol) was mixed

to ACS grade methanol (15 mLJo this solution was added potassium
hydroxide (934 mg, 16.7 mmol), and the resulting solution was sonicated until
all the base was dissolved. This solution was then thoroughly evaporated under
reduced pressure and dried at 10 mbar. The resulting solitheraslissolved

in 5 mL of dry dimethylformamide under argon atmosphere.

Solution A) was transferred dropwise to solution B) with vigorous stirring.
After 10 minutes, the reaction was quenched withh@GlHand extracted with
ethyl acetate/toluene 1:1. The organic phase was washe@ withHCI, 1 x
brine, dried with NgSQ, filtered, and evaporated. The residue was purified by
flash chromatography with-05 % ethyl acetate in hexanes to afford 401 mg of
a mixture of two intermediate esteidd and Il in an approximate 6:4
proportion which could not be readily separatéese were thus engaged

together in the ensuing step.

Estersl1ld andll were suspended in 15 mL ACS grade dichloromethane open

to air, and 1.03 g (4.0 mmol) magnesium bromide diethyl etherate was added.
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The resulting suspension was stirred for 2 minutesdasdpropylethylamine

(832 pL, 4.8 mmol) was added. The reaction was stirred overnight with a
stopper to prevent excessive evaporation of the solvent. The reaction was
guenched by pouring 15 mL of HCI 10 % into the reaction vessel and was
extracted with X dichloromethane. The combined organic phases were washed
with brine, dried with Ng5Q, filtered, and evaporated. The dried residue was
then dissolved in 25 mL of ACS grade methanol. Concentrated HCI (3.0 mL)
was then added, and the solution was stiwedrnight. The reaction was
qguenched by pouring 30 mL of saturated NaH@ the reaction vessel and
was extracted with 3 x dichloromethane. The combined organic phases were
washed with brine, dried with N&Qs, filtered, and evaporated. The crude
produd was purified by flash chromatography with-25 % ethyl acetate in
hexanes to 147 mg of an unresolved mixture of chrom@adesdlll in an
approximate 4:6 ratio which could not be readily separdtedse were thus

engaged together in the ensuing step.

F) Chromone2d andlll were suspended in 10 mL ACS grade dichloromethane
open to air, and 64 mg afietachloroperbenzoic acid 75 % (0.28 mmol) was
added. The reaction was stirred overnight and evaporated to dryness. The
residue was purified by flash chromgtaphy with 865 % acetonitrile in
dichloromethane to afford #ethyldirchromoné& (71 mg, 6.3 % overall yield
from methyl crotonate) as an afhite solid.

R = 0.21 (Hex/Act 1:1)*H NMR (400 MHz, CDCJ) d: 8.18 (dd,J = 7.9, 1.5, 1H),
7.68 (dddJ)=8.4,7.1, 1.5, 1H), 7.44 (= 8.4, 1H), 7.40 () = 7.6, 1H), 6.84 (s, 1H),
6.38 (s, 1H), 2.67 (s, 3H), 2.38 (s, 3 NMR (100 MHz, CDGJ) d: 178.3, 160.5,
156.0, 152.3, 134.2, 125.9, 125.6, 124.0, 120.9, 118.07,133.1, 13.8; HRMS (ESI)
m/zcalcd for GsH1303S [M+H]* 249.0580, found 249.0580; HPLC purity 884.



2-Acetylphenyl thiophene 3-carboxylate (16)

Thiophene3-carboxylic acid 15) (254 mg, 2.0 mmol) was dissolved in rBL
anhydrous dichloromethane under argon atmosphere. After addition of 2 drops of
dimethylformamide, oxalyl chloride (340 uL, 4.0 mmol) was added slowly, and the

resulting mixture was stirred until no more gas evolved.

