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SUMMARY IN FRENCH

1. Introduction

Les flavaglines, composés naturels extraits de plantes, possédent un squelette
cyclopentan[b]benzofurane unique. Leur premier représentant, le rocaglamide 1, a été
découvert en 1982 par King et collaborateurs pour son activité antileucémique (Figure 1).*

Depuis, environ 50 autres flavaglines ont été isolées de plantes du genre Aglaia.

Figure 1 : Structure du rocaglamide (1).

Les flavaglines présentent un profil d’activité biologique unique notamment aux niveaux de
leurs propriétés anticancéreuses, ces derniéres étant les plus étudiées jusqu’a présent.” Les
flavaglines sont tres intéressantes de par leur squelette compact, comportant 2 centres
chiraux quaternaires adjacents et 2 cycles aromatiques en position cis sur un cyclopentyle

trés fonctionnalisé. Les flavaglines représentent un défi intéressant en chimie organique.

2. Objectifs

Notre objectif principal était d'élaborer une nouvelle voie de synthése originale des
flavaglines qui permette d’introduire diverses substitutions afin d’établir les requis
structuraux nécessaires pour leurs activités anticancéreuses. Un second objectif était de
synthétiser une sonde de fluorescence des flavaglines afin de déterminer le mécanisme de
chimiorésistance impliquant la prohibitine-1. Enfin, un dernier objectif était de préparer un

isostere pyrazolique des flavaglines.

'L King, M.; Chiang, C.-C.; Ling, H.-C.; Fujita, E.; Ochiai, M.; McPhail, A. T. Journal of the Chemical Society,
Chemical Communications 1982, (20), 1150-1151.
2 Basmadjian, C.; Thuaud, F.; Ribeiro, N.; Désaubry, L. Future Medicinal Chemistry 2013, 5 (18), 2185-2197.
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3. Premiere voie de synthese selon I’'approche de Ragot

Nous avons dans un premier temps mis en place la synthése de l'intermédiaire clé, la
cyclopenténone 188 selon la voie de synthése décrite dans le schéma 1. Cette approche
combine une éthérification de I'alcool allylic 182a catalysée par du molybdéne(VI) avec une
cyclisation intramoléculaire catalysée par un complexe d’or(l).s’4 Ces travaux ont conduit a

un article publié dans Tetrahedron Letters.’

1) PhCHO, Ac,0, Et;N ™S
110°C, 5 h o FZ MeO oMe
2) (COCI), cat. DMF,
)éH CI)2'1 h 1,3,5-(MeO)3Ph,
Q/\COZH 22 AN sec-BulLi,
—_—
MeO 8)="SiMe, MeO Ph 78°Cata 4h
PdCI,(PPh3), Cul 71%
158 1,4-dioxane, ta, 12 h 183 MeO 182a

62% sur 3 étapes

CHCN, EtOH, 65 °C

MoOs,(acac),, NH4PFg,
85%

MeO
OMS AU[(CgHs)sPICI
AgSbFg, i-PrOH, ta
MeQ 63%
Ph
MeO
188 216¢

Schéma 1 : Syntheése de la cyclopenténone 188.

Lors de notre travail d'optimisation de cette synthése de cyclopenténones, nous
avons examiné plusieurs catalyseurs pour transformer I'alcool allylique 182a en éther 213c,
dont 'oxyde de rhénium Re,0;, qui a été décrit pour catalyser efficacement ce type de
transformation. De maniere inattendue, au lieu d'obtenir I'éther 213c, nous avons observé
la formation de la cyclopenténone 188 avec un rendement de 32% (Schéma 2). Le
remplacement du groupement TMS par un TBS nous a permis d’améliorer le rendement a

44% (ce qui est supérieur au rendement global de la synthése précédente en trois étapes).

3 An, S. E.; Jeong, J.; Baskar, B.; Lee, J.; Seo, J.; Rhee, Y. H. Chemistry — A European Journal 2009, 15 (44), 11837-
11841.

¢ Yang, H.; Fang, L.; Zhang, M.; Zhu, C. European Journal of Organic Chemistry 2009, 2009 (5), 666-672.

> Basmadjian, C.; Zhao, Q.; Désaubry, L. Tetrahedron Letters 2015, 56 (5), 727-730
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MeO

R OMe
o
ReZO7, MeOH
—_—
45°C, DCE MeQ '
R =TMS, 32% Ph
R=TBS, 44% MeO 188

182

Schéma 2 : Synthése de la cyclopenténone 188 catalysée a I'oxyde de rhénium.

Nous pouvons comparer ['efficacité de notre stratégie de syntheése de Ia
cyclopenténone aux données de la littérature (Tableau 1). En seulement 5 étapes, nous
obtenons notre intermédiaire clé de la synthése de flavaglines avec un rendement global de

13%.

Tableau 1 : Comparaison de notre stratégie de synthese de cyclopenténones a la littérature.

Ragot et al.® Trost et al.’ Ce travail
Intermédiaires BnO ' OMe '
O Ph O Ph
MeO CO,Me MeO
Nombre d’étapes 6 8 5
Rendement global 6% 21% 13%

Ragot et coll. avaient décrit une synthese de la flavagline 38 pharmacologiquement
inactive (Schéma 3).° Malgré de nombreuses tentatives, nous n’avons jamais réussi a
appliquer cette stratégie a la synthése de composés substitués par des méthoxys nécessaires
a l'activité anticancéreuse. En remplacant le phénol protégé 36-1 (Schéma 3) par le 3,5-
diméthoxyphénol protégé par un groupement 2-méthylnaphtyl, I'époxydation n’a pas lieue
malgré les nombreuses conditions essayées. L'impossibilité d'obtenir I’époxyde nous conduit
a émettre des doutes quant a la validité de la stratégie de Ragot pour préparer des dérivés

de flavaglines avec les groupes fonctionnels nécessaires a I'activité pharmacologique.

6 Thede, K.; Diedrichs, N.; Ragot, J. P. Organic Letters 2004, 6 (24), 4595-4597.
7 Trost, B. M.; Greenspan, P. D.; Yang, B. V.; Saulnier, M. G. Journal of the American Chemical Society 1990, 112
(24), 9022-9024.
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1 R1
R2 R' on R2 OH
L-sélectride Q ' m-CPBA,CH,Cl, O a

THF, -78°C OR3 4°c12h OR3
> )
MeO
MeO 36-1 (70%) 37 (67%)
229 230 (50%) 231 (0%)

J PdIC 10%

36-38: R' = R%2 = H, R®= Bn, travaux de Ragot EtOAG, ta. 5 h

229-231: R' = R = OMe, R®= NAP (2-méthylnaphtyl), ce travalil
HO
HO
o Ph

OMe
38 (57%)

Schéma 3 : Synthése de flavaglines par la méthode de Ragot.®

4. Réarrangements d’alcools 1-styryl propargyles catalysés par
des acides

Les résultats obtenus par la découverte de la réaction catalysée a I’oxyde de rhénium
ont été exploités. Un travail d’optimisation et d’étude d’applicabilité a différents substrats a

été réalisé. Pour cela différents énynols ont été préparés selon les méthodes décrites dans le

schéma 4.
Méthode A TBS ‘B
0._Cl TBS——= = _
Pd(PPh;),Cl,, Cul 0 NaBH,4, CeCl;.7H,0 HO
X >
Ly an-doxane X MeOH, 0 °C, 2 h N
MeO e Meo Ph 72% Ve Ph
186 o e 289 e 204
Méthode B
R=B(OH)2 | 35549 L
K3PO,, PACl,(PPha), THF, -78 °c | 43-48%
PhMe, 80 °C, 4 h
TBS
Oy R TBS— R OHZ
n-BulLi Re; 07, MeOH
X _— 188, 217, 298-
Ph THF, -78 °C N DCE, 45 °C 302
MeO Ph
30-98%
290,291 > MeO

182b, 295-297
292, 293

Schéma 4 : Préparations d’alcools 1-styryl propargyliques.
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Lorsque R = 2,4,6-triméthoxyphényle, 2 produits sont obtenus, la cyclopenténone 188 et le
méthylfurane 217 avec respectivement des rendements de 44 et 27%. Le mécanisme
proposé pour cette réaction est représenté dans le schéma 7. Les produits 188 et 217
seraient tout deux issus de la formation du méme carbocation stabilisé 303. Cet
intermédiaire pourrait, soit subir une fermeture de cycle en raison du caractére nucléophile
de I'alcyne silylé (voie A) soit réagir avec une espéce nucléophilique oxygénée, tel que I'anion
perrhénate, pour générer l'intermédiaire 305. Ce dernier pourrait alors subir une oxo-
cyclisation pour donner un oxonium qui aprés réarrangement conduirait au furane 217 (voie
B). Alternativement, I'intermédiaire 305 pourrait résulter de la transposition allylique [1,3]

de I'ester perrhenique.

ReO@
TBS 4 TBS OReO le}
Ar OH7 Ar K>// Ar. s Ar.
R e e —
n
Ph B ) A A
182b 303 Reoy 188
l voie Bl
TBS e H®
{ TBS A\ TBS Me
H P Ar i Ar
Arlo. P AT NP =
\4Re=0 — [ \oreor™ 7 Qfe0s —= <
An \(\ 0 An 3 An Ph An
Ph Ph H Ph
305 217

Schéma 5 : Mécanismes proposés pour la formation de la cyclopenténone 188 et du furane
217.

Cependant, lorsque nous étudions le scope de la réaction, nous observons qu’un
changement mineur dans le substrat conduit a des produits de natures différentes. Ainsi, ce
réarrangement donne acces a différents composés tels que des cyclopenténones ou des
furanes (Schéma 6). Nous émettons I'hypothése d'un équilibre délicat entre plusieurs voies
mécanistiques ol un changement mineur de substrat peut se répercuter sur la nature des

produits de réarrangements.®

8 Basmadjian, C., Zhang, F., Désaubry, L. Novel carbocationic rearrangements of 1-styryl propargyl alcohols,
Beilstein. J. Org. Chem. 2015, 11, 1017-1022.
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TBS TBS
N o X F
= ‘ OMe
Ph
OMe MeO Ph

R = TBS-acétylenyl

o cl O o
Ph
L R = {7
R=H p-chlorophényl
— — Ph
54% h 20% O
Ph 298
300 M
OMe €0 MeO

R = TMP (2,4,6-triméthoxyphényl)

? O _Ph
S SR
T vp
)
OMe
188,44%

T
g 217, 27%

R =Ph
(0]
I I 35%
Ph
O 299
MeO
Me

Schéma 6 : Réarrangements d’alcools 1-styryl propargyliques catalysés a I'oxyde de
rhénium.?

5. Deuxieme voie de synthése selon I'approche de Magnus

La premiére voie de synthése n’ayant pas abouti, une seconde voie inspirée des
travaux de Magnus et collaborateurs a été considérée.’ L’étape clé de leur approche repose

sur une réaction de Nazarov avec |'utilisation de bromure d’acétyle pour activer la cétone 40.

MeO \_pp AcBr, DCE O H R
N an 60 °C, 6 h MeO ‘

MeO O 0 An Ph
40 43, 64%

40-43, 19: R = CH,, travaux de Magnus
R = thioéther, ce travail

An = anisy l u

OMe OH

WCOMe
MeO
O ‘An Ph
19, méthyl rocaglate

Schéma 7 : Réaction de Nazarov avec I'assistance de bromure d’acétyle.’

o Magnus, P.; Freund, W. A.; Moorhead, E. J.; Rainey, T. Journal of the American Chemical Society 2012, 134
(14), 6140-6142.
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Lors de la formation de la cyclopenténone 43 un groupement (R = Me) en position a
du carbonyle est nécessaire pour stabiliser I'intermédiaire 42 de la réaction de Nazarov
(Schéma 7). De plus, Cavalli et coll. ont récemment décrit I'utilisation d’un thioéther en a du
carbonyle pour la synthése de cyclopenténones via une cyclisation de Nazarov.'® Ainsi, nous
avons supposé que si I'on remplace le groupement méthyle du composé 40 par un thioéther,
cela permettrait d’accélérer la fermeture du cycle en stabilisant Iintermédiaire
carbocationique. De plus, in fine, le thioéther pourrait étre utilisé pour introduire d'autres

fonctionnalités.

;
1) [SR
sSR!
243, R’ —n—Pr HO \_Ph
3 étapes MeO. 244 R' = p-tonI MeO
O
n-BulLi, o
THF, -78 °C
2_ 2) BF3.Et,0
242a, R2 OMe o 245a, R' = n-Pr, R2 = OMe, 72%
242b, R*=H 245b, R' = n-Pr, R? = H, 68%
245¢, R' = p-tolyl, R> = H, 86%
MnOzy
CH20|2’ ta
0
sSR! SR

el
MeO q A\
O Ph AcBr, 12-DCE  peo Ph
o

60°C, 24 h O > O R?
0 e :

puis 80 °C, 24 h

R2
238a, R' = n-Pr, R2 = OMe, 31% 239a, R = n-Pr, R2 = OMe, 72%
238b, R' = n-Pr, RZ=H, 0% 239b, R' = n-Pr, R = H, 87%
238c¢, R' = p-tolyl, RZ = OMe, 0% 239¢, R' = p-tolyl, RZ = H, 100%

Schéma 8: Synthese des cyclopenténones 238a, 238b et 238c.

Le schéma 8 décrit la synthése utilisée aprés optimisation. Les aldéhydes 242 sont préparés
selon le protocole décrit par Chan et coll.’* Ces derniers sont ensuite alkylés par les
thiovinyléthers 243 et 244 lithiés. Les divinylalcools 245 ainsi obtenus sont par la suite
oxydés en présence de MnO, conduisant a I'obtention des précurseurs de la réaction de
Nazarov. La cyclopenténone 238 n’a pu étre isolée seulement lorsque R' = n-Pr avec un

rendement de 31%.

10 Cavalli, A.; Pacetti, A.; Recanatini, M.; Prandi, C.; Scarpi, D.; Occhiato, E. G. Chemistry — A European Journal
2008, 14 (30), 9292-9304.
1 Mothe, S. R.; Susanti, D.; Chan, P. W. H. Tetrahedron Letters 2010, 51 (16), 2136-2140.
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Avec cette deuxiéme voie de synthése, nous avons réalisé en 9 étapes la premiere synthése
d’un analogue des flavaglines 238a substituée par un thioéther. L'étape clé, basée sur une
réaction de Nazarov a été réalisée avec un rendement non reproductible compris entre 0 et

31%, ce qui nous a conduit a abandonner cette approche.

6. Synthese d’outils pharmacochimiques

Dans le cadre de cette thése, la sonde de fluorescence 179 a été synthétisée (Figure
2). Celle-ci est actuellement utilisée dans I'équipe du Pr. Bruce Zetter a I'Université Harvard
pour déchiffrer la signalisation des prohibitines (PHBs) impliquées dans les mécanismes de

résistance aux chimiothérapies.

Figure 2 : Sonde de fluorescence 179.

Aussi, au cours de cette thése, d’autres composés dont le FL3 originellement
développé au laboratoire ont été (re)synthétisés (Figure 3) puis testés pour l'inhibition
d’elF4A (Facteur d’Initiation Eucaryotique de la Traduction 4A) et leurs effets anticancéreux
dans le mélanome métastatique chimiorésistant. Ces résultats ont donné lieu a une

publication dans Nature et un article sous presse.*?

12 (i) Boussemart, L.; Malka-Mahieu, H.; Girault, I.; Allard, D.; Hemmingsson, O.; Tomasic, G.; Thomas, M.;
Basmadjian, C.; Ribeiro, N.; Thuaud, F.; Mateus, C.; Routier, E.; Kamsu-Kom, N.; Agoussi, S.; Eggermont, A. M.;
Desaubry, L.; Robert, C.; Vagner, S. Nature 2014, 513 (7516), 105-109. (ii) Basmadjian, C.; Desaubry, L.; Malka-
Mahieub H. Anti-Cancer Agents in Medicinal Chemistry, 2015, in press.
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FL3

4EGI-1 280, analogue
de 4EGI1

Figure 3 : Inhibiteurs d’elF4A."

De plus, avec nos collaborateurs, nous avons montré que les flavaglines en agissant
sur les prohibitines, pouvaient avoir des actions originales et prometteuses dans des
domaines sans lien direct avec I'oncologie. Ainsi, le Pr. Duncan Smith de I'Université Mahidol
en Thailande avait montré que le virus du Chikungunya (CHIKV) utilise la PHB1 comme co-
récepteur pour pénétrer a l'intérieur des cellules. Cette équipe a récemment démontré que
des flavaglines que j’ai resynthétisées, diminuent de maniére significative l'internalisation de

ce récepteur. Ces travaux ont été publiés dans Microbiology and Immunology.™

Par ailleurs, I'équipe du Pr. Joost Hoenderop a I'Université Radboud a Nimegue (Pays-
Bas) avec qui nous collaborons concentre son activité sur les canaux au magnésium TRPM6
et TRPM7. Cette équipe qui avait trouvé que la PHB2 inhibe I'activité du canal TRPM6, a
récemment montré que des flavaglines que j'ai resynthétisées levent cette inhibition
(manuscrit publié dans Plos One).** Aucun autre composé testé dans ce laboratoire ne
présente d'effet aussi prononcé. Cette étude a permis de mieux comprendre les mécanismes

de régulation de ce canal en confirmant l'implication de la signalisation de l'insuline.

7. Synthese d’un isostéere

La synthese de l'isostere pyrazolique des flavaglines est basée sur la cyclocondensation de

I’énaminone 287 avec I'hydrazine (Schéma 9).

B Wintachai, P.; Thuaud, F.; Basmadjian, C.; Roytrakul, S.; Ubol, S.; Désaubry, L.; Smith, D. R. Microbiology and
Immunology 2015, 59 (3), 129-141.

1 Blanchard, M. G.; de Baaij, J. H. F.; Verkaart, S. A. J.; Lameris, A. L.; Basmadjian, C.; Zhao, Q.; Désaubry, L.;
Bindels, R. J. M.; Hoenderop, J. G. J. Activity. PLoS ONE 2015, 10 (3), e0119028.
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SUMMARY IN FRENCH

HO 1) PySOg, EtsN ™S o ™S O
MeO 16 DMSO, 0 °C MeO | MeQ o M Nue,
. ata, 2h . t-BUOCH(NMe,), .
e St oy
MeO o 2) TMSOTY, DIPEA a0 o PhMe, MeO o
PhMe, 0 °C reflux, 36 h O
180 ata, 1h 262
' .
OMe 94 % sur 2 étapes OMe 287 OMe
N,H,.HCI,
EtOH, | 28%

reflux, 16 h | SY' 2 étapes

(Et0),Si
-

reflux, 16 h

21%

Schéma 9: Synthése de I'isostére FL46.

Une oxydation de Parikh-Doering du rocaglaol 180 et la protection de l'alcool tertiaire avec
un groupe triméthylsilyle permet la modification en position 2 de la cyclopenténone 262
avec un rendement de 94% sur deux étapes (Schéma 9). Le produit obtenu est alors converti
en I’énaminone en utilisant le réactif de Bredereck (tert-BuOCH(NMe;),). La condensation
avec de I'hydrazine donne de maniere inattendue I'hydrate 288. Enfin, la déshydratation de

I'hétérocycle avec du tétraméthoxysilane conduit a I'isostére (FL46).

Malheureusement, les tests biologiques ont montré que FL46 posséde une faible cytotoxicité
sur deux lignées cellulaires (HEP2 et 789-0) par rapport a FL23 utilisé comme référence. En
raison de cette perte inattendue d’activité pharmacologique, nous n’avons pas essayé de

préparer d'autres analogues de cette série.

8. Conclusion

Nous avons développé deux méthodes originales de synthese de cyclopenténones
fonctionnalisées et découvert de nouveaux réarrangements d’alcools 1-styryl propargyliques

catalysés par des acides.
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SUMMARY IN FRENCH

Ce travail de these a aussi permis d’expliquer pourquoi une méthode de synthése des
flavaglines par des chercheurs de Bayer n’avait jamais été utilisée pour préparer des

composés présentant les substituants nécessaires a I’activité anticancéreuse.

De plus la resynthése de certaines flavaglines et la synthese d’une sonde de
fluorescence originale ont permis de faire des avancées dans I'élucidation du mode d’action
des flavaglines pour leurs effets anticancéreux mais également de découvrir d’autres effets
sans lien direct avec leur activité anticancéreuse (régulation du canal TRPM6 et infection par

le virus du Chikungunya).
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INTRODUCTION — Avant-propos

1. INTRODUCTION

1.1 Avant-propos

Cancer is defined by the National Cancer Institute as: “a collection of related
diseases. In all types of cancer, some of the body’s cells begin to divide without stopping

15 Indeed, cancer is characterized by the fast growth of

and spread into surrounding tissues.
abnormal cells beyond their normal limit and the invasion of neighboring parts of the body
that can induce metastases by spreading to other organs. The latter are the major cause for

death in cancer patient.

According to the World Health Organization, cancers are one of the top causes of mortality
around the world with approximately 14 million new cases and 8.2 million cancer related
deaths in 2012.% Despite the advances that are made in the treatment of cancer, with
surgeries, radiotherapies, chemotherapies and targeted therapies, the number of new
cancer patient is expected to increase by 70% in the next 20 years. This demonstrates the

constant need to develop new anticancer drug.

1.2 Natural products in oncology

Natural products can be defined as small molecules produced by a biological
source.”” Based on Albrecht Kossel’s proposal in 1891, natural products can be divided as
primary or secondary metabolites.’® While primary metabolites govern the intrinsic
functions that are vital for the survival of an organism, secondary metabolites have extrinsic
function that can modulate biological pathways. In medicinal chemistry, natural products
are often restricted to secondary metabolites. Concerning their structure, they usually have

more chiral centers, more varied ring systems, a higher ratio of Csp>/Csp?, less nitrogen, and

more oxygen atoms than synthetic drugs.19 This structural diversity and the potential

1 http://www.cancer.gov/cancertopics/what-is-cancer

1 http://www.who.int/mediacentre/factsheets/fs297/en/

v Editorial, All natural. Nat Chem Biol 2007, 3, 351-351.

'8 Kossel, A. Archiv fiir Physiologie, 1892, 181-186

® Henkel, T.; Brunne, R. M.; Miiller, H.; Reichel, F., Angewandte Chemie International Edition 1999, 38 (5), 643-
647.
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INTRODUCTION - Natural products in oncology

pharmacological or biological activities of natural products make them therapeutically

interesting for the treatment of diseases.

Therefore, natural products are an important source for the discovery of new drugs. Indeed,
it has been estimated that about 40% of all medicines derive either directly from natural

products or from their semi-synthetic derivatives.?

However, since the emergence of targeted therapies in the 90s, the interest in natural
products decreased with no new approved anticancer drugs between 1997 and 2006 (Figure
1) Indeed, some pharmaceutical companies even closed their natural product department
to focus on targeted therapies which are fully synthetic molecules or antibodies that target

specific proteins in tumor growth and progression.

5

Figure 1 | Number of natural products approved for treatment of cancer between 1996 and
2012*!

Nevertheless, in 2007, natural products made their come-back due to some
drawbacks in targeted therapies. Indeed, for most of patients that are treated with targeted
therapies using fully synthetic drugs or antibodies, mechanisms of resistance occurs after
few months or a couple of years and the treatment lose their efficacies, especially for solid

tumors.

20 (i) Kahlou, M. Pharmacology & Pharmacy 2013, 4, 17-31. (ii) Jacob, E.J. Current science 2009, 96 (6), 753-754
21 Basmadjian, C.; Zhao, Q.; Djehal, A.; Bentouhami, E.; Nebigil, C. G.; Johnson, R. A.; Serova, M.; De Gramont,
A.; Faivre, S.; Raymond, E.; Désaubry, L. G. Frontiers in Chemistry 2014, 2, article 20.
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INTRODUCTION - Natural products in oncology

Since the approval of rapamycin in 2007, 14 novel natural product derivatives (Figure 2)
have been brought to market which proves the return of the natural products for the
discovery and development of new anticancer drugs. We recently examined these
developments in a review entitle “Cancer wars: natural products strike back” (see

publication n°1, page 233).%

sV

O OH O

Ixabepilone (Ixempra®), 2007

Romidepsin (Istodax®), 2009

Temsirolimus ( Torisel®), 2007: HO
R = C( O)C( CH,0OH),CH,4
Everolimus ( Afinitor®), 2009: MeO o
R =( CH,),0H AcO
Me
Vinflunine (Javlor®), 2009
0 OH
>< MeO o QOMe OH Trabectedin = ecteinascidin 743
(Yondelis®), 2009
Cabazitaxel (Jevtana®), 2010 Homoharringtonine, Omacetaxine

mepesuccinate (Synribo®), 2012

H3N® oH(%Me "< /<
RISREPRES

Carfilzomib (Kyprolis®), 2012

AcO

Eribulin mesylate (Halaven®), 2011 Abiraterone acetate (Zytiga®), 2011

Figure 2 | Selected novel anticancer medicines based on natural products since 2007.%
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INTRODUCTION - Discovery and pharmacological properties of flavaglines

1.3 Discovery and pharmacological properties of flavaglines

1.3.1 Discovery of flavaglines

First identified in 1982 by King and colleagues at the Taiwan National Defense
Medical Center, flavaglines are a family of plant-derived natural products.”’ These
secondary metabolites are extracted from the plants of the genus Aglaia (Meliaceae) found
in the Southeast Asia. The first representative of this class of compounds is rocaglamide (1,
Figure 3), which was reported for its anti-leukemic activity. Traditionally, these compounds
are used to treat respiratory diseases such as asthma or skin inflammation diseases.
Concerning  their  structure, flavaglines are characterized by a unique
cyclopenta[b]benzofuran skeleton. Up to date, more than 100 other natural flavaglines have
been identified such as rocaglaol (2) or silvestrol (3). The latter has the particularity of

having a complex pseudo-sugar substituent.?

MeO

Figure 3 | Representative examples of natural flavaglines: rocaglamide (1), rocaglaol (2) and
silvestrol (3).

1.3.2 Pharmacological properties of flavaglines

Due to their unique biological activity profile, flavaglines have attracted the
attention of numerous biologists. Indeed, these compounds possess insecticidal, antifungal,
anti-inflammatory and neuroprotective activities. But the most interesting biological
property is by far the selective cytotoxicity toward cancer cells. Indeed, it has been
demonstrated that flavaglines inhibit the proliferation of tumor cells at low nanomolar
concentrations without showing any significant toxicity on normal cells, such as endothelial

cells of umbilical vein (HUVEC), normal intestinal epithelial cells, peripheral blood

21y King, M.; Chiang, C.-C.; Ling, H.-C.; Fujita, E.; Ochiai, M.; McPhail, A. T., Journal of the Chemical Society,
Chemical Communications 1982, 20, 1150-1151.
2 Basmadjian, C.; Thuaud, F.; Ribeiro, N.; Désaubry, L., Future Medicinal Chemistry 2013, 5 (18), 2185-2197.
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INTRODUCTION - Discovery and pharmacological properties of flavaglines

lymphocytes, bone marrow stem cells and cardiomyocytes. As far as we know, Hausott and
coll. were the first one to show that normal cells (in that case intestinal epithelial IEC18
cells) are 1,000 times less sensitive (ICso > 10 uM) than malignant (SW480 and HT29/HI I) or
premalignant (VACO235 and LT97) adenoma cells. **' Furthermore, these compounds show
no signs of toxicity in mice. However, only in the case of silvestrol, which has the particular
pseudo-sugar substituent, a toxicity to several normal hematopoietic cells has been shown
which was not the case for rocaglamide and its derivatives.*"

Additionally to their selective cytotoxicity, flavaglines also promote the survival of neurons
and cardiac cells when these cells are exposed to various stressors. This unique feature and
their promising anticancer activities increased the number of pharmacological investigation
on flavaglines in the past few years, especially with the identification of their molecular

targets.

1.3.3 Molecular targets of flavaglines and their mode of action

As we recently described in a review (see publication n°2 page 253) and a book
chapter (see page 269), the developments in the identification of the molecular targets of

flavaglines and their modes of action, this chapter will only summarizes few key features.

1.3.3.1 Prohibitins as molecular targets of flavaglines

In 2012, Li-Weber’s group at the German Cancer Research Center (DKFZ) identified
prohibitins as the molecular target of flavaglines using an affinity ligand synthesized in the
laboratory.?> Prohibitins, PHB1 and PHB2, are scaffold proteins that can associate together
as a dimer or with other proteins to regulate numerous signaling pathways. PHBs functions
are regulated by post-translational modifications by different signaling pathways such as
IGF1 (insulin-like growth factor), EGF (endothelial growth factor), TGF-B (transforming

growth factor), and IgM (immunoglobulin M) receptors and also by the kinases Akt, CamK

o (i) Hausott, B., Greger, H., Marian, B., 2004, 109 (6), 933-940 (ii) Lindqvist, L. M.; Vikstrom, I.; Chambers, J.
M.; McArthur, K.; Ann Anderson, M.; Henley, K. J.; Happo, L.; Cluse, L.; Johnstone, R. W.; Roberts, A. W.; Kile,
B. T.; Croker, B. A.; Burns, C. J.; Rizzacasa, M. A.; Strasser, A.; Huang, D. S. Cell Death Dis 2012, 3, e409.

2 Polier, G.; Neumann, J.; Thuaud, F.; Ribeiro, N.; Gelhaus, C.; Schmidt, H.; Giaisi, M.; Kohler, R.; Miller,
Wolfgang W.; Proksch, P.; Leippe, M.; Janssen, O.; Désaubry, L.; Krammer, Peter H.; Li-Weber, M., Chemistry &
Biology 2012, 19 (9), 1093-1104.
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(calmodulin-dependent protein kinase) IV, and PKC-6. This different modifications dictate in
which cellular compartment the PHB will be localized; in the nucleus, the cytoplasm, the

mitochondria, the endoplasmic reticulum or the plasma membrane.

In mitochondria, PHBs are essential to maintain structural and functional integrity such as
respiration, protein metabolism, and possibly, resistance to oxidative stress. In the nucleus,
PHBs control transcription and DNA synthesis by interacting with many transcription factors
such as histone deacetylases, histone methyltransferases, transcriptional corepressors and
minichromosome maintenance proteins. In the cytoplasm, PHBs has also important role in
regulating the activity of numerous signaling proteins such as the kinases c-Raf, Akt and
MLK2, the phosphatase Shpl/2, the chaperones Hsp70 and mortalin/Grp75, the
phospholipase Cy2, and the magnesium channel TRPMS6.

PHBs are required for the activation of the kinase c-Raf. This interaction can be disrupted by
flavaglines (Figure 5). Thus, the inhibition of c-Raf-MEK-ERK (extracellular-signal-regulated
kinase) signaling, which results from the interaction of flavaglines with PHBs could partially
explain their anticancer activities as this pathway is activated in many human cancers.?®
Recently, Chen, He, and collaborators, in the context of pancreatic ductal adenocarcinoma
(PDAC), confirmed the observation that the binding of flavaglines to PHBs prevents their

interaction with c-Raf.?’

26 Matallanas, D.; Birtwistle, M.; Romano, D.; Zebisch, A.; Rauch, J.; von Kriegsheim, A.; Kolch, W. Genes &
Cancer 2011, 2 (3), 232-260.
27 Luan, Z.; He, Y.; Alattar, M.; Chen, Z.; He, F. Molecular Cancer 2014, 13 (1), 38.
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Glucose — ... ‘ﬂh

Figure 4 | Anticancer mechanisms of flavaglines.?®

1. Inhibition of the Ras-dependent C-Raf activation. 2, 3. Translocation of caspase-12 and AIF to the
nucleus to induce apoptosis. 4. Translocation of cytochrome C to the nucleus to induce the intrinsic
apoptotic pathway. 5. Activation of p38-mediated transcription of the pro-apoptotic Bcl-2 family. 6.
Induction of the ATM/ATR-Chk1/2-Cdc25A pathway leading to cell cycle arrest. 7. Activation of JNK-
dependent transcription of the pro-apoptotic proteins CD95 ligand and c-FLIP. 8. HypotheticalPHB-
dependent inhibition of the translational machinery. 9. Inhibition of elF4A leading to a down-
regulation of expression of proteins involved in cell cycle progression, resistance to apoptosis and
angiogenesis. This inhibition of protein synthesis leads to suppression of the activity of the
transcription factor HSF1 and an up-regulation of the tumor suppressor TXNIP. TXNIP blocks
glucose uptake and consequently prevents the "Warburg effect". 10. Hypothetical inhibition of cell
surface PHB1-mediated chemo-resistance. Adapted from reference 28.

28 Basmadjian, C.; Thuaud, F.; Ribeiro, N.; Désaubry, L. Future Medicinal Chemistry 2013, 5 (18), 2185-2197.
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1.3.3.2 elF4A as a molecular target of flavaglines

In eukaryotic cells, translation of mRNA is a key step for the synthesis of few
proteins. elF4F, cap-binding complex, facilitates the cap-dependent translation of mRNAs.
elF4A is one of the three key proteins composing this complex. It is an ATP-dependent RNA
helicase that unwind double-stranded RNA during the initiation of protein synthesis. In
2013, using affinity chromatography, Rizzacasa and colleagues demonstrated that some

flavaglines directly bind to elF4A (Eukaryotic Initiation Factor 4A).%°

Following Rizzacasa et al. report, Sadlish and colleagues, used chemogenomic profiling to
validate elF4A as the main target of flavaglines in yeast.’* Indeed, they identified the
binding site of flavaglines and proposed a model that could explain the enhancement of
elF4A binding to mRNAs promoted by flavaglines. This action inhibits the recycling of elF4A
leading to an inhibition of cap-dependent translation. This observation has already been

published by Pelletier and colleagues.®*

The helicase elF4A is necessary for the translation of a very small number of mRNA having
G-quadruplexes.®> Most of these mRNAs harbors G quadruplexes and code for factors
controlling oncogenesis, angiogenesis, and chemoresistance. Importantly, housekeeping
genes do not necessitate elF4A for their translation, which explains, at least partially why
flavaglines are selectively cytotoxic to cancer cells. Accordingly, flavaglines have been
reported to inhibit the translation of mRNAs encoding CDK4 (cyclin-dependent kinase),
CDK®6, cyclins D1 and D3, cdc25A, Bcl-2 (B-cell lymphoma 2), survivin, Mcl-1 (myeloid cell
leukemia protein 1), the PIM1/2 kinases, c-Myc, VEGF (vascular endothelial growth factor),
matrix metallopeptidase 9 (MMP9), and MUC1-C.*®

2 Chambers, J. M.; Lindqvist, L. M.; Webb, A.; Huang, D. C. S.; Savage, G. P.; Rizzacasa, M. A. Organic Letters
2013, 15 (6), 1406-1409.

30 Sadlish, H.; Galicia-Vazquez, G.; Paris, C. G.; Aust, T.; Bhullar, B.; Chang, L.; Helliwell, S. B.; Hoepfner, D.;
Knapp, B.; Riedl, R.; Roggo, S.; Schuierer, S.; Studer, C.; Porco, J. A.; Pelletier, J.; Movva, N. R. ACS Chemical
Biology 2013, 8 (7), 1519-1527

3 Cencic, R.; Carrier, M.; Galicia-Vazquez, G.; Bordeleau, M.-E.; Sukarieh, R.; Bourdeau, A.; Brem, B.; Teodoro,
J. G.; Greger, H.; Tremblay, M. L.; Porco, J. A., Jr.; Pelletier, J. PLoS ONE 2009, 4 (4), e5223.

32 Wolfe, A. L.; Singh, K.; Zhong, Y.; Drewe, P.; Rajasekhar, V. K.; Sanghvi, V. R.; Mavrakis, K. J.; Jiang, M.;
Roderick, J. E.; Van der Meulen, J.; Schatz, J. H.; Rodrigo, C. M.; Zhao, C.; Rondou, P.; de Stanchina, E.; Teruya-
Feldstein, J.; Kelliher, M. A.; Speleman, F.; Porco, J. A.; Pelletier, J.; Ratsch, G.; Wendel, H.-G. Nature 2014, 513
(7516), 65-70
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1.3.4 Structure-activity relationships of flavaglines

Although the study of structure-activity relationships as previously been reviewed,”®
the key features will be presented in this section. Replacing the methoxy group in position
4' of rocaglaol by an electron-withdrawing group such as bromine (R8 = Br) enhances
cytotoxicity, whereas deletion (R® = H) decreases the cytotoxicity by 3 orders of magnitude,
suggesting a preference for a hydrophobic substituent in the para position (Figure 5). The
introduction of a methoxy group in position 4" (R’ = OMe) on the other phenyl is
detrimental for cytotoxicity. The substitution in position 2 with an amide or an ester results
in a significant reduction of the cytotoxicity to cancer cells that have developed
chemotherapy resistance by overexpressing P-glycoprotein (P-gp), a protein to the plasma
membrane encoded by the gene multi-drug resistant (MDR1). Similarly, the introduction of
a pseudo-sugar dioxanyl in position 6 as in silvestrol appears to increase the cytotoxicity in
vitro, but makes it very sensitive to multidrug resistance. 8-Demethoxy compounds are
significantly less active than related compounds, showing a preference but not an absolute

requirement of a methoxy group in position 8 for cytotoxicity.