I n a s e p a-hydroxgacetopeaohiek(969 [2LH7.9 mmol) was suspended in 5

mL methanol and potassium hydroxide (444 mg, 7.9 mmol) was added. When all the
base had dissolved, the solution was dried under reduced vacuum, and resuspended in
8 mL anhydrous dimethylformamide. The thioph&earboxyloyl chloride solution

was then poured slowly into this solution, stirring vigorously. After 5 minutes stirring,
saturated aqueous NEI was added, alongside 20 mL of ethyl acetate/toluene 1:1. The
organic layer was decanted, washed with a fugploetion of NH:CI then brine, dried

over NaoSQs and evaporated under reduced pressure. The residue was purified by
column chromatography with-05 % ethyl acetate in hexanes to afford compdltd

(402 mg, 82 % yield) as a white solid.

R = 0.71 (Hex/AcOET:3); H NMR (400 MHz, CDC}) d: 8.34 (dd,J = 2.9, 1.0, 1H),
7.85 (ddJ=7.8, 1.3, 1H), 7.67 (dd,= 5.1, 0.9, 1H), 7.57 (tdi = 7.9, 1.5, 1H), 7.39
(dd,J=5.0, 3.1, 1H), 7.35 (8= 7.6, 1H), 7.23 (dJ = 8.1, 1H), 2.55 (s, 3H}3C NMR

(100 MHz,CDCls) d: 197.7, 160.9, 149.1, 134.6, 133.5, 132.5, 131.4, 130.3, 128.3,
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126.7, 126.3, 124.0, 29.9; HRMS (ESt)/z calcd for C2eH20NaOeS, [2M+Nal*
515.0594found 515.0595

2-(Thiophen-3-yl)-4H-chromen-4-one (8)

Ester16 (390 mg, 1.6 mmol) was stirred into 10 mL dichloromethane open to air.
Magnesium bromide diethyl etherate (1020 mg, 4.0 mmol) was added, then
diisopropylethylamine (822 pL, 4.8 mmol) was added slowly. ifBaetion was stirred
overnight, then quenched by pouring 20 mL of 10 % HCI into the reaction vessel. Ethyl
acetate (20 mL) was added, and the organic phase was decanted. The aqueous phase
was extracted twice more with 10 mL ethyl acetate. The combinediozases were
dried over NaSQy, filtered and evaporated under reduced pressure. The residue was
redissolved in 10 mL methanol, to which was added 2 mL of HCI 37 %. The reaction
was stirred overnight, then quenched by pouring 30 mL of saturated NaHB®©
reaction mixture was then extracted withx 3thyl acetate. The combined organic
phases were washed with brine, dried ovesSy, filtered, and evaporated under
reduced pressure. The residue was purified by column chromatography v&th%0

ethyl aceate in hexanes to afford compouB{286 mg, 79 %) as an effhite solid.

Ri = 045 (Hex/AcOEt 7:3); *H NMR (400 MHz, CDCJ) d: 8.16 (dd,J = 7.9, 1.5, 1H),
7.97 (ddJ=2.8, 1.2, 1H), 7.63 (ddd,= 8.6, 7.4, 1.6, 1H), 7.47 (d= 8.3, 1H), 7.44
i 7.38 (m, 2H), 7.35 (&) = 7.5, 1H), 6.62 (s, 1H}:3C NMR (100 MHz, CDGJ) d:
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178.4, 159.5, 156.0, 134.1, 133.7, 127.4,.92825.6, 122, 125.0, 123.9, 180,
107.1 HRMS (ESI)m/zcalcd for GsHeO2S [M+H] * 229.0318found 229.0316

2-Acetylphenyl thiophene2-carboxylate (18)

18

Thiophene2-carboxylic acid 17) (263 mg, 2.1 mmol) was dissolved in 8 mL
anhydrous dichloromethane under argon atmosphere. Adigition of 2 drops of
dimethylformamide, oxalyl chloride (352 pL, 4.1 mmol) was added slowly, and the

resulting mixture was stirred until no more gas evolved.