5_ ' .
R=H, R*= NHCO, NHCONH, or] | '~ H (# CONRR' or COOMe).
insensitive to multidrug resistance

NHCONMe, > R3= OH, R*=H
? T>~R3R* /
- R

MeO > Hl— R,

COOMe > C(O)Me > CN > Cl > OMe = OH
>> H >NH, > CONH, = CONHMe = NHMe

R ~—{H=F]
7 <—{H>> eO]

NMe,, NHSO,Me, COOH, CONMe,: inactive = R
/

R9 RS
H O/ma +

OH ICN =Br = CI' > MeO > Me > H
severly lowers ADME properties

replacement by

OMe

Figure 5 | Key SAR data for cytotoxic activities of flavaglines.”®

47



INTRODUCTION - Synthesis of flavaglines

1.4 Synthesis of flavaglines

1.4.1 First total synthesis of rocaglamide

Since 1990, with Trost’s first total synthesis of rocaglamide® (Scheme 1), flavaglines
have received considerable attention from multiple laboratories due to the synthetic
challenge of their complex structure. Indeed, the flavaglines core is a compact and
functionalized heterocycle with two contiguous quaternary chiral centers and cis aryl groups
on adjacent carbons on the cyclopentane ring. Up to date, more than a dozen of different
synthetic approaches have been reported. In this section, a summary of the significant

syntheses is presented. We recently reviewed more extensively this topic in a book

chapter.®
1) Pd(OAC),, P(i-C4H70)s,
o Mo VEORIOROL g o
Ne M ) Ph MeO o CO,Me
An TMS j: e 2) NaOH, EtOH, rt 7 steps
+ —
0COMe Ph o Ph 3) CHaN;, ACOEL 1t A coMe 17% ‘1P
Io] 4) 03, MeOH, CH4Clp CO,Me MeO O ‘An
4 5 6 7
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An = anisyl
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2) m-CPBA, NaHO,,
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HO 1) (Me),NH,CI, AlMeg, PhH, 45 °C ™S o
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MeO O An 4) Me4NB(OAC)3H, MeCN, AcOH, rt MeO  Yan
1 25% over 6 steps 8

Scheme 1| Trost’s enantioselective synthesis of rocaglamide.

Trost’s approach is based on the enantioselective [3+2]-cycloaddition of a
trimethylenemethane derivatives generated from 4 with the oxazepinedione 5 to give
access in 4 steps to cyclopentenone 6 in good yield (85%, Scheme 1). From there, 7
additional transformations were needed to reach the flavaglines skeleton, but with an

incorrect configuration compared to the natural product. The stereochemistry could be

3 Trost, B. M.; Greenspan, P. D.; Yang, B. V.; Saulnier, M. G. Journal of the American Chemical Society 1990,
112 (24),9022-9024.

3 Synthesis and pharmacology of flavaglines, Basmadjian, C., Zhao, Q., De Gramont, A., Serova, M., Raymond,
E., Vagner, S., Robert, C., Nebigil, C. G., Désaubry, L., Bioactive Natural Products: Chemistry & Biology,
Brahmachari, G., Ed. John Wiley & Sons, 2015.
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corrected by additional six steps to afford rocaglamide (1) with the desired stereochemistry
via dehydro-intermediate 8. Although this approach relies on multiple reactions, it remains

the only enantiospecific one to date.

1.4.2 Synthesis of rocaglamide via benzofuranone intermediate

The strategies developed by Taylor,35 Dobler,* and Qin*" are all based on a common
intermediate, the benzofuranone 9 which is prepared via an intermolecular Michael
addition and that leads to the rocaglamide tricyclic core through an intramolecular

cyclization (Scheme 2).
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Scheme 2| Taylor’s, Dobler’s and Qin’s synthesis of rocaglamide.**>’

3> Davey, A. E.; Schaeffer, M. J.; Taylor, R. J. K. Journal of the Chemical Society, Perkin Transactions 1 1992,
(20), 2657-2666.

3 Dobler, M. R.; Bruce, |.; Cederbaum, F.; Cooke, N. G.; Diorazio, L. J.; Hall, R. G.; Irving, E. Tetrahedron Letters
2001, 42 (47), 8281-8284.

37 Li, H.; Fu, B.; Wang, M. A,; Li, N.; Liu, W. J.; Xie, Z. Q.; Ma, Y. Q.; Qin, Z. European Journal of Organic
Chemistry 2008, 2008 (10), 1753-1758.
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Talyor’s and co-workers did the pioneer work on this approach.* Indeed, in 1992
they reported a synthesis based on an intermolecular Michael addition associated with a
Sml,-catalyzed intramolecular reductive cyclization to construct the tricyclic core of
rocaglamide (Scheme2). Thereby, aldehyde 10 was prepared by Michael addition of trans-
cinnamaldehyde to benzofuranone 9, and was then converted to cyclopentanone 13 upon
cyclization and Swern oxidation. Additional 3 steps led to B-ketoester 14 which was

converted to rocaglamide (1) in the next two final steps.

Dobler and colleagues improved this synthesis.>*® They utilized the same
intermolecular Michael addition to form aldehyde 10 but they modified the cyclization step.
Indeed, instead of a Sml,-catalyzed cyclization, cyanohydrin 12 was used in an umpolung
reaction to generate after deprotection the cyclopentanone 13 (Scheme 2). The
carboxylation of the ketone was also modified by using Stiles’ reagent to give ester 14. The

latter was then converted into rocaglamide (1) in three steps.

In 2008, Qin et al. made additional changes in Taylor’s approach by introducing the
methoxycarbonyle group earlier in the synthesis onto the Michael acceptor, therefore
making Stiles carboxylation unnecessary.?” Condensation of benzofuranone 9 with dimethyl
2-benzylidenemalonate afforded adduct 11, which underwent a Sml,-promoted pinacol

coupling reaction giving access to the rocaglamide skeleton 14 (Scheme 2).

In 2005, Ragot’s team used Taylor's approach to introduce variation on the
benzofuran ring.*® The only difference in this pathway lies on the preparation of the

benzofruan intermediate 10, which was obtained by Suzuki-type reaction.

1.4.3 Other approaches to synthesis rocaglamide
1.4.3.1 Synthesis of flavaglines using photoirradiation

Based on an earlier proposal of Proksch’s group for the biosynthesis of flavaglines®

Porco reported in 2004 a biomimetic approach to prepare methyl rocaglate 19 using

*® Diedrichs, N.; Ragot, J. P.; Thede, K. European Journal of Organic Chemistry 2005, 2005 (9), 1731-1735
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photochemistry (Scheme 3).* Thereby, irradiation of 3-hydroxyflavone 15 with cinnamic
ester 16 gave the tricyclic adduct 17 via a [3+2]-cycloaddition reaction. B-Acyloin
rearrangement of this intermediate in basic conditions followed by diastereoselective
reduction gave methyl rocaglate 19. In 2012, the same group developed a chiral version
using TADDOL derivative to prepare photocycloaddition product 17 in 69% vyield and

85.5:14.5 enantiomeric ratio.*!

o}
o}
MeO O MeO HO
/@fuj:OH+ JI/COOMe hv (350 nm) COOMe \150Na MeQ ho, COOMe
| MeOH, 0 °C Ph MeoH Ph
MeO 0" >an Ph MeO o MeO O An
33% An 95%
15 16 17 18
An = anisyl Me4NBH(OAC)s, 51%
CH4CN

HO
MeO HO _\\COOMe

; ~Ph
MeO O An

19

Scheme 3| Porco’s biomimetic synthesis of rocaglamide.*

1.4.3.2 Synthesis of flavaglines using a Nazarov reaction

Magnus’ group was the first to report the use of a conrotatory Nazarov cyclization,
also known as Isler-Mukaiyama aldol reaction, as a key step to prepare the tricyclic
flavagline core.”* Nazarov precursor 21 was prepared in 6 steps from the alkyne 20 (Scheme
4). Upon treatment with SnCl,, substrate 21 cyclized to afford cyclopentenone 22. Following
hydrosilylation, palladium-mediated introduction of the carboxymethyl group and

hydroxylation led to the methyl rocaglate 24.

3 Proksch, P.; Edrada, R.; Ebel, R.; Bohnenstengel, F. I.; Nugroho, B. W. Current Organic Chemistry 2001, 5 (9),
923-938.

40 Gerard, B.; Jones, G.; Porco, J. A. Journal of the American Chemical Society 2004, 126 (42), 13620-13621.

41 Lajkiewicz, N. J.; Roche, S. P.; Gerard, B.; Porco, J. A. Journal of the American Chemical Society 2012, 134
(31), 13108-13113.

42 Magnus, P.; Stent, M. A. H. Organic Letters 2005, 7 (18), 3853-3855.
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Scheme 4| Magnus’ synthesis to access flavaglines.*
DARCO®, activated charcoal

A few years later, Frontier’s group also used a Nazarov cyclization in their synthesis
of flavaglines. Indeed, in 2009, they established a new synthetic route based on an
oxidation-initiated Nazarov-type reaction to successfully synthesize rocaglamide 1 (Scheme
5).% Starting from benzofuranone 9, a similar intermediate to Taylor and Dobler
approaches, they prepared substrate 25 in 5 steps. The latter was then transformed into a
highly functionalized alkoxyallene 26, precursor of the Nazarov-type reaction. The
cyclopentenone ring was obtained from highly reactive allenyl oxide 28 generated in situ by
oxidation with m-CPBA. Thus, the flavagline core was obtained with the desired
configuration at the carbons bearing the phenyl and anisyl groups. Subsequent steps
including palladium-mediated carbonylation gave access to ketoester 14, which was
converted into rocaglamide 1. This synthesis validates Magnus’ initial Nazarov strategy as an

original and direct approach to construct the flavagline core.

3 Malona, J. A.; Cariou, K.; Frontier, A. J. Journal of the American Chemical Society 2009, 131 (22), 7560-7561.
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Scheme 5| Frontier’s synthesis of rocaglamide based on a Nazarov reaction.”?

1.4.4 Ragot’s synthesis of rocaglaol derivative

In 2004, Ragot’s group at Bayer published a synthesis of flavaglines based on an
intramolecular hydroxy epoxide opening.** They first constructed the eastern part of the
molecule by preparing cyclopentenone 34 (Scheme 6). Although symmetrical 3,4-diaryl-
cyclopent-2-enones are known to be easily accessible via cyclization of OL,B-diketones45
unsymmetrical ones are harder to prepare. Using Schoop’s methodology*® cyclopentenone
33 could be obtained on a multigrams scale in two steps from bromoketone 32 and
triphenylphosphorane 31. B-Ketoester 33 was decarboxylated upon heating at 110 °C in wet
DMSO. Overheating at 140 °C led to an inseparable mixture of the desired product and its
regioisomer due to a migration of the double bond. The next step was the a-bromination
which was tedious as poly-bromination could not be avoided. The selected method here
was the use of Br, followed by addition of triethylamine leading to the elimination of HBr.

Thus, desired a-bromoenone 34 could be obtained with 35% yield.

a“ Thede, K.; Diedrichs, N.; Ragot, J. P. Organic Letters 2004, 6 (24), 4595-4597.
4 Polo, E.; Barbieri, A.; Traverso, O. European Journal of Inorganic Chemistry 2003, 2003 (2), 324-330.
% Schoop, A.; Greiving, H.; Gohrt, A. Tetrahedron Letters 2000, 41 (12), 1913-1916.
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Scheme 6| Ragot’s synthesis of flavaglines skeleton.*

Ragot and collaborators then focus their attention on building the western side of the
molecule. The first step is a Suzuki coupling reaction using palladium catalyst with boronate
35 (Scheme 6). This leads to the formation of trisubstituted cyclopentenone 36 which is
then reduced. The use of NaBH, or DIBAL-H gave no selectivity at all. Low selectivity was
observed under Luche conditions (NaBH4;/CeCls). However, using L-selectride gave the
desired syn-alcohol (confirmed by NOESY experiments) with complete diasteroselectivity
and 70% yield. With the allylic alcohol in hand, the two final stereocenters were installed by
stereoselective epoxidation. Indeed, the use of m-CPBA gave complete control of the
stereochemistry thanks to the assistance of the hydroxyl group (Henbest’s rule).*” Upon
deprotection of the phenolic group under hydrogenation conditions (Pd/C 10% in EtOAc),
the cyclization occurred spontaneously to afford didemethoxy-rocaglaol 38 with the desired

stereochemistry.

1.4.5 Magnus’ formal synthesis of (+)-methyl rocaglate

As showed previously in this chapter (section 1.4.3), Magnus’ former approach did
not give access to rocaglamide but only to (+)-1,2-anhydro-rocaglamide (24). This was due
to heavy changes in the oxidation state of carbons 1, 2 and 8b. Therefore, a few years later,

this laboratory improved their synthesis of methyl rocaglate using an unprecedented

* Henbest, H. B.; Wilson, R. A. L., Journal of the Chemical Society (Resumed) 1957, (0), 1958-1965.
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Nazarov reaction promoted by acetyl bromide (Scheme 7).*® Starting material, benzofuran
39, was easily prepared from 2-iodo-3,5-dimethoxyphenol via a Kumada cross-coupling
reaction®® with 4-methoxyphenylacetylene followed by treatment Pd(OAc),/CO in the
presence of CBrs/NaHCOs; Exposure to diethyl ethylphosphonate/n-Buli followed by
treatment with benzaldehyde under Masamune-Roush conditions™ afforded dienone 40 in

67% yield over 2 steps.
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Scheme 7| Magnus’ synthesis of methyl rocaglate by acetyl bromide mediated Nazarov
reaction.”® DBDMH is 5,5-dimethyl-1,3-dibromohydantoin and TCICA is trichloroiso-
cyanuric acid.

The next step is the key Nazarov reaction. First, dienone 40 was exposed to different Lewis
acids including SnCl,, AICl3, TiCl; and Sc(OTf); (Scheme 7). All attempts only resulted in the
isolation of retro Friedel-Crafts reaction product. They then turned their attention into
Brgnsted acids. Using concentrated HCl gave desired cyclopentenone 43 after 48 h at 100 °C

but with low yield (12%) whereas using HBr only led to demethylation of ethers. Ultimately,

a8 Magnus, P.; Freund, W. A.; Moorhead, E. J.; Rainey, T. Journal of the American Chemical Society 2012, 134
(14), 6140-6142.

9 Tamao, K.; Kiso, Y.; Sumitani, K.; Kumada, M. Journal of the American Chemical Society 1972, 94 (26), 9268-
9269.

30 Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.; Masamune, S.; Roush, W. R.; Sakai, T. Tetrahedron
Letters 1984, 25 (21), 2183-2186.
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acetyl bromide was found to lead to product 43 with good yield (81%). Replacing it by acetyl
chloride only resulted in recovery of starting material even after heating at 150 °C in a
sealed tube. This could be explained by the fact that AcBr is much more reactive then
AcCl.>! The authors proposed the following mechanism: oxonium ion 41 is obtained upon
acetylation of ketone 40 (Scheme 7). This intermediate cyclized into acetoxonium ion 42.
Loss of a proton followed by aqueous workup leads to cyclopentenone 43. It can be noted
here that replacing the vinylic methyl group by hydrogen decreased the yield to 12%
whereas with a cyano substituent, no cyclized product was observed. Cyclopentenone 43
could now be transformed into dehydroflavagline (45) in six steps with 41% yield. Only two
extra steps are needed following Trost’s synthesis to achieve the synthesis of methyl

rocaglate.

>! Briody, J. M.; Satchell, D. P. N. Journal of the Chemical Society (Resumed) 1964, (0), 3724-3728.
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1.5 Rearrangements of vinyl propargyl alcohols and their esters

1.5.1 Discovery of the Rautenstrauch rearrangement

In 1976, Ohloff et al. at Firmenich reported the serendipitous discovery of the
formation of carvenone (47) from propargyl acetate 46 catalyzed by zinc chloride (Scheme
8).>2 Cycloisomerization with concomitant 1,2-acetyl shift afforded carvenone (47) as the
major product (70% yield) along with small amount of 2-acetoxy-2-carene 48 (5%). Ohloff et

al. postulated that the rearrangement is triggered by coordination of the zinc cation to the

double bond.
OAc
(0] OAc
NN ZnCI2
N _— + + others
| PhH, reflux
46

47,70% 48, 5%

Scheme 8] Ohloff synthesis of carvenone (47).>2

In 1984, Rautenstrauch and collaborators, also at Firmenich, discovered a similar
reaction but using palladium (11) instead of zinc catalyst (Scheme 9).>® They described a new
approach to access 2-cyclopentenones from 1-ethynyl-2-propenyl acetates in a Pd-catalyzed

variant of the Nazarov cyclization.

2.5 to 10 mol%
PdCIly(MeCN),

OAc + 1 equiv. AcOH O

N\

CH4CN
49 50, 78-89%

Scheme 9| Rautenstrauch rearrangement of propargyl acetate 49.>

The common point between these two transformations is the 1,2-O-migration. The
mechanism postulated by Rautenstrauch is depicted in Scheme 10. The cyclization was
proposed to start with the formation of m-complex 52. Then, 1,2-acetate migration could

give acetoxonium species 53 which could be transformed into butadienylcarbene complex

32 Strickler, H.; Davis, J. B.; Ohloff, G. Helvetica Chimica Acta 1976, 59 (4), 1328-1332.
>3 Rautenstrauch, V. The Journal of Organic Chemistry 1984, 49 (5), 950-952.
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54. Oxidative cyclization could give palladiacyclohexadiene 55, which would reductively
eliminate 56. The reported scope of this reaction is limited to terminal alkyne and to R and

R? groups equivalent to a hydrogen or an alkyl chain.

Me (e} Me
ACO _— \f& Yo O OAc
R! o _~ (C]
— R1( — Oﬁ
E R PdCI
R? PdClI
2 g PdCI PdCI

R2
51 52 55 56 57
R = H, alkyl 50-89%
R? = H, alkyl 5 examples

Scheme 10| Postulated mechanism of the Rautenstrauch rearrangement.”

1.5.2 Transition-metal-catalyzed Rautenstrauch reaction

Since Rautenstrauch’s report, other transition metals have been studied for this
rearrangement. Hereafter, selected examples will be discussed using platinum-, ruthenium-,

gold- and mercury-catalysts.

1.5.2.1 Platinum-catalyzed Rautenstrauch reactions

The Pt-catalyzed Rautenstrauch reaction was mainly reported by the groups of
Sarpong,>® Ohe> and Clark.>® They could prepare functionalized indene derivatives 61, 63
and 65 utilizing propargylic esters 60 and 62 or propargyl carbonates 64 via Pt-catalyzed
Rautenstrauch reaction with different regioselectivities (Scheme 11). Moreover, Sarpong’s
group explored non-aromatic-based substrates such as propargylic acetate 58 that forms

cyclopentadiene 59 as the sole product.

>* Bhanu Prasad, B. A.; Yoshimoto, F. K.; Sarpong, R. Journal of the American Chemical Society 2005, 127 (36),
12468-12469.

3 Nakanishi, Y.; Miki, K.; Ohe, K. Tetrahedron 2007, 63 (49), 12138-12148.

%6 Zhao, J.; Clark, D. A. Organic Letters 2012, 14 (7), 1668-1671.
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Scheme 11| Platinum-Catalyzed Rautenstrauch-type reaction.

They proposed that the pentannulation can be accounted for an in situ generated Pt-
carbenoid intermediate 68 (Scheme 12). Compound 66 could undergo a potentially
reversible Pt-catalyzed 5-exo-dig cyclization with the 1,2-acyloxy shift. A C-O bond cleavage
would afford the metal-carbenoid 68. Then, preferential irreversible C-H insertion into the

phenyl group would provide indene derivative 70.

R3 R!

R3 RL_O R' O
e, e | me| | T ° iEes®a
R (P13 R P17 R? W R?

66 67 68 69 70

Scheme 12| Proposed mechanism for the formation of indene derivatives.>*>®

1.5.2.2 Ruthenium-catalyzed Rautenstrauch reaction

Uemura’s group has also shown that formation of indene derivatives is possible
utilizing a ruthenium-catalyst (Scheme 13).>” Indeed, treatment of alkyne 71 in the presence
of a catalytic amount of [RuCl,(CO)s], yielded to indene 73 in 68% vyield. Similarly to
platinum, the authors attributed the formation of 73 to the formal insertion of a

vinylcarbene species to the C-H bond at the ortho position of one of the phenyl ring.

> Miki, K.; Ohe, K.; Uemura, S. The Journal of Organic Chemistry 2003, 68 (22), 8505-8513.
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Scheme 13| Ru-Catalyzed Rautenstrauch reaction.>’

1.5.2.3 Gold-catalyzed Rautenstrauch reaction

In 2005, Toste group described a synthesis of 2-cyclopentenones 75 based on

Rautenstrauch rearrangement using gold(l) as a catalyst instead of palladium (Scheme 14).%8

(0]
OPiv
R2 PhsPAUOTS (2-5 mol %) R

AZ

R R3 CH3CN, rt RS R2

74 75, 45-85%

1_ 7 examples

R" =H, Ph, alkyl, alkene

RZ=H, n-Bu, Cy
R3=H, Ph, Cy

Scheme 14| Gold(l)-catalyzed cyclopentenone synthesis.*®

The gold(l)-catalyzed reactions are tolerant to substitution at the acetylenic and olefinic
positions (except for Z-olefins), thus providing access to a wide range of cyclopentenones
under exceptionally mild conditions. Additionally, enantioenriched cyclopentenones can be

prepared by the cyclization of propargylic alcohols using PhsAuSbFg as the catalyst (Scheme
15).

o]
OPiv
R Ph3PAUSbF ¢ (5 mol%)
Z :
R2 CH,CN, -20 °C, 12 h RZH R
76 77, 80-88%
R' = Me, alkyl 77-97% ee
R? = Me, alkyl 5 examples

Scheme 15| Enantioselective cyclopentenone synthesis.>®

The proposed mechanism that accounts for the stereochemical course of the Au(l)-catalyzed

cyclopentenone synthesis is depicted in Scheme 16. Intramolecular 1,2-addition of the ester

>8 Shi, X.; Gorin, D. J.; Toste, F. D. Journal of the American Chemical Society 2005, 127 (16), 5802-5803.
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onto the alkyne, induced by coordination of the alkyne to the cationic gold(l) complex,
affords vinyl gold species 79. The stereoselectivity can be explained by either an
intramolecular cyclization that proceeds through a transition state (80) in which the leaving
group is in an orthogonal position to the plane of the olefin or by a helically chiral
intermediate 81. The cyclization produced cationic intermediate 82, which upon elimination

of cationic gold (I) and hydrolysis affords cyclopentenone 77.

t-Bu H
OPiv OPiv Vo o Aul
R! ®AuL R! OI® R? 0 \‘\ R?
= P . Y
/\[ Z | —_— | | 5‘__H(.?Z;2
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i~ H D |l
R2 RZ  ®AuL Aul” H R? AuL " R2
77 83 82 81
58,59

Scheme 16| Mechanism of the gold-catalyzed Rautenstrauch rearrangement.

Although the metal carbenoid intermediate is widely proposed as an intermediate in the
metal-catalyzed Rautenstrauch reaction with Pd, Pt or Ru, here it cannot explain the
chirality transfer. Indeed, computational studies based on Toste’s work indicate that the

reaction proceeds through helical pentadienyl cationic intermediate.

1.5.2.4 Palladium-catalyzed Rautenstrauch reaction

In 2007, Frontier’s group at the University of Rochester reported an expanded study
of the Rautenstrauch metal-catalyzed rearrangement of propargyl actetates 84 and 87

utilizing palladium (Scheme 17).%°

*° Faza, O. N.; Lépez, C. S.; Alvarez, R.; de Lera, A. R. Journal of the American Chemical Society 2006, 128 (7),
2434-2437.
® caruana, P. A.; Frontier, A. ). Tetrahedron 2007, 63 (43), 10646-10656.
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R
/ AcO R
AcO / PdC|2 (5-10 mol%) cat. p-TsOH
—_—
CH4CN, 60 °C MeOH
84 85
R = CO,Et, CH,OBn, 64-88%
R’ R = n-Bu, (CH,),0Bn, (CH,),0Bn, 0%
ACO / OAc
PdCl, (5-10mol%) cat. p-TsOH
Z “R? R?
CH4CN, 60 °C MeOH
R2
87 88
R'=CO,Et, R? = i-Pr, 60%
R'=CO.Et, R?= Ph, 97%

Scheme 17| Rearrangement of propargyl acetates 84 and 87.%°

R =H, 56%

O
CLpw
R2
89

R'=H, R?= Ph, 60%
R'=H, R?=i-Pr, 97%

The authors showed that substituents at the terminal positions of both the alkyne and the

alkene have a strong impact on the outcome of the reaction. Substrates with ester

substituents at the alkyne terminal (87, R' = CO,Et) rearranged smoothly to give relatively

stable enol acetate products 88, as compared to those with alkyl substituents, which

exhibited poor reactivity. Aryl substituents at the alkene terminus gave better results than

alkyl substituents. Electron-withdrawing substituents at the propargylic position seem to

improve the reactivity (84—>85). They observed that this type of rearrangement could also

be conducted using mercury(ll) catalyst on the same substrate 87.
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0 (0]
Me Jig JI§
)=0 0" “Me . 0" Me
o]
R1 N = R1 ®\ +C|@ —_— = |
PdCl y 2, PdCl
R27X Rz PdCl R
R3 R3 R3
920 91
oxidative yclopropanatlon
4r electrocyclization j Cycllzatlor/ \

OAc

gt jé R%x
+CI
PdClI
dc RE g

R2

reductive
ellmlnatlon
ring opening
PdCl,

96

Scheme 18| Mechanism for the formation of enol acetate 96 postulated by Frontier and
coll.*®

Taking into account Toste’s group developments on the mechanism of the Rautenstrauch
rearrangement, Frontier proposed a more detailed mechanism focusing on the formation of
enol acetate 96 (Scheme 18). 4n-Conrotatory electrocyclization of polarized pentadienyl
cation 91 was proposed to give stabilized allylic cation 92, which upon elimination of the
palladium moiety would afford the desired product 96 and the regenerated palladium (Il)
catalyst. If palladium carbene 94 is the reactive intermediate, then a few different pathways
to enol acetate 96 exist. Oxidative cyclization of 94 to give palladium(IV) intermediate 95
followed by reductive elimination would lead to desired species, as originally proposed by
Rautenstrauch. Another feasible pathway involves intramolecular cyclopropanation of
carbene 94 to give fused [2.1.0]-bicyclic intermediate 97, which upon ring opening would
yield enol acetate 96. Since both the carbene-based route to enol acetate 96 involve high-

energy intermediate 95 and 97, the 4m-electocyclic mechanism is widely accepted.
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1.5.3 Rautenstrauch related reactions initiated by 1,2-acyloxy migration

In 2002, Fensterbank and co-workers reported the tandem rearrangement-
cyclopropanation of dienynes 98 to give fused bicyclic cyclopropanes 100 catalyzed by
platinum chloride (Scheme 19).61 The reaction mechanism proposed involves a metal
carbene intermediate 99 generated through 1,2-acetoxy migration, similar to the reaction
pathway proposed by Rautenstrauch for palladium(ll).

R! R?
R2 PtCl, (5 mol%) |

1
PtCl, OR

99 100, 62-88%
3 examples

“ 1
= | | PhMe, 80 °C, 2-9 h [ OR
98

R' = COCHjz, p-COCgH4NO>
R2=H, Me

Scheme 19| PtCl,-catalyzed cyclization of dienynes 98.%"

Two years later, Fensterbank, Malacria and collaborators published a new application of
their PtCl,-catalyzed transformation.®? They showed that tricyclic derivatives such as
compound 102 (Scheme 20) could be obtained in an efficient regio- and stereo-controlled
manner via a PtCl,-catalyzed transannular cycloisomerization of 1,5-enynes. Ketones 102 or
103 were efficiently prepared from the same cycloundec-5-en-1-yne precursor 101,

depending on the substituent at the propargylic position (either benzoate or methoxyl).

R = Me R = p-nitrobenzoate
o)
£ PtCl, 1) PtCl,, PhMe, rt -/\>
e R e S
3 PhMe, rt | 2) K,CO3, MeOH, rt :
Me RO Me Me
102 55% 101 48%, 2 steps 103

Scheme 20| Synthesis of ketones 102 and 103 from the transannular cycloisomerization of
macrocyclic 1,5-enynes 101.°

61 Mainetti, E.; Mouries, V.; Fensterbank, L.; Malacria, M.; Marco-Contelles, ). Angewandte Chemie

International Edition 2002, 41 (12), 2132-2135.
62 Blaszykowski, C.; Harrak, Y.; Gongalves, M.-H.; Cloarec, J.-M.; Dhimane, A.-L.; Fensterbank, L.; Malacria, M.
Organic Letters 2004, 6 (21), 3771-3774.
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In 2006, Furstner et al. showed that this type of rearrangement could also be

performed with a gold(lll) catalyst (Scheme 21).%3

ag Aucls (5 moi%) K,COs
=
If DCE OAC  \eoH o
98% 60%
104 48 105

Scheme 21| Gold(lll) catalyzed synthesis of ketone 105.%

All the reactions outlined above highlight the remarkable catalytic reactivity of late
transition metal cations such as Pt(ll) or Au(lll) for fully atom economical and complexity-

inducing cycloisomerization reactions.

Gold(l)-catalysts could also be utilized in the annulation of enynes and alkynes as
reported by Toste group in 2008.%* Indeed reaction of cis-108 with an Au(l)-complex
provides fluorenes and styrenes derivatives (Scheme 22). The outcome of this novel
cycloisomerization reaction may be controlled simply through the choice of the catalyst’s

counterion (TfO vs. SbFg).

Ph
OPiv
/T N JL
Z
106 l 107

O AgOTY, (ArO)3PAUCI AgSbF g, (ArO)sPAUCI

® "~ 0
CH,Cly, -10 °C, 15 min 7~ CHCl 10 °C, 15 min

Me Me
Me 89% Ph 76%

109 cis-108 110
Ar = 2,4-di-tert-butylphenyl

Scheme 22| Gold(l)-catalyzed synthesis of fluorenes and styrenes derivatives.®*

Cyclopropanation of enyne 107 with propargyl ester 106 leads to the formation of product
108. The latter could undergo 5-endo-dig cyclization thanks to the coordination of the

cationic gold catalyst to the alkyne (Scheme 23). This cyclization generates the tertiary

63 Flrstner, A.; Hannen, P. Chemistry — A European Journal 2006, 12 (11), 3006-3019.
* Gorin, D. J.; Watson, I. D. G.; Toste, F. D. Journal of the American Chemical Society 2008, 130 (12), 3736-
3737.

65



INTRODUCTION - Rearrangements of vinyl propargyl! alcohols and their esters

carbocation 111. Subsequent migration of the pivaloyloxy group gives allylic cation 112 that
undergoes cyclopropyl ring opening to afford hexadienyl cation 113. This final intermediate

115 is likely to be converted to products 109 or 110 by respectively E; and SN; mechanisms.

OPiv OPiv
[Au]
113 114

106 + 107 109 or 110

Scheme 23| Proposed mechanism for the formation of product 109 and 110.%

The last example shown here is the interception of a Rautenstrauch intermediate by
alkynes. Thus, Tong and coworkers reported a [5+2]-cycloaddition via a rhodium-catalyzed
cycloisomerization of 3-acyloxy- 4-ene-1,9-diynes.”® This novel intramolecular [5+2]-
cycloaddition with a 1,2-acyloxy migration gives access to highly functionalized seven-
membered rings compounds such as 117 (Scheme 24). An interesting future of this bicyclic

product is the possibility of further functionalization of three well-differentiated double

Ts OPiv [Rh(cod),]BF,
SO Nv\)\ Ts—N OPiv
X CH,Cly, 50°C

116 96% 117

bonds.

Scheme 24| Rhodium-catalyzed cycloisomerization of 3-acyloxy- 4-ene-1,9-diyne 116.%

1.5.4 Other vinyl propargyl alcohol rearrangement

In 2006, Fehr’s group showed that cycloisomerization of 5-en-1-yn-3-ols could also
be achieved with a copper-catalyst (Scheme 25).°® This 1,2-alkyl shift of tertiary 5-en-1-yn-3-
ol 118 afford stereoselectively tertracyclic compound 119 of high molecular complexity. The

authors postulated a mechanism in which the cyclopropanation precedes the skeletal

6 Shu, X.-z.; Huang, S.; Shu, D.; Guzei, I. A.; Tang, W. Angewandte Chemie International Edition 2011, 50 (35),
8153-8156.
66 Fehr, C.; Farris, |.; Sommer, H. Organic Letters 2006, 8 (9), 1839-1841.
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rearrangement with a perfect stereocontrol with respect to the orientation of the acetylene

unit.
Ho //
Me . [Cu(CH3CN)4)(BFy)
" 1 mol%
_—
PhMe, 50 °C, 7 h
18
lss%
o) 0
Me Me [Cu}®
119

Scheme 25| Copper-catalyzed cycloisomerization of 5-en-1-yn-3-ol 118.%

1.5.5 Rearrangement of propargyl acetate in the synthesis a natural product

In 2006, Flrstner et al. used this platinum-catalyzed rearrangement of propargyl

acetates in the total synthesis of terpenes natural products (Scheme 26).%®

A
O PLCl, (2 mol%) K,COj3
I :
o - MeOH
PhMe, 80 °C Acd H
92% 76%
120 121

Scheme 26| Synthesis of the cubeban skeleton (122).%

& Fehr, C.; Vuagnoux, M.; Sommer, H. Chemistry — A European Journal 2011, 17 (14), 3832-3836.
68 Flrstner, A.; Hannen, P. Chemistry — A European Journal 2006, 12 (11), 3006-3019.
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1.6 Overview of the Nazarov reaction

1.6.1 Introduction on the Nazarov reaction

The Nazarov reaction is an established method for the formation of
cyclopentenones, based on the stereospecific construction of a new carbon-carbon bond by
simple orbital reorganization. It was first reported by Ivan N. Nazarov in 1941 (Scheme 27).%°
While attempting to hydrate dienyne 123, he observed the spontaneous cyclization of vinyl

ketone intermediate 124 into 2-cyclopentenone 126 under acidic conditions.

| 0 (0] ]
HQSO4, H2$O4
= — ©
7 T
MeOH/H,0 \”)\K/\\@ c)
AN H H
124

123 125 126

Scheme 27| Original Nazarov’s observation.®

Since then, this transformation has received tremendous attention due to its ability to form
synthetically versatile cyclopentenones via a 4m-electrocyclization of a 1,4-pentadienyl
cation, generated from cross-conjugated divinyl ketones (Scheme 28).70 With suitable
substitutions on dienones, the orbital reorganization creates new stereocenters in the

oxyallyl cation 129, which are retained in the pentacyclic product 131.

A
- A
) Q . 0 conrotatory @) O/A 2
R R' A R2__A._R* | cyclization 2 4 | -H 2 4 +H"  R2 R4
| | — C) N —_— R R — R R O
| \R3 3 - .
R'] R3 R1 ! R3 R R A 1 -
3
R" H R" H RO R
127 128 129 130 131

A = Lewis acid or Bronsted acid

Scheme 28| The Nazarov reaction mechanism.”®

The mechanism of this cyclization is depicted in Scheme 28.”* Coordination of a Brgnsted or

a Lewis acid to the ketone induces the electrocyclization of the pentadienyl cation 128. A

® (i) Nazarov IN, Zaretskaya Il. Izv. Akad. Nauk SSSR, Ser. Khim 1941, 211-224. (ii) Nazarov IN, Zaretskaya Il. Zh.
Obshch. Khim. 1957, 27, 693-713. (iii) Nazarov IN, Zaretskaya Il, Sorkina TI. Zh. Obshch. Khim. 1960, 30, 746-
754.

70 (i) Santelli-Rouvier, C.; Santelli, M. Synthesis 1983, 1983 (06), 429-442. (ii) Habermas, K. L.; Denmark, S. E.;
Jones, T. K., Org. React. (N.Y.) 1994, 45, 1.

& Denmark, S. E.; Jones, T. K. Journal of the American Chemical Society 1982, 104 (9), 2642-2645.
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conrotatory 4mn-electron ring closure proceeds to form an oxyallyl cation intermediate 129,
having substituents R* and R?in an anti relationship. This intermediate can undergo diverse
reaction pathways such as carbocationic rearrangements or interception from 129 with
external nucleophiles. Commonly, E; elimination of a proton occurs to generate enolate 130

leading to 2-cyclopentenone 131 upon reprotonation

Although this reaction has been extensively developed and expanded, in this chapter, only
selected examples will be discussed separated in three classes: the catalytic Nazarov

reaction, the interrupted Nazarov reaction and the heteroatomic Nazarov reaction.

1.6.2 Catalytic Nazarov reaction

Until recently, optimal Nazarov cyclization conditions required the use of
stoichiometric amount of Lewis acid such as BFs;, SnCls, TiCl; or AICl3 to promote the
reaction. This suggests that the Lewis acid-complexed enolate 130 (Scheme 28) is too stable
to undergo protonation required for efficient release of the Lewis acid, preventing catalytic
turnover. To overcome this issue, highly reactive divinyl ketones were established in
combination with mild Lewis acids to catalyzed electrocyclizations. Based on these
improvements, the focus was made on the development of catalytic asymmetric Nazarov
cyclizations. However, so far, an efficient and general enantioselective cyclization has not

been reported, but promising advances have been made toward this goal.72

The catalytic Nazarov cyclization was mostly studied with polarized substrates by the

groups of Frontier, Trauner, Tius and Belfield.

In 2003, Frontier and collaborators studied the effect of vinylic substituents on the reactivity
of the polarized Nazarov reaction. They screened various substituents in a and B positions of

the electrophile as well as in the a-position of the nucleophile (Scheme 29).”®

72 Frontier, A. J.; Collison, C. Tetrahedron 2005, 61 (32), 7577-7606.
73 He, W.; Sun, X.; Frontier, A. J. Journal of the American Chemical Society 2003, 125 (47), 14278-14279.
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Q o)
Rj)K[R?’ Cu(OTf), (2 mol%) R! R3
| —_— I ]’
2 4 DCE, 25-55 °C 5 -
R R 5 min - 240 h R R
132 133
R"=H, alkyl, Cy (ether) 16 examples
24 alkl 30-99%
R =H, alkyl, Cy
R3=H, CO,Me

R* = Cy, aryl, furyl

Scheme 29| Effect of substituents in the polarized Nazarov reaction of divinyl ketone 132.”3

with R! as an ether and R® an ester, electron-rich aromatic substituents (R4) increased
reaction rates, especially when substituted by an electron-donating group that contributes
to the resonance system of the enone. When replacing R' and R? by a cyclic, acyclic or
aromatic group, vinyl nucleophiles cyclized smoothly. In this case, reactions were slower
compared to when R!, R? is a dihydropyran. Finally, substrates with carbomethoxyl

substitution at R? cyclized more efficiently.

Trauner’s group described the same year, an expeditious and high-yielding Nazarov
cyclization of 2-alkoxy-1,4-pentadien-3-ones such as 134 (Scheme 30).”* They were able to
synthesized highly functionalized heterobicyclic and -tricyclic compounds such as 135 using

aluminum chloride as a catalyst.

0 o
@JE AICI; (10 mol%) o
| -
Me DCE, 1t y
91% ©
134 135

Scheme 30| AlCls-catalyzed synthesis of heterotricycle 135.”

The same year, Tius and co-workers described a catalyzed Nazarov reaction using
palladium(ll) catalyst (Scheme 31).”” a-Alkoxy dienones 136 were converted to 137 or 138
depending on the counter anion of the metal catalyst. While PdCl, leads to 2-

hydroxycyclopentenones such as 138, Pd(OAc), gives cross-conjugated cyclopentenones 137

" Liang, G.; Gradl, S. N.; Trauner, D. Organic Letters 2003, 5 (26), 4931-4934.
> Bee, C.; Leclerc, E.; Tius, M. A. Organic Letters 2003, 5 (26), 4927-4930.
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via an oxidative process. The reaction takes place under mild conditions and, in the case of

the PdCl,-catalyzed process, with high efficiency (91% yield).

o 0 OH
0, 0
ont Pd(OAC), (20 mole) o PdCl2(MeCN); (10 moi%) Ve o
DMSO 02 80 °C \ wet acetone, rt
PH e Ph Ph
137 50% 136 91% 138

Scheme 31| Palladium(ll)-catalyzed cyclization of ketone 136.”

Finally, Belfield’s group worked on a catalytic asymmetric Nazarov reaction
promoted by chiral Lewis acid complexes (Scheme 32).”® Divinyl ketones bearing a-ester
such as substrate 139 or a-amide groups underwent Nazarov cyclization with moderate to

good enantiomeric excesses. This is an example of external asymmetric induction.

0 ﬁ\ Catalyst : | AN SbFsze
catalyst (50 mol% Ph R
f\* e L ooy

CHZCIZ rt - oh _ N"-Cu---Nﬁ\
96% N
° 140, 83% ee N\

Scheme 32| Nazarov cyclization of ketone 139 using a copper—-bisoxazoline Lewis acid
complex.”®

1.6.3 Interrupted Nazarov reaction

The key intermediate of the Nazarov reaction is the oxyallyl cation 129 (Scheme 28).
It is stable enough to be intercepted with nucleophilic species. West has termed this the
‘interrupted’ Nazarov cyclization pathway, and has reported a number of different methods
for trapping of the cationic intermediate.”’ In this section, trapping with alkenes and arenes,
1,3-dienes resulting in C-C bond forming and reduction of the oxyallyl cation with hydride
are presented. Usually, this trapping changes the course of the reaction away from the

formation of 2-cyclopentenones towards polycyclic compounds.

7® aggarwal, V. K.; Belfield, A. J. Organic Letters 2003, 5 (26), 5075-5078.
77 Grant, T. N.; Rieder, C. J.; West, F. G. Chemical Communications 2009, (38), 5676-5688.
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1.6.3.1 Intramolecular cyclization

The first example of interrupted Nazarov cyclization was reported by West and co-
workers in 1998. It involves the trapping of oxyallyl cations 142 with a tethered alkene
(Scheme 33).”% In this example, a single hemiketal product 145 is obtained via the formation
of two new carbon-carbon bonds and 6 stereocenters upon treatment of achiral trienone

141 to BFs.Et;0.

Et i Me I:3'3?0 I:38?0
B TR Me 2
BF3.Et,0 Et @) Me/ Et
Me _— Me .
| Me HI' Me H
141Me Me 142 143
HO o) Me 0o Me
Me H,O Me
Ethﬁme 2 Et\@we
Me H Me H
145 144

Scheme 33| Interrupted Nazarov cyclization of ketone 141 with intramolecular alkene
trapping.”®

Activation of the carbonyl by BF3.Et,O promotes the 4m-conrotatory electrocyclization that
generates the cyclic oxyallyl cationic intermediate 142. The latter is captured in a 5-exo
intramolecular cyclization by the alkene, generating intermediate 143 as a boron enolate
and a tertiary carbocation. Finally, the oxygen of the enolate attacks the carbocation to give
144, which upon hydrolysis results in product 145 with exclusive protonation from the
convex face. This reaction is possible only if the starting material has two carbon tethers

between the alkene and the dienone and if both a positions of ketone as substituted.

Alternative trapping modes have also been described by the same group. They
reported a tandem reaction involving an initial Nazarov type ring closure of 1,4-diene-3-one
followed by intramolecular concerted [4+3]-cycloaddition. The oxyallyl intermediate

generated by the electrocyclization can be used as a dienophile in the [4+3]-cycloaddition

’® Bender, J. A.; Blize, A. E.; Browder, C. C.; Giese, S.; West, F. G. The Journal of Organic Chemistry 1998, 63 (8),
2430-2431.
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reaction.”’ Thus, tetraenone 146 was subjected to FeCl; at -30 C providing tetracyclic
cycloadduct in almost quantitative yield as a mixture of diastereomers 147 and 148 (Scheme
34). Both products result from the approach of the 1,3-diene to the less hindered face of the
intermediate fused bicyclic cation followed by [4+3]-cycloaddition trough either endo or exo

transition states. This reaction leads to the formation of three new C-C bonds and 4 new

stereocenters.
0 FeCl 3
o~ s . . ﬁ’
CH,Cly, -30 °C .'
98%
146 147, endo 148, exo

1.4 :1 (endo : exo)

Scheme 34| Intramolecular [4+3]-cycloaddition using FeCls.”

1.6.3.2 Intermolecular cyclization

This type of interrupted Nazarov was also reported with an intermolecular olefin
trapping. For example, West et al. examined the trapping of divinyl ketone 149 with
allylsilanes (Scheme 35).% It can be noted here that SnCl, and BFs;.Et,0 provide

complementary diastereoselectivity.

(o]
|

Ph. [\..Me
LA = BFa Efzo \\\ B 7 siMe
N

SiMes phMe
Me \ﬁ/Me
Ph
Me
/\/SI(/-PF)3
PhMe Si(i-Pr)3

LA =SnCl, Si(i-Pr)3
151, 51%

150, 49%

(0]
Me Me
|
Ph Ph

Scheme 35| Interrupted Nazarov cyclization of ketone 149 with aIIyItriisopropyIsiIane.80

7 Wang, Y.; Arif, A. M.; West, F. G. Journal of the American Chemical Society 1999, 121 (4), 876-877.
8 Giese, S.; Kastrup, L.; Stiens, D.; West, F. G. Angewandte Chemie International Edition 2000, 39 (11), 1970-
1973.
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In 2008, a similar reaction was observed when dienones with constrained C=C bonds
within rings were treated with Lewis acid in the presence of an electron-rich aromatic
compounds (Scheme 36).%* This reaction furnished unique arylated tricyclic products 153 or

154 derived from electrophilic aromatic substitution of ketone 152.

(0] 0]
o BF3.Et,0, CH,Cl, H || Ar H || Ar
- or =
Ar-H (10 equiv) B B
H H H H
152 153a: Ar = 2-furyl, 79% 154 : Ar = 2-anisyl, 81%
153b : Ar = 2-thienyl, 79%

153c : Ar = N-Ts-pyrryl, 78%
153d : Ar = 2,4-(MeO),CgH3, 79%

Scheme 36| Interrupted Nazarov cyclization of ketone 153 with arenes.?*

1.6.3.3 Reductive cyclization

Another option consists in intercepting the cationic intermediate with a hydride in a
reductive Nazarov cyclization. Thereby, Giese and West were able to reduce the oxyallyl
cation with trialkylsilane to give ketone product 156 (Scheme 37).% This is an example of
interrupted Nazarov cyclization with a trapping step involving hydride rather than the m-
system of an alkene or arene. Upon acidic workup, ketone 156 could be isolated in good
yield from this process, even with just 10 mol% of Lewis acid. The regioselective reduction

occurs at the less-substituted position of the oxyallyl cation.

0 1) Lewis acid (10 mol%) 0 OSiEty
Me Me Et3SiH (2 equiv) Me:., Me Me:., Me
| | 2) Acid work up
Ph Ph Ph Ph Ph Ph
155 156 157
LA = AIEt,CI, H,0: 44% 49%
LA = BF3.Et,O, HCI:  98% 0%

Scheme 37| Reductive Nazarov cyclization of ketone 155.%

The interrupted Nazarov reaction is not limited to C-C bond formation. Indeed, the

trapping can be broadened to heteroatomic nucleophiles such as oxygen, nitrogen and

8l Rieder, C. J.; Fradette, R. J.; West, F. G. Chemical Communications 2008, (13), 1572-1574.
82 (i) Giese, S.; West, F. G. Tetrahedron Letters 1998, 39 (46), 8393-8396. (ii) Giese, S.; West, F. G. Tetrahedron
2000, 56 (52), 10221-10228.
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halide nucleophiles. Also, trapping with electrophiles have also been reported with

electrophilic halogens sources or Michael acceptors.

1.6.4 Heteroatomic Nazarov reaction

In the past ten years, the Nazarov reaction has been extended to heterocyclic
systems with N-, O- and S-heterocyclic divinyl ketones to form cyclopentan-fused
heterocyclic compounds. This increased interest arises from the presence of such

heterocyclic core in several natural and biologically active compounds.

Based on Bergman’s work®?, Ishikura and collaborators reported the synthesis of
cyclopent[b]indolones 159 and 160 via intramolecular ring closure of a,B-unsaturated

acylindoles such as 158 (Scheme 38).%*

100 °C,20h

O | ‘ HCI, dioxane, O l/‘\
N =

H
OH

158
J BF3.0Et,

benzene,
80 °C, 30 min

Scheme 38| Cyclization of indole substrates 158 via Nazarov reaction.®

The stereochemistry of the resulting product was controlled by the nature of the acid.
Indeed, using HCI provided a mixture of 159 and 160 whereas BF3.OEt; led only to 160 in
80% vyield. The protic acid-promoted ring closure of 158 could be obtained by an
intramolecular Michael addition. However, this cannot explain the exclusive formation of
160 utilizing BF3.0Et,. Instead, an electrocyclic Nazarov reaction through dienyl cation

intermediate could account for the exclusive formation of 160.

8 Bergman, J.; Venemalm, L.; Gogoll, A. Tetrahedron 1990, 46 (17), 6067-6084.
84 Ishikura, M.; Imaizumi, K.; Katagiri, N. Heterocycles 2000, 53 (10), 2201-2220.
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In 2006, Whatton and colleagues published the first examples of Nazarov
cyclizations leading to annulated pyrroles.®® Reactions between a-substituted unsaturated
carboxylic acids such as 162 and N-tosylpyrroles like compound 161 in the presence of
trifluoroacetic anhydride result in a-acylation of the pyrrole, followed by Nazarov cyclization
to give cyclopenta[b]pyrroles 163 with moderate to good yields (Scheme 39). The presence

of an a-substituent in the a,B-unsaturated carboxylic acid appears to be essential.

o) Me
Me
y e o (CF4C0),0
e - .
N Me Me— |
Tos 64% N
Me Tos o)
161 162 163

Scheme 39| Synthesis of annulated pyrrole 163 via a Nazarov reaction.®

The same year, Frontier et al. established a general catalytic method for efficient
Nazarov cyclization of systems containing heteroaromatic components (Scheme 40).86
Scandium triflate was shown to be more efficient than copper triflate, indinium triflate,
iridium(lll) and iron chloride. They showed that the addition of lithium perchlorate was
necessary to catalyze this cyclization. This method was utilized to synthesize a range of

cyclopentanone-fused heteroaromatic systems such as 166 and 167 in moderate to good

yields.
oA O O O O
< f \/( 5 examples
4 | | OMe (\ & OMe 66-80%
X Sc(OTf)3 (5 mol%) ~-
R : . X R
164 LiCIO4 (1 equiv) 166
or - s or
o o DCE, 80 °C o /o
X OMe X=0,N, S X { “NoMe 3 examples
A~ R = n-Pr A 36-97%
/ r
< R i b R
- - [§ J
165 v 167

Scheme 40| Heteroaromatic Nazarov cyclization.®

# Song, C.; Knight, D. W.; Whatton, M. A. Organic Letters 2006, 8 (1), 163-166.
8 Malona, J. A.; Colbourne, J. M.; Frontier, A. ). Organic Letters 2006, 8 (24), 5661-5664.
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The last example shown in this chapter is a Lewis acid catalyzed electrocyclization
recently described by Occhiato and colleagues for the preparation of cyclopenta-fused N-,
O-, and S-heterocycles (Scheme 41).¥” Cyclization of thiopyranyl derivatives 168 (X = S)
resulted in Nazarov product with good yield (= 70%) after one hour at room temperature.

Similar results were obtained with N- or O-containing starting material.

R2  3-15% Sc(OTf) R2
R1_|\ | | or |n(OTf)3 R’I_I\ | ® | R1_|\/jQ7R3
3 0 X RS X
X R DCE, 0-55 °C \ Y
(0] v O
LA™
168 X =N-EWG,Oor S 169 170
53-86%

Scheme 41| Electrocyclization with heterocyclic dienone 168.%

The good vyields for the cyclization of heteroatom-containing dienones 168 could be
explained by the role that heteroatoms play in the stabilization of the positive charge
generated at the a-position in the intermediate (Scheme 41). Also, bidentate binding of the
Lewis acid to the carbonyl and the heteroatom on the substrate could help the orientation

of the two vinyl moieties to promote the cyclization.

The same authors later showed that treatment of thiovinylketone 171 with Amberlyst 15 in
CH,Cl, provides the Nazarov cyclization product 172 with 59% yield (Scheme 42).8
Compared to the carbocyclic system, the sulfur atom in B position of the carbonyl group is
capable of accelerating the reaction.

0 Amberlyst 15 0
s CH,Cly, 24 h, 25 °C

CaH7 CsHy7
171 172, 59% 41%

+ 171

Scheme 42| Electrocyclization with S-heterocyclic dienone 171.%

¥ Bartali, L; Larini, P.; Guarna, A.; Occhiato, E. G. Synthesis 2007, 2007 (11), 1733-1737.
8 Cavalli, A.; Pacetti, A.; Recanatini, M.; Prandi, C.; Scarpi, D.; Occhiato, E. G. Chemistry — A European Journal
2008, 14 (30), 9292-9304.
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1.6.5 Natural products synthesized via Nazarov electrocyclization

The Nazarov reaction and has been widely used in the synthesis of several natural

product. Selected examples are described thereafter.

In 2007, Williams and coll. reported the total synthesis of fusicoauritone by a
Nazarov reaction of endiketone 173. Treatment of this macrobicycle with catalytic amount
of BF3; etherate gave the desired tricyclic product 174 with an all-syn stereochemistry

(Scheme 43).%°

BF3.E,0
_—

DCE, reflux, 77%

173 174 fusicoauritone

Scheme 43| Synthesis of fusicoauritone via Nazarov reaction.®

In 2010, Shindo’s group described the total synthesis of the antibiotic, (+/-)-
xanthocidin (Scheme 44).%° The key step of this approach was the FeCls-promoted fast
Nazarov reaction of the B8-alkoxy divinyl ketone 175 in the presence of t-BuOH. This reaction
gives access to a-exo-methylene cyclopentenone 176, which is the core skeleton of this

natural product.

o) Q o
FeCl; (1 equiv)
> " OH
TBSO | - | , CH,Cly, tBUOH _ \'OH
iPr OiPr tt. 3 min, 86% TBSO iPr HO,C iPr

175 176 (+)-xanthocidin

Scheme 44| Synthesis of (+)-xanthocidin via Nazarov reaction.”

More recently, Flynn and coworkers reported the enantioselective formal synthesis of (+)-

roseophilin, an anticancer natural product (Scheme 45).>* The key point of this synthesis is

8 Williams, D. R.; Robinson, L. A.; Nevill, C. R.; Reddy, J. P. Angewandte Chemie International Edition 2007, 46
(6), 915-918.

* vaji, K.; Shindo, M. Tetrahedron 2010, 66 (52), 9808-9813.

**Kerr, D. J.; Flynn, B. L. Organic Letters 2012, 14 (7), 1740-1743.
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the combination of reductive coupling and chiral Brgnsted acid catalyzed Nazarov
cyclization. This two-step approach gives access to highly substituted cyclopentanoids 178

containing several stereocenters.

Catalyst

—_— —_—
e

CCly, 0°C

91%, ee 82%

177 (+)-roseophilin

Caratlyst: R = 9-anthracyl
R

C Q0
P NHTS
o
R

Scheme 45| Synthesis of of (+)-roseophilin via Nazarov reaction.”

As it was described it the previous chapter, the Nazarov electrocyclization was also
used in the total synthesis of flavaglines by Frontier’> and Magnus® groups (Scheme 46, see

section 1.4.5 for more details).

0 Me
MeQ \ AcBr
PR
O N 81%
MeO 0 OMe
40

Scheme 46| Magnus’s synthesis of methyl rocaglate 45 via Nazarov reaction.’®

%2 Malona, J. A.; Cariou, K.; Frontier, A. J. Journal of the American Chemical Society 2009, 131 (22), 7560-7561.
9 (i) Magnus, P.; Freund, W. A.; Moorhead, E. J.; Rainey, T. Journal of the American Chemical Society 2012, 134
(14), 6140-6142. (ii) Magnus, P.; Stent, M. A. H. Organic Letters 2005, 7 (18), 3853-3855.
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2. OBJECTIVES

The principal objective of this thesis was to develop a flexible synthesis of flavaglines
to access original and patentable derivatives that cannot be prepared by methods described

in the literature.

A second objective was to synthesize a flavagline conjugated via a spacer group to a
polar fluorescent dye that cannot easily cross the plasma membrane by mere diffusion, in

order to characterize the mechanism of chemoresistance involving prohibitin-1 (Figure 6).

179

Figure 6 | Fluorescence probe 179.

A third objective was to synthesize a pyrazole isostere of flavaglines (Figure 7). We
hypothesized that this compound harbors the functionalities that are required for the

anticancer and cytoprotective activities of flavaglines.

Figure 7 | Pyrazolic isostere of flavaglines.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

3. RESULTS

3.1 Synthesis of flavaglines based on Ragot’s approach

3.1.1 Retrosynthetic strategy

To synthesize novel flavaglines, a new synthetic route was proposed based on key
intermediate 181 using Ragot’s approach94 for the final steps as described in section 1.4.4
(Scheme 47). This cyclopentenone could be accessed via a Rautenstrauch rearrangement
starting from the acetate of alcohol 182. Propargyl alcohol 182 would be synthesized via a
Sonogashira reaction followed by C-alkylation with lithiated trimethoxybenzene. Acid 184

could be prepared from a Perkin condensation of carboxylic acid 185 and benzaldehyde.

OMe
QW
Ragot's
— RO '
approach O

Ph
MeO
180 181
Ox_OH
CO,H
+PhCHO <——= AN
MeO
Ph
Ph
MeO MeO
185 184 183

Scheme 47| Initial retrosynthetic strategy for the synthesis of rocaglaol 180.

3.1.2 Synthesis of cyclopentenone intermediate

Acid chloride 186 was generated quantitatively from the corresponding carboxylic
acid which was obtained stereoselectively by a Perkin reaction. A major advantage of the
Perkin reaction is the productions of a single adduct that harbors two aryl moieties in a Z-
fashion. Introduction of trimethylsilylacetylene by a Sonogashira coupling (64%) and

alkylation with lithiated trimethoxybenzene afforded propargyl alcohol 182a in 71% vyield.

% Thede, K.; Diedrichs, N.; Ragot, J. P. Organic Letters 2004, 6 (24), 4595-4597.
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T™MS
Os_Cl o. F
1) PhCHO, Ac,0, TMS—=  Et;N
/©/\COZH Et3N, 110 °C SN Pd(PPh3),Cly, Cul X
MeO 2) (COCl), cat. DMF, MeO Ph1,4-dioxane, rt MeO Ph
185 CHyCl, 1t 186 64% 183

quantitative

1,3,5-trimethoxybenzene
sec-BuLi, THF | 71%
-78 °C tort

MeO

188 187

Scheme 48| Attempted synthesis of cyclopentenone 188.

In order to achieve the Rautenstrauch rearrangement, propargyl alcohol 182a must be

acylated. All our attempts on the esterification of compound 182a are depicted in Table 1
and Scheme 49.

- Ac,0 or AcCl, EfN,

MeO MeO OMe
cat. DMAP, CH,Cl AcCl NaH. THF T™MS
Starting - AcCl, n-Buli, THF - AcCl, NaH, 1,4-dioxane
material
182 - Ac,0, DMAP (1 equiv), neat

- PivCl, n-BuLi, THF
- Ac20, DIPEA, P(Bu)s, neat

MeO
182a 187
- BzCl, n-BuLi, THF Traczs c;f 3c;aty1at§d
proauc etecte
- BzClI, NaH, TH.F by NMR or MS
- TsNCO, n-BuLi, THF

- p-NO,-PhOCOH, n-BuLi, THF

Degradation

Scheme 49| Summary of attempts of acylation of 182.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

Table 1 | Representative examples of attempts to acylate propargyl alcohol 182.

Entry  Reagent Base Catalyst Solvent T(°C) 182° 187°
1 AcCl n-BulLi - THF rt 100 0
2 AcCl EtsN DMAP DCM 50 100 0
3 AcCl NaH - THF reflux 85 15
4 AcCl NaH - 1,4-dioxane reflux 0 traces
5 Ac,0 - DMAP neat rt 100 0
6 Ac,0 DIPEA P(Bu)s neat rt 100 0
7 PivCl n-BulLi - THF rt 0 traces
8 BzCl n-BulLi - THF rt degradation
9 BzCl NaH - THF rt degradation

?Yields are based on *H NMR.

Using acetic anhydride or acetyl chloride, almost no reaction occurred (entries 1-6, Table 1).
Indeed, only the starting material was observed, despite the wide range of bases used to
form the alkoxide. Even heating at reflux did not promote the reaction in favor of the
acetylated product. Best results were obtained using sodium hydride with acetyl chloride
with 15% yield based on 'H NMR (entry 3). We then changed the reagent of acylation to
benzoyl chloride, tosyl ioscyanate and p-nitrobenzyl formate. In all cases, degradation of the
product was observed (entries 7 and 9). In some assays (entries 3 and 4), we could observe
traces of acylated product by 'H NMR or in mass spectrometry. Thereby, all our attempts

were unsuccessful due to lack of reactivity or high instability of the expected ester 187.

We then considered replacing the ester function by a labile inorganic ester in the
Rautenstrauch reaction (Scheme 50). As far as we know, this type of approach has never

been reported.

_0 -
M= MI~0
o 2 "2 i oM R
R \‘ ., R1 3 M1 .,
RN [M] RN R? R?
R3 R® R3 R®
189 190 191 192

Scheme 50| Considered mechanism with an inorganic ester.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

Two reagents were considered to form the inorganic ester: MoO,(acac), and 4-MeO-
PhB(OH),. However, we needed to take into consideration the possibility of a competition
with the Meyer-Schuster reaction. Indeed, in 2008, Akai et al. showed that the use of
molybdenum in combination with a gold(l) catalyst leads to a 1,3-rearrangeemnt of
propargyl alcohols 193 in a,B-unsaturated ketones 195 (Scheme 51).% In the same manner,
the group of T.D. Sheppard prepared enones 195 starting from propargyl alcohols 193 via

the formation of boron enolate 194 catalyzed with gold(l) (Scheme 51).%

[Mo]
. OH 10/[M0]\\O AUCI(PPhj) AN
R MoOj(acac), R ) AgOTf Rl o) o)
RN R?” N\ TN s
R3 /l:/ R3 R R
193 [Au] [Aul
ArB(OH), J J
Ar Ar

|
_B. B 2
R1O OH PPh;AuUNTf, R OJ:\ @ RT O
RN RZ\J\)\W R1NOR3
Ag ~ R [Au]

Ar = 4-methoxyphenyl 194 195

Scheme 51| Meyer-Schuster’s reaction using a combination of Mo-Au catalyst or boronic
acid.”%

We examined this reaction on a model substrate (compound 196, Scheme 52) which was
well studied by Frontier’s team in the Rautenstrauch rearrangement.”’ It was synthesized in
3 steps from cyclohexanone and benzaldehyde. Using molybdenum(VI) oxide, we did not
observe any formation of the cyclopentenone 197 despite the various conditions tested
(Table 2). When using acetone or nitromethane as a solvent, no reaction was observed
(entries 1 and 2). Switching the solvent to dichloromethane at reflux, gave access to product
198 from dehydration of starting alcohol (entry 5). On the other hand, if the reaction is
conducted at room temperature in dichloromethane or toluene, allylic rearrangement

product 199 was generated (entries 3 and 4).

% Egi, M.; Yamaguchi, Y.; Fujiwara, N.; Akai, S. Organic Letters 2008, 10 (9), 1867-1870.

% Pennell, M. N.; Unthank, M. G.; Turner, P.; Sheppard, T. D. The Journal of Organic Chemistry 2011, 76 (5),
1479-1482.

% Caruana, P. A.; Frontier, A. J. Tetrahedron 2007, 63 (43), 10646-10656.
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O

279, | 1)BNCHO, KOH 1N, reflux, 3 h
over | 2)n-Buli, THF,-7810 -50 °C, 3 h
3 steps TMS—
3) K,CO3, MeOH, rt, 2 h

wo. 7
~ph M002 acac), / Ph
Solvent T(°C), 24 h

196

O

Scheme 52| Attempts for the formation of cyclopentenone 197 in the presence of
MoO,(acac),.

Table 2 | Attempts of cyclization of the model substrate 196.

Entry  Solvent T(°C) 196 (%)° 197 (%)° 198 (%)° 199 (%)° 200 (%)°
1 Acetone rt >90 - - - -
2 CH3NO;, rt >90 - - - -
3 DCE rt - - - >90 -
4 PhMe rt - - - >90 -
5 DCE reflux - - >90 - -
6°  DCE rt - - ; ; 25

? yield based on GC-MS b HgCl, was added as a co-catalyst.

It can also be noted that using mercury chloride in addition to the molybdenum-catalyst,
unexpectedly led to the formation of methylfuran 200 (Table 2, entry 6). Similar
rearrangements using other catalytic systems have been reported in the literature. Indeed,
in 2012, Haak and coworkers observed a ruthenium-catalyzed rearrangement of 1-vinyl
propargyl alcohol into furan 202 (Scheme 53).%% The starting enynol 201 could undergo oxo-
cyclization in the presence of the ruthenium catalyst and trifluoracetic acid. The authors
attributed the formation of furan 202 to a transformation that may involve an allenylidene

intermediate.

% (i) Thies, N.; Hrib, C. G.; Haak, E. Chemistry — A European Journal 2012, 18 (20), 6302-6308 (ii) Jonek, A.;
Berger, S.; Haak, E. Chemistry — A European Journal 2012, 18 (48), 15504-15511.
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HO Catalyst (2 mol%) Catalyst: NK\N
TFA (2 mol%) _ ﬁ,ph
Z N S
b CeD6.80°C,8h O T
201 52% 202, 25% ocC

Scheme 53| Formation of furan 202 from 1-vinyl propargyl alcohol 201.%

In a similar manner, Thum’s group observed, in a small amount, the formation of such furan
using a perrhenate catalyst (Scheme 54).° They proposed that the mechanism could start
with a dehydration forming carbocation 204a which could be re-hydrated into intermediate
204b and cyclize to give cyclic intermediate 205. Aromatization could lead to furan product
206. However, as intermediate 204b is atypical, we propose an alternative pathway
involving conformer 204c, which could react with water to generate alcohol 204d en route

to intermediate 205.

“ (BuzN)ReO, (15 mol%) B
o
OH
CH,Cly, 1t
203 15% 206
™
oH 7Y
H+
204b 205
on |
=
204c 204d

Scheme 54| Rhenium-catalyzed rearrangements of enynol 203.%

On the same model substrate 196, we also examined Sheppard’s conditions using 4-
methoxyboronic acid and gold catalyst PPhsAuNTf, (Scheme 55). In these conditions, we did

not observe any formation of the cyclopentenone. We only isolated the product of allylic

* Arnold, W.; Bonrath, W.; Pernin, R.; Thum, A. Helvetica Chimica Acta 1996, 79 (3), 646-650.
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rearrangement 199 with 45% yield. When the catalyst was switched to mercury chloride or

deleted, no reaction was observed.

Vi 4-MeO-PhB(OH)s, o) Il
HO PPhsAUNTf, OH
Ph  +
=z
Ph PhMe, rt, 18 h Ph
196 197, 0% 199, 45%
/ 4-MeO-PhB(OH),, HgCl,
HO / or without catalyst
Z >Ph Starting material 196
PhMe, rt, 18 h
196

Scheme 55| Attempts to perform au Rautenstrauch-like reaction catalyzed by a boronic acid
and Au(l) or Hg(ll) salts.

As all our attempts of acylation of propargyl alcohol 182a were unsuccessful, we
considered a new route to access cyclopentenone starting from the same propargyl alcohol
(Scheme 56). This approach combines a molybdenum(VIl)-catalyzed etherification of allylic
alcohol with a gold(l)-catalyzed intramolecular cyclization process based respectively on

Zhu’s and Rhee’s groups’ work.**%*!

MeO O OMe  Au-catalyzed Meo Allylic
cyclization101 rearrangement 100
MeQ l’ = Me e
Ph
MeO
188 207

Scheme 56| New strategy for the preparation of cyclopentenone 188.

Zhu et al. developed a substitution of allylic alcohol 208 with various nucleophiles including

alcohols, catalyzed by molybdenum(V1) (Scheme 57).1%°

% yang, H.; Fang, L.; Zhang, M.; Zhu, C. European Journal of Organic Chemistry 2009, 2009 (5), 666-672.

An, S. E.; Jeong, J.; Baskar, B.; Lee, J.; Seo, J.; Rhee, Y. H. Chemistry — A European Journal 2009, 15 (44),
11837-11841.

101
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MoOz(acac)2 (10 mol%),
OH NH4PFg (10 mol%), MeOH OMe OMe

N
An/\)\Ph CH3CN,65 °C, 3 h An/\)\Ph Ph)\/\An
208 85% 208a 208b
An = anisyl 208a:208b
54:46

Scheme 57| Rearrangement and nucleophilic substitution of allylic alcohols 208.*%

Rhee et al. prepared substituted 2-cyclopentenones starting from 5-siloxypent-3-en-1-ynes

209 using gold(l) catalyst (Scheme 58).10%

The authors proposed that, in the presence of
highly electrophilic cationic gold(l) complex, oxonium intermediate 210 could arise from the
attack of the siloxy group to the alkyne. With the assistance of iPrOH, cyclized intermediate

211 could lead to cyclopentenone 212.

Au Au 1 o
RS = [(CeF5)sPIAUCI - s | RS PR R2
|  OR' AgSbFg, i-PrOH, ® R ’
_R1 OR"| o
R4 R2 | O-R | RZ 4 R4 2
R® CH,Cly, it R 7Sg2 e R ToR? \ 3R
R R3 i-PrOR!
209 210 211 212
R' = OSiEts
R'", RZZH

Scheme 58| Gold(l)-catalyzed cyclopentanone formation developed by Rhee and coll.***

Although this reaction was described exclusively with tertiary silyl ethers (209, Scheme 58),
we considered that the phenyl and the trimethoxyphenyl groups of substrate 182a should
sufficiently stabilize the carbocationic intermediate to allow the reaction to proceed
(Scheme 59). The silyl ether was replaced by a methoxy due to its easier preparation.
Indeed, the direct molybdenum (VI)-catalyzed transposition and etherification of allylic
alcohol 182a at 50 °C afforded a 1:1 mixture of ethers 213a and 214a in a 26% yield (Table 3,
entry 2). Increasing the temperature to 65 °C improved the ratio to 3:1 in favor of the
desired ether 213a in a 40% vyield (entry 4). Increasing the temperature further promoted

the decomposition of this product (entry 7).
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MeO
MoO,(acac)s,
NH4PFg
CH3CN, MeOH
T(°C),3h
MeO
182a 213a

Scheme 59| Rearrangement and nucleophilic substitution of allylic alcohols 182.

Table 3 | Optimization of the temperature for the molybdenum-catalyzed rearrangement.

Entry  T(°C) ratio 213a/214a° 213a/214a (%)° 213a (%)° 214a (%)°

1 r.t. 1/1 n/a 25 n/a
2 50 1/1 55 26 n/a
3 60 3/1 85 40 16
4° 65 3/1 n/a 38 n/a
5 70 3/1 n/a 38 n/a
6 80 3/1 n/a 39 n/a
7 100 degradation

“based on 'H NMR Pisolated yields.

Before examining the synthesis of cyclopentenone 188 from rearranged product 213a, we
validated Rhee’s approach on a substrate similar to the one explored by Frontier and
collaborators. Alcohol 196 was rearranged and etherified to the desired isomer 215 with
66% yield (Scheme 60). We can conclude based on the various experiments reported in
Table 4 that the presence of isopropanol and AgSbFg is required to completely convert the
starting material. More importantly, we demonstrated that this reaction can be performed

with a methyl ether instead of a silyl ether that is present on a quaternary carbon.

MoO,(acac)s,, Au[(CeHs)3PICI 0
HO 7 NH.PF I OMe AgSbFg, i-PrOH H
= 46 . H - Ph
Ph Ph
CH3CN, MeOH CH2C|2,
65°C,16 h t,16 h
196 215 197

66 % 48%

Scheme 60| Synthesis of cyclopentenone 197.
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Table 4 | Optimization of the gold-catalyzed cyclization.

Entry Catalysts Co-catalyst i-PrOH 215 (%)*° 197 (%)°
1 AuPPh;.Tf,N - + 60 32
2 Au[(CeHs)sP]ClI - + 90 0
3 Au[(CeHs)sP]Cl AgSbFg ; 75 16
4 Au[( CeHs)sP]C] AgSbFg + 52 48

?yield based on 'H NMR; ®recovered starting material.

These conditions were then used on compound 182a, which had been deprotected using
K,CO3 (Scheme 61). The results are reported in Table 5. In the absence of an alcohol (entry
1), rearranged alcohol 213b was obtained with a low yield (11%). Furthermore, it did not
cyclize after deprotection. Using MeOH or EtOH gave the same vyield for the allylic
rearrangement and in both cases afforded compound 216b and 216c¢ with excellent yields
(entries 2 and 3). However, when R = Et, cyclopentenone 188 was obtained with a slightly
better yield (63% vs. 55% for R = Me). Gratifyingly, the attempt to perform this reaction on
silylated alkyne 213a also afforded 188 with 58% yield (entry 4).

MeO.
MeO OMe
TMS NH4PFg, Au[(CgHs)sPICI O o
MoO,(acac), AgSbFyg, i-PrOH
CH3CN, ROH £ 16h MeQ l’
65°C,3h '
MeO Ph
MeO
182a K,CO3, MeOH |: 213 R = TMS 188
r, 3h 216, R' = H

213a,216a,R = Me
213b, 216b,R =H
213c, 216¢c, R = Et

Scheme 61| Synthesis of cyclopentenone 188.

Table 5 | Yields of the different steps for the synthesis of cyclopentenone 24.

Entry R 213 (%) 216 (%) from 213 188 (%) from 216 188 (%) from 182

1 - 213b, 11 216b, 96 0 0
2 Me  213a, 64 216a, 100 55 35
3 Et  213c, 64 213c, 93 63 30
4 Me  213a,64 - 58° 37

®Compound 213a was used as the substrate.
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During the optimization process of this synthesis, we examined Re,07 as a catalyst to

transform allylic alcohol 182a into the ether 213a. Indeed, rhenium oxide is described to

efficiently catalyze this type of transformation.’%? Unexpectedly, instead of obtaining ether

213a, we observed the formation of cyclopentenone 188 in a 32% yield (Scheme 62).