I n a s e p a-hydroxgacefophansrie (1008 @@L, 8.2 mmol) was suspended in 5
mL methanol ad potassium hydroxide (461 mg, 8.2 mmol) was added. When all the
base had dissolved, the solution was dried under reduced vacuum, and resuspended in
8 mL anhydrous dimethylformamide. The thioph&rearboxyloyl chloride solution

was then poured slowly iathis solution, stirring vigorously. After 5 minutes stirring,
saturated aqueous NEI was added, alongside 20 mL of ethyl acetate/toluene 1:1. The
organic layer was decanted, washed with a further portion a€NtHen brine, dried

over NaSQs and evapoated under reduced pressure. The residue was purified by
column chromatography with-06 % ethyl acetate in hexanes to afford compdléd

(407 mg, 81 % yield) as a white solid.

R = 041 (Hex/Act 1:1):'H NMR (400 MHz, CDCJ) d: 8.01 (dd,J = 3.7, 1.1, 1H)
7.85 (ddJ = 7.8, 1.3, 1H), 7.69 (dd,= 5.0, 1.0, 1H), 7.57 (td}= 8.1, 1.5, 1H), 7.36
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(td,J=7.7,0.9, 1H), 7.25 (d,= 7.4, 1H), 7.19 (dd] = 4.9, 3.9, 1H), 2.57 (s, 3HFC
NMR (100 MHz, CDC4) d: 197.7, 160.5, 149.0, 135.3, 1341B3.5, 132.5, 131.4,
130.4, 128.3, 126.4, 124.0, 30.1; HRMS (E8Izcalcd forCasH20Na0sS, [2M+Na]*
515.0594found 515.0597

2-(Thiophen-2-yl)-4H-chromen-4-one (9)
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Ester18 (387 mg, 1.6 mmol) was stirred into 10 mldichloromethane open to air.
Magnesium bromide diethyl etherate (1015 mg, 3.9 mmol) was added, then
diisopropylethylamine (816 pL, 4.7 mmol) was added slowly. The reaction was stirred
overnight, then quenched by pouring 20 mL of 10 % HCI into the reactgsel. Ethyl
acetate (20 mL) was added, and the organic phase was decanted. The aqueous phase
was extracted twice more with 10 mL ethyl acetate. The combined organic phases were
dried over NaSQs , filtered, and evaporated under reduced pressure. Tlieieesas
redissolved in 10 mL methanol, to which was added 2 mL of HCI 37 %. The reaction
was stirred overnight, then quenched by pouring 30 mL of saturated NaHG®
reaction mixture was then extracted withx3thyl acetate. The combined organic
phaseswvere washed with brine, dried over 38&%, filtered, and evaporated under
reduced pressure. The residue was purified by column chromatography v&th%0

ethyl acetate in hexanes to afford compo8i1i811 mg, 87 %) as a yellow solid.

R = 040 (Hex/Act 1:1); *H NMR (400 MHz, CDC}) d: 8.14 (dd,J = 7.9, 1.3, 1H),
7.697 7.58 (m, 2H), 7.51 (dJ = 5.0, 1H), 7.45 (dJ = 8.4, 1H), 7.35 () = 7.5, 1H),
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7.12 (ddJ = 4.9, 3.9, 1H), 6.62 (s, 1HYC NMR (100 MHz, CDG) d: 177.8, 159.0,
155.8, 135.0133.7, 130.3, 128.50, 128.46, 125125.2, 123.9, 117.9, 106 . HRMS
(ESl)ym/zcalcd for G3HeO-S [M+H]* 229.0318found 229.0318

Reaction products of dirchromone and cysteamine

A chromatographic profile Kigure 2-6) was established by dissolving 5 mg of
dirchromone in 1 mL dimethylsulfoxide and adding 7 mg of cysteamine. After a few
minutes, the reaction mixture was directly injected on the HPIstesydescribed in

the general experimental procedures for purity determinations, using the same column

and gradient.

279 nm, 4 nm bw
m/z 323~a 420 o 19
(M+HYy m/z 248 m/z 294
(M+HY 21—, | (M+HY
m/z 493
(M+HY

N

Figure 2-6. Chromatographic profile of the fresh reaction of dirchromone with 4 equiv cysteamine in
dimethylsulfoxide.