182a

MeO

OMe
Re,07 (1.5 mol%), O 0

MeOH (8 equiv) '
MeQ
CH.Cl,, 45°C,16 h
Ph
32% MeO
188

Scheme 62| Re,0;-catalyzed synthesis of cyclopentenone 188.

To increase the yield of this cyclization, we changed several parameters such as the catalyst,

the alcohol, the solvent and the temperature of the reaction (Tables 6 and 7). Despite

numerous attempts, we failed to significantly improve the synthesis of the cyclopentenone.

In most of the cases, either the reaction did not occur or a mixture of products was obtained

such as rearranged allylic alcohols 213b and 214b, deprotected starting material 216a or

methylfuran 217.

102

132 (17), 5962-5963.

Herrmann, A. T.; Saito, T.; Stivala, C. E.; Tom, J.; Zakarian, A. Journal of the American Chemical Society 2010,
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Res0O7

A OH= TMS (1.5 mol%),
Co- reagents
ARTS +/- alcohol, AP /: Aij:? j\(/ \g\/
Ph Solvent, 45 °C
182a 213b 214b 216a

Ar'= 2,4,6-trimethoxybenzene
Ar? = anisyl

Table 6 | Attempts of formation of cyclopentenone 188 using different co-reagents.
(Conditions: Re;07 (1.5 mol%), MeOH (3 eq.), DCM, 45 °C, 16 h).

Entry  Co-reagents (eq) Alcohol 182a 188 217 213b 214b 216a
1 Au(Ph3P)CI (0,05) MeOH } - - - - +
2 Au(PhsP)NTf, (0,05) MeOH - + - - - +
3 NaAuCl,.2H,0 (0,05) MeOH _ + - - ; ]
4 Cu’*(CNCH3)4BF; (0,05) MeOH - + - - - -
5° CH3CO,H (3) ) + - - - . .
6 1,3-propan-diol (3) - - + - - - +
7 - MeOH® -+ - - - ;

+: compounds formed in substantial quantities, characterized by NMR. ® reaction was carried at rt ° 6
equivalents of MeOH were used.

Table 7 | Attempts of formation of cyclopentenone 188 using different alcohols.
(Conditions: Re,07 (1.5 mol%), DCE, 45 °C, 16 h)

Entry Alcohol (eq) 182a 188 217 213b 214b 216a
1 MeOH (3) - _ i + T N
2 t-BuOH (6) - - + + _ -
3 n-BuOH (6) - + ; - . -
4 Phenylethylalcohol (3) + - - - - -
5° MeOH (3) - - - ¥ + -
6 MeOH (3) - ] + + + )
7 MeOH (6) - + - - - -
8 t-BuOH (6) - + ; - - .

+: Compounds formed in substantial quantities, characterized by NMR. ? 3 equivalents of formamide
were added to the reaction mixture.
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Examining closely the procedures, we realized that it is essential that the rhenium oxide
reacts with methanol in 1,2-dichloroethane for 20 minutes at 45 °C prior to the addition of
propargyl alcohol at 45 °C (Scheme 63). This data therefore suggests that the rhenium oxide

Re,07 works as a precatalyst which has to be activated by treatment with MeOH at 45 °C.

TMS TMS TMS
A 1) Re,07, MeOH, DCE Al _F a P
.
INGAS 2) rtto45 °C Ar2 | OH HO | Ar2
Ph Ph Ph
182a 213b 214b
O
1) DCE, 45 °C, 20 mins Ar Ar' = 2,4 6-trimethoxybenzene
Re,07 + MeOH 2) 182, DCE, 45 °C 2 Ar? = anisyl
' Ph
188, 32%

Scheme 63| Reaction conditions to obtain cyclopentenone 188 with Re,05 as a catalyst.

OMe OMe
R R9207
MeOH
DCE 45°C

186 182a, R = TMS, 45% over 2 steps
182b, R = TBS, 34% over 2 steps
182¢c, R = TES, 18% over 2 steps

1)R—==, Cul
(0] Cl Pd(PPh3),Cl,,
1,4-dioxane, rt

2) 1,3,6-trimethoxy-
Ph benzene, sec-Buli,
MeO THF, -78 °Ctort

MeO

Table 8 | Modulation of the silyl group for the formation of cyclopentenone 24.

Entry R 182 Re,07 (mol%) 188 (%) 217 (%)
1 TMS 182a 1.5 32 18
2 TMS 182a 20 30 N/A
3 TBS 182b 1.5 44 27
4 TES 182c 1.5 22 19

Along with cyclopentenone 188, a second product was formed in the rhenium-catalyzed

cyclization with a lower yield, the methylfuran 217.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

To further optimize this reaction, we modified the silyl group. Replacing trimethylsilyl group
with a more bulky tert-butyldimethylsilyl group improved the reaction allowing the
formation of 44% of cyclpentenone 188 along with 27% of methylfuran 217 (Table 8, entry
3). On the contrary, replacing it with the triethylsilyl group reduced the reactivity of the
starting material. The TBDMS group stabilizes the carbocation intermediate slightly better
than the TMS group, probably due to the higher inductive effect of the t-butyl group,
leading to an increase in yield. We could also observe that the cyclopentenone 188 could be
formed starting from rearranged alcohol 213b but with lower yield (16%, Scheme 64). In this

case, no formation of the methylfuran 217 was obtained.

MeO
OMe
™S MeO OMe MeO OMe

Su ey
Re207, MeOH —

DCE, 45 °C MeQ l’ : Meo  J< °

oo Ph Ph

e MeO MeO

213b 188, 16% 217, 0%

Scheme 64| Formation of cyclopentenone 188 from rearranged alcohol 217.

In order to improve the yields of these reactions and to gain insight in the reaction
mechanism, we explored different reaction conditions starting from carbinol 182. The
detailed optimization will be presented in chapter 3.6. The key information is that this
rearrangement can be catalyzed by a strong Brgnsted acid such as triflic acid. This led us to

postulate the following mechanism for the formation of cyclopentenone 188 (Scheme 65):

ReO4
S|R3 SIR3 OReO3
R9207
oY L opm )é
182 219 220

Ar =2 4 6-trimethoxyphenyl
Ar' = anisyl

Scheme 65| Postulated mechanism for the formation of cyclopentenone 188.

Cyclopentenone 188 is expected to arise through the formation of a stabilized carbocation
218. This intermediate may undergo a ring closure due to the nucleophilic character of the
silylated alkyne to form carbocation 219. Rearrangement and cleavage of the silyl group

gives cyclopentenone 188.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

3.1.3 Attempts to generate flavaglines from the cyclopentenone intermediate

With cyclopentenone 188 in hand, we continued our synthesis by performing the
regioselective demethylation using tribromoborane (75% yield). Thus, coordination of the

borane to the ketone facilitates the selective mono-demethylation (Scheme 66). Ketone 221

Y MeO
BBT3 CH2C|2
-78 °Ctort,6 h OH ‘ OMe
Ph
75%

MeO 188 221 MeO

was than reduced.

MeO—

L|AIH4 (4 equiv),
THF,0 °Ctort, 4 h
quantrtatlf

222a:222b
1:1

Scheme 66| Partial synthesis of benzofuran 223.

Table 9 | Optimization of the reduction of cyclopentenone 221.

Entry Reagents (eq) Solvents T(°C) ?;3 222::r2322b 222;/{))2b22b
1 L-selectride (1.1) THF -78tort + 1.5:1 15
2 Red-Al (1.5) THF -20tort + 2:1 38
3 Red-Al(1.5) THF 0to rt + 2:1 50
4 Red-Al(1.5) THF Otort - 0.8:1 90°
5 NaBH, (2) CH,Cly/MeOH, 1/1 rt 40 - <10
6 NaBH, (10) MeOH rt 40 - <10
8 NaBH, (2), H,0, sonication t 30 ) <10
CeCl5.7H,0 (2)
9 LiAlH,4 (4) THF Otort - 1:1 100°

®based on *H NMR "isolated yields ‘no purification on SiO, ; +: product was not isolated.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

Attempts of diastereoselective reductions are described in Table 9. Despite the various
reagents used, we consistently obtained a mixture of isomers 222a/222b with the hydoxy
group either in cis or trans position relative to the phenyl group. However, the reaction is
guantitative with lithium aluminum hydride (Table 9, entry 9). It should be noted that the
isomerization is observed in deuterated chloroform, and degradation occurs if the product is

heated or if it is in presence of silica gel.

With 222a and 222b obtained, we tried to convert these reactive allylic alcohols into the
flavagline precursor 223 using many methods of activation of allylic alcohols (Scheme 67,
Table 10). Despite the variety of conditions used, we never observed any cyclized product
223. The different reactions lead either to the degradation or the recovery of starting
material. In some cases, as with MoO;(acac), or Re,0; (entries 2 and 4), we noticed a
change in the diastereomeric ratio in the starting material on 'H NMR. Unfortunately, all of
these assays were unsuccessful. Even though compounds with similar structures to 223

®in our case, all assays of such cyclization were

have been described in the literature,®
unsuccessful probably due to the inherent ring strain of this product and the kinetic lability

of the carbocationic intermediate.

OMeOH OMe
- MoO,(acac),, MeO Q MeO
NHsPFs, CH3CN, 65 °C ' MeO O ‘
Degradation OH + cee 6} oh
- ReoO7, MeOH, Ph
DCE, 45 °C O O
MeO e
222a 222b 223,0%
222a:222b
11
- Ar-B(OH), or FeClz.6H,0, | - Pd[P(OCgHs)sls, Na;SOy,
CH3NO,, 50 °C PhMe, 50 °C
- MoOy(acac),, NH4PFg, - PPhsAuCl, AgOTf, 4A MS,
CH3CN, 50 °C CH,Cl,, 50 °C
- Re,07, MeOH, DCE, 45 °C | - Bi(OTf)s, KPFg,
- CHCI3, 4A MS, rt CaS0y, 1,4-dioxane
Y

Starting material

Scheme 67| Summary of the assays of formation of benzofuran 223.

103 (i) Giese, M. W.; Moser, W. H.Organic Letters 2008, 10 (19), 4215-4218. (ii) Magnus, P.; Stent, M. A. H.

Organic Letters 2005, 7 (18), 3853-3855. (iii) Malona, J. A.; Cariou, K.; Frontier, A. J. Journal of the American
Chemical Society 2009, 131 (22), 7560-7561. (iv) Malona, J. A.; Cariou, K.; Spencer, W. T.; Frontier, A. J. The
Journal of Organic Chemistry 2012, 77 (4), 1891-1908. (v) Trost, B. M.; Greenspan, P. D.; Yang, B. V.; Saulnier,
M. G. Journal of the American Chemical Society 1990, 112 (24), 9022-9024.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

Table 10 | Attempts of formation of benzofuran 223.

Entry Reagents Solvent T(°C) Observations

1 MoO,(acac),, NH4PFg CH;CN 65 degradation

2 MoO,(acac),, NH4PFg CH5CN 0to 50 222a/222b

3 Re,07, MeOH DCE 45 degradation

4 Re,07, MeOH DCE 0to 50 222a/222b

5 Re,07, MeOH DCE diluted 30 degradation

6 4AMS CHCl3 rt 222a/222b°

7 Pd(OAc),, PE’hg, PhH 50 3 uncharacterized products

Ti(0i-Pr), 4A MS

8 Pd[P(OCsHs)3]a, Na,SO4 PhMe rtto50  222a/222b

9 SiO, CH,Cl, rt 222a/222b and traces of
dehydration

10 Al,O3 CH,Cl, rt 222a/222b

11 Bi(OTf)s3, KPFg, CaSO4 1,4-dioxane  rtto 35 222a/222b

12 AuCls, 4A MS DCE 222a/222b and 1
uncharacterized product

13 p-TSA, 4A MS CHCl3 rt to 35 222a/222b and 2
uncharacterized products

14  PPhs;AuCl, AgOTf, 4AMS  CH,Cl, rtto50  222a/222b

15 Ar-B(OH)zb CHsNO, rt to 50 222a/222b

16 FeCl;.6H,0 CH3NO, rt to 50 222a/222b

17 BFs.Et,0 CH,Cl, -30to 0 222a/222b and 2

uncharacterized products

? A change in the ratio of isomer 222a/222b was observed on *H NMR from 50:50 to 80:20 bArB(OH)z
=(2,3,4,5-tetrafluorophenyl)boronic acid.

As all cyclization attempts were inconclusive, we choose to continue the synthesis by

introducing a protecting group on the phenol in a similar manner to that employed by

Ragot. To protect the phenol with a benzyl, two approaches are possible (Scheme 68). The

first possibility is to introduce the benzyl group from the beginning of the synthesis, by

preparing reactant 224 instead of using 1,3,6-trimethoxybenzene. The second way consists

of starting directly from cyclopentenone 188, selectively demethylating one methoxy group

and then protecting with a benzyl group.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

™S MeO O 1) Selective
. demethylatlon
o. F MeO OMe 1) Alkylation ‘ 2) Protection
. 5 2) Cyclization OR _ofphenol
X
OR
0 Ph

183 224

Scheme 68| Alternatives for the formation of cyclopentenone 184.

To achieve the alkylation of ketone 183, we performed first a Grignard reaction prepared
from the bromide derivative 225 (synthesized in 2 steps from 2,4-dimethoxyphenol, Scheme
69). This assay did not lead to the desired propargyl alcohol (Scheme 69). However, we can
note the presence of enone 227 with 20% yield obtained from intermediate 226. We can
note here that we did not observe this reaction when using lithium instead of magnesium
(section 3.1.2, Scheme 48). We then tried to alkylate the latter by lithiated
trimethylsilylacetylene. No reaction was observed and the starting material was completely
recovered. A second attempt at the Grignard reaction was achieved but this time in the

I 104

presence of i-PrMgCL.LiICL."" The reaction was not conclusive since we only recovered the

starting material.

MeO OMe MeO OMe MeO OMe
\©/ NBS BNCl, K,COs
—_—_— —_—
CH,Cl,, -78 °C, 5h Bl DMF, tt,3h Br
OH OH OBn
47% 89% 225
_ T™MS ) 225, iPrMgCl.LiCI MeO OMe
0 THF, -78 °Cto it o
- b)
N o — . OBn
Ph b) 225, Mg, C,H,Br; O
MeO HE oo Ph
183 227,
20%
;
1
1
1
1
1
|
TMS—=—, sec-BuLi

THF, -78 °C to rt

228, 0%

Scheme 69| Attempts of formation of propargyl alcohol 228.

1%% L e6n, B.; Fong, J. C. N.; Peach, K. C.; Wong, W. R.; Yildiz, F. H.; Linington, R. G. Organic Letters 2013, 15 (6),

1234-1237.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

As the first approach to obtain protected phenol 228 was unsuccessful, we considered the
second method which consists to re-protect phenol 221. Here we choose a 2-naphtylmethyl
group which is known to be more labile in the catalytic hydrogenation conditions (Scheme
70).2% Phenol 221 was alkylated with 2-(bromomethyl)naphthalene in the presence of
potassium carbonate which gave better conversion compared to cesium carbonate. From
there, we applied Ragot’s strategy. Using LiAlH, gave a mixture of diastereoisomer 85:15
with 68% vyield. Gratefully, L-selectride provided diastereoselective reduction to desired
alcohol 230 as 1:1 mixture of atropoisomers. Epoxidation of cyclopentenol 230a/230b was

unsuccessful in two different conditions (Table 11, entries 9-10).

OMe ONAP
MeO Q MeO MeO
‘ NAP-Br, K2C03 ' ‘
OH
Ph DMF t, 18 h NAPO O'V'e
O 73%, 95% brsm
MeO
221 NAP : 2-naphthylmethyl 229a 229b
L-selectride
THF, -78 °C to rt,
50%, 71% brsm
MeO H ONAP

- O ' MeO Q a MeO Q ‘ MeO ‘

Ph ---- NAPO ---- NAPO OMe

230a 230b

Scheme 70| Partial synthesis of flavagline 180.

To further attempt the epoxidation, two more substrates were prepared: protected
cyclopentenol 233 and protected phenol 235a/235b (Scheme 71). Cyclopentenone 188 was
reduced in the presence of LiAlH, to afford 45% of the cis diastereoisomer 232a and 30% of
the trans 232b. Isomer 232a was then protected using tert-butyldimethylsilyl triflate and
diisopropylethyl amine to afford product 233. In a similar way, phenol 221 was protected

with tert-butyldimethylsilyl chloride giving a 1:1 mixture of atropoisomers 234a/234b with

1% Gaunt, M. J.; Yu, J.; Spencer, J. B. The Journal of Organic Chemistry 1998, 63 (13), 4172-4173.

105



RESULTS - Synthesis of flavaglines based on Ragot’s approach

63% vyield. After reduction protected phenol

diastereoisomer 235b.

MeO '

OMe

o3

MeO 188

BBrs, CH2C|2
-78°Ctort

OMe
MeO Q
OH
eO

75%

Scheme 71| Preparation

OMe
MeO OH
) DIPEA,
LiAIH, ()  Tesom
—— OMe
THF, Ph PhMe, rt
0°Ctort 40%
MeO
232a, cis, 45%
232b, trans, 30%
OMe
DMAP, MeO (0]
imidazole
TBSCI LiAIH4
TBSO
CH,Cly, rt Ph o THF,
0°Ctort
63%
MeO
2 atropoisomers
234a/234b

of cyclopentenols 233, 235a and 235b.

235a was obtained along with

MeO O OTBS

OMe

ol

MeO
233

OMe
OH

MeO '

MeO
235a, cis, 14%
235b, trans, 21%

its

Various conditions (m-CPBA, NaHCOs; VO(acac),, t-BuOOH; H,0,, NaOH; 4-nitroperbenzoic

acid, NaHCO3s) with various starting alkenes provided none of the desired product probably

due to the low reactivity of the sterically hindered alkene and instability of the product

(Table 11). In Sharpless type conditions (entry 1), starting form alkene 232a/232b, formation

of the ketone 188 was observed, probably due to ring strain release.

t-BuO,H, Ti(Oi-Pr),

MeO Q

CH,Cly, 4A MS
OMe _ 2 OR1
CHa, R2= H o
MeO 188, 2794 + , o MeO 550 229,230,
232a/232b,53 % - 4-nitroperbenzoic acid, 232, 233,235

NaHCO3, CHC'S' rt
- m-CPBA, NaHCO3;,

CHCl3, 1t
-m-CPBA, 4A M

CHQC|2, rt

starting material

236, 0%

- m-CPBA, NaHCO3,
CHClj3, reflux

- VO(acac),, t-BuOOH,
4A MS, PhMe, rt

degradation

Scheme 72| Summary of the assays of epoxidation of various alkenes.
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RESULTS - Synthesis of flavaglines based on Ragot’s approach

Table 11 | Attempts of epoxidation of alkenes 222, 229, 230, 232, 233 and 235.

Entry  Alkenes R® R’ Reagents Solvents,T(°C) Results

1 232a/232b MeO H t-BuOOH, Ti(Oi-Pr),, 4A MS CH,Cl,, 0 188, 27% +
232a/232b, 53%

2 232a/232b MeO H  4-nitroperbenzoic acid, CHCls, rt 232a/232b

NaHC03

3 233 MeO TBS t-BuOOH, VO(acac),, 4A MS  PhMe, rt degradation

4 233 MeO TBS m-CPBA, 4A MS CH,Cl,, rt 233

5 233 MeO TBS m-CPBA, NaHCO; CHCls, r.t. 233

6 233 MeO TBS m-CPBA, NaHCO; CHCI;, reflux  degradation

7 235a/235b TBS H t-BuOOH, Ti(Oi-Pr),, 4R MS CHCls, rt 235a/235b

8 235a/235b TBS H t-BuOOH, Ti(Oi-Pr),, 4A MS CHCls, 50 degradation

9 230a/230b NAP H  t-BuOOH, VO(acac),, 4A MS  PhMe, rt degradation

10 230a/230b NAP H m-CPBA, 4A mMs CH,Cl,, 0 degradation

11 230a/230b NAP H H,0,, NaOH CH,CI,, 0 230a/230b

12 230a/230b NAP H H,0,, NaOH CH,Cl,, rt degradation

13 229a/229b NAP C=0 m-CPBA, 4A MS CH,CI,, 0 degradation

14 222a/222b H H m-CPBA, 4A MS CH,Cl,, 0 3 unidentified
products

15  222a/222b H H  t-BuOOH, VO(acac),, 4A MS  PhMe, rt 3 unidentified
products

The inability to obtain the epoxidation product 236 suggests that the method
reported by Bayer scientist is restricted to the synthesis of flavaglines that are not
substituted by functional groups on the benzofuran moiety. Indeed, none of the required
decorations for pharmacological activity such as the two methoxy groups proposed here
were described in Bayer patents. This work was published in Tetrahedron lett. 2015, 56,
727-730 (see publication n°3, page 299).
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RESULTS - Synthesis of flavaglines based on Magnus’ approach

3.2 Synthesis of flavaglines based on Magnus’ approach

3.2.1 Retrosynthetic strategy

As it was described in the first chapter, Magnus and coll. obtained flavaglines via an
acetyl bromide-mediated Nazarov reaction.'® In this reaction, a methyl group was
necessary to stabilize the carbocationic intermediate in o position of the carbonyl group.*”’
We considered that replacing the methyl group with a thioether could also favor the
cyclization by stabilizing the carbocation intermediate. Indeed, as we presented in section
1.6.4, Cavalli and colleagues demonstrated that a thioether in a position of the ketone
promotes Nazarov reactions.’® Another advantage of the thioethers lies on their use to
introduce various functionalities (Scheme 73). Therefore, a retrosynthetic route was

proposed to synthesize the cyclopentenone 238. The divinylic ketone 239 could be prepared

1
o R
N\
MeO Ph
OO
(e}
239

o}
? Q OEt
* EtO P em— HO
\ RZ
R2
Io) (0]
240

Scheme 73| Retrosynthetic route to flavaglines 237.

from easily accessible benzofuran 240.

SO
!
J

OMe

3.2.2 Synthesis of the scaffold of flavaglines via Nazarov reaction

Copper(ll)-catalyzed condensation of benzoquinone with oxopropionate afforded
benzofurans 240a and 240b in 54% and 53% yield respectively (Scheme 74). These products

were chosen because there are easy to access according to a procedure described by Chan

106 Magnus, P.; Freund, W. A.; Moorhead, E. J.; Rainey, T. Journal of the American Chemical Society 2012, 134

(14), 6140-6142.

%7 vaidya, T.; Eisenberg, R.; Frontier, A. J. ChemCatChem 2011, 3 (10), 1531-1548.

Cavalli, A.; Pacetti, A.; Recanatini, M.; Prandi, C.; Scarpi, D.; Occhiato, E. G. Chemistry — A European Journal
2008, 14 (30), 9292-9304.
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RESULTS - Synthesis of flavaglines based on Magnus’ approach

et al.’® After methylation with iodomethane, reduction of ester to aldehyde 241b using
DIBAL-H at low temperature was not successful. Therefore, the ester was first reduced to
the alcohol using aluminum hydride afforded compounds 241a and 241b. While oxidation
with MnO, was incomplete, Swern oxidation afforded aldehydes 242a and 242b. The

synthesis of these aldehydes was performed jointly with another PhD student, Qian Zhao.

i @ 9 R OEt
Cu(OTf),, PhMe, reflux
+  EtO HO
A\ R2
R2
o (e}

240a, R% = OMe, 54%
240b, R? = H, 53%

1) KoCOg3, Mel, Cs,CO3,
DMF, 38 °C
2) LiAlH4 THF,0 °C

NG DMSO, (COCl),, OH
CHaCh, EtaN, 78 °C  MeO

MeO
(6]

o

242a, R% = OMe, 26% 241a, R%2= OMe, 68%
242b, R2=H, 87% 241b, R? = H, 96%

Scheme 74| Synthesis of benzofurans 242a and 242b.

With the aldehydes in hand, the thioethers 243 and 244 were then prepared starting from

phenylacetylene (Scheme 75). Compound 243 was synthesized from propane-1-thiol

110

following Oshima and coll. procedure, in the presence TEMPO.”™ Compound 244 was

selectively prepared from 4-methylbenzenethiol in the presence of sodium and ethanol with

73% vield.
propane-1-thiol
10 moIZA C52003 EtONa,
ES\/\ 20 mol% TEMPO N 4-methylbenzenethiol SOMe
| - (
Ph DMSO, rt,4 h EtOH, reflux, overnight | Ph
243 66% 73% 244

Scheme 75| Synthesis of thioethers 243 and 244.

1% Mothe, S. R.; Susanti, D.; Chan, P. W. H. Tetrahedron Letters 2010, 51 (16), 2136-2140.

Kondoh, A.; Takami, K.; Yorimitsu, H.; Oshima, K. The Journal of Organic Chemistry 2005, 70 (16), 6468-
6473.
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RESULTS - Synthesis of flavaglines based on Magnus’ approach

The next step was the alkylation of aldehydes 242a with lithiated thiovinylether 244. Several
conditions were examined using different ratio of starting materials and two Lewis acids:
LaCl3.2LiCl and BF;.Et,0 (Table 12). Paul Knochel and coll. showed that LaCl;.2LiCl attenuates
the basicity of Grignard reagents, preventing competitive enolization side reactions while
leading to a selective 1,2-addition of Grignard reagents to ketones.™! BF3.Et,0 is a strong
oxophilic Lewis acid known to enhance the electophilicity of carbonyls. Best results were
obtained with BFs.Et,0, with a quasi-quantitative conversion (97%) and a good yield (86%).
An excess of thiovinylether was needed to complete de reaction (Table 12, entry 4). These

conditions were selected to synthesize substrates 245b, 245c and 245d (Scheme 76).

N S/C
HO
MeO 1) reagents N oh
IO
S 2) n-Buli, THF, -78 °C O N\ O OMe
d

242a [S‘Q’Me 245a
Ph 244

Table 12 | Optimization of the addition of thiovinylether 244 to aldehyde 245a.

Entry 242a:244 Reagent (eq) Conversion of 242a (%) 245a (%)°
1 1.1:1 TMEDA (1.2) 62 21
2 1:1 LaCl3.2LiCl (1) 79 40
3 2:1 BF3.Et,0 (1) 73 46
4 1:1.5 BFs.Et,0 (1) 97 86

%isolated yields

(i) Metzger, A.; Gavryushin, A.; Knochel, P. Synlett 2009, 2009 (09), 1433-1436. (ii) Krasovskiy, A.; Kopp, F.;
Knochel, P.. Angewandte Chemie International Edition 2006, 45 (3), 497-500.
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SR!
o 1) BF3.EF20 HO
H 2) n-Buli, N\ Ph

MeO { THF, -78 °C MeO \ )
. s
C-Or = o

0 (
2 _
:ﬁ: R2 = OMe a3 le'l o 245a, R" = n-Pr, R% = OMe, 72%
,R°=H " Lo 245b, R' = n-Pr, R? = H, 68%
., R’ =p-tolyl 245¢, R" = p-tolyl, R2 = H, 86%
MnOzv
CHClp, 1t
U sr 1
R
o, §

MeO ‘ A\
O Ph ACBI’, DCE MeO Ph
© 60 °C, 24 h O > O R?
2 * 0

then 80 °C, 24 h

R2
238a, R' = n-Pr, R2= OMe, 31% 239a, R" = n-Pr, RZ= OMe, 72%
238b, R'=n-Pr, RZ2=H, 0% 239b, R' = n-Pr, R2 = H, 87%
238c, R' = p-tolyl, R = OMe, 0% 239c, R' = p-tolyl, R? = H, 100%

Scheme 76| Synthesis of cyclopentenone 238.

Divinylalcohols 239 were then oxidized with MnO, to afford the precursors of the acyl
bromide-mediated Nazarov reaction (Scheme 76). These divinylketone intermediates 239

were prepared jointly with Qian Zhao, another PhD student.
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SR! o SR! H
0 N reagent SR HO N Q N
Ph 239 + MeO Ph Ph
MeO + MeO . MeO
AN Ar solvent, Ph N\ Ar A\ Ar
o T(°C) O Ar o o
238 245 246

239a, R' = n-Pr, Ar = anisyl
239b, R' = n-Pr, Ar= Ph
239c, R" = p-tolyl, Ar = Ph

Table 13 | Optimization of the AcBr-mediated Nazarov reaction.
(Conditions: AcBr (1.5 eq), 80 °C, overnight)

Entry R! Ar Solvent 239 (%)° 238 (%)° 245 (%)°
1 n-Pr Ph DCE +° 31 -
2 n-Pr Ph DCE 86° 14° -
3¢ n-Pr Ph DCE + 13 -
4° n-Pr Ph DCE traces traces -
5f n-Pr Ph DCE + _ ]
6 n-Pr Ph CH3NO; - traces -
14 n-Pr anisyl DCE 85° 15° -
198 p-tolyl anisyl DCE 100° - -

® yields are based on the crude, unless indicated otherwise. ® +: compounds found in substantial
quantities, characterized by 'H NMR © yield based on *H NMR ¢ 16 equivalents of AcBr were used ®
reaction carried in a sealed tube f2,6-Di-tert-butylpheno| (1.5 eq) was added to the reaction mixture
€ 6.5 equivalents of AcBr were used.

With enones 239 in hand, different conditions were examined for the Nazarov cyclization
(Table 13). Based on all these experiments, the cyclopentenone 238 could only be obtained
when R = n-Pr. The best results were obtained when the reaction was promoted with 1.5
equivalents of AcBr with 31% vyield after purification on silica gel (entry 1). However this
result could not be reproduced; when repeating this reaction, the yield dropped to 14%
(entry 2). When the amount of AcBr was increased to 16 equivalents, the yield also dropped
to 13 % (entry 3). Some attempts were made to improve the yield by adding a base, 2-6-di-
tert-butyl pyridine (entry 5) or changing the solvent to nitromethane (entry 6) but in both

cases, nearly no formation of cyclopentenone was observed.
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Table 14 | Screening of reagent for the Nazarov reaction.

Entry R' Ar Reagents (eq) Solvent, T(°C) (ZO/E:)Qa (202)83 (2;:; (202)2.
7 n-Pr Ph EtC(O)Br (1.5) DCE,90 +° degradation
8 nPr Ph EtC(O)Br (1.5) DCE, 75 25 - - 30
9 nPr Ph TIBAL (2), 4A MS DCE,r.t. 60 - 23 -
10  n-Pr Ph NsCl, 2,6-DTBP (1.3) DCE, 50 100 - - -
11 n-Pr Ph NsCl (1.3) DCE, 50 80 - - -
12 n-Pr  Ph Tf,0 (3), 2,6-DTBP (6)  CHsNO,, 80 - - - -
13 n-Pr Ph Tf,0 (3) CH3;NO,, 80 25°¢ degradation
13b n-Pr  Ph TFAA (1.2), FeCl; (0.3) DCE, 70 100° - - -
15  p-tolyl anisyl phosphomolybdic CHsCN, r.t. 100° - - -

acid (0.02)

16  p-tolyl anisyl - H,0, r.t. 100° - - -
17  p-tolyl anisyl Cu(OTf), (0.4) DCE, 50 100° - - -
18  p-tolyl anisyl Cu(OTf), (0.4) DCE, 85 degradation

® yields are based on the crude, unless indicated otherwise. b4 compounds found in substantial
quantities, characterized by *H NMR € yield based on *H NMR ®based on TLC.

Some efforts were then made to increase the conversion by changing the reagent.

Surprisingly, using propionyl bromide that has a higher boiling point than acetyl bromide,

compound 246 was formed with 30% yield instead of the cyclopentenone (entry 8). When

switching to reductive Nazarov conditions with triisobutylaluminium,**? the only product

isolated besides the starting material 239 was the reduced product 245 with 23% vyield

(entry 9). When NsCl, Tf,0, phosphomolybdic acid or copper triflate were used, either no

reaction happened or the reaction mixture degraded (entries 10-13 and 15-18).

We achieved here the synthesis of a flavaglines-type product substituted with a thioether

group. However, the low reproducibly of the AcBr-mediated Nazarov reaction led us to

explore a new class of substrates.
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Kwon, Y.; McDonald, R.; West, F. G. Angewandte Chemie International Edition 2013, 52 (33), 8616-8619.
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RESULTS - Synthesis of flavaglines based on Magnus’ approach

3.2.3 Synthesis of a second class of substrates for the Nazarov reaction

Considering that substrate 239a reacted poorly in our assays of Nazarov reactions,
we examined another substrate, 247, hoping that it would give better results (Scheme 77).
To synthesize this compound, we considered a different approach to prepare the

benzofuran ring (Scheme 78).

e e

S

o] (o]
\_Ph MeQ N\ Ph
MeO
OO CIy-C-om
o] MeO o
239a 247
previous substrate new substrate

Scheme 77| Classes of substrate for the Nazarov reaction.

Benzofuran 249 could be prepared based on Magnus and coll. approach (Scheme 78).*3 The
first step was the iodation of dimethoxyphenol in ortho position. The yield was low (29%)
due to the formation of para substituted and di-substituted products. Then, the addition of
a Grignard catalyzed by palladium(ll) allowed the formation of tolane 248 which was
cyclized in the presence of a palladium catalyst under CO atmosphere to obtain benzofuran
249 in 72% yield. The synthesis of this intermediate was performed jointly with another PhD

student, Qian Zhao.

MeO An o]
MeO Pd(OAC),, CBry,
1) Ip,H05 H,O, t, 16 h /(% CO, NaHCO3 MeQ oMe
—_—_—
— N
[ :] A
Ve oH 2) EtMgBr, An—== MeO OH MeOH, rt "

Pd(PPh3),Cl,, 248 MeO o
THF,70°C,2h 2% 249
15% over 2 steps An = anisyl

Scheme 78| Synthesis of benzofuran 249.

As the vyield for the first step of this synthesis was low, we looked into a more efficient

14 With this approach,

method based on a reaction discovered by Larock (Scheme 79).
alkynes 250 were activated by mercury, which could promote the heterocyclization to afford

benzofurans 251. Insertion of CO catalyzed by PdCl; gave esters 252.

s Magnus, P.; Freund, W. A.; Moorhead, E. J.; Rainey, T. Journal of the American Chemical Society 2012, 134

(14), 6140-6142.
14 Larock, R. C.; Harrison, L. W. Journal of the American Chemical Society 1984, 106 (15), 4218-4227.
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RESULTS - Synthesis of flavaglines based on Magnus’ approach

R (0]
=" Hg(OAc), NaCl, HaCl co, pday,, Lic, OMe
N R A\
AcOH, 0 °C, 30 min o MeCOH, -70 °C to rt R
OMe ; O
overnight

250a, R = n-Pr 251a, 70% 252a, 58%
250b, R = 2-methoxyphenyl 251b, 44% 252b, 100%

Scheme 79| Synthesis of benzofuran 252 described by Larock and coll.***

Our attempt to synthesize benzofuran 249 following Larock’s method is depicted in Scheme
80. lodation of trimethoxybenzene underwent smoothly with a very good vyield (94%)
compared to the earlier iodation of dimethoxyphenol (29%). This resolved the
regioselectivity issue that we had before as the molecule is now symmetrical. Sonogashira
coupling with 4-methoxyphenyl acetylene afforded alkyne 253 with 70% yield. Cyclization
promoted by mercury did not lead to the desired product. Instead, we isolated ketone 254

with 80% vyield, resulting from the hydration of alkyne 253.
0

MeO OMe
A\
1) Hg(OAc),, o An
Moo MeO An ACOH,0 °Ctort  MeO
1) Iy, H,0, H,0, 50 °C, 7 h /@\/ 2)NaCl, H,0 249, 0%
_— +
MeO OMe 2) Pd(PPh3)2C|2Y An—— MeO OMe 3) LiC', MgO, PdClz OMe O
Cul, Et;N, DMF, 253 MeOH, CO, rt An
80 °C, overnight
68% over 2 steps An = anisyl MeO OMe
254, 80%

Scheme 80| Attempt to synthesize benzofuran 249 following Larock’s method.

Larock’s group also described in 2005 the use of different electrophiles such a |, or PhSeCl to

access 2,3-disubstituted benzo[b]furans by electrophilic cyclization.*

= R - E
©\/ CH,Cly, rt @E\gﬂa
OMe o
255 256
R = Ar, TMS, alkyl yields : 60-100%

E*=ICl, I, PhSeCl, p-NO,CgH,SCI

Scheme 81| Synthesis of 2,3-disubstituted benzo[b]furans 256 by electrophilic
cyclization.*™

"> yye, D.; Yao, T.; Larock, R. C. The Journal of Organic Chemistry 2005, 70 (25), 10292-10296.
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RESULTS - Synthesis of flavaglines based on Magnus’ approach

Based on this work, we attempted to use an iodine source such as |, or ICl instead of
mercury. In both conditions, we did not observe any iodocylization product. Indeed, with
iodine, the product degraded and with ICI we could only observe the formation of
compound 257. This could be explained by the presence of the methoxy group in para which
could increase the electron density on the distal end of the triple bond and favor the
electrophilic attack at that position, disfavoring a 5-endo-dig cyclization. This leads to
addition of the electrophile to the triple bond rather than cyclization. This reaction was

observed by Larock’s team in couple of similar substrates.

| An OMe |
OMe An OMe © _An —
/\9/ ICI 04/ Mee | N\ + 253
- * An
» CHCl,t @ OMe  \eo o
e 0,
MeO OMe 2227 MeO OMe MeG 30%
e
253 257, 52% 258, 0%
An = anisyl
OMe j:
ﬁﬁc |
® B
MeO‘J oMe®|

Scheme 82| Attempt of iodocyclization of compound 258.

Unsuccessful iodocyclization and low vyields of the first approach did not allow us to
continue the synthesis of the new class of substrate for the Nazarov reaction. Moreover, as
indicated in section 3.2.2 that Nazarov reaction mediated with acetyl bromide was not

promising, therefore we decided not to pursue this approach.

3.2.4 Unexpected Friedel-Crafts reaction

While working on the Nazarov reaction, we also examined the cyclization starting
from alcohols 245 (Scheme 83). Unexpectedly, instead of obtaining the cyclopentenone 238,

we were able to isolate the tetracyclic product 259.
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0
HO SR' H/Q SR
= MeO ‘
N\_ph reagent Ph H R2
MeO - + Ph
N\ MeO )
O R2 solvent, Q
(0]

T(C
(C) s

R2
245a, R' = n-Pr, R? = OMe 259a, R' = n-Pr, R? = OMe 238, 0%
245¢, R' = p-tolyl, R2= H 259c, R' = p-tolyl, R? = H

Scheme 83| Unexpected Friedel-Crafts reaction on benzofurans 245.

Such compounds are poorly described in the literature. This type of intramolecular Friedel-

Crafts reaction was described by Lautens et al. starting from benzylidene alcohol 260 to

form indenes 261 in the presence of a Lewis or Brgnsted acids (Scheme 84).'

R’
H3PO4 AN
R | 2 R
DCE, rt-80 °C Z
15-80 h
261
R = Ar, thiophene 12 examples
R'=Me, i-Pr 65-90%

R"=H, Me, MeO

Scheme 84| Lautens’ synthesis of indenes 261.'°

The formation of the tetratcyclic product was observed in three different conditions: Re,0/
MeOH or Ar-B(OH), in 1,2-dichloroethane'’” or (COCI),, EtsN in DMSO (Table 15). The

reaction gave better yield starting from alcohol 245c substituted by the p-tolyl group.

Table 15 | Optimization of the Friedel-Crafts reaction.

Entry 245 Reagents Solvent T(°C) 259 (%)°
1 245a Re,07, MeOH DCE 45 2593, 46
2 245a Ar-B(OH), DCE 50 2593, 57
3 245c Ar-B(OH), DCE 50 259c, 68
4 245c¢ DMSO, Et3;N CHCl, -78 259c, 69

Ar-B(OH), = (2,3,4,5-tetrafluorophenyl)boronic acid, * isolated yields.
As far as we know, such a reaction was never reported for the synthesis of dihydro-

benzindeno furan.

18 panteleev, J.; Huang, R. Y.; Lui, E. K. J.; Lautens, M. Organic Letters 2011, 13 (19), 5314-5317.
"7 7Zheng, H.; Lejkowski, M.; Hall, D. G. Tetrahedron Letters 2013, 54 (1), 91-94.
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RESULTS - Synthesis of pharmacochemical tools

3.3 Synthesis of pharmacochemical tools

3.3.1 Synthesis of a fluorescence probe of a flavagline

The team of Prof. Bruce Zetter at Harvard recently identified a mechanism of
chemoresistance involving prohibitin-l.118 To further characterize the mechanism, we
synthesized a flavagline combined to a fluorophore via a polar spacer group that cannot
rapidly penetrate into the cells. This new probe was designed to selectively target the

overexpression of PHB1 on the surface of cells resistant to taxotere.

Several probes are described in the literature. We chose the sulforhodamine B which has
been extensively used for conjugation with biomolecules because of its excellent
fluorescence properties and high solubility in water to prevent its passive diffusion across
the plasma membrane. Sulforhodamine B is a red fluorescent dye (excitation/emission
maxima =565/586 nm). Such red emission dyes generate a minimum of phototoxicity and

are not sensitive to cell autofluoressence due to biological molecules.

We synthesized rocaglaic acid (264) starting from rocaglaol (180) based on Taylor synthesis

(Scheme 85).1*°

1) Py.SO3, EtsN,
DMSO, 0°Ctort, 2 h

2) TMSOTf, DIPEA,
PhMe, 0 °Ctort,1.5 h

94% over 2 steps 1)LDA, CS,, Mel, OMe
THF, HMPA, 55%
-40 °Ctort,16 h over
2) TBAF, THF, 2 steps
0 °C, 30 min.

1) MeONa, THF
0°Ctort,25h

2) MeNHB(OAG)s, CH,CN, ~ MeO
CH4CO,H, 1, 3 h
264 OMe 3) KOH crushed, MeOH-H,0

24% over 3 steps

Scheme 85| Synthesis of rocaglaic acid (264).

18 Patel, N.; Chatterjee, S. K.; Vrbanac, V.; Chung, I.; Mu, C. J.; Olsen, R. R.; Waghorne, C.; Zetter, B. R.

Proceedings of the National Academy of Sciences 2010, 107 (6), 2503-2508.
19 Davey, A. E.; Schaeffer, M. J.; Taylor, R. J. K. Journal of the Chemical Society, Perkin Transactions 1 1992,
(20), 2657-2666.
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RESULTS - Synthesis of pharmacochemical tools

The alcohol in position 1 was oxidized with Py.SOs, EtsN in DMSO and the second alcohol
was protected by a trimethylsilyl group with 94% vyield over 2 steps (Scheme 85). The
successive addition of disulfide and iodomethane, followed by deprotection of the silyl
group afforded the intermediate 263. Treatment with sodium methoxide gave access to B-

keto ester which was then converted to the rocaglaic acid (264) in 2 steps with 24% yield.

(Boc),0 H
H2Nv<\/0>\/\/N Ot-Bu
1,4-dioxane, rt, 24 h 3 \n/

O

265 80% 266

Scheme 86| Protection of the spacer 266.

We then used a polyethyleneoxy spacer (PEO, 265), which was first monoprotected. While
carboxybenzyl group gave a mixture of mono- and di-protected product, tert-
butyloxycarbonyl group gave desired compound 266 with 80% yield (Scheme 86). Then, the
fluorophore 267 was activated by oxalyl chloride to give the rhodamine sulfonyl chloride
268 in 49 % yield (Scheme 87). The average vyield is due to the concomitant formation of the
product activated in the ortho position (7%), the diactivated product (5%) and the
hydrolyzed product (5%) along with some other compounds which may come from the

impurities present in the commercial product (HPLC purity 65%).

Et,N o NEt
aseeL O
_ (COCl),, cat. DMF P
o o, -
SO3 CH2C|2, 883
‘ -5°Ctort, 16 h ‘

o, spacer 266, Et;N,
@@ 49% p: 3

SO; $0,Cl DMAP, CH,Cl,
267 268 37 %
Technical reagent
HPLC purity = 65% Et2 NE,
¢ g
O3S 1) TFA, CH.Cly, O ‘
rt, 5h 303

IJ\ /\/\é O\: Ssg 2) rocagloic acid 264,
. H DEPBT, DIPEA B
THF, rt, 16 h “aAN’ *
3 H

179 36% over 2 steps 269

Scheme 87| Synthesis of fluorescence probe 179.

119



RESULTS - Synthesis of pharmacochemical tools

To finalize the synthesis of the probe, the activated sulforhodamine 268 was coupled to the
spacer 266 with 37% yield. After deprotection with TFA, the over extremity of the spacer
was coupled to the rocaglaic acid (264) using DEPBT as a coupling agent120 to afford the

fluorescent probe 179 with 36% yield after semi-preparative HPLC purification.

This fluorescence probe is currently used by Prof. Bruce Zetter group to decipher the
signaling of prohibitines (PHB). Preliminary results have already helped to highlight a new

mechanism by which flavaglines selectively induce cytotoxicity in cancer cells.

3.3.2 Synthesis of inhibitors of elf4A

In their study of the effect of flavaglines on the inhibition of eiF4A in chemoresitant
melanoma, our collaborators wanted to compare the effects of different classes of elF4A
inhibitors. Therefore, we prepared 4EGI-1, a synthetic molecule, developed by Wagner G.
and coll. from Harvard University that modulates the growth of certain type of cancers by
inhibiting elF4E (eukaryotic translation initiation factor 4E). We synthesized this inhibitor

based on the literature (Scheme 88).*2

(0]

Cl
j\ Br 1,4-dioxane S/\>\©\
/NHZ + —_—
H,N~ N o w16n H2N\N//LN al
Cl :
272

0 AcOH, EtOH

E;(\U)J\OH 90°C,1h

O
NO, 30%

T

749
270 271 %

273
cl
(6] S A\
HO /N‘N/L\}\Q\C'
H
NO,

Scheme 88| Synthesis of 4EGI-1.

120ye, Y.-h.; Li, H.; Jiang, X. Peptide Science 2005, 80 (2-3), 172-178.
121 Aktas, H.; Chorev, M.; Halperin, J.; Moerke, N.J.; Wagner, G. W02006078942 A3
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RESULTS - Synthesis of pharmacochemical tools

The thiosemicarbazide 270 reacted with the phenylacetylbromide 271 to give the thiazol-2-
yl-hydrazine 272 with 74% yield (Scheme 1) which after condensation with the oxopropionic
acid 273 afforded the desired hydrazone 4EGI-1.

o} S
:\>\R2
HO N
R1
274

Figure 9 | General structure of benzoic acid derivatives 274 developed by Hoffman-LaRoche.

In this class of inhbitors, we also prepared a benzoic acid derivative of general structure 274
(Figure 9). Such a new series of elF4E inhibitors was described in Hoffman-LaRoche patent in
2013."! We chose 280 because of its low ICso (1.4 pM) and the fairly good overall yield of its
synthesis (Scheme 89).

0 o (]
Br CuCN cN t-BuONO, CuBr, CN
MeO MeO MeO
NMP, refl °
HoN reflux HoN CH5CN, 0 °C to rt N
275 90% 276 85% 277
P,Ss, EtOH,
cl 81% | 22

/\N/©/CI rt, sonication
Cl
(e} S/\>\©\ Br I (e} S
MeO SN Cl MeO NH,
EtOH, reflux Br
Br

279 92% 278

1) (2,4-dichlorophenyl)-
56% boronic acid, Pd(PPhj3),,
over 2 steps K2CO3 aq, DMF, 100 °C

2) NaOH 1N, THF, 60 °C

Cl

HO O SN cl
Cl I Cl

280

Scheme 89| Improved synthesis of inhibitor 280.
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The first step is the substitution of the bromine of compound 275 by a cyano group (Scheme
89). We first attempted to use the conditions described in the patent, i.e. the use of CuCN(l)
as the cyanation reagent, but we only isolated 5% of the cyano derivative 276 (entry 1, Table
16) instead of the 73% announced. We then replaced the cyanation reagent by Zn(CN); in
the presence of a catalytic amount of palladium(0) triphenylphosphine tetrakis. These
conditions yielded to a mixture of starting material and desired product 276 in a 40/60 ratio
based on *H NMR (entry 2). Neither increasing the amount of reactants, the reaction time or
temperature led to a total conversion of the starting material. Using CuCN and changing the
work up by warming the reaction mixture to 60 °C for 1.5 h in an aqueous solution of FeCls
and concentrated HCl increased the yield to 90% (entry 3). Indeed, ferric chloride has been
shown by Friedman and Shechter to destroy the reaction complexes formed in

dimethylformamide during the reaction.’?

Table 16 | Optimization of the cyanation of compound 275.

Entry Reagent Work up 275 (%)° 276 (%)°
1 CuCN Ethylenediamine, H,O 2 5

2 Zn(CN),, Pd(PPhs), H,0 40° 60°

3 CuCN FeCl; / HCl conc., H,0 0 90

?Isolated yields, " yields based on *H NMR.

After the substitution of the amine by a bromine group via a diazonium, the cyano
derivative 277 was converted into a thioamide with phosphorous pentasulfide using the
conditions described in the patent. However, we noticed an inconsistency between the
amount of P,Ss expressed in grams or in moles. Based on the literature, we started with 0.5
equivalent of P,Ss, and then we continued adding the reagent by portions until total
conversion of the starting material, which took a total of 2.5 equivalents. We isolated the
thioamide with 81% yield. Alkylation with bromoacetophenone afforded compound 279
with 92% vyield.

22 rriedman, L.; Shechter, H. The Journal of Organic Chemistry 1961, 26 (7), 2522-2524.
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The last steps are the Suzuki coupling and the hydrolysis. In the patent, these two reactions
where realized in one-pot. To make sure that all the traces of palladium were removed, we
decided to isolate the product of the Suzuki coupling prior to saponification. The product of
the Suzuki coupling, obtained with 70% vyield after a silica gel chromatography was
hydrolyzed with an aqueous solution of NaOH 1N to afford the carboxylic acid 280 with 77%

yield. The latter was recrystallized in CH,Cl, prior to being used for biological tests.

Using a bicistronic luciferase reporter construct (pR-HepC-L) assay, compound 280 did not
display any inhibition of cap-dependent translation. This observation is in contrast with the
reported activity of 280 in Hoffmann-La Roche patent. This work was published in

Anticancer Agents in Medicinal Chemistry, 2015, 15, in press (see publication n°4, page 305).
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3.3.3 Synthesis of flavagline FL3

In order to examine the anticancer effects of FL3 in a mouse model of
chemoresistant melanoma, a stock of FL3 was synthesized in a sufficient amount to perform

these in vivo assays.

FL3 was synthesized by Dobler’s approach123 which is the most convenient to prepare
flavaglines unsubstituted in position 2 (Scheme 90) with benzofuranone 284 as a key

intermediate.

oH Br 3,5-dimethoxyphenol  MeO
1) H,SO4, MeOH, 65 °C Cs,CO
(0]
2) NBS, HBr, CCly4, 75 °C acetone
Br ) . 4 Br (@] . MeO O)\@\
281 91% over 2 steps 282 83% 283 B
1) K,CO3, MeOH, H,0 | 87%
2) POCl,, ZnCly, 1t over 2 steps
MeO
1) TMSCN, Znlz, cnnamaldehyde o
MeCN Triton-B, t-BuOH O O
-~ - Br
2) LDA, MeO MeO %
THF, -78 °C 4%
3) TBAF, THF 284

Br 35% over 3 steps

Me4N(OAC);BH
ACOH, CH3CN

60%

o e

MeO 1o '
O Ph
MeO 0 Q
FL3 Br

Scheme 90| Synthesis of FL3 based on Dobler’s procedure.'?

The synthesis of FL3 starts with an esterification of carboxylic acid 281 followed by
bromination using NBS. Nucleophilic substitution with 3,5-dimethoxyphenol followed by
saponification and intramolecular Fiedel-Crafts cyclization afforded benzofuranone 284 with

72% over 3 steps. A Michael addition between benzofuranone 284 and cinnamaldehyde in

123 Dobler, M. R.; Bruce, I.; Cederbaum, F.; Cooke, N. G.; Diorazio, L. J.; Hall, R. G.; Irving, E. Tetrahedron Letters

2001, 42 (47), 8281-8284.
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the presence of Triton B gave aldehyde 285. Cyanosilylation of aldehyde 285 with
trimethylsilyl cyanide afforded protected cyanohydrine which was than engaged in the
cyclization with LDA. After deprotection with TBAF, ketone 286 was isolated with 35% vyield
over 3 steps. The latter is then diastereoselctively reduced with tetramethylammonium

triacetoxyborohydride to afford desired FL3.

About half of the patients that suffer from metastatic melanoma harbor a mutation
of the kinase BRAF V600 that leads to its constitutive activation. Vemurafenib which is now
in clinical use and PLX 4720 (currently in clinical trial) specifically inhibit this mutated kinase.
Unfortunately for most patients, a resistance to these treatments rapidly occurs before one
year. Our collaborators, Dr. Caroline Robert, Dr. Stephan Vagner and colleagues at Gustave
Roussy Institute, analyzed how this resistance occurs. They identified three major
mechanisms: overactivation of C-Ras, activation of the ERK-independent PI(3)K—AKT-mTOR
pathway, and down-regulation of BMF (BCL2-modifying factor) leading to down-regulation
of caspases, which degrade the elFA4F complex (Figure 10)."** These three different

pathways all converge towards an up-regulation of elFA4F.%

@I— Vemurafenib= = = =>» (PI3K

Figure 10 | The three major mechanisms for resistance to anti-BRAF treatment converge to
the overactivation of elF4A."**

124 (i) Boussemart L., Malka-Mahieu H., Girault I., Hemmingsson O., Allard D, Tomasic G., Thomas M., Ribeiro

N., Thuaud F., Basmadjian C., Mateus C., Routier E., Kamsu-Kom N., Agoussi S., Eggermont A., Désaubry L.,
Robert C., Vagner S. Nature 2014, 513, 105-109. (ii) Lito, P.; Rosen, N.; Solit, D. B. Nat Med 2013, 19 (11),
1401-1409. (iii) Levy, J. M. M.; Thompson, J. C.; Griesinger, A. M.; Amani, V.; Donson, A. M.; Birks, D. K.;
Morgan, M. J.; Mirsky, D. M.; Handler, M. H.; Foreman, N. K.; Thorburn, A. Cancer Discovery 2014, 4 (7), 773-
780. (iv) Tentori, L.; Lacal, P. M.; Graziani, G. Trends in Pharmacological Sciences 2013, 34, 656-666.

125 (i) Blagden, S. P.; Willis, A. E. Nat Rev Clin Oncol 2011, 8 (5), 280-291. (ii) Silvera, D.; Formenti, S. C;
Schneider, R. J. Nat Rev Cancer 2010, 10 (4), 254-266.
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Using the inhibitor 4EGI-1, our collaborators showed that the formation of the elF4F
complex is directly involved in sensitivity to vemurafenib. Therefore, it was hypothesized
that inhibiting elFAF could relieve the resistance to anti-BRAF and/or anti-MEK therapies.
For this purpose, a series of synthetic flavaglines were evaluated for their capacity to inhibit
elF4A activity. The results showed that an elF4A inhibitor, such as FL3, in combination with
vemurafenib has a synergistic effect on the proliferation of Mel624 cells. Moreover,
experiments in xenograft mice were performed with FL3, and showed that this compound
could relieve the resistance to anti-BRAF treatments (Figure 11 and publication n°5, page

311 for more details).***

(o]

g 12007 Mel624 = Vehicle

* | — + PIx 200 mg/kg
3

E

Time (days)

Figure 11 | Growth of Mel624 xenografts in mice treated with vehicle, FL3 and/or PLX 4720
(vehicle and PLX 4720 displayed identical effects) .***

In addition, the synthesized flavagline FL3 was used by other collaborators to show
its action on prohibitines in areas not directly related to oncology. Indeed, Professor Duncan
Smith at Mahidol University in Thailand showed that the Chikungunya virus (CHIKV) uses
PHB1 as a co-receptor to enter the interior of the cells. This team has recently shown that
flavaglines such as FL3 significantly decrease the internalization of the receptor (see

publication n°6, page 331).*%°

126 Wintachai, P.; Thuaud, F.; Basmadjian, C.; Roytrakul, S.; Ubol, S.; Désaubry, L.; Smith, D. R. Microbiology and

Immunology 2015, 59 (3), 129-141.
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Moreover, the team of Prof. Joost GJ Hoenderop at Radboud University in Nijmegen
(Netherlands) with whom we collaborate focuses his work on magnesium channels TRPM6
and TRPM7. This team recently showed that the PHB2 inhibits the activity of TRPM®6 channel

and that flavaglines such as FL3 relieve this inhibition.**’

No other compound tested in this
laboratory presents such pronounced effect. This study has provided insight into the
mechanisms of regulation of this receptor, confirming the involvement of insulin signaling

(see publication n°7, page 347).

127 Blanchard, M. G.; de Baaij, J. H. F.; Verkaart, S. A. J.; Lameris, A. L.; Basmadjian, C.; Zhao, Q.; Désaubry, L.;

Bindels, R. J. M.; Hoenderop, J. G. J. PLoS ONE 2015, 10 (3), e0119028.
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3.4 Synthesis of an isostere of flavaglines

Instead of having an OH in position 1, pharmacologically active FL23 and
aglaiformosanin have a formylamino or an sp’ nitrogen, which implies that the hydroxyl
found in most of the flavaglines could be replaced by another polar group (Figure 10). We
have made the hypothesis that FL46 (Scheme 91), which displays these structural features,
should also be active. Such compounds which are called isosteres could potentially display

enhanced bioavailability and pharmacodynamic properties.

B
rocaglaol FL23 aglaiaformosanine putative pharmacophore

Figure 12 | Flavaglines and their putative pharmacophore.

The strategy to synthesize the pyrazoline isostere of flavaglines is based on the

cyclocondensation of enaminone 287 with hydrazine (Scheme 91).

HO 1) PySOs, Et;N TMS o
MeO Lo DMSO, 0 °C MeO

G Jomzh . £BUOCH (N,
L L
MeO o 2) TMSOTY, DIPEA 60 PhMe, MeO
Q PhMe, 0 °C reflux, 36 h
tort,1h

180 262
94% over 2 steps
OMe ° P OMe
NoH4.HCLEtOH, | 28%
reflux, 16 h | over 2 steps
(EtO)4Si
-

reflux, 16 h MeO

21%

Scheme 91| Synthesis of pyrazoline isostere FL46.
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Parikh-Doering oxidation of rocaglaol 180 and protection of the tertiary alcohol with a
trimethylsilyl group permitted the modification at the position 2 of the cyclopentenone 262
with 94% yield over 2 steps (Scheme 91). The latter was converted to the enaminone using
Bredereck’s reagent (t-BuOCH(NMe;),). Condensation with hydrazine surprisingly afforded
the hydrate of 288. Dehydration of the heterocycle was achieved with tetramethoxysilane in

only 21% vyield.

Unfortunately, FL46 displayed a poor cytotoxicity on two cell lines (HEP2 and 789-0)
compared to FL23 used as a reference (Figure 13). Due to this unexpected loss of

pharmacological activity, we did not try to synthesize other analogs of this series.

120% HEP2 —o—FL23
0,

mlOO/) “
o °
8 80% o
o g
r =}
| 60% ©
g S

-
s 40% o
X X

20%

0% T r 11 T T 0% T T T 1 1 1T 1
O 1N & 4 m O +H o O O 1N 4 ?m O «H m O
OOﬁq-NI\Hmoc’p'M OOHQ‘NI\\—IMOC'MM
S & O © 4 m +H m O & & 0 © d m «+H m O
Q © © 9 9o <o <« M o C Q © ©Q © o «d o O
O O O © © © O o - O O O O © © © o «

Figure 13 | Cytotoxicity of FL23 and FL46 in HEP2 and 789-0 cell lines.

129



RESULTS - Rearrangements of 1-styryl propargy! alcohols

3.5 Rearrangements of 1-styryl propargyl alcohols

3.5.1 Preparation of 1-styryl propargyl alcohols

In the course of our research, as seen in section 3.1.2, we serendipitously discovered
novel rhenium-catalyzed rearrangements starting form enynol 182a and giving access to a

mixture of cyclopentenone 188 and methylfuran 217 (Scheme 92).

MeO MeO

OMe OMe
SRS &,

ReZO7, MeOH —
+ O

MeQ ' MeQ =~

DCE, 45°C,16 h
Ph Ph

MeO MeO
182a 188, 32% 217, 18%

Scheme 92| Discovered novel rhenium-catalyzed rearrangements of enynol 182a.

In order to study the scope and limitations of this rearrangement, various 1-styryl propargyl
alcohols were prepared following two methods. As seen in the beginning of this chapter,
acyl chloride 186 was prepared quantitatively from the corresponding carboxylic acid which
was obtained stereoselectively by Perkin reaction. Following method A, acyl chloride 186
reacted with tertbutyldimethylsilyl acetylene by Sonogashira coupling to afford propargyl
ketone 289 in 79% yield (Scheme 93). Alkylation via a lithiated derivative gave access to
propargyl alcohols 182b, 295-297. This method could not give access to carbinol 292 and
293 as the first alkylation step was unsuccessful. Therefore, a second method was used
starting with a Suzuki coupling of the acyl chloride 186 with different boronic acids to obtain
allylic ketone 290 and 291. Alkylation with lithiated tertbutyldimethylsilyl acetylene afforded
propargyl alcohols 292 and 293. Finally, carbinol 294 was obtained via reduction of ketone

289 with 72% yields in Luche conditions.
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MeO

186

Method B
R-B(OH),

K3POy, PdCIy(PPh3),
PhMe, 80 °C,4 h

35-54%

X

Ph
MeO

290, 291

Scheme 93|

Method A

TBS TBS
TBS—=, Et;N o F vo. F
Pd(PPh3),Cly, Cul NaBH,, CeCls.7H,0
1,4-dioxane, 80 °C, 16 h = MeOH. 0 °C. 2 h X
79% MeO Ph 72% MeO Fh
289 294

R-Li \
THF, -78 °C | 4348%

o TBS
R NZ
TBS—=, n-BuLi
THF, -78 °C =

30-98% MeO Ph

182b, 295-297
292, 293

Methods to prepare various propargyl alcohols 182b, 292-297.

3.5.2 Study of the scope and limitations

As presented in section 3.1.2, starting from propargyl alcohol 20, we were able to isolate

cyclopentenone 2 (44%) along with methylfuran 27 (27%, Table 17, entry 1).
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TBS
OH_z Re,0 (1.5 mol%),

R MeOH (8 equiv)

188, 217, 298-302
X

Ph

DCE, 45°C,16 h
MeO
182b, 292-297

Table 17 | Rhenium oxide-mediated rearrangement of 1-styryl propargyl alcohols 182b,

292-297.
Entry R Method Products Yield (%)°
188 44
1 182b A
217 27
2 292 B 298 20
3 293 B 299 35
4 H 294 300 54
5 295 A 301 47
6 296 A 302 31
7 297 A Mixture of uncharacterized products

An = anisyl, ® isolated yields.

The proposed mechanism for the formation of the cyclopentenone 188 was already

depicted in Scheme 65 (chapter 3.1.2). We hypothesized here a mechanism for the
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formation of the methylfuran 217 through the same stabilized carbocation intermediate
which reacts with an oxygenated nucleophile to form the intermediate 304. Oxo-cyclization
generates oxonium 305. Nucleophilic attack of ROH cleaves the R-O bond giving
intermediate 306 converted to oxonium 307. This intermediate was desilylated with the
assistance of ROH giving alkene 308 which rearranged to form furan 217. In this case (R = H),

a similar product was isolated with formation of methylfuran 300 with 54% yield (Table 17,

entry 4).
@
OH_~TBDMS H
RIFZ __TBDMS ( _TtBDMS
@ R = R //
XN H ‘@‘/\ | ‘\OR'
Ph Bh rRoH’
MeO MeO Ph
MeO
182b, R = 2,4,6-trimethoxy-Ph 303 304
294 R =H
R'OH = H,0, MeOH, ReO4H
TBDMS { —TBDMS
R J@ R,/
| Co | o
Ph Ph
MeO 307 MeO 306 MeO
®
"
R R Me
|-~0 0
H - S
Ph Ph
MeO MeO
308 217,300

Scheme 94| Postulated mechanism for the formation of furan 217 and 300.

Replacing the highly electron-donating 2,4,6-trimethoxy groups by a 4-chloro group reduced
the yield of cyclopentenone formation to 20% (entry 2, Table 17). No furan or other
compound could be isolated. Next, we turned to the examination of substrate 293, whose
unsubstituted phenyl group stabilizes even less the carbocationic intermediate.
Unsurprisingly, we could not detect any cyclopentenone. Instead, we were amazed to

isolate ketone 299. Indeed, 4,4-diarylnaphthalen-1-ones are highly unusual compounds,
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whose synthesis is poorly described.*?® The structure of 299 was confirmed by NOE and key
HMBC correlations (Figure 14). There is indeed a NOE correlation between H? (6 4.91 ppm)
and H? (6 7.18 ppm) and HMBC correlations between C* (8§ 206.7 ppm) and H* (6 1.65 ppm),
and between H? (6 4.91 ppm) and C* (6 1.65 ppm).

HMBC

MeO 299

Figure 14 | HMBC and NOESY correlation of methylnaphatalenone 299.

We hypothesized without any experimental support, a highly speculative mechanism for the

formation of this unexpected methylnaphtalenone 299 depicted in Scheme 95.

P

H
Ph
h
h
Ar
299

TBS TBS
TBS TBS
ph OHZ A @ N @ N
_ —_— 'O -
AT Ar” Ar y Ar®
Ph Ph bh
293 l
TBS TBS
TBS @
TBS \ O _— O \\ \\
S e (AN ) — )
ArU Ar Ar A '
h Ph '
e

Hro
TBS H TBS ® TBS 0 o
HY Ar
© Ph Ph M

TBS

Scheme 95| Speculation on the mechanism of formation of methylnaphtalenone 299.

When the substrate is substituted by n-butyl group, interestingly, acyclic enone 301 was
obtained with 47% vyield (Table 17, entry 5). The postulated mechanism is described below

(Scheme 96). After formation of the stabilized carbocation 309, attack of a nucleophilic

128 Terao, Y.; Kametani, Y.; Wakui, H.; Satoh, T.; Miura, M.; Nomura, M. Tetrahedron 2001, 57 (28), 5967-5974.
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species gives intermediate 311. Cleavage of the R-O bond leads to enone 313. Finally
Brook’s rearrangement followed by desilylation affords enone 301. It could also be
envisioned that compound 311 could arise from the rearrangement of an allene oxide

intermediate 314.

H+
TBS
TBS TBS TBS |
H+\_/% o + N X RZ0. NF
H g ROH =
—_— ‘@ e —— \_/‘ —_—
X N N X
Ph Ph
MeO Ph MeO MeO Ph MeO
205 309 310 n
l ROH = H,0, MeOH, ReO 4H
Me TBS
TBS-<
=
o) = (6) - o =
A N X
Ph Ph Ph
MeO MeO
314 301 313 312

Scheme 96| Postulated mechanism for the formation of acyclic enone 301.

The structure of ketone 301 was confirmed by NMR 2D experiment (Figure 15). NOESY
correlations were observed between H' (6 6,832 ppm) and H? (8§ 2,163 ppm), and also

between H? (&6 2,381 ppm) and H* (& 6,422 ppm).

NOE
~

H2H1

o) =
3
x :Q NOE

Ph
MeO

301
Figure 15 | HMBC and NOESY correlation of acyclic enone 301.
When propargyl alcohol 296 was substituted by tert-butyldimethylsilyl acetylenide, no
cyclization was observed. The only isolated compound was the product of allyl

rearrangement 302 obtained with 31% vyield (Table 17, entry 6). With a 2-furyl substituted

substrate 297, only a mixture of unidentified products was obtained (entry 7).
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We then decided to change the substituents in the vinylic position. In the first example
(Scheme 97), we aimed to prepare propargyl alcohol 316 by alkylation of aldehyde 315 with
lithiated tert-butyldimethylsilyl acetylenide. However, the only product isolated was the
diadduct 317 with 12% vyield. As we did not obtain the desired alcohol 316, we have not
been able to examine its reactivity with Re,05.

Me
Os_H TBS 8BS

D

TBS—

nBuL| THF,
Me ~781t00°C,3h

AN

315 316, 0% 317, 12%

Scheme 97| Attempt to synthesis carbinol 316.

This type of reaction has been recently described by Ramasastry et al., but in the presence
of Yb(OTf); as a catalyst.'”® As depicted in Scheme 98, the mechanism involves the
formation of symmetric ether intermediate 319 promoted by a Lewis acid. Allylic migration

of indole gives access to diheteroarylalkane 320.

HO,
R
(OTf)3
2 N Me-N A + R-CHO
N CH3N02 rt _,4\ N \
Me Me Me
318 320
R = Ph, alkyl

Scheme 98| Synthesis of diheteroarylalkane 320 described by Ramasastry et al."*

In the second example (Scheme 99), cinnamoyl chloride 321 underwent a Sonogashira
coupling reaction followed by an alkylation with lithiated trimethoxybenzene.
Unfortunately, we did not get the expected alcohol 323, but instead diadduct 324 was
isolated with 36% yield. The mechanism of this reaction may be similar to the one involved

in the formation of compound 317 (Scheme 97).

2% Dhiman, S.; Ramasastry, S. S. V. Organic & Biomolecular Chemistry 2013, 11 (46), 8030-8035.
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TBS

TBS—— = TBS TBS TBS
0s_Cl o} 74 sec-BuLi OH_~ Ar 2 =
Cul, Pd(PPh3),Cly, 1.3.5-trimethoxy-Ph, A" = Ar. z o =z
X ) TN ' * " ph
1,4-dioxane, THF, -78t0 0 °C, 3 h X N
Ph 80°c 16h Fh Ph Ph Ar
321 48% 322 323, 0% 324a, 36% 324b, 19%

Ar = 2,4,6-trimethoxyphenyl

Scheme 99| Attempt to synthesis carbinol 323.

Out of the seven substrates tested for their reactivity in the presence of rhenium oxide, only
two led to the formation of a cyclopentenone as originally expected. Other substrates were
generated such as furan 300, enone 301, allyl ether 302, and methylnaphthalenone 299.
These unexpected results illustrate the versatility of the mechanisms involved after
activation of propargyl alcohols by rhenium oxide. The formation of the naphthalenone 299
is the most troubling, because it suggests a cascade of reactions, which to our knowledge
has not been described yet. In the absence of any experimental evidence, any

rationalization mechanism would be highly speculative.

3.5.3 Optimization of the reaction

In order to improve the yields of these reactions and to gain insight in the reaction
mechanisms, we explored different reaction conditions starting from alcohol 325 (Table 1).
Carbinol 325 was prepared in 4 steps with 37% yields from 2-(4-chlorophenyl)acetic acid
following previously described method (Scheme 48, section 3.1.2). Using Re;0; (0.015 eq.),
we first examined the effect of the solvent on the reaction (Table 18). Compared to THF and
CH,Cl,, 1,2-dichloroethane gave better yields with 31% for cyclopentenone 326 and 16% for
methylfuran 327 (entry 1). Increasing the quantity of catalyst to 0.2 eq. did not lead to
higher conversion. In effort to understand the role of Re;0; the catalyst was changed to
ReQ4SiPhs (entry 4) and ReO4H (entry 5). In both cases, the results are similar to those of
Re;07. To confirm that the reaction is catalyzed by an acid, we used two Brgnsted acids.
With triflic acid (entry 7), we obtained similar yields with 36% of cyclopentenone 326 and
12% of furan 327. When using a weaker acid such as acetic acid (entry 12) the two acyclic

isomers 329 and 330 were isolated.
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T™S o Me / ™S ™S
1
a2 Rron A Ar1ji<( A’j( N F A F
catalyst N+ ~ o + OR * | + |
- = S 2 R
AP solvent  Ar? Ar2 Ar Ar2 0 RO Ar2
Ph Ph Ph Ph Ph Ph
325 326 327 328 329 330

Ar'= 2,4 6-trimethoxy-Ph
Ar?= 4-CI-Ph

Table 18 | Optimization of the acid catalyzed rearrangements of enynol 325.

Entry R Catalyst Solvent, T(°C) 326 (%) 327 (%) 328(%) 329 (%) 330 (%)
1 CH; Re, 07 DCE, 45 31 16 0 0 0
2 CH3 Re,0; THF, 45 11 9 0 12 0
3 CH; Re, 07 THF, rt 12 0 0 4 0
4 CH; ReO,SiPh; DCE, 45 28 17 6 0 0
5 CHs ReO4H DCE, 45 30 17 0 0 0
6 - ReO4H DCE, 45 0 5 0 5 0
7 CHs F3CSOsH DCE, 45 36 12 0 0 0
8 CF3CH; F3CSOsH DCE, 45 degradation
9 - F3CSOzH DCE, 45 degradation
10 CHs F3CSO3H CH3NO,, 45 30 0 0 0 0
11°  CH; F3CSOsH CH5NO,, rt degradation
12 CHs AcOH DCE, 45 0 0 0 51 47

In the absence of methanol (entries 6 and 9), no cyclized products were isolated. Replacing
methanol with trifluoroethanol only led to products of degradation. Thus, the presence of
methanol seems important for the cyclization to occur, perhaps by stabilizing an
intermediate. Finally, the best yield was obtained with triflic acid in 1,2-dichloroethane in
the presence of methanol with 80% HPLC purity towards cyclopentenone 326 prior to
purification. In these conditions, there were no traces of furan 237. However, after silica gel
chromatography, the yield dropped to 30% (entry 10). We then challenged the stability of
the compound over SiO; but after 5 hours in saturated SiO,, the pure cyclopentenone 326

seemed to be stable.

138



RESULTS - Rearrangements of 1-styryl propargyl alcohols

To better understand why the yield is so low, each step of the reaction was followed by *H
NMR with 4,4'-di-tert-butylbiphenyle as an internal reference. The results are shown in
Table 19.

MeO MeO

OMe
oY;

F3CSO3zH, MeOH,
MeO ' *

CH3NO,, 45°C
Ph
325 326 331

Table 19 | NMR and HPLC monitoring of the rearrangement of carbinol 325.