To dirchromone (150 mg, 0.64 mmol) suspended in dimethylsulfoxide (2 mL) was
added cysteamine (198 mg, 2.6 mmol)e Bolution was sonicated until all cysteamine
was dissolved, which was accompanied by evolution of a merchigandour and a
brownish colour. The reaction mixture was diluted with 25 mL ethyl acetate and
washed with2 x brine and evaporated to dryne$he residue was purified by column
chromatography with 2200 % isopropanol in toluene to afford compoud821.

Given patrtial peak overlaps and tailing of some compounds, the peaks were not fully
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recovered, and efforts were chiefly made to charactepngpounds rather than to
establish yields.

(E)-2-(2-((2-(Methyldisulfaneyl)ethyl)amino)vinyl) -4H-chromen-4-one (19)
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R = 054 (Tol/iPA 4:1; blue fluorescence under 365 yiH NMR (400 MHz,CDCls)

d: 8.14 (ddJ=7.9, 1.5, H5), 7.55 (ddd,) = 8.6, 7.2, 1.7, H), 7.48 (dd,) = 13.4, 8.0,
H-12), 7.33 (dJ = 8.3, H8), 7.30 (dddJ = 8.0, 7.1, 0.9, k6), 5.92 (s, H3), 5.14 (d,
J=13.5, H11), 3.52 (ddJ = 12.3, 6.1, H14), 2.91 (tJ = 6.3, H15), 2.43 (s, HL8);

13C NMR (100 MHz, CDGJ) d: 177.7 (G4), 166.0 (C2), 155.8 (C9), 1425 (C-12),

1327 (C-7), 1256 (C-5), 1244 (C-6), 124.2(C-10), 117.2(C-8), 103.7(C-3), 902 (C-

11), 42.6(C-14), 36.0 (G15), 23.2(C-18), HRMS (ESI)m/zcalcd for GaH1sNO2S;

[M+H] * 294.0617, found 294.0621.

Compoundl9 was isolated as a yellow film, and found to correspond to the formula
C14H1sNO2S; based on the LBIS-APCI peak [M+HT pseudomolecular ion peak at
m/z= 294. The Zubstituted chromone moiety could readily bsigrged on the basis

of the analogous structures, with the characteristic olefir& rilethine being more
shielded than in dirchromone analogs. The latter predictably correlated in HMBC with
C-4, G2, G10 and G11, which was also quite upfield compareditechromones. H

11 and H12 were part of a spin system, witkhll2 showing as a doubled doublet whose
coupling constants indicated B)(olefin and further interaction with another proton
(concluded to be from the amine). Additionally;12 featured a HMBQorrelation

with the shielded signals of methylenel@ (showing as a weak peak in 1D
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experiments, but clearly legible from 2D crassiplings). H14 and H15 are part of

a separate spin system. At this point, a strongly shielded metiy8)(@as left, wih

no correlation to any other signal of the NMR experiments, alongside the two sulfur
atoms: it was therefore concluded that this likely arose from a disulfide bridge, which
was consistent with observed chemical shifts. The key correlations are depicted i
Figure2-7.
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Figure 2-7. DQF-COSY wrrelations (in bold) and key HMBC correlations (arrowd, €) used to
elucidate the sticture of compound.