Entry Time (h)  Sample 326 (%)° [%]° 331 (%)° [%]°
1 2 reaction mixture 20 [41] 10 [49]
crude product 6 [41] 4 [51]
2° 16 reaction mixture 12 [37] 6 [49]
crude product 4 [40] - [53]
3 16 crude product 10 [38] 3 [51]
isolated product 15¢ 7°

?yield based on *H NMR using 4,4"-di-tert-butylbiphenyle as an internal standard ° yields based on
HPLC ‘crude of entry 1 was reintroduced in the same conditions ® isolated yield.

The reaction was first carried out in the same conditions. After 2 hours, the starting material
was consumed (entry 1, Table 19). After work up, both NMR and HPLC showed the
formation of the cyclopenenone as expected but also a byproduct. To be sure that the
byproduct is not an intermediate of the reaction, the crude was reintroduced in the same
reaction conditions (entry 2) but after 16 h at 45 °C, the ratio between 326 and the
byproduct did not change. The reaction was reproduced starting from 325. After one night,
the observations were the same. These experiments show that the low yield did not come
from the purification on silica gel as the percentage of the cyclopentenone 326 is already
low in both the reaction mixture and the crude. A rational explanation accounting for these

observations still remains unknown.

Next we examined his reaction with a very different substrate. Starting from enynol 332, we
were able to isolate 28% of cyclopentenone 197 and 25% of furan 200 in the presence of a
catalytic amount of Re,0; (Scheme 100). As with the previous substrate, the reaction could

be performed with triflic acid promoting the obtaining of cylopentenone 197, which seems
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to be the major product in the 'H NMR of the crude reaction mixture. As before, after

purification the yield dropped to 35%.

Y’ ™S catalyst 0 o
HO 7~ MeOH |
+ ~~Ph
7~ "Ph  pcE
Ph
332 197 200
Re207: 28% 25%
FiCSOgH:  35% 0%

Scheme 100| Rearrangement of carbinol 332.

We then decided to see whether the presence of the silyl substituent on the alkyne was
necessary. On the terminal alkyne 333, in the presence of perrhenic acid, 16% of the starting
material was recovered along with 36% of the diketone 334 (Scheme 101). No cyclization
product was isolated. This observation strengthened the hypothesis that the silyl group is

necessary for the cyclization.

ReO4H, MeOH

DCE, 45 °C

MeO
333 333, 16% 334, 36%

Scheme 101| Rearrangement of carbinol 333 with a terminal alkyne.

This optimization work showed that this rearrangement is catalyzed by a Brgnsted
acid such as triflic acid. We hypothesized a delicate balance among several mechanistic
pathways due to a minor change of substrate in acid-catalyzed rearrangements of 1-
styrylpropargyl alcohols. This work was published in Beilstein. J. Org. Chem. 2015, 11, 1017-
1022 (see publication n°8, page 361).
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4. CONCLUSION

The main objective of this research was to develop a new synthesis of flavaglines to
prepare original analogs. Pursuing this goal, we established two novel methods to access
advanced intermediates of flavaglines. On one hand, a tri-substituted cyclopentenone
intermediate was obtained via an acid catalyzed-rearrangement of 1-styryl propargylic
alcohol. Thus, in only 5 steps, the cyclopentenone was obtained with 13% overall yield. This
approach compare favorably to reported ones (Ragot’s synthesis: 6 steps, 6% yield; Trost’s
synthesis: 8 steps, 21% vyields). The inability to apply Ragot’s synthesis of flavaglines to our
cyclopentenone intermediate could explain why this strategy was never reported to prepare
pharmacologically active compounds. On the other hand, our second synthetic pathway
gave access to the tricyclic core of the flavaglines via a key Nazarov reaction. We were able
to achieve the first synthesis of a flavaglines-type product substituted with a thioether
group. As the final step of this route was not reproducible, some efforts are currently made

in the laboratory to explore new strategies.

During this work, different pharmacochemical tools were prepared. Thus, we
synthesized a new fluorescence probe of a flavagline that is currently under study and has
already shown promising results in the elucidation of prohibitin signaling pathway in cancer.
Also, a flavagline originally developed in the laboratory (FL3) was re-synthesized and tested
for the inhibition of elF4A and its anticancer activities in chemoresistant metastatic
melanoma. FL3 was also shown to display other pharmacological effects unrelated to cancer

(regulation of TRPM6 canal and infection with the Chikungunya virus).

Another objective was to synthesis an original pyrazole isostere of flavaglines. This
goal was successfully reached but unfortunately, this compound displayed a poor

cytotoxicity compare to pharmacologically active FL23.

Finally, an unexpected of 1-styryl propargylic alcohol acid-catalyzed rearrangement
was discovered in the course of our research. Preliminary results concerning the scope and
limitations of this reaction demonstrated the delicate balance among several mechanistic
pathways by a minor change of substrate leading to different compounds such as

cyclopentenones, furans, an enone or even a naphtalenone.
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5. EXPERIMENTAL PROCEDURES

5.1 Generalities

All commercial reagents and reactants were used without further purification except
from benzaldehyde and cyclohexanone which were distilled prior to being used. Dry
solvents were purchase anhydrous or over molecular sieve in sealed bottles. All reactions
sensitive to moisture or oxygen were carried out under argon atmosphere in oven-dried

glassware (110 °C).

The progress of reactions was followed by thin layer chromatography on Silica Gel 60 F254
precoated aluminum sheets. The revelation of the plates was achieved by ultraviolet
irradiation at 254 or 360 nm, and if needed by immersion in a stain (ninhydrin or

phosphomolybdic acid), followed by heating.

The crudes of reaction were purified by column chromatography on silica gel Merck 60;
0,040-0,065 mm (230-400 mesh). The product is loaded onto the column either diluted in a
minimum starting solvent or adsorbed on a minimal amount of silica 0.063-0.200 mm

(Merck). The chromatography was eluted with a suitable eluent under medium air pressure.

'H and *C NMRs were recorded on either RMN Bruker Avance DPX - 300 MHz spectrometer
or RMN Bruker Avance Ill - 400 MHz spectrometer at 25 °C. The multiplicities of the signals
are depicted as follow: s, singlet; br, broad signal; d, doublet; t, triplet; quad., quadruplet;
quint., quintuplet; sex., sextuplet; m, multiplet; dd, doublet of doublet; dt, doublet of triplet.
The residual peak of deuterated solvents is used as a reference (CDCl; 7.26 ppm, 77.16 ppm;
DMSO-dg, 2.5 ppm, 39.52 ppm). The coupling constants J are expressed in hertz and the
chemical shifts in ppm (part per million). The assignments of the spectra signals were carried
out, compared with literature data whenever possible, or with comparison to neighboring
structures or thanks to additional experiments such as DEPT, COSY, NOESY, HSQC, and
HMBC.
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Mass spectrums were carried out by the PACSI (Plateforme d’Analyse Chimique de
Strasbourg lllkirch) using Agilent 1200: source, MM ESI/APCI; analyzer, quadrupole-Agilent
5973B) for low resolution (referred to as LC-MS). High resolution mass spectrometry (HR-
MS) was executed using Agilent 1200: sources, ESI or APCI; analyzer, Q-ToF in tandem -
Agilent Accurate Mass QToF 6520). Thermo trace GC/DSQ Il apparatus was used for GC-MS

experiments.

The names of the compounds are generated using ChemDraw software from

CambridgeSoft.

- The compounds are described in order of appearance in the manuscript.
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5.2 Procedures for chapter 3.1.

General procedure |: Perkin reaction

To a mixture containing aryl acetic acid (1 eq), benzaldehyde (1.1 eq) and triethylamine (1
eq) was added dropwise at 0 °C acetic anhydride. The resulting mixture was stirred at 50°C
for 2 hours. The temperature was then raised to 100 °C for an additional 5 hours. The
mixture was cooled down at room temperature and a NaOH solution was added until pH
reached 14. The resulting mixture was stirred 0.5 hour then extracted with diethylether. The
resulting aqueous layer was acidified with a solution of HCI 3 M. The product was extracted
with Et,0. The organic layer was dried over anhydrous MgSQ,. Filtration and evaporation

under reduced pressure gave quantitatively the desired product.

O~ _OH
Compound 184:
X
(E)-2-(4-Methoxyphenyl)-3-phenylacrylic acid Ph

MeO

Compound 184 was obtained following general procedure | starting from compound 4-

methoxyphenyl acetic acid (33 g, 0.2 mol), benzaldehyde (22 mL, 0.22 mol) and
triethylamine (27.4 mL, 0.2 mol). Product 184 was obtained quantitatively (50 g).

'H NMR (CDCls, 400 MHz) 6 3.85 (s, 3H), 6.92 (d, 2H, J = 8.7 Hz), 7.18 (d, 2H, J = 8.9 Hz), 7.11-
7.47 (m, 5H), 7.94 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz) & 55.4, 114.4 (2C), 128.2, 128.5 (2C), 128.5, 128.7, 129.5, 130.9
(20), 131.2 (2C), 142.4, 159.5, 173.5 ppm;

HR-MS calculated for C1H1403: 254.0943, found: 255.1013 (M+H)".
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General procedure Il: Preparation of acyl chlorides

The carboxylic acid (1 eq) was dissolved in CH,Cl, containing catalytic amount of DMF (0.025
eq). The mixture was cooled down at 0 °C and oxalyl chloride (1.15 eq) was added dropwise.
The resulting mixture wad stirred at room temperature overnight. The obtained mixture
was concentrated to dryness, washed 3 times with toluene and concentrated again to give

guantitatively the desired product.

0] Cl
Compound 186:
X
(E)-2-(4-Methoxyphenyl)-3-phenylacryloyl! chloride MeO Ph

Compound 186 was obtained following general procedure 1l starting from compound acetic

acid 184 (30.75 g, 0.121 mol) in CH,Cl, (160 mL) with DMF (235 pL, 3 mmol) and oxalyl
chloride (11.76 ml, 0.139 mol). Product 186 was obtained quantitatively (33 g).

'H NMR (CDCl3, 400 MHz) & 3.85 (s, 3H), 6.75 (d, 2H, J = 8.9 Hz), 7.12-7.30 (m, 7H), 8.08 (s,

1H) ppm;

3¢ NMR (CDCl, 400 MHz) & 54.4, 114.7 (2C), 126.9, 128.4, 128.6 (2C), 130.6, 131.2 (2C),
131.5 (2C), 136.0, 147.6, 160.0, 169.8 ppm.

HR-MS calculated for C16H13Cl0,: 272.0604, found 272.0604 [C16H13Cl0, T .

General procedure lll: Sonogashira reaction

Acyl chloride (1 eq), Pd(PPhs),Cl, (0.02 eq) and Cul (0.04 eq) were added to a solution of
silylacetylene (1.4 eq) in 1,4-dioxane under argon atmosphere. At 0 °C, triethylamine (3 eq)
was added dropwise. The mixture was warmed up at room temperature and stirred
overnight at 80 °C. The reaction mixture was filtered and the resulting filtrate was

concentrated. The crude was purified on silica column to give desired product.
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Compound 183: TMS

o
AN

(E)-2-(4-Methoxyphenyl)-1-phenyl-5-(trimethylsilyl)pent-1-en-4-

Ph
yn-3-one MeO

Compound 183 was obtained following general procedure lll starting from compound 186

(26 g, 0.095 mol) in 1,4-dioxane (500 mL) with trimethylsilylacetylene (13.16 g, 0.134 mol),
Pd(PPhs),Cl; (1.33 g, 1.9 mmol), Cul (720 mg, 3.8 mmol) and Et3N (39.8 mL, 0.3 mol). Product
183 was obtained with 64% yield (20.36 g).

'H NMR (CDCls, 400 MHz) & 0.29 (s, 9H), 3.84 (s, 3H), 6.93 (d, 2H, J = 8.7 Hz), 7.08 (d, 2H, J =
8.7 Hz), 7.15 (d, 2H, J = 7.1 Hz), 7.20-7.27 (m, 3H), 8.10 (s, 1H) ppm;

3C NMR (CDCls, 400 MHz) & -0.6 (3C), 55.3, 100.4, 101.1, 114.4 (2C), 126.6, 128.3 (2C),
129.9, 131.1 (2C), 131.2 (2C), 134.7, 141.2, 145.6, 159.7, 179.4 ppm;

HR-MS calculated for Cy,H,,0,Si: 334.1389, found: 335.1469 (M+H)".

General procedure IV: Alkylation of ketones

Alkylation agent (1-2 eq) was dissolved in anhydrous THF under argon atmosphere. At -78
°C, sec- or n-Buli (1-2 eq) was added dropwise and the mixture was stirred at 0°C for 1 hour.
The obtained lithiated product was added dropwise a -78 °C to a solution of ketone (1 eq) in
anhydrous THF. The obtained mixture was stirred at 0 °C for 3 hours. The mixture was
washed with water then with a saturated solution of NH,4Cl. After extraction with EtOAc, the
organic layer was dried over MgSQ,, filtered and concentrated. The crude was purified on

silica column to give desired product.
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Compound 182a:

(E)-2-(4-Methoxyphenyl)-1-phenyl-3-(2,4,6-
trimethoxyphenyl)-5-(trimethylsilyl) pent-1-en-4-yn-3-ol

Compound 333:

(E)-2-(4-Methoxyphenyl)-1-phenyl-3-(2,4,6-

trimethoxyphenyl) -pent-1-en-4-yn-3-ol

Compound 182a was obtained following general procedure 1V starting from compound 183

(25.2 g, 0.075 mol) in THF (500 mL) with trimethoxybenzene (18.9 g, 0.113 mol) and sec-Buli
(1.4 M, 80.6 mL, 0.113 mol). Product 182a was obtained with 71% yield (26.6 g) along with
deprotected alkyne 333 (1.1 g, 14%)

Compound 182a:
'H NMR (CDCl;, 400 MHz) 6 0.21 (s, 9H), 3.63 (s, 6H), 3.77 (s, 3H), 3.78 (s, 3H), 6.07 (s, 2H),
6.50 (s, 1H), 6.72 (d, 2H, J = 8.7 Hz), 6.90-6.93 (m, 4H), 7.04-7.09 (m, 3H), 7.21 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz) & 0.3 (3C), 55.3, 55.4, 56.3 (2C), 76.9, 88.7, 92.8 (2C), 107.8,
111.4, 113.2 (2C), 126.5, 127.0, 127.9 (2C), 129.5 (2C), 130.2, 131.8 (2C), 137.4, 143.6, 158.7,
159.0 (2C), 160.4 ppm;

HR-MS calculated for C3gH3405Si: 502.2176, found: 525.2077 (M+Na)®.

Compound 333:
'H NMR (CDCl5, 400 MHz) & 3.65 (s, 6H), 3.75 (s, 3H), 3.77 (s, 3H), 5.83 (s, 1H), 6.05 (s, 2H),
6.75 (d, 2H, ) = 8.8 Hz), 7.18-7.29 (m, 6H), 7.75 (d, 2H, J = 8.8 Hz) ppm;

3C NMR (CDCl3, 400 MHz) & 55.4 (2C), 55.9 (2C), 91.3 (2C), 111.3, 113.2 (2C), 126.4, 128.0
(2C), 129.8 (2C), 130.1 (2C), 130.6, 139.5, 158.1 (2C), 160.7, 162.4, 198.2 ppm.
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Compound 196-1: O

(E)-2-Benzylidenecyclohexanone

Cyclohexanone (15.8 mL, 0.153 mol) and benzaldehyde (16.96 mL, 0.168 mol) were mixed
together. A solution of 1 N KOH (150 mL) was added. The resulting mixture was heated at
reflux for 3 hours. It was then diluted in Et,0 and washed with water. The obtained organic
layer was dried over MgSQ,, filtered and concentrated. The obtained crude was purified on

a silica column to give 12.15 g (42%) of product 196-1.

'H NMR (CDCls, 400 MHz) & 1.74-1.80 (m, 2H), 1.90-1.96 (m, 2H), 2.54 (t, 2H, J = 6.7 Hz),
2.84 (td, 2H, J = 2.3 and 6.5 Hz), 7.31-7.40 (m, 5H), 7.50 (t, 1H, J = 2.3 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz) § 23.4, 23.9, 28.9, 40.3, 128.3 (2C), 128.3, 128.5, 130.3 (2C),
135.6, 136.9, 201.7 ppm.

TMS

Compound 196-2:
WA

Z “Ph
(E)-2-Benzylidene-1-((trimethylsilyl)ethynyl)cyclohexanol

Compound 196-2 was obtained following general procedure IV starting from compound

196-1 (3.5 g, 0.019 mol) in THF (40 mL) with ethynyltrimethylsilane (5.41 mL, 0.038 mol) and
n-Buli (1.6 M, 24 mL, 0.038 mol). Product 196-2 was obtained with 65% yield (3.7 g) after

recrystallization in TBDME.

'H NMR (CDCl3, 400 MHz) 6 0.20 (s, 9H), 1.42-1.54 (m, 1H), 1.72-1.93 (m, 4H), 2.00-2.09 (m,
1H), 2.17 (br, s, 1H), 2.37-2.47 (m, 1H), 2.61-2.75 (m, 1H), 6.90 (s, 1H), 7.20-7.27 (m, 3H),
7.32(d, 2H, ) =7.2 Hz) ppm;

1C NMR (CDCls, 400 MHz) 6 0.1 (3C), 23.1, 26.3, 27.4, 42.6, 72.0, 90.5, 108.0, 122.0, 126.5,
128.2 (2C), 129.1 (2C), 137.8, 143.1 ppm.
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General procedure V: Deprotection of alkynes

Alkynes (1 eq) were dissolved in anhydrous MeOH under argon atmosphere. Anhydrous
K2CO3 (2 eq) was added and the mixture was stirred at room temperature. After 2 hours, the
reaction mixture was filtered. The obtained filtrate was diluted in Et,0 and washed with
water and brine. The organic layer was dried over MgSQ,, filtered and concentrated. The

obtained crude was purified on silica column to give terminal alkynes.

Compound 196: HO //
Z “Ph

(E)-2-Benzylidene-1-ethynylcyclohexanol

Compound 196 was obtained following general procedure V starting from compound 196-2

(6 g, 0.02 mol) in MeOH (70 mL) with K,COs3 (5.5 g, 0.04 mol). Product 196 was obtained with
94% vyield (4 g).

'H NMR (CDCl3, 400 MHz) § 1.45-1.7 (m, 1H), 1.76-1.98 (m, 4H), 2.06-2.14 (m, 1H), 2.2 (br, s,
1H), 2.40-2.50 (m, 1H), 2.65-2.74 (m, 1H), 2.68 (s, 1H), 6.94 (s, 1H), 7.23-7.28 (m, 3H), 7.34
(d, 2H, ) =7.2 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) 6 23.0, 26.2, 27.3, 42.45, 71.69, 74.0, 86.4, 122.3, 126.6, 128.2
(2C), 129.1 (2C), 137.6, 142.7 ppm.

General procedure VI: Molybdenum-catalyzed allylic rearrangements

MoO,(acac), (0.05 eq) and propragyl alchool (1 eq) were dissolved in DCE. The mixture was
stirred between room temperature and reflux overnight. The reaction mixture was cooled

down at room temperature and filtered on celite to afford product.
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Compound 198: | |

(E)-((2-Ethynylcyclohex-2-en-1-ylidene)methyl)benzene

Compound 198 was obtained following general procedure VI starting from compound 196

(50 mg, 0.234 mmol) in DCE (500 pL) with MoO;(acac), (3.8 mg, 0.018 mmol) at reflux.
Product 198 was obtained with 90% vyield (45 mg) based on GC-MS of the crude.

'H NMR (CDCls, 400 MHz) & 1.66-1.74 (m, 2H), 2.24-2.31 (m, 2H), 2.62-2.67 (m, 2H), 3.04 (s,
1H), 6.47 (t, 1H, J = 4.7 Hz), 7.01 (s, 1H), 7.17-7.40 (m, 5H) ppm;

3¢ NMR (CDCl5, 400 MHz) & 22.0, 26.3, 26.4, 77.8, 80.1, 125.8, 126.0, 126.5, 126.9, 127.9,
128.0 (2C), 129.3 (2C), 139.2 ppm.

Compound 199: ‘ ‘ OH
Ph

(2-Ethynylcyclohex-1-en-1-yl)(phenyl)methanol

Compound 199 was obtained following general procedure VI starting from compound 196

(50 mg, 0.234 mmol) in DCE (500 uL) with MoO,(acac), (3.8 mg, 0.018 mmol) at room
temperature. Product 199 was obtained with 90% yield (45 mg) based on GC-MS of the

crude.

'H NMR (CDCls, 400 MHz) & 1.49-1.81 (m, 4H), 2.00 (br, s, 1H), 2.21-2.30 (m, 4H), 3.17 (s,
1H), 6.13 (s, 1H), 7.25 (t, 1H, J = 7.2 Hz), 7.34 (t, 2H, J = 7.3 Hz), 7.44 (d, 2H, ) = 7.2 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) 6 22.0, 22.3, 22.8, 30.3, 74.4, 80.7, 125.6 (2C), 125.9, 126.1,
127.2,128.3 (2C), 128.5, 130.5 ppm.

Compound 199 was also be obtained with the following procedure:

Alcohol 196 (80 mg, 0.377 mmol) was dissolved in toluene (500 pL) under argon
atmosphere. 4-Methoxyphenylboronic acid (10.3 mg, 0.0754 mmol) and the reaction

mixture was stirred at room temperature overnight. After filtration over celite, the mixture
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was diluted in Et,O and washed with water. The organic layer was separated, dried over
MgSQ,, filtered and concentrated. After purification on silica gel, product 199 was obtained

with 45% vyield (36 mg).

Compound 200: / 0
~ ~Ph

1-Methyl-3-phenyl-4,5,6,7-tetrahydroisobenzofuran

Compound 200 was obtained following general procedure VI starting from compound 196

(50 mg, 0.234 mmol) in DCE (500 pL) with MoO5(acac), (3.8 mg, 0.018 mmol) and HgCl, (3.2
mg, 0.018 mmol) at room temperature. Product 200 was obtained with 25% vyield (12 mg)
based on GC-MS of the crude.

'H NMR (CDCls, 400 MHz) & 1.71-1.79 (m, 4H), 2.26 (s, 3H), 2.46 (t, 2H, J = 6.0 Hz), 2.77 (t,
2H,)=5.8 Hz), 7.17 (t, 1H, ) = 7.4 Hz), 7.37 (t, 2H, ) = 7.5 Hz), 7.60 (d, 2H, J = 7.3 Hz) ppm;

3C NMR (CDCl;, 400 MHz) 6 11.8, 20.8, 23.1, 23.2, 23.7, 118.4, 119.4, 124.0 (2C), 125.7,
128.8 (2C), 132.5, 144.7, 145.1 ppm.

General procedure VII: Molybdenum-catalyzed reactions

MoO,(acac), (0.1 eq), NH4PFg¢ (0.1 eq) and ROH (3 eq) were dissolved in acetonitrile. The
mixture was stirred at 60-65 °C and after 10 minutes, propargylic alcohol (1 eq) was added.
After stirring at 60-65 °C for 3 hours, the reaction mixture was cooled down at room

temperature and filtered on celite to afford rearranged products.
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Compound 213a:

(Z)-(5-Methoxy-4-(4-methoxyphenyl)-5-phenyl-3-(2, 4,6-tri-
methoxyphenyl)pent-3-en-1-yn-1-yl)trimethylsilane

Compound 214a:

(E)-(5-Methoxy-4-(4-methoxyphenyl)-5-phenyl-3-(2,4,6-
trimethoxy-phenyl)pent-3-en-1-yn-1-yl)trimethylsilane

Compound 213a/214a was obtained following general procedure VIl starting from

compound 182a (500 mg, 1 mmol) in CH3CN (5 mL) with MoO,(acac), (32 mg, 0.1 mmol),
NH4PFs ( 16 mg, 0.1 mmol) and MeOH (120 pL, 3 mmol). Desired product was obtained with
85% vield (414 mg) in a 3/1 ratio of 213a/214a.

Compound 213a:

'H NMR (CDCls, 400 MHz) & 0.18 (s, 9H), 3.58 (s, 3H), 3.60 (s, 3H), 3.63 (s, 3H), 3.71 (s, 3H),
3.72 (s, 3H), 5.90 (d, 1H, J = 2.1 Hz), 5.95 (d, 1H, J = 2.0 Hz), 6.19 (s, 1H), 6.44 (s, 2H, ) = 8.8
Hz), 6.62 (d, 2H, J = 8.8 Hz), 7.12-7.30 (m, 3H), 7.46 (d, 2H, J = 7.7 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz) & -0.7 (3C), 54.0, 54.3, 54.8, 55.0, 55.7, 81.0, 82.4, 90.0, 90.1,
96.3, 111.1 (2C), 111.6, 125.4 (2C), 125.7, 125.8, 126.0, 126.6, 126.9 (2C), 128.9 (2C), 130.5,
140.0, 157.2, 159.8, 167.2 ppm.

Compound 214a:

'H NMR (CDCls, 400 MHz) § -0.04 (s, 9H), 3.37 (s, 3H), 3.75 (s, 3H), 3.80 (s, 3H), 3.48 (s, 3H),
3.85 (s, 3H), 4.98 (s, 1H), 6.18 (d, 1H, J = 2.1 Hz), 6.20 (d, 1H, J = 2.3 Hz), 6.72 (d, 2H, ) = 8.8
Hz), 7.12-7.30 (m, 7 H) ppm;

3¢ NMR (CDCls, 400 MHz) & -1.0 (3C), 54.3, 54.5, 54.7, 54.9, 55.8, 81.0, 90.1, 90.2, 111.1
(2C), 111.6, 125.4 (2C), 125.7, 125.8, 126.0, 126.6, 126.8 (2C), 128.9 (2C), 130.5, 139.9,
149.4, 149.9, 157.2, 157.3, 160.3 ppm.
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Compound 215: | | OMe

Ph
((2-Ethynylcyclohex-1-en-1-yl)(methoxy)methyl)benzene

Compound 215 was obtained following general procedure VIl starting from compound 196

(300 mg, 1.41 mmol) in CH3CN (7 mL) with MoO,(acac), (46 mg, 0.141 mmol), NH4PF¢ ( 23
mg, 0.141 mmol) and MeOH (171 pL, 4.23 mmol). Product 215 was obtained with 66% yield
(211 mg).

'H NMR (CDCls, 400 MHz) & 1.50-1.78 (m, 5H), 2.08-2.18 (m, 1H), 2.18-2.30 (m, 2H), 3.18 (s,
1H), 3.38 (s, 3H), 5.63 (s, 1H), 7.23 (t, 1H, J = 7.2 Hz), 7.31 (t, 2H, ) = 7.5 Hz), 7.41 (d, 2H, J =

7.5 Hz) ppm.

General procedure VllI: Gold-catalyzed cyclization

Gold catalyst Au[(CgHs)sP]Cl (0.05 eq) and AgSbFs (0.025 eq) were dissolved in CH,Cl,. After
15 minutes at room temperature, the mixture was cooled at -15 °C and a solution allylic
ether (1 eq) in CH,Cl, was added followed by isopropanol (1.1 eq). After stirring at room
temperature overnight, the reaction mixture was filtered through celite and purified by

silica gel chromatography to give cyclized product.

O

Compound 197: : i\f
3-Phenyl-2,3,4,5,6,7-hexahydro-1H-inden-1-one

Ph

Compound 197 was obtained following general procedure VIII starting from compound 215

(40 mg, 0.177 mmol) in CH,Cl, (1.5 mL) with Au[(CgHs)sP]Cl (4.3 mg, 0.0088 mmol), AgSbFe
(1.5 mg, 0.0044 mmol) and i-PrOH (13 pL, 0.170 mmol). Product 197 was obtained with 48%
yield (18 mg).

'H NMR (CDCls, 400 MHz) 6 1.62-1.65 (m, 4H), 2.02-2.06 (m, 5H), 2.89 (dd, 1H J = 6.9 and
18.9 Hz), 3.81 (m, 1H), 7.05-7.08 (m, 2H), 7.22-7.30 (m, 3H) ppm;

3¢ NMR (CDCls, 400 MHz) & 20.3, 21.7, 22.3, 26.6, 45.1, 48.2, 127.1, 127.4 (2C), 129.0 (2C),
139.4, 142.0, 175.3, 208.4 ppm.
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Compound 213b:

(2)-2-(4-Methoxyphenyl)-1-phenyl-3-(2,4,6-
trimethoxyphenyl)-5-(trimethylsilyl)pent-2-en-4-yn-1-ol

Compound 214b:

(E)-2-(4-Methoxyphenyl)-1-phenyl-3-(2,4,6-
trimethoxyphenyl)-5-(trimethyl-silyl)pent-2-en-4-yn-1-ol

Compound 213b was obtained following general procedure VI starting from compound 182a

(3.5 g, 6.97 mmol) in CH3CN (15 mL) with MoO,(acac); (224 mg, 0.697 mmol). Product 213b
was obtained with 11% yield (400 mg). Its isomer 214b was isolated with 6%.

Compound 213b:

'H NMR (CDCl3, 400 MHz) 6 0.13 (s, 9H), 2.26 (d, 1H, J = 7.4 Hz), 3.49 (s, 3H), 3.64 (s, 3H),
3.72 (s, 3H), 3.82 (s, 3H), 5.85 (d, 1H, J = 2.1 Hz), 6.02 (d, 1H, J = 2.1 Hz), 6.49 (d, 2H, ) = 8.9
Hz), 6.54 (d, 1H, J = 6.9 Hz), 6.64 (d, 2H, ) = 8.8 Hz), 7.30 (t, 1H, ) = 7.5 Hz), 7.37 (t, 2H, ) = 7.3
Hz), 7.67 (d, 2H, ) = 8.0 Hz) ppm;

3¢ NMR (CDCl;, 400 MHz) & 0.2 (3C), 55.2, 55.4, 55.7, 56.1, 74.8, 91.0, 98.0, 105.0, 112.7
(2C), 115.0, 126.4 (2C), 127.0, 128.2 (2C), 129.4, 130.1 (2C), 142.5, 153.4, 157.8, 128.8,
158.9, 161.0 ppm.

Isomer of 214b:

'H NMR (CDCls, 400 MHz) 6 0.02 (s, 9H), 2.73 (d, 1H, J = 3.4 Hz), 3.74 (s, 3H), 3.84 (s, 3H),
3.90 (s, 3H), 3.90 (s, 3H), 5.55 (d, 1H, J = 3.0 Hz), 6.21 (d, 1H, J = 2.0 Hz), 6.24 (d, 1H, J = 2.1
Hz), 6.70(d, 2H, 8.8 Hz), 7.06 (m, 1H), 7.16 (d, 4H, J = 4.3 Hz), 7.30 (d, 2H) ppm;

3¢ NMR (CDCl3, 400 MHz) 6 -0.0 (3C), 55.3, 55.6, 56.2, 56.7, 73.8, 86.4, 91.7, 92.2, 96.1,
105.8,112.7 (2C), 116.0, 125.9 (2C), 126.4, 127.8 (2C), 130.2, 131.4 (2C), 141.5, 152.3, 127.8,
158.9, 159.3, 161.3 ppm.
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Compound 213c:

(2)-(5-Ethoxy-4-(4-methoxyphenyl)-5-phenyl-3-(2,4,6-

trimethoxyphenyl)pent-3-en-1-yn-1-yl)trimethylsilane

Compound 214c:

(E)-(5-ethoxy-4-(4-methoxyphenyl)-5-phenyl-3-(2,4,6-

trimethoxyphenyl)pent-3-en-1-yn-1-yl)trimethylsilane

Compound 213c was obtained following general procedure VIl starting from compound

182a (400 mg, 0.8 mmol) in CH3CN (4 mL) with MoO;(acac), (26 mg, 0.08 mmol), NH4PFs ( 13
mg, 0.08 mmol) and EtOH (140 pL, 2.39 mmol). Product 213c was obtained with 85% yield
(359 mg) in a 1/3 ratio with its isomer. 213c was then isolated with 64% yield as a single

isomer.

Compound 213c:

'H NMR (CDCls, 400 MHz) & 0.17 (s, 9H), 1.30 (t, 3H, J = 7 Hz), 3.61 (s, 3H), 3.63 (s, 3H), 3.69
(s, 3H), 3.72 (s, 3H), 3.73 - 3.81 (m, 1H), 3.89 - 3.97 (m, 1H), 5.92 (dd, 2H, J = 12.9 and 2.0
Hz), 6.30 (s, 1H), 6.43 (dd, 2H, J = 8.8 and 2.0 Hz), 6.63 (dd, 2H, J = 8.9 and 2.0 Hz), 7.17-7.21
(m, 1H), 7.25-7.29 (m, 2H), 7.48 (d, 2H, J = 7.6 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz) 6 0.3 (3C), 15.4, 55.0, 55.3, 55.8, 56.0, 64.0, 81.2, 91.0, 91.0, 97.0,
105.4, 110.3, 112.0 (2C), 117.0, 126.5 (2C), 126.6, 127.8 (2C), 130.0 (2C), 130.1, 141.4, 151.6,
158.2, 158.2, 158.2, 160.8 ppm.

HR-MS calculated for C3,H3305Si: 530.2489, found 553.2394 (M+Na)’.

Isomer of 214c:

'H NMR (CDCl3, 400 MHz) & -0.042 (s, 9H), 1.13 (t, 3H, J = 6.9 Hz), 3.63 (s, 3H), 3.67 (s, 3H),
3.76 (s, 3H), 3.84 (s, 3H), 3.74-3.81 (m, 2H), 6.06 (s, 1H), 6.16 (d, 1H, J = 2.0 Hz), 6.20 (d, 1H, )
=2.0 Hz), 6.72 (d, 2H, J = 8.7 Hz), 6.76 (d, 2H, J = 8.9 Hz), 7.19-7.28 ppm (m, 3H), 7.76 (d, 2H,

9.2 Hz) ppm.
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Compound 216b:

(E)-2-(4-Methoxyphenyl)-1-phenyl-3-(2,4,6-

trimethoxyphenyl)pent-2-en-4-yn-1-ol MeO

Compound 216b was obtained general procedure V starting from compound 213b (400 mg,

0.795 mmol) in MeOH (3 mL) with K,CO3 (222 mg, 1.59 mmol). Product 216b was obtained
with 96% yield (330 mg).

'H NMR (CDCls, 400 MHz) & 3.53 (s, 6H), 3.68 (s, 1H), 3.77 (s, 3H), 3.82 (s, 3H), 6.08 (s, 2H),
6.74 (d, 2H, J = 8.7 Hz), 6.88 (d, 1H, J = 1.5 Hz), 6.92 (d, 1H, J = 1.5 Hz), 7.03 (d, 2H, J = 8.7
Hz), 7.13 (t, 1H, ) = 7.4 Hz), 7.21 (t, 2H, ) = 7.3 Hz), 7.48 (d, 2H, ) = 7.3 Hz) ppm;

13C NMR (CDCls, 400 MHz) § 22.1, 22.2, 25.6 (2C), 90.6, 90.7, 112.5, 113.3 (2C), 125.5 (20),
125.8, 126.1, 126.3, 128.0 (2C), 129.7, 130.3 (2C), 130.8, 130.9 ppm.

MeO
Compound 216a:

(E)-1,3,5-Trimethoxy-2-(5-methoxy-4-(4-methoxyphenyl)-5-

phenylpent-3-en-1-yn-3-yl)benzene MeO

Compound 216a was obtained following general procedure V starting from compound 213a

(200 mg, 0.398 mmol) in MeOH (2 mL) with K,CO3 (111 mg, 0.795 mmol). Product 216a was
obtained quantitatively (176.9 mg).

'H NMR (CDCls, 400 MHz) & 2.79 (s, 1H), 3.39 (s, 3H), 3.77 (s, 3H), 3.83 (s, 3H), 3.86 (s, 3H),
3.87 (s, 3H), 4.99 (s, 1H), 6.21 (d, 1H, J = 2.2 Hz), 6.23 (d, 1H, J = 2.2 Hz), 6.77 (d, 2H, ) = 8.6
Hz), 7.14-7.23 (m, 7H) ppm;

3¢ NMR (CDCls, 400 MHz) & 55.0, 55.3, 55.8, 56.0, 56.7, 80.4, 83.4, 83.7, 90.8, 90.9, 112.2
(2C), 126.4 (2C), 126.9, 127.9 (2C), 129.6, 129.7 (2C), 140.7, 151.7, 157.9, 158.1, 158.4, 161.0
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Compound 216c:

(E)-2-(5-Ethoxy-4-(4-methoxyphenyl)-5-phenylpent-3-en-1-yn-3-

yl)-1,3,5-trimethoxy-benzene MeO

Compound 216c¢ was obtained following general procedure V starting from compound 213c

(210 mg, 0.396 mmol) in MeOH (500 pL) with K,CO3 (110 mg, 0.08 mmol). Product 216c was
obtained with 93% yield (169 mg).

'H NMR (CDCl3, 400 MHz) & 1.31 (t, 3H, J = 6.9 Hz), 3.2 (s, 1H), 3.63 (s, 3H), 3.65 (s, 3H), 3.72
(s, 3H), 3.75 (s, 3H), 3.77-3.82 (m, 1 H), 3.93-3.99 (m, 1H), 5.94 (dd, 2 H, J = 19.3 and 2.1 Hz),
6.28 (s, 1H), 6.46 (dd, 2H, J = 8.9 and 2.1 Hz), 6.66 (dd, 2H, J = 9.0 and 2.1 Hz), 7.20-7.24 (m,
1H), 7.28-7.32 (m, 2H), 7.54 (d, 2H, J = 8.0 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz) &6 15.4, 54.9, 55.3, 55.8, 55.9, 64.1, 80.2, 81.3, 83.7, 90.7, 90.8,
109.7,112.1 (2C), 115.9, 126.4 (2C), 126.7, 127.8 (2C), 129.7, 129.7 (2C), 141.0, 152.2, 157.9,
158.0, 158.2, 160.9 ppm;

HR-MS calculated for C,gH300s: 458.2093, found 459.2171(M+H)".

OMe

Compound 188: MeO O Q

3-(4-Methoxyphenyl)-4-phenyl-2-(2,4,6-trimethoxyphenyl)- MeO

Ph
cyclopent-2-enone

MeO

Compound 188 was obtained following general procedure VIII starting from compound 213c

((170 mg, 0.37 mmol) in CH,Cl; (4 mL) with Au[(CeHs)sP]Cl (9 mg, 0.019 mmol), AgSbFg (3.2
mg, 0.0093 mmol) and i-PrOH (31 uL, 0.4 mmol). Product 188 was obtained with 63% yield
(100 mg).

'H NMR (CDCl3, 400 MHz) & 2.48 (dd, 1H, J = 18.3 and 1.9 Hz), 3.17 (dd, 1H, J = 18.1 and 7.6
Hz), 3.57 (s, 3H), 3.70 (s, 3H), 3.76 (s, 3H), 3.85 (s, 3H), 4.63 (dd, 1H, J = 7.4 and 1.9 Hz), 6.17
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(d, 1H, J = 2.1 Hz), 6.24 (d, 1H, J = 2.1 Hz), 6.62 (d, 2H, J = 9.0 Hz), 7.16 (m, 1H), 7.24-7.27 (m,
4H), 7.32 (d, 2H, J = 8.1 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & 45.9, 47.2, 55.1, 55.4, 55.9, 55.7, 91.4, 91.6, 113.4 (2C), 126.6,
127.4 (2C), 128.9 (2C), 129.4, 129.9 (2C), 132.1, 144.3, 151.4, 156.9, 158.6, 160.3, 161.8,
168.6, 206.9 ppm.

HR-MS calculated for C,7H260s5: 430.1780, found: 431.2071 (M+H)".

General procedure IX: Rhenium-catalyzed cyclization

Re,07 (0.015 eq) and MeOH (7.7 eq) were dissolved in DCE under argon atmosphere, and
the mixture was stirred at 45 °C for 15 minutes. At 45 °C, a solution of propargylic alcohol (1
eq) was added and the mixture was stirred at the same temperature overnight. The reaction
was then filtered on celite and concentrated to dryness. The obtained crude was purified on

silica gel to afford rearranged products.

OMe

Compound 188: MeO Q O

3-(4-Methoxyphenyl)-4-phenyl-2-(2,4,6- MeO Ph
trimethoxyphenyl)cyclopent-2-en-1-one O
MeO

Compound 217: MeO OMe

Me

- - _B. i A- - -
3-(4-Methoxyphenyl)-5-methyl-2-phenyl-4-(2,4,6 MeG _ D0
trimethoxyphenyl)furan b
MeO

Compounds 188 and 217 were obtained following general procedure IX starting from

compound 182a (9.3 g, 0.019 mol) in DCE (60 mL) with Re;0; (134 mg, 0.278 mmol) and
MeOH (5 mL, 0.146 mol). Cyclopentenone 188 (2.46 g, 31%) was obtained along with
methylfurane 217 (1.43 g, 18 %). Cyclopentenone 188 was already described page 162

following another method.
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Methylfurane 217:

'H NMR (CDCl3, 400 MHz) & 2.23 (s, 3H), 3.53 (s, 6H), 3.77 (s, 3H), 3.81 (s, 3H), 6.08 (s, 2H),
6.74 (d, 2H, J = 8.8 Hz), 7.03 (d, 2H, J = 8.8 Hz), 7.13 (t, 1H, J = 7.3 Hz), 7.21 (t, 2H, ) = 7.8 Hz),
7.47 (d, 2H, J = 7.3 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz) 6 11.9, 54.2, 54.4, 54.7 (2C), 89.8 (2C), 102.3, 112.4 (2C), 114.7,
123.3, 124.6 (2C), 125.9, 126.6, 127.2 (2C), 129.4 (2C), 131.0, 145.4, 148.3, 157.2, 158.1,
160.0 ppm;

HR-MS calculated for C,7H260s: 430.1780, found: 431.1854 (M+H)".

Compound 182b-1: TBS
pou o 4

(E)-5-(tert-Butyldimethylsilyl)-2-(4-methoxyphenyl)-1- X

phenylpent-1-en-4-yn-3-one MeO Ph

Compound 182b-1 was obtained following general procedure lll starting from compound

186 (6.9 g, 25 mmol) in 1,4-dioxane (125 mL) with tert-butyldimethylsilylacetylene (5 g, 36
mmol), Pd(PPhs),Cl, (350 mg, 0.5 mmol), Cul (190 mg, 1 mmol) and EtsN (10 mL, 75 mmol).
Product 182b-1 was obtained with 79% yield (7.5 g).

'H NMR (CDCl3, 400 MHz) § 0.21 (s, 6H), 1.00 (s, 9H), 3.84 (s, 3H), 6.92 (d, 2 H, J = 8.8 Hz),
7.08 (d, 2 H,J)=8.8Hz), 7.12-7.38 (m, 5H), 8.11 (s, 1 H) ppm.

3¢ NMR (CDCls, 400 MHz) & -4.9 (2C), 16.8, 26.2 (3C), 55.3, 99.1, 101.8, 114.4 (2C), 126.5,
128.5 (2C), 129.9, 131.1 (3C), 134.6, 141.1, 145.4, 159.6, 179.3 ppm.
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TES
C d 182c-1:
ompoun c o =
(E)-2-(4-Methoxyphenyl)-1-phenyl-5-(triethylsilyl)pent-1-en-4- X
yn-3-one MeO Ph

Compound 182c¢c-1 was obtained following general procedure 1l starting from compound

186 (1.8 g, 6.6 mmol) in 1,4-dioxane (35 mL) with triethylsilylacetylene (1.66 mL, 9.25
mmol), Pd(PPhs),Cl, (93 mg, 0.132 mmol), Cul ( 50 mg, 0.264 mmol) and EtsN (2.8 mL, 0.02
mol). Product 182c-1 was obtained with 38% yield (963 mg).

1H NMR (CDCl3, 400 MHz) 6 0.71 (quad., 6H, J = 7.6 and 15.5 Hz), 1.05 (t, 9H, J = 7.9 Hz),
3.84 (s, 3H), 6.92 (d, 2H, J = 8.8 Hz), 7.08 (d, 2H, J = 8.7 Hz), 7.12-7.13 (m, 2H), 7.188-7.24 (m,
3H), 8.13 (s, 1H) ppm;

3¢ NMR (CDCl5, 400 MHz) & 4.0 (3C), 7.4 (3C), 55.2, 114.3 (2C), 102.2, 114.3 (2C), 126.5,
128.4 (2C), 129.8, 131.0 (2C), 131.1 (2C), 134.6, 141.1, 145.4 ppm.

Compound 182b:

(E)-5-(tert-Butyldimethylsilyl)-2-(4-methoxyphenyl)-1-phenyl-

3-(2,4,6-trimethoxyphenyl)pent-1-en-4-yn-3-ol MeO

Compound 182b was obtained following general procedure IV starting from compound

182b-1 (1 g, 2.66 mmol) in THF (20 mL) with trimethoxybenzene (670 mg, 3.99 mmol) and
sec-Buli (1.4 M, 2.85 mL, 3.99 mmol). Product 182b was obtained with 43% vyield (629 mg).

'H NMR (CDCl;, 400 MHz) 6 0.12 (s, 3H), 0.16 (s, 3H), 1.00 (s, 9H), 3.63 (s, 6H), 3.76 (s, 3H),
3.78 (s, 3H), 6.05 (s, 2H), 6.65 (s, 1H), 6.70 (d, 2H, J = 8.7 Hz), 6.90-6.93 (m, 4H), 7.05-7.72
(m, 3H), 7.31 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz, DEPT 45°) & -4.4, -4.4, 26.3 (3C), 55.1, 55.2, 56.6 (2C), 92.4 (2C),
113.1 (2C), 126.4, 130.0, 127.8 (2C), 129.3 (2C), 131.6 (2C) ppm;
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Compound 182c:

(E)-2-(4-Methoxyphenyl)-1-phenyl-5-(triethylsilyl)-3-(2,4,6-

trimethoxyphenyl)pent-1-en-4-yn-3-ol MeO

Compound 182c was obtained following general procedure IV starting from compound

182c¢-1 (900 mg, 2.39 mmol) in THF (20 mL) with trimethoxybenzene (603 mg, 3.59 mmol)
and sec-Buli (1.4 M, 2.56 mL, 3.59 mmol). Product 182c was obtained with 48% yield (624

mg).

'H NMR (CDCls, 400 MHz) & 0.65 (quad., 6H, J = 8.2 and 16.2 Hz), 1.03 (t, 9H, J = 7.9 Hz), 3.63
(s, 6H), 3.76 (s, 3H), 3.78 (s, 3H), 6.05 (s, 2H), 6.60 (s, 2H), 6.70 (d, 2H, J = 8.8 Hz), 6.90-6.93
(m, 3H), 7.04-7.08 (m, 3H), 7.31 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz, DEPT 45°) & 4.6 (2C), 7.6 (2C), 55.1, 55.2, 56.2 (2C), 92.5 (2C),
113.1 (2C), 126.3, 127.7 (2C), 129.3 (2C), 129.9, 131.7 (2C) ppm.

OH
Compound 221: MeO Q O MeO O O
2-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4- oh OMe oh
methoxyphenyl)-4-phenylcyclopent-2-en-1- O O

one MeO MeO

Compound 188 (4.5 g, 0.010 mol) was dissolved in anhydrous CH,Cl, (450 mL) under argon
atmosphere. At -78 °C, BBr3 (10.5 mL, 0.010 mol) was added dropwise and the mixture was
stirred at this temperature for 10 minutes then at 0 °C for 20 minutes and finally at room
temperature for 6,5 hours. The reaction mixture was then quenched with a solution of HCI
IN. The product was extracted with CH,Cl; and the organic layer was washed with water,
dried over MgSO,, filtered and concentrated under vacuum. The obtained crude was
purified with chromatography column to afford product 221 as a 1/1 mixture of

atropoisomers (3.13 g, 75%).
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'H NMR (CDCls, 400 MHz) & 2.51 (dd, 0.5H, J = 1.8 and 16.7 Hz), 2.56 (dd, 0.5H, J = 1.6 and
16.7 Hz), 3.15 (dd, 0.5H, J = 7.3 and 18.9 Hz), 3.19 (s, 1.5H), 3.27 (dd, 0.5H, J = 7.4 and 18.9
Hz), 3.53 (s, 1.5H), 3.70 (s, 1.5H), 3.70 (s, 1.5H), 3.80 (s, 3H), 4.56 (dd, 0.5H, J = 1.6 and 7.2
Hz), 4.73 (dd, 0.5H, J = 1.4 and 7.3 Hz), 5.97 (d, 0.5H, J = 2.4 Hz), 6.11 (d, 0.5H, J = 2.3 Hz),
6.20 (d, 0.5H, J = 2.4 Hz), 6.27 (d, O5H, J = 2.3 Hz), 6.62 (d, 1H, J = 9.0 Hz
), 6.64 (d, 1H, J = 8.9 Hz), 7.10-7.24 (m, 5H), 7.29-7.37 (m, 4H) ppm;

LC-MS calculated for CygH»405: 416.2, found: 417.2 (M+H)".

Compound 222a:

2-((3S,5S)-5-Hydroxy-2-(4-methoxyphenyl)-3-phenylcyclopent-1-
en-1-yl)-3,5-dimethoxyphenol

Compound 222b:

2-((3S,5R)-5-Hydroxy-2-(4-methoxyphenyl)-3-phenyl-cyclopent-1-
en-1-yl)-3,5-dimethoxyphenol

LiAlH; (364 mg, 9.6 mmol) was dissolved in anhydrous THF (12.5 mL) under argon
atmosphere. At 0 °C, a solution of compound 221 (1 g, 2.4 mmol) in anhydrous THF (37.5
mL) was added to the reaction mixture which was afterwards stirred at room temperature
for 2 hours. Water (364 pL) was added dropwise at 0 °C followed by a solution of NaOH 15%
(364 uL) and water again (728 pL). The salts precipitated and were filtered off. The filtrate
was concentrated under vacuum to afford compound 222a and 222b as a 1/1 mixture of the

2 diastereoisomers (1.03 g, quantitative).

Compound 222a:

'H NMR (CDCl;, 400 MHz) § 1.67 (dt, 1H, J = 3.6 and 13.9 Hz), 2.85-2.91 (m, 1H), 3.28 (s, 3H),
3.59 (s, 3H), 3.71 (s, 3H), 4.41 (dd, 1H, J = 3.9 and 9.0 Hz), 4.82 (m, 1H), 5.96 (d, 1H, J = 2.4
Hz), 6.12 (d, 1H, J = 2.4 Hz), 6.25 (d, 1H, J = 4.9 Hz), 6.58 (d, 2H, J = 9.0 Hz), 6.97 (d, 2H, J =
9.0 Hz), 7.06 (t, 1H, J = 7.4 Hz), 7.19 (t, 2H, ) = 7.6 Hz), 7.32 (d, 2H, J = 7.1 Hz), 9.83 (s, 1H)

ppm;
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3¢ NMR (CDCls, 400 MHz) & 42.7, 51.7, 54.8, 55.0, 55.3, 79.4, 91.1, 94.4, 106.6, 112.9 (2C),
125.8, 128.1 (2C), 128.2 (2C), 128.8 (2C), 129.0, 132.5, 144.6, 145.8, 157.6, 157.8, 157.9,
160.3 ppm.

Compound 222b:

'H NMR (CDCl3, 400 MHz) & 2.01-2.10 (m, 1H), 2.29-2.35 (m, 1H), 3.59 (s, 3H), 3.72 (s, 3H),
3.73 (s, 3H), 4.49-4.53 (m, 1H), 4.98-5.02 (m, 1H), 6.04 (d, 1H, 2.4 Hz), 6.15 (d, 1H, ) = 2.4
Hz), 6.59 (d, 2H, J = 6.8 Hz), 6.97 (d, 2H, ) = 9.1 Hz), 7.18 (t, 1H, ) = 7.6 Hz), 7.24 (t, 2H, ) = 7.6
Hz), 7.30 (d, 2H, J = 8.4 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz) & 44.1, 51.6, 54.8, 54.9, 55.7, 78.7, 90.5, 94.2, 106.1, 113.0 (2C),
125.8, 127.3 (2C), 128.3, 128.4 (2C), 128.5 (2C), 134.7, 141.9, 145.9, 156.4, 157.8, 158.5,
160.1 ppm;

LC-MS calculated for CyH»60s: 418.2, found: 401.2 (M-H,0+H)".

Compound 225-1: MeO OMe

Br
2-Bromo-3,5-dimethoxyphenol OH

3,5-Dimethoxyphenol (30 g, 0.194 mol) was dissolved in CH,Cl, (1.3 L) under argon
atmosphere. At -78 °C was added NBS (34.6 g, 0.194 mol) and the mixture was stirred at this
temperature for 5 hours. The reaction mixture was quenched with a 10% solution of K,CO3
in water. The organic layer was separated, dried over MgSQ,, filtered and concentrated.

Purification on silica gel afforded product 225-1 (21.1 g, 47%).

'H NMR (CDCl, 400 MHz) & 3.78 (s, 3H), 3.85 (s, 3H), 5.64 (br, s, 1H), 6.11 (d, 1H, J = 2.6 Hz),
6.26 (d, 1H, J = 2.8 Hz) ppm.

3C NMR (CDCls, 400 MHz) § 55.7, 56.4, 91.2, 92.7, 93.4, 154.0, 156.9, 160.8 ppm.
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Compound 225: MeO OMe
Br

1-(Benzyloxy)-2-bromo-3,5-dimethoxybenzene OBn

Compound 225-1 (21.1 g, 0.091 mol) was dissolved in DMF (220 mL) under argon
atmosphere. K,CO3 (13.1 g, 0.095 mol) was added followed by (bromomethyl)benzene (17 g,
0.01 mol). After stirring for 3 hours at room temperature the reaction mixture was washed
with water and the product was extracted with CH,Cl,. The organic layer was dried over

MgSO0,, filtered and concentrated under vacuum to afford product 225 (19.78 g, 89%).

'H NMR (CDCls, 400 MHz) 6 3.77 (s, 3H), 3.88 (s, 3H), 5.14 (s, 2H), 6.20 (d, 2H, J = 2.5 and
13.2 Hz), 7.32 (t, 1H, ) = 7.2 Hz), 7.39 (t, 2H, J = 7.0 Hz), 7.49 (d, 2H, ) = 7.3 Hz) ppm;

13C NMR (CDCl3, 400 MHz) & 55.6, 56.5, 71.1, 92.3, 92.8, 93.5, 127.1 (2C), 128.0, 128.7 (2C),
136.7, 156.7, 157.7, 160.4 ppm.

MeO OMe
Compound 227:

@)
(E)-1-(2-(Benzyloxy)-4,6-dimethoxyphenyl)-2-(4- O N, OB
methoxyphenyl)-3-phenylprop-2-en-1-one MeO o

To a suspension of flame dried Mg turnings (23 mg, 0.958 mmol) in THF (500 uL) was added
a solution of compound 225 (39 mg, 0.12 mmol) in THF (05 pL) and dibromoethane (20 L)
to initiate the reaction. Once bubbling had ceased, the remaining brominated derivative 225
(232 mg, 0.72 mmol) in THF (450 pL) was added. The resulting mixture was stirred at room
temperature for 30 minutes and refluxed for 10 min. The solution was diluted with THF (2.5
mL), cooled to -78 °C and a solution of ketone 183 (200 mg, 0.60 mmol) in THF (500 uL) was
added. The solution was stirred at -78 °C for 45 minutes then warmed at room temperature.
The reaction mixture was quenched with a saturated aqueous solution of NH4Cl. The
resulting aqueous layer was extracted with EtOAc (x 3). The combined organic layers were
dried over MgSQ,, filtered and concentrated. After purification on silica gel, compound 227

was obtained with 20% yield (48 mg)
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'H NMR (CDCls3, 400 MHz) & 3.62 (s, 3H), 3.72 (s, 3H), 3.79 (s, 3H), 4.93 (d, 1H, ) = 12.2 Hz),
5.05 (d, 1H,J =12.0 Hz), 5.89 (s, 1H), 6.05 (d, 1H, J = 2.3 Hz), 6.13 (d, 1H, J = 2.3 Hz), 6.74 (d,
2H, J =9.0 Hz), 7.20-7.361 (m, 10H), 7.73 (d, 2H, J = 8.9 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & 55.3, 55.4, 55.7, 70.6, 91.5, 92.5, 111.6, 113.2 (2C), 126.5 (2C),
127.3 (2C), 127.9 (2C), 128.0 (2C), 128.6 (2C), 129.9 (2C), 130.2 (2C), 130.6, 136.9, 139.6,
157.0, 158.3, 160.5, 162.4, 197.9 ppm.

ONAP

Compound 229: MeO ! o MeO !

2-(2,4-Dimethoxy-6-(naphthalen-2- ON Ap OMe '
Ph

ylmethoxy)phenyl)-3-(4-methoxyphenyl)-4- O O

phenyl-cyclopent-2-en-1-one MeO MeO

Compound 221 (570 mg, 1.37 mmol) was dissolved in anhydrous DMF (6 mL) under argon
atmosphere. K;CO3 (199 mg, 1.44 mmol) was added followed by NAP-Br (333 mg, 1.51
mmol). After one night at room temperature, the reaction mixture was washed with water
and extracted with Et,0. The organic layer was dried over MgSQ,, filtered and concentrated.
Purification on silica gel afforded product 229 as a 1/1 mixture of atropoisomers (557 mg,

73%). Recovered starting material (125.4 mg, 22%).

First atropoisomere of 229:

'H NMR (CDCls, 400 MHz) § 2.42 (dd, 1H, J = 1.6 and 18.3 Hz), 3.16 (dd, 1H, J = 7.5 and 18.4
Hz), 3.61 (s, 3H), 3.71 (s, 3H), 3.84 (s, 3H), 4.57 (dd, 1H,J = 1.5 and 7.4 Hz), 5.13 (d, 1H,J =
12.3 Hz), 5.19 (d, 1H, J = 11.3 Hz), 6.21 (d, 1H, J = 2.1 Hz), 6.35 (d, 1H, J = 2.1 Hz), 6.64 (d, 2H,
J=9.0 Hz), 6.69 (t, 2H, J = 7.7 Hz), 6.83 (t, 1H, J = 7.3Hz), 7.10 (d, 2H, J = 7.6 Hz), 7.23-7.30
(m, 4H), 7.41-7.45 (m, 2H), 7.65-7.67 (m, 2H), 7.77 (d, 1H, ) =8.0 Hz) ppm;

3C NMR (CDCls, 400 MHz) & 46.0, 47.2, 55.1, 55.4, 55.9, 70.7, 91.7, 92.4, 104.4, 113.4 (2C),
125.8, 126.0, 126.2, 126.74, 127.1, 127.6, 127.9, 128.0 (2C), 128.6 (2C), 130.1 (2C), 133.2,
134.2,134.7,144.1, 157.4, 158.0, 160.3, 168.5 ppm;

LC-MS calculated for C37H3,05: 556.2, found: 557.2 (M+H)".
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Second atropoisomere of 229:

'H NMR (CDCl3, 400 MHz) & 2.50 (dd, 1H, J = 1.9 and 18.4 Hz), 3.13 (dd, 1H, J = 7.4 and 18.4
Hz), 3.70 (s, 3H), 3.79 (s, 3H), 3.80 (s, 3H), 4.60 (dd, 1H, J = 1.6 and 7.4 Hz), 4.97 (d, 1H, J =
12.3 Hz), 5.10 (d, 1H, J = 12.3 Hz), 6.21 (d, 1H, J = 2.1 Hz), 6.26 (d, 1H, J = 2.1 Hz), 6.63 (d, 2H,
J = 8.9 Hz), 7.05-7.17 (m, 2H), 7.23-7.31 (m, 5H), 7.43-7.47 (m, 2H), 7.52 (s, 1H), 7.65-7.71
(m, 3H), 7.78-7.80 (m, 1H) ppm;

13C NMR (CDCl3, 400 MHz) & 45.8, 46.9, 55.1, 55.4, 56.1, 70.4, 91.6, 92.9, 101.5, 113.5 (2C),
125.8, 126.0, 126.2, 126.6, 127.4, 127.7, 128.1, 128.2 (2C), 128.9 (2C), 130.0 (2C), 133.1,
134.2, 134.3, 143.8, 157.8, 158.7, 161.6, 168.9 ppm;

LC-MS calculated for C37H3,05: 556.2, found: 557.2 (M+H)".

ONAP
Compound 230: MeO ! OH MeO !
(15,45)-2-(2,4-Dimethoxy-6-(naphthalen-2- ONAP OMe
Ph Ph
ylmethoxy)phenyl)-3-(4-methoxyphenyl)-4- O O

phenylcyclopent-2-en-1-ol MeO MeO

Compound 229 (60 mg, 0.108 mmol) was dissolved in anhydrous THF (800 uL) under argon
atmosphere. At -78 °C, L-selectride® was added dropwise. After 30 minutes at -78 °C, the
mixture was stirred at 0°C for 30 minutes then 4 hours at room temperature. The reaction
mixture was quenched with a saturated aqueous solution of NH4Cl, and extracted with Et,0.
The organic layer was dried over MgSQ,, filtered and concentrated. Purification over silica
gel afforded product 230 (30 mg, 50%) as a 1/1 mixture of atropoisomeres. Recovered

starting material (18 mg, 30%).

'H NMR (CDCls, 400 MHz) & 1.80 (dt, 0.5H, J = 3.5 and 13.7 Hz), 1.88 (dt, 0.5H, J = 4.3 and
13.6 Hz), 2.42 (d, 0.5H, J = 7.8 Hz), 2.81 (d, 0.5H, J = 7.2 Hz), 2.90-3.02 (m, 1H), 3.65 (s, 1.5H),
3.66 (s, 1.5H), 3.68 (s, 1.5H), 3.77 (s, 1.5H), 3.82 (s, 1.5H), 3.88 (s, 1.5H), 4.27 (dd, 0.5H, J =
3.9 and 8.5 Hz), 4.35 (dd, 0.5H, J = 4.8 and 8.4 Hz), 4.91-4.98 (m, 1.5H), 5.10 (d, 0.5H, J = 12.7
Hz), 5.16 (d, 0.5H, J = 11.3 Hz), 5.25 (d, 0.5H, J = 11.3 Hz), 6.17 (s, 1H), 6.25 (d, 0.5H, J = 1.6
Hz), 6.35 (d, 0.5H, J = 1.4 Hz), 6.55 (d, 1H, J = 8.4 Hz), 6.56 (d, 1H, J = 8.4 Hz), 6.77 (t, 1H, J =
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7.4 Hz), 6.88 (t, 0.5 H, J = 7.3 Hz), 6.99 (d, 1H, J = 8.3 Hz), 7.00 (d, 1H, J = 8.5 Hz), 7.10-7.24
(m, 3H), 7.31 (d, 1H, J = 8.5 Hz), 7.36 (d, 1H, J = 7.3 Hz), 7.44-7.50 (m, 2H), 7.59 (s, 0.5H),
7.71-7.76 (m, 2H), 7.82 (d, 1H, ) = 6.9 Hz) ppm;

3C NMR (CDCl3, 400 MHz) & 43.9 (0.5C), 44.2 (0.5C), 52.4 (0.5C), 52.7 (0.5C), 55.0 (0.5C),
55.1 (0.5C), 55.4 (0.5C), 55.5 (0.5C), 56.0 (0.5C), 56.2 (0.5C), 70.3 (0.5C), 71.1 (0.5C), 80.8
(0.5C), 81.0 (0.5C), 91.5 (0.5C), 91.9 (0.5C), 92.3 (0.5C), 93.3 (0.5C), 113.1, 113.2, 124.2
(0.5C), 124.8 (0.5C), 125.5 (0.5C), 125.8 (0.5C), 125.9 (0.5C), 126.0, 126.2 (0.5C), 126.3, 127.1
(0.5C), 128.8 , 128.0 (1.5C), 128.1, 128.2, 128.3 (0.5C), 128.4, 128.6 (0.5C), 128.7, 129.2,
129.3,129.4 (0.5C), 143.1 (0.5C), 144.0 (0.5C), 146.2 (0.5C), 146.4, 158.2, 158.7 (0.5C), 159.5
(0.5C), 160.9 (0.5C), 161.0 (0.5C) ppm;

LC-MS calculated for C37H3405: 558.2, found: 541.2 (M-H,0+H)".

Compound 232a: MeO O OH

(15,4S5)-3-(4-Methoxyphenyl)-4-phenyl-2-(2,4,6- MeO oh
trimethoxyphenyl)cyclopent-2-en-1-ol

Compound 232b:

(15,4R)-3-(4-Methoxyphenyl)-4-phenyl-2-(2,4,6-

trimethoxyphenyl)cyclopent-2-en-1-ol

MeO

LiAlH; (106 mg, 2.79 mmol) was dissolved in anhydrous THF (1.5 mL) under argon
atmosphere. At 0 °C, a solution of compound 188 (1 g, 2.32 mmol) in anhydrous THF (3 mL)
was added to the reaction mixture which was afterwards stirred at room temperature for 2
hours. Water (106 uL) was added dropwise at 0 °C followed by a solution of NaOH 15% (106
pL) and water again (212 ulL). The salts precipitated and were filtered off. The filtrate was
concentrated under vacuum to afforded compound 232a (454 mg, 45%) and 232b (300 mg,
30%).
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Compound 232a:

'H NMR (CDCls, 400 MHz) & 1.87 (td, 1H, J = 3.9 and 13.7 Hz), 2.66 (d, 1H, J = 6.0 Hz), 2.93-
3.00 (m, 1H), 3.59 (s, 3H), 3.65 (s, 3H), 3.82 (s, 3H), 3.83 (s, 3H), 4.32 (dd, 1H, J = 4.1 and 8.8
Hz), 4.90 (s, 1H), 6.13 (d, 1H, J = 1.8 Hz), 6.22 (d, 1H, J = 1.8 Hz), 6.53 (d, 2H, J = 9.0 Hz), 6.95
(d, 2H, ) = 8.9 Hz), 7.13 (t, 1H, ) = 7.4 Hz), 7.24 (t, 2H, J = 7.8 Hz), 7.38 (d, 2H, J = 7.2 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz) 6 43.7, 52.5, 55.0, 55.1, 55.4, 55.9, 80.7, 112.9 (2C), 125.9, 128.0
(2C), 128.5 (2C), 129.0 (2C) ppm.

Compound 232b:

'H NMR (CDCl3, 400 MHz) 6 2.33-2.43 (m, 2H), 2.44-2.47 (m, 1H), 3.62 (s, 3H), 3.65 (s, 3H),
3.81 (s, 3H), 3.84 (s, 3H), 4.54 (d, 1H, J = 7.0 H), 5.10-5.14 (m, 1H), 6.17 (d, 1H, J = 1.9 Hz),
6.23 (d, 1H, J = 1.8 Hz), 6.56 (d, 2H, J = 8.9 Hz), 6.99 (d, 2H, J = 8.9 Hz), 7.14 (t, 1H, ) = 7.2 Hz),
7.25(t, 2H, ) =7.7 Hz), 7.34 (d, 2H, J = 7.2 Hz) ppm;

3C NMR (CDCls, 400 MHz) 6 45.0, 52.5, 55.1, 55.5, 56.0, 56.1, 80.4, 91.5, 91.6, 107.7, 113.1
(2C), 126.0, 127.7 (2C), 128.6 (2C), 128.8 (2C), 129.4, 134.3, 143.0, 145.8, 158.3, 158.7,
159.0, 161.1 ppm.

i

OMe 8
Compound 233: MeO Q QTBS
MeO Ph

tert-Butyl(((1S,4S)-3-(4-methoxyphenyl)-4-phenyl-2-(2,4,6-
trimethoxyphenyl)cyclo-pent-2-en-1-yl)oxy)dimethylsilane.

MeO
TBSOTf (120 uL, 0.0522 mmol) and DIPEA (153 uL, 0. 878 mmol) were added at 0 °C to
compound 232a in solution in anhydrous toluene (12 mL) under argon atmosphere. After
stirring at room temperature overnight, the reaction mixture was diluted in hexane. The
precipitated salts were filtered off and the filtrate was concentrated. Purification over silica

gel afforded protected alcohol 233 (75 mg, 40%).
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'H NMR (CDCls, 400 MHz) 6 -0.38 (s, 3H), -0.19 (s, 3H), 0.70 (s, 9H), 1.76 (td, 1H, J = 3.3 and
13.3 Hz), 2.78-2.86 (m, 1H), 3.61 (s, 3H), 3.64 (s, 3H), 3.77 (s, 3H), 3.83 (s, 3H), 4.13 (dd, 1H, J
= 3.5 and 8.5 Hz), 5.08 (dd, 1H, J = 2.8 and 7.2 Hz), 6.10 (d, 1H, J = 2.1 Hz), 6.14 (d, 1H, J = 2.0
Hz), 6.51 (d, 2H, J = 8.9 Hz), 6.96 (d, 2H, J =8.9 Hz), 7.15 (t, 1H, J = 7.4 Hz), 7.26 (t, 2H, ) = 7.3
Hz), 7.55 (s, 2H, J = 7.2 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & -3.8, 3.6, 26.1 (3C), 46.0, 46.9, 55.2, 55.4, 55.7, 66.0, 92.2, 97.5,
106.7, 113.5 (2C), 126.6, 127.5, 127.8 (2C), 128.2, 128.8 (2C), 121.0, 129.8 (2C), 130.2, 135.5,
143.7, 158.5, 160.2, 161.1, 169.4 ppm.

MeO OMe OTBS

Compound 234: O O MeO Q 0
2-(2-((tert-Butyldimethylsilyl)oxy)-4,6- TBSO ‘ Y OMe '

Ph Ph
dimethoxyphenyl)-3-(4-methoxyphenyl)-4- O O
phenylcyclopent-2-en-1-one MeO MeO

TBS-Cl (380 mg, 2.52 mmol), imidazole (229 mg, 3.36 mmol) and DMAP (41 mg, 0.336 mmol)
were added to phenol 221 in solution in anhydrous CH,Cl, (20 mL) under argon atmosphere.
After stirring at room temperature overnight, the reaction mixture was washed with water.
The product was extracted and the organic layer was dried over MgSQ,, filtered and
concentrated. Purification over silica gel afforded protected phenol 234 (664 mg, 63%) as a

1:1 mixture of atropoisomers.

Isomer 234a:

'H NMR (CDCls, 400 MHz) & 0.26 (s, 6H), 0.96 (s, 9H), 2.45 (dd, 1H, J = 2.8 Hz and 18.6 Hz),
3.19 (dd, 1H, J = 7.4 Hz and 18.6 Hz), 3.41 (s, 3H), 3.69 (s, 3H), 3.80 (s, 3H), 4.69 (dd, 1H, J =
2.6 and 7.4 Hz), 6.07 (d, 1H, J = 2.1 Hz), 6.19 (d, 1H, J = 2.1Hz), 6.63 (d, 2H, J = 8.9 Hz), 7.11-
7.17 (m, 1H), 7.21-7.27 (m, 6H) ppm;

3¢ NMR (CDCl3, 400 MHz) & -3.8, -3.6, 18.5, 26.1 (3C), 46.0, 46.9, 55.2, 55.4, 55.7, 92.2,
97.5, 106.7, 113.5 (2C), 126.6, 127.8 (2C), 128.2, 128.8 (2C), 129.8 (2C), 135.5, 143.7, 155.9,
128.5, 160.2, 161.1, 169.4, 206.7 ppm.
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Isomer 234b:

'H NMR (CDCls, 400 MHz) & -0.03 (s, 6H), 0.09 (s, 6H), 0.78 (s, 3H), 2.5 (dd, 1H, J = 1.8 and
18.6 Hz), 3.09 (dd, 1H, J = 7.5 and 18.4 Hz), 3.69 (s, 3H), 3.79 (s, 3H), 3.81 (s, 3H), 4.58 (dd,
1H,J=1.5and 7.4 Hz), 6.07 (d, 1H, J = 2.3 Hz), 6.26 (d, 1H, J = 2.1 Hz), 6.63 (d, 2H, J = 9.0 Hz),
7.15 (t, 1H, J = 7.3 Hz), 7.22-7.31 (m, 6 H) ppm;

3¢ NMR (CDCls, 400 MHz) & -4.3, -4.2, 18.0, 25.6 (3C), 45.7, 46. 9, 55.2, 55.4, 56.1, 92.2,
97.9, 107.2, 113.6 (2C), 126.7, 127.5 (2C), 127.8, 129.0 (2C), 130.2 (2C), 135.1, 144.2, 154.4,
159.5, 160.5, 161.2, 168.7, 204.3 ppm.

Compound 235a: O OH

(15,4S5)-2-(2-((tert-Butyldimethylsilyl)oxy)-4,6-dimethoxy- Ph
phenyl)-3-(4-methoxyphenyl)-4-phenylcyclopent-2-en-1-ol

Compound 235b:

(15,4R)-2-(2-((tert-Butyldimethylsilyl)oxy)-4,6-dimethoxy-
phenyl)-3-(4-methoxyphenyl)-4-phenylcyclopent-2-en-1-ol

LiAlH; (29 mg, 0.75 mmol) was dissolved in anhydrous THF (1.2 mL) under argon
atmosphere. At 0 °C, a solution of compound 234 (100 mg, 0.19 mol) in anhydrous THF (3.5
mL) was added to the reaction mixture which was afterwards stirred at room temperature
for 2 hours. Water (29 uL) was added dropwise at 0 °C followed by a solution of NaOH 15%
(29 uL) and water again (58 pL). The salts precipitated and were filtered off. The filtrate was
concentrated under vacuum. The crude was then purified on silica gel to afford compound

235a (14 mg, 14%) and 235b (21 mg, 21%).

LC-MS calculated for C3,H4005Si: 532.3, found: 515.2 (M-H,0+H)".

175



EXPERIMENTAL PROCEDURES for chapter 3.2

5.3 Procedures for chapter 3.2.

General procedure X: Condensation of benzoquinones

Benzoquinone (1 eq) in solution in toluene was added dropwise to a mixture of
oxopropionate (2 eq) and Cu(OTf), (0.05 eq) in toluene. The reaction mixture was heated at
reflux for 10 hours then quenched with a saturated aqueous solution of NH,Cl. The product
was extracted with EtOAc and washed with brine. The organic layer was dried over MgS0,,
filtered and concentrated. After purification on silica gel and crystallization in Et,0,

benzofuran was obtained.