2-(Thiazolidin-2-ylmethyl)-4H-chromen-4-one (20)
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R = 037 (Tol/iPA 4:1); 'H NMR (400 MHz,CDCl) d: 8.18 (dd,J = 8.0, 1.4, H5),
7.65 (ddd,]) = 8.6, 7.2, 1.7, H), 7.43 (d,) = 8.5, H8), 7.39 (dddJ = 8.0, 7.2, 0.9, H
6), 6.28 (s, H3), 4.95 (tJ = 6.9 Hz, H12), 3.41 (dt) = 12.4, 5.8, H14a), 3.16 (ddJ
= 12.7, 6.5, H14b), 3.08 (dJ = 7.4, H11a), 3.04 (dJ = 6.4, H11b), 3.02 2.97(m,
H-13); 13C NMR (100 MHz, CDGCJ) d: 178.3 (G4), 165.7 (C2), 156.6 (G9), 1337
(C-7), 1259 (G-5), 1253 (C-6), 124.0 (C-10), 1181 (C-8), 1115 (C-3), 67.8(C-12),
51.9(C-14), 41.9(C-11), 36.1(C-13), HRMS (ESm/zcalcd for GaH14aNO,S [M+H]*
2480740, found 248.0736.
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Compound20 was isolated as a white solid and found to correspond to the formula
C13H13NO2S based on the L®IS-APCI peak [M+H] pseudomolecular ion peak at
m/z= 248. As for compound9, the chromone moiety was easily assigned by analogy
with other derivatives. Olefinic 3 showed HMBC correlations with-&€ G10, G2

and G11, the latter corresponding to a methylene and therefore saturated compared to
the parent structure.-#H1 was parbf a spin system with the methinel2, and the
latter was likely chiral given the differentiation in signals associated to the two protons
H-11. Two other vicinal methylenes; 18 and H14, both exhibited HMBC correlation

with C-11. Based on the structuof compound.9, it was envisioned that compound

20 could arise from the Michael addition of the terminal thiol of cysteamine on the
lateral chain alkene instead of its reduction with another thiol in the reaction media,
suggesting a structure that wasisistent with observed correlations. Methylenes H

13 and H14 were respectively assigned based on their shielding, with the proximity of
the amine leading to downfield signals for position 14. The key correlations are

depicted inFigure2-8.

SO

0]

Figure 2-8. DQF-COSY wrrelations (in bold) and key HMBC correlatioterows, H C) used to
elucidate the structure of compou2@d
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2,2'-((1E,1'E)-((disulfanediylbis(ethane2,1-diyl))bis(azanediyl))bis(ethene2,1-
diyl))bis(4H-chromen-4-one) (21)
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Rr = 0.28(Tol/iPA 4:1; bluefluorescence under 365 fiymH NMR (400 MHz,CsDsN)
d: 848 (dd, J = 8.0, 2.0 H-5), 788 (dd, J = 135, 8.0, H-12), 7.51 (ddd, J = 8.3, 7.1
1.9,H-7), 7.% (dd, J= 82, 1.9 H-8), 729(ddd J=8.0, 7.1, 1.4H-6), 6.30(s, H3),
5.39(d, J = 135, H-11), 3.52 fn, H-14),3.07(t, J = 65, H-15); 3C NMR (100 MHz,
CeDsN) d: 176.7(C-4), 167.1(C-2), 156.1(C-9), 144.F (C-12), 132.7(C-7), 1256
(C-5), 124.9(C-10), 1245 (C-6), 117.6(C-8), 1027 (C-3), 88.3(C-11), 43.0 (C-14),
372* (C-15), HRMS (ESI) m/z calcd for GeH2sN204S, [M+H] " 493.1250, found
493.1262.

*Not visible in DEPT13%wing to peak broadening; visible in 2D experiments

Compound21 was isolated as a yellow solid and found to correspond to the formula
C26H24N204S; based on the ©-MS-APCI peak [M+H] pseudomolecular ion peak at
m/z= 493. As for compound$9-20, the chromone moiety was easily assigned by
analogy with other derivatives. The compound was only poorly soluble in both
deuterated DMSO and pyridine, and the silain cabon signals did not relax well.
Nevertheless, 2D NMR experiments cross peaks allowed to situate them satisfactorily.
Examination of the correlations pointed toward a similar structulé®,tavithout the

lone methyl group at the end of the sidechain. Basethe molecular mass, it was

concluded thaR1l was a symmetrical dimer assembled by a central disulfide bridge,
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which was consistent with the other structufBse key correlations are depicted in

Figure2-9.

/—\|

ol
— -2

Figure 2-9. DQF-COSY wrrelations (in bold) and kel AMBC correlations (arrows, ¥ C) used to
elucidate the structure of compou2dl
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2.8.4 NMR spectra
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