Compound 240a: 0O
OEt
HO
Ethyl 5-hydroxy-2-(4-methoxyphenyl)-benzofuran-3- O A\ O OMe
0]

carboxylate

Compound 240a was obtained following general procedure X starting from oxopropionate

241 (82.2 g, 370 mmol) in toluene (500 mL) with benzoquinone (20.0 g, 185 mmol) and
Cu(OTf), (3.05 g, 9.3 mmol). Product 240a was obtained with 54% yield (30.92 g).

'H NMR (CDCls, 400 MHz), 6 1.34 (t, 3H, J = 7.2 Hz), 3.83 (s, 3H), 4.34 (q, 2H, J = 7.1 Hz), 6.81
(dd, 1H, J = 8.8 and 2.5 Hz), 6.93 (d, 2H, J = 9.1 Hz), 7.29 (d, 1H, J = 8.8 Hz), 7.41 (d, 1H, J =
2.3Hz), 7.93 (d, 2H, J = 9.1 Hz) ppm;

3C NMR (CDCls, 400 MHz), § 14.5, 55.5, 60.8, 107.7, 107.8, 111.7, 113.6, 113.7, 122.3,
128.5, 131.3, 148.8, 152.7, 161.4, 162.2, 164.5 ppm.
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0]
Compound 240b: OEt

HO N
Ethyl 5-hydroxy-2-phenylbenzofuran-3-carboxylate O o O

Compound 240b was obtained following general procedure X starting from oxopropionate

(32.4 mL, 185 mmol) in toluene (250 mL) with benzoquinone (10.0 g, 92 mmol) and Cu(OTf),
(1.53 g, 4.6 mmol). Product X was obtained with 53% yield (13.9 g).

'H NMR (CDCls, 400 MHz) & 1.39 (t, 3H, J = 7.2 Hz), 4.40 (quad., 2H, J = 7.2 Hz), 4.99 (s, 1H),
6.89 (dd, 1H, J = 2.6 and 8.8 Hz), 7.39 (d, 1H, 8.8 Hz), 7.47-7.50 (m, 3H), 7.52 (dd, 1H, J = 0.4
and 2.6 Hz), 7.97-8.00 (m, 2H) ppm;

3¢ NMR (CDCls, 400 MHz) & 14.3, 60.7, 107.6, 108.8, 11.7, 113.9, 128.0 (2C), 128.2, 129.5
(2C), 129.7, 130.3, 148.9, 152.6, 161.8, 164.1 ppm.

General procedure XI: Methylation

Mel (1.5 eq), K,CO3 (2 eq) and Cs,COs (0.1 eq) were added to a solution of benzofuran in
DMF. After stirring overnight at 65°C, the reaction mixture was concentrated to dryness,
diluted in EtOAc and washed with water. The organic layer was separated, washed with
brine, dried over MgSQ,, filtered and concentrated. After purification on silica gel and

crystallization in Et,0, methylated product was obtained.
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Compound 241a-1: 0
OEt
MeO
Ethyl 5-methoxy-2-(4-methoxyphenyl)-benzofuran-3- O A\ O OMe
O

carboxylate

Compound 241a-1 was obtained following general procedure Xl starting from benzofuran

240a (30.92 g, 99 mmol) in DMF (370 mL) with Mel (9.25 mL, 149 mmol), K,CO5 (27.39 g,
198 mmol) and Cs,COs (3.23 g, 9.9 mmol). Product 241a-1 was obtained with 77% vyield
(24.88 g).

'H NMR (CDCls, 400 MHz), 6 1.34 (t, 3H, J = 7.2 Hz), 3.83 (s, 3H), 3.89 (s, 3H), 4.34 (q, 2H, J =
7.1 Hz), 6.81 (dd, 1H, ) = 8.8 and 2.5 Hz), 6.93 (d, 2H, J = 9.1 Hz), 7.29 (d, 1H, J = 8.8 Hz), 7.41
(d, 1H, J = 2.3 Hz), 7.93 (d, 2H, J = 9.1 Hz) ppm;

3C NMR (CDCls, 400 MHz), § 14.5, 55.5, 56.0, 60.6, 77.2, 105.1, 108.0, 111.6, 113.7, 113.8,
122.4,128.3,131.3, 148.7, 156.9, 161.3, 161.8, 164.4 ppm.

0
Compound 241b-1: OEt

MeO N
Ethyl 5-methoxy-2-phenylbenzofuran-3-carboxylate O o O

Compound 241b-1 was obtained following general procedure XI starting from benzofuran

240b (10 g, 35.2 mmol) in DMF (120 mL) with Mel (3.3 mL, 52.8 mmol), K,CO3 (9.7 g, 70.4
mmol) and Cs,C0O3 (1.14 g, 3.5 mmol). Product 241b-1 was obtained quantitatively (10.5 g).

'H NMR (CDCls, 400 MHz) & 1.41 (t, 3H, J = 7.2 Hz), 3.90 (s, 3H), 4.40 (quad., 2H, J = 7.2 Hz),
6.96 (dd, 1H, J = 2.8 and 9 Hz), 7.42 (d, 1H, J = 8.9 Hz), 7.47-7.50 (m, 3H), 7.57 (d, 1H, J = 2.6
Hz), 7.98-8.00 (m, 2H) ppm;

3C NMR (CDCl3, 400 MHz) & 14.4, 56.0, 60.7, 105.0, 109.1, 11.8, 114.3, 128.1, 128.1 (2C),
129.6 (2C), 129.9, 130.3, 149.0, 157.0, 161.5, 164.2 ppm.
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General procedure Xll: Reduction of esters

LiAlIH,4 (5 eq) was dissolved in anhydrous THF under argon atmosphere at 0 °C. Ester (1 eq) in
solution in anhydrous THF was added dropwise and the mixture was stirred at 0 °C. After 2
hours, the reaction mixture was quenched with water. Rochelle salt was added and the
precipitated salts were filtered off. The filtrate was concentrated, dissolved in Et,0O and
washed with water and brine. The organic layer was dried over MgSQO,, filtered and

concentrated to afford reduced product.

Compound 241a:

MeO
(5-Methoxy-2-(4-methoxyphenyl)-benzofuran-3- O D O OMe

yl)methanol

Compound 241a was obtained following general procedure Xl starting from ester 241a-1

(24.9 g, 78 mmol) in anhydrous THF (500 mL) with LiAlH4 (14.7 g, 388 mmol). Product 241a
was obtained with 88% (19.32 g).

'H NMR (CDCls, 400 MHz), 6 1.70 (t, 1H, J = 5.3 Hz), 3.87 (s, 6H), 4.91 (d, 2H, J = 5.3 Hz), 6.88
(dd, 1H, J = 2.6 and J= 8.9Hz), 7.01 (d, 2H, ) =9.0 Hz), 7.12 (d, 1H, J = 2.6 Hz), 7.37 (d, 1H, J =
8.9 Hz), 7.76 (d, 2H, J = 9.0 Hz) ppm;

13C NMR (CDCl3, 400 MHz) & 55.5, 55.8, 56.1, 101.9, 111.7, 113.1, 113.7, 114.4 (2C), 123.1,
128.9 (2C), 130.1, 148.9, 154.7, 156.3, 160.3 ppm.

Compound 241b:

OH

MeO
(5-Methoxy-2-phenylbenzofuran- O N O
@]

3-yl)methanol

Compound 241b was obtained following general procedure Xll starting from ester 241b-1

(10.5 g, 35.2 mmol) in anhydrous THF (175 mL) with LiAlH, (7.3 g, 193.6 mmol). Product
241b was obtained with 96% (8.7 g).
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'H NMR (CDCls, 400 MHz), 6 3.89 (s, 3H), 4.98 (d, 2H, J = 5.4 Hz), 6.93 (dd, 1H, J = 2.6 and 8.9
Hz), 7.16 (d, 1H, J = 2.5 Hz), 7.40-7.44 (m, 2H), 7.48-7.52 (m, 2H), 7.83-7.85 (m, 2H) ppm;

3¢ NMR (CDCl3, 400 MHz) & 55.7, 56.0, 102.0, 111.8, 113.6, 115.0, 127.3 (2C), 128.8 (2C),
128.9, 129.8, 130.3, 149.0, 154.3, 156.2 ppm.

General procedure Xlll: Oxidation of primary alcohols

To a solution of (COCI), (1.2 eq) in anhydrous CH,Cl, was added dropwise at -78 °C a solution
of DMSO (2 eq) in anhydrous CH,Cl, under argon atmosphere. Alcohol (1 eq) in solution in
anhydrous CH,Cl; was added followed by the dropwise addition of triethyamine (2.5 eq).
The mixture was stirred for 2 hours and let warm up at room temperature. The reaction
mixture was quenched with saturated aqueous solution of NH4Cl until pH = 7. The organic
layer was separated, washed with brine, dried over MgSQ,, filtered and concentrated.

Purification on silica gel let to desired aldehyde.

Compound 242a: 0

MeO
5-Methoxy-2-(4-methoxyphenyl)-benzofuran-3- O A\ O OMe

carbaldehyde

Compound 242a was obtained following general procedure Xlll starting from alcohol 241a

(19.32 g, 68 mmol) in anhydrous CH,Cl, (450 mL) with (COCI), (7 mL, 82 mmol), DMSO (9.66
mL, 136 mmol) and triethylamine (23,5 mL, 170 mmol). Product 242a was obtained with
26% (5.5 g).

'H NMR (CDCls, 400 MHz), § 3.90 (s, 3H), 3.91 (s, 3H), 6.96 (dd, 1H, J = 2.6 and 9.0 Hz), 7.07
(d, 2H, ) = 8.9 Hz), 7.41 (d, 1H, J = 9.0 Hz), 7.74 (d, 1H, J = 2.6 Hz), 7.80 (d, 2H, J = 8.9 Hz),
10.30 (s, 1H) ppm;

3C NMR (CDCl3, 400 MHz), § 55.7, 56.1, 104.4, 111.7, 114.8 (2C), 115.1, 117.0, 121.4, 126.4
(2C), 130.8, 148.8, 157.6, 162.1, 166.4, 186.8 ppm.
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O
Compound 242b: H

MeO N
5-Methoxy-2-phenylbenzofuran-3-carbaldehyde O o O

Compound 242b was obtained following general procedure Xlll starting from alcohol 241b

(5 g, 19.7 mmol) in anhydrous CH,Cl, (130 mL) with (COCl), (2 mL, 23.6 mmol), DMSO (2.8
mL, 39.4 mmol) and triethylamine (7 mL, 49 mmol). Product 242b was obtained with 87%

(4.3 g).

'H NMR (CDCl3, 400 MHz) 6 3.91 (s, 3H), 8.00 (dd, 1H, J = 2.8 and 9.0 Hz), 7.45 (d, 1H, ) = 8.9
Hz), 7.57 (m, 3H), 7.76 (d, 1H, J = 2.6 Hz), 7.85 (m, 2H), 10.34 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz) & 56.2, 104.4, 111.9, 115.6, 117.9, 126.2, 128.9, 129.2 (2C), 129.3
(20), 131.2, 149.1, 157.7, 166.1, 186.9 ppm.

Compound 243: ES\/\
Ph

(Z2)-Propyl(styryl)sulfane

To a solution of Cs,CO3 (3.19 g, 9.8 mmol) in DMSO (600 mL) was added 1-propanethiol
(10.63 mL, 117.6 mmol). After stirring for 15 minutes, TEMPO (3.06 g, 19.5 mmol) was
added and after another 15 minutes, phenylacetylene (10.75 mL, 98.0 mmol) was also
added. After stirring at room temperature for 3 hours, the reaction mixture was quenched
with water, and extracted with Et,0. The organic layer was dried over MgSQ,, filtered and

concentrated. Purification on silica gel afforded thiovinylether 243 (11.46 g, 66%).

'H NMR (CDCls, 400 MHz), & 1.03 (t, 3H, J = 7.4 Hz), 1.73 (six., 2H, J = 7.3 Hz), 2.77 (t, 2H, J =
7.2 Hz, Hy), 6.25 (d, 1H, J = 10.9 Hz), 6.33 (d, 1H, J = 10.9 Hz), 7.21 (t, 1H, J = 7.3 Hz), 7.35 (t,
2H, ) =7.5Hz), 7.49 (d, 2H, J = 7.3 Hz) ppm ;

3C NMR (CDCl3, 400 MHz), § 13.3, 23.7, 38.1, 77.2, 125.4, 126.7, 127.8, 128.3, 128.7, 137.2
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Compound 244: SOMe
C
Ph

(2)-Styryl(p-tolyl)sulfane

Na (2.37 g, 0.103 mol) was dissolved in absolute EtOH (100 mL) at 0 °C. 4-
Methylbenzenethiol (12.75 g, 0.103 mol) was added followed by phenylacetylene (10.8 mL,
0.098 mol) at room temperature. After on night at reflux, the reaction mixture was cooled
down at 0 °C and poured in iced cold water. The obtained precipitate was filtered and dried

under vacuum to afford product 244 (16.1 g, 73%).

'H NMR (CDCls, 400 MHz) & 2.36 (s, 3H), 6.48 (d, 1H, J = 10.8 Hz), 6.56 (d, 1H, J = 10.8 Hz),
7.17 (d, 2H, J = 7.9 Hz), 7.25-7.29 (m, 1H), 7.36-7.42 (m, 4H), 7.55 (d, 2H, J = 8.5 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & 21.2, 126.6, 127.1, 127.1, 128.4 (2C), 128.8 (2C), 130.0 (2C),
130.6 (2C), 132.8, 136.7, 137.5 ppm.

General procedure XIV: Formation of divinylalcohols

n-Buli (1.6 M, 1.6 eq) was added dropwise at -78 °C to a solution of thiovinylether 22 (1.5
eq) in anhydrous THF under argon atmosphere and stirred at this temperature for 45
minutes. Simultaneously, BF;.Et,0 (1.1 eq) was added to a solution of aldehyde (1 eq) in
anhydrous THF under argon atmosphere at -78 °C and stirred at this temperature for 45
minutes. The activated aldehyde was added dropwise the lithiated thiovinylether. After 2
hours at -78 °C, the reaction mixture was quenched with water and a saturated aqueous
solution of NaHCOs. The product was extracted with Et,0 and the organic layer was washed
with water and brine dried over MgSQ,, filtered and concentrated. Purification over silica

gel afforded desired divinyl alcohol.

182



EXPERIMENTAL PROCEDURES for chapter 3.2

Compound 245a: S///

HO
\_Ph
(2)-1-(5-Methoxy-2-(4-methoxyphenyl)-benzofuran-3- MeO O N O
OMe

yl)-3-phenyl-2-(propylthio)prop-2-en-1-ol o

Compound 245a was obtained following general procedure XIV starting from aldehyde 242a

(1.50 g, 5.3 mmol) and thiovinylether 243 (1.42 g, 8.0 mmol) in anhydrous THF (140 mL) with
n-Buli (5.3 mL, 8.5 mmol) and BF3.Et,0 (0.73 mL, 5.8 mmol). Product 245a was obtained
with 72% (1.76 g).

'H NMR (CDCls, 400 MHz), & 0.80 (t, 3H, J = 7.4 Hz), 1.50 (six., 2H, J = 7.4 Hz), 2.53 (m, 2H),
2.84 (s, 1H), 3.76 (s, 3H), 3.97 (s, 3H), 5.74 (s, 1H), 6.88 (dd, 1H, J = 2.6 and 8.9 Hz), 6.90 (d,
2H, ) = 8.9 Hz), 7.19 (s, 1H), 7.24 (d, 1H, ) = 2.6 Hz), 7.25 (t, 1H, ) = 7.4 Hz), 7.33 (t, 2H, J = 7.3
Hz), 7.39 (d, 1H, ) = 8.9 Hz), 7.62 (d, 2H, ] = 7.3 Hz), 7.73 (d, 2H, J = 8.9 Hz) ppm;

3 NMR (CDCls, 400 MHz), & 13.4, 23.22, 34.8, 55.5, 56.0, 66.0, 70.2, 77.2, 104.0, 111.7,
113.3, 114.3, 114.5, 123.1, 127.7, 128.2, 128.6, 129.5, 129.6, 132.0, 136.3, 136.3, 149.4,
154.8, 155.9, 160.5 ppm.

Compound 245b: S///

HO

\_ph

(Z2)-1-(5-Methoxy-2-phenylbenzofuran-3-yl)-3-phenyl-2- MeO O N O
0

(propylthio)prop-2-en-1-ol

Compound 245b was obtained following general procedure XIV starting from aldehyde 242b

(200 mg, 0.787 mmol) and thiovinylether 243 (210 mg, 1.18 mmol) in anhydrous THF (20
mL) with n-Buli (1.6 M, 788 uL, 1.26 mmol) and BF3.Et;0 (110 pL, 0.866 mmol). Product
245b was obtained with 23% (77 mg). Recovered starting material: thiovinylether 243 (143
mg, 68%) and aldehyde 242b (98 mg, 50%).

'H NMR (CDCls, 400 MHz) & 0.80 (t, 3H, J = 7.3 Hz), 1.49 (sex., 2H, J = 7.3 Hz), 2.48-2.62 (m,
2H), 2.86 (d, 1H, J = 3.4Hz), 3.77 (s, 3H), 5.78 (dd, 1H, J = 1.6 and 3.4 Hz), 6.91 (dd, 1H, J = 2.5
and 8.9 Hz), 7.18 (s, 1H), 7.25 (m, 2H), 7.34 (t, 2H, J = 7.3 Hz), 7.42 (d, 1H, J = 8.5 Hz), 7.45-
7.51 (m, 3H), 7.62 (d, 2H, J = 7.3 Hz), 7.85 (d, 2H, J = 8.4 Hz) ppm;
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3¢ NMR (CDCl5, 400 MHz) & 13.2, 23.1, 34.6, 55.9, 69.9, 104.0, 111.7, 113.6, 115.5, 127.6,
127.9 (2C), 128.1 (2C), 128.3, 128.7 (2C), 129.1, 129.5 (2C), 130.4, 132.1, 136.0, 136.1, 149.5,
154.4, 155.8 ppm.

Compound 245c: S/O/Me
HO
\_Ph
(Z)-1-(5-Methoxy-2-phenylbenzofuran-3-yl)-3-phenyl-2-  MeO

W,
(p-tolylthio)prop-2-en-1-ol O o

Compound 245c was obtained following general procedure XIV starting from aldehyde 242b

(3 g, 0.0118 mol) and thiovinylether 244 (4 g, 0.0177 mol) in anhydrous THF (300 mL) with n-
Buli (1.6 M, 11.8 mL, 0.0189 mol) and BF3.Et,0 (1.64 mL, 0.013 mol). Product 245c was
obtained with 86% (4.83 g).

'H NMR (CDCls, 400 MHz) 6 2.24 (s, 3H), 2.60 (d, 1H, J = 3.5 Hz), 3.76 (s, 3H), 5.61 (dd, 1H, J =
1.4 and 3.5 Hz), 6.90 (dd, 1H, J = 2.6 and 8.9 Hz), 6.92 (d, 2H, J = 7.8 Hz), 7.13 (d, 2H, J = 8.0
Hz), 7.26-7.37 (m, 7H), 7.40 (d, 1H, J = 8.9 Hz), 7.45 (s, 1H), 7.55-7.58 (m, 2H), 7.65 (d, 2H, J =
7.4 Hz) ppm;

3¢c NMR (CDCl5, 400 MHz) & 21.1, 55.9, 69.1, 103.8, 111.7, 113.6, 115.2, 127.6 (2C), 128.0,
128.1 (2C), 128.3, 128.5 (2C), 128.7, 129.1, 129.6 (2C), 129.7 (2C), 130.3, 131.2 (2C), 133.3,
135.2, 135.7, 137.3, 149.4, 154.5, 155.8 ppm.

General procedure XV: Oxidation of secondary alcohols

MnO, (6 eq) was added to a solution of divinyl alcohol (1 eq) in CH,Cl,. After 48 hours, the

mixture was filtered through celite and purified on silica gel to afford desired divinyl ketone.
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Compound 239a: S///

0
(Z2)-1-(5-Methoxy-2-(4-methoxyphenyl)-benzofuran-3- MeO O N O
OMe

yl)-3-phenyl-2-(propylthio)prop-2-en-1-one o

Compound 239a was obtained following general procedure XV starting from alcohol 245a

(1.5 g, 4.23 mmol) in CH,Cl, (100 mL) with MnO,; (2.21 g, 0.025 mol). Product 239a was
obtained with 72% (1.4 g).

'H NMR (CDCls, 400 MHz), 6 0.92 (t, 3H, J = 7.4 Hz), 1.58 (six., 2H, J = 7.3 Hz), 2.78 (t, 2H, J =
7.4 Hz), 3.79 (s, 3H), 3.82 (s, 3H), 6.92 (d, 2H, J = 8.9 Hz), 6.94 (dd, 1H, J = 2.6 and 8.9 Hz),
7.27 (d, 1H, J = 2.5 Hz), 7.31 (t, 1H, J = 7.3 Hz), 7.33 (t, 2H, J = 7.3 Hz), 7.43 (s, 1H), 7.44 (d,
1H, J = 8.9 Hz), 7.49 (d, 2H, J = 7.3 Hz), 7.79 (d, 2H, J = 8.9 Hz) ppm;

3¢ NMR (CDCls, 400 MHz), 6 13.4, 23.5, 35.2, 55.5, 56.0, 103.7, 111.9, 113.4, 114.2, 114.3,
115.4, 128.3, 128.9, 129.2, 130.47, 130.5, 131.4, 135.1, 137.5, 141.3, 148.7, 157.0, 160.3,
161.3, 190.5 ppm;

LC-MS calculated for CogH»604S: 458.2, found: 459.1 (M+H)".

Compound 239b: S///

N\
(2)-1-(5-Methoxy-2-phenylbenzofuran-3-yl)-3-phenyl-2- MeO O N

(propylthio)prop-2-en-1-one o

Compound 239b was obtained following general procedure XV starting from alcohol 245b

(75 mg, 0.174 mmol) in CH,Cl; (3 mL) with MnO; (91 mg, 1.5 mmol). Product 239b was
obtained with 87% (65 mg).

'H NMR (CDCls, 400 MHz) 6 0.93 (t, 3H, J = 7.3 Hz), 1.60 (sex., 2H, J = 7.3 Hz), 2.80 (t, 2H, J =
7.4 Hz), 3.81 (s, 3H), 6.98 (dd, 1H, J = 2.6 and 9.0 Hz), 7.29-7.32 (m, 4H), 7.39-7.41 (m, 3H),
7.45-7.48 (m, 4H), 7.79-7.82 (m, 2H) ppm;
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3¢ NMR (CDCls, 400 MHz) & 13.5, 23.5, 35.2, 56.0, 103.6, 112.1, 114.9, 116.5, 128.3 (2C),
128.7 (2C), 128.8, 128.9 (2C), 129.3, 130.0, 130.2, 130.5 (2C), 135.0, 137.0, 142.3, 149.0,
157.0, 159.7, 190.5 ppm;

LC-MS calculated for C,7H2403S: 428.1, found: 428.1 (M+H)".

Compound 239c: /@/Me
o S

N\
(Z)-1-(5-Methoxy-2-phenylbenzofuran-3-yl)-3-phenyl-2-  MeO O N

(p-tolylthio)prop-2-en-1-one

)

Compound 239c was obtained following general procedure XV starting from alcohol 245c¢ (2

g, 4.18 mmol) in CH,Cl, (65 mL) with MnO, (2.18 g, 0.0251 mol). Product 239¢ was obtained

guantitatively (2 g).

'H NMR (CDCls, 400 MHz) 6 2.11 (s, 3H), 3.78 (s, 3H), 6.80 (d, 2H, J = 7.9 Hz), 6.89 (dd, 1H, J =
2.5 and 8.9 Hz), 6.97 (d, 1H, J = 2.5 Hz), 7.02 (d, 2H, J = 8.0 Hz), 7.33-7.38 (m, 7H), 7.54-7.56
(m, 2H), 7.65-7.67 (m, 3H) ppm;

3¢ NMR (CDCl;, 400 MHz) & 21.0, 31.1, 56.0, 103.4, 111.6, 114.4, 116.8, 128.4 (2C),
128.5(2C), 128.5 (2C), 129.6, 129.7 (2C), 123.9, 128.0, 130.0, 130.1, 130.6 (2C), 131.9 (20),
134.8, 137.6, 137.8, 139.6, 141.4, 148.5, 156.3 ppm;

LC-MS calculated for C31H2405S: 476.1, found: 477.1 (M+H)".
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. @]
Compound 238a: S~
MeO
7-Methoxy-3a-(4-methoxyphenyl)-3-phenyl-2- O Ph
O
(propylthio)-3a,8b-dihydro-1H-cyclo- O
penta[b]benzofuran-1-one OMe

AcBr (24 pL, 0.33 mmol) was added to a solution of ketone 239a (100 mg, 0.22 mmol) in DCE
(3 mL) and the mixture was stirred at 65 °C for 24 hours then at 80 °C for another 24 hours.
The reaction mixture was quenched at room temperature with a saturated aqueous solution
of NaHCO3; and the product was extracted with CH,Cl,. The organic layer was separated,
washed with water, dried over MgSQ,, filtered and concentrated. Purification on silica gel

afforded cyclopentenone 238a (31 mg, 31%).

'H NMR (CDCl3, 400 MHz), 6 0.80 (t, 3H, J = 7.4 Hz), 1.40 (six., 2H, J = 7.4 Hz), 2.91 (t, 2H, J =
7.4 Hz), 3.76 (s, 3H),3.77 (s, 3H), 4.05 (s, 1H), 6.80 (dd, 1H, J = 2.6 and 8.9 Hz), 6.80 (d, 2H, J =
8.9 Hz), 6.88 (d, 1H,J = 8.9 Hz), 6.97 (d, 1H, J = 2.5 Hz), 7.25 (d, 2H, ) =8.9 Hz), 7.33 (t, 2H, J =
7.3 Hz),7.30(t, 1H,J =6.4 Hz), 7.53 (d, 2H, J = 7.3 Hz) ppm;

3C NMR (CDCls, 400 MHz), § 13.1, 23.4, 33.1, 55.3, 56.1, 62.8, 95.7, 109.8, 110.8, 114.2,
116.1,124.1, 126.2, 128.0, 129.6, 132.5, 133.2, 137.7, 152.8, 155.0, 159.2, 165.2 ppm;

LC-MS calculated for CogH,604S: 458.2, found: 459.9 (M+H)".

Compound 245b: S///

HO

\_ph
W
o

TIBAL (1 M, 436 L, 0.436 mmol) was added at -78 °C to compound 239b (100 mg, 0.218

(2)-1-(5-Methoxy-2-phenylbenzofuran-3-yl)-3-phenyl-2- MeO
(propylthio)prop-2-en-1-one O

mmol) in solution in anhydrous DCE over 4A MS, under argon atmosphere. The reaction
mixture was let warming up at room temperature. After 16 hours at room temperature the
reaction mixture was quenched with a 1 N solution of HCI until it reached basic pH. The

product was extracted and washed with brine. The organic layer was dried over MgSQ,,
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filtered and concentrated. Purification on silica gel gave compound 245b (23 mg, 23%).
Recovered starting material (60 mg, 60%). This product was already described page 183

following another method.

Compound 246: 0 H

MeO \ Ph
(E)-1-(5-Methoxy-2-(4-methoxyphenyl)benzofuran-3-yl)- O N\ O OMe
3-phenylprop-2-en-1-one O

Compound 239b (200 mg, 0.436 mmol) was dissolved in anhydrous DCE (6 mL) under argon
atmosphere. Propionyl bromide (59 uL, 0.65 mmol) was added and the mixture was stirred
at 65 °C for 24 hours then at 75 °C for 48 hours. The reaction mixture was concentrated,
dissolved in EtOAc and washed with a saturated aqueous solution of NaHCO3 with few drops
of NH4OH. The product was extracted and washed with brine. The organic layer was dried
over MgSQ,, filtered and concentrated. Purification on silica gel afforded product 246 (50.4

mg, 30%). Recovered starting material (49.2 mg, 25%).

'H NMR (CDCls, 400 MHz) & 3.87 (s, 3H), 3.892 (s, 3H), 6.96 (dd, 1H, J = 2.6 and 8.9 Hz), 6.97
(d, 1H, J = 15.8 Hz), 7.02 (d, 2H, J = 9.0 Hz), 7.32-7.34 (m, 5H), 7.42 (dd, 1H, J = 0.4 and 8.9
Hz), 7.62 (d, 1H, J = 2.5 Hz), 7.74 (d, 1H, 15.8 Hz), 7.76 (d, 2H, J = 8.9 Hz) ppm;

3¢ NMR (CDCls;, 400 MHz) & 55.6, 56.1, 107.2, 111.6, 114.3 (2C), 114.7, 117.9, 122.7, 125.9,
128.4 (2C), 128.5, 129.0 (2C), 130.4, 131.4 (2C), 135.0, 142.5, 149.0, 157.1, 160.6, 161.5,
187.8 ppm.

General procedure XVI: lodation

H,0,(30% aq., 0.6-0.9 eq) and 1, (0.7-0.4 eq) were added to a solution of aryl (1 eq) in water
and the obtained suspension was stirred between room temperature and 50 °C for 7 to 16
hours. The reaction mixture was dissolved in CH,Cl,, washed with a solution of Na,S,05 then
with water. The organic layer was dried over MgSQ,, filtered and concentrated to afford

jodine derivatives.
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Compound 248-1: OMe

2-lodo-3,5-dimethoxyphenol MeO OH

Compound 248-1 was obtained following general procedure XVI starting from 3,5-

dimethoxyphenol (15 g, 97.4 mmol) in water (180 mL) with H,0, (30% aq., 7.17 g, 63.3
mmol) and I, (12.4 g, 48.7 mmol) for 16 hours at room temperature. Product 248-1 was

obtained with 29% yield (7.75 g).

'H NMR (CDCls, 400 MHz) & 3.79 (s, 3H), 3.84 (s, 3H), 5.47 (s, 1H), 6.06 (d, 1H, J = 2.6 Hz),
6.29 (d, 1H, J = 2.6 Hz) ppm;

3C NMR (CDCl3, 400 MHz) & 55.2, 56.1, 66.8, 91.7, 92.7, 156.2, 158.7, 161.9 ppm.

OMe
Compound 248: O
OMe
=

3,5-Dimethoxy-2-((4-methoxyphenyl)ethynyl)phenol O
MeO OH

4-Methoxyphenyl acethylene (1.55 mL, 12.01 mmol) and iodophenol 248-1 (3.06 g, 10.92
mmol) were dissolved in anhydrous THF (25 mL) under argon atmosphere. At 0 °C, EtMgBr
(22.93 mL, 22.93 mmol) was added dropwise and stirred 5 minutes at this temperature. At
room temperature, Pd(PPhs),Cl, (146 mg, 0.21 mmol) was added and the resulting mixture
was heated at 70 °C for 2 hours. The reaction mixture was quenched with a 0.5 M solution
of HCl and the product extracted with EtOAc. The organic layer was washed with water,

dried over MgSQ,, filtered and concentrated to afford tolane 248 with 52% yield (1.6 g).

'H NMR (CDCls, 400 MHz) 6 3.80 (s, 3H), 3.83 (s, 3H), 3.86 (s, 3H), 5.98 (s, 1H), 6.06 (d, 1H, J
=2.3 Hz), 6.19 (d, 1H, J = 2.3 Hz), 6.88 (d, 2H, J = 8.9 Hz), 7.48 (d, 2H, J = 8.9 Hz) ppm;

3¢ NMR (CDCl;, 400 MHz) 6 55.3, 55.5, 56.0, 78.2, 91.4, 92.1, 92.4, 98.9, 113.9 (2C), 115.0,
133.1(2C), 158.7, 159.7, 160.9, 161.8 ppm.
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Compound 249: 0
MeO OMe

Methyl 4,6-dimethoxy-2-(4-methoxyphenyl)- O A\ O OMe
MeO O
benzofuran-3-carboxylate

Pd(OAc), (25 mg, 0.11 mmol), CBr4 (3.85 g, 11.6 mmol) and NaHCO; (0.970 g, 11.6 mmol)
were added to tolane 248 (1.5 g, 5.29 mmol) in solution in methanol (30 mL) under CO
atmosphere. After overnight stirring at room temperature, the reaction mixture was filtered

on celite, concentrated and dried under vacuum to afford ester 249 with 72% yield (1.3 g).

'H NMR (CDCls, 400 MHz) 6 3.85 (s, 3H), 3.85 (s, 3H), 3.89 (s, 3H), 3.92 (s, 3H), 6.35 (d, 1H, J
= 1.9 Hz), 6.65 (d, 1H, J = 2.0 Hz), 6.96 (d, 2H, J = 8.9 Hz), 7.75 (d, 2H, J = 9.0 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & 55.4, 55.5, 55.9, 56.0, 88.1, 95.3, 107.9, 111.0, 114.1 (2C),
122.6, 128.7 (2C), 153.6, 153.8, 155.5, 159.6, 160.4, 166.3 ppm.

Compound 253-1: OMe |
2-lodo-1,3,5-trimethoxybenzene MeO’ i OMe

Compound 253-1 was obtained following general procedure XVI starting from 3,5-

dimethoxyphenol (15 g, 97.4 mmol) in water (180 mL) with H,0;, (30% aq., 4.50 mL, 40,0
mmol) and |, (5.08 g, 20.0 mmol) for 7 hours at 50°C. Product 253-1 was obtained with 94%
yield (12.01 g).

'H NMR (DMSO-ds, 400 MHz), & 3.80 (s, 9H), 6.28 (s, 2H) ppm;

3C NMR (DMSO-ds, 400 MHz), § 55.5, 56.4, 66.3, 91.6, 159.3, 161.9 ppm.
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OMe
Compound 253: O
OMe

=
1,3,5-Trimethoxy-2-((4-methoxyphenyl)ethynyl)benzene O
MeO OMe

Triethylamine (30 mL) was added dropwise to a solution of 2-iodo-1,2,3-trimethoxybenzene
253-1 (3.91 g 13.3 mmol), 4-methoxyphenylacetylene (3.5 g, 26.5 mmol), Pd(PPhs),Cl, (280
mg, 0.40 mmol) and Cul (76 mg, 0.40 mmol) in DMF (30 mL) under argon atmosphere. After
one night at 80 °C, the reaction mixture was cooled at room temperature, filtered over
celite and the filtrate was concentrated. Purification silica gel afforded tolane 253 (2.73 g,

70%).

'H NMR (CDCl3, 400 MHz), & 3.81 (s, 3H), 3.83 (s, 3H), 3.88 (s, 6H), 6.12 (s, 2H), 6.84 (d, 2H, J
=8.9 Hz), 7.49 (d, 2H, J = 8.9 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz), & 55.4, 55.5, 56.2 (2C), 80.5, 90.7 (2C), 94.9 (2C), 96.3, 113.9
(2C), 116.6, 133.1 (2C), 159.3, 161.5, 162.2 ppm.

Compound 254:
o) MeO o) O OMe

2-(4-Methoxyphenyl)-1-(2,4,6-trimethoxyphenyl)ethan- O
MeO

1-one OMe

Hg(OAc), (3.31 g, 10.4 mmol) was added to a solution of tolane 253 (2.40 g, 8.4 mmol) in
glacial acetic acid (150 mL) at 0 °C and the mixture was stirred at this temperature for an
hour and under sonication for an extra hour. The reaction mixture was poured into brine
(150 mL) at 0°C and stirred vigorously under it warmed up at room temperature. It was then
filtered, washed with water and pentane and dried under vacuum. The product was used in

the next step after recrystallization in CHCl; (crude weight: 2.11 g).

Anhydrous LiCl (379 mg, 8.9 mmol), PdCl; (721 mg, 4.1 mmol), and MgO (327 mg, 8.2 mml)
were dissolved in MeOH (50 mL). The mixture was cooled at -78 °C for 20 min. The
previously synthesized intermediate (2.11 g, 4.1 mmol) was added under carbon monoxide

atmosphere. After 16 hours at room temperature, activated charcoal was added along with
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Et,0. The reaction mixture was filtered through celite, washed with saturated aqueous
solution of NH4Cl. The organic layer was dried over MgSQ,, filtered and concentrated to

afford ketone 254 (1.04 g, 80%).

'H NMR (CDCls, 400 MHz), & 3.74 (s, 6H), 3.78 (s, 3H), 3.81 (s, 3H), 3.97 (s, 2H), 6.01 (s, 2H),
6.81(d, 2H, ) = 8.7 Hz), 7.12 (d, 2H, J = 8.7 Hz) ppm;

3¢ NMR (CDCls, 400 MHz), & 50.7, 55.3 (2C), 55.5, 55.9, 90.7 (2C), 113.7 (2C), 127.1, 130.9
(2C), 158.2, 158.4, 162.4 (2C), 201.9 ppm.

Compound 257:

2-(1,2-Diiodo-2-(4-methoxyphenyl)vinyl)-1,3,5-

trimethoxybenzene

To a solution of alkyne 253 (150 mg, 0.503 mmol) in CH,Cl, (2 mL) under argon atmosphere
was added gradually ICl (122.5 mg, 0.755 mmol) dissolved CH,Cl, (3 mL). The reaction
mixture was allowed to stir at room temperature overnight. The excess ICl was removed by
washing with a saturated aqueous solution of Na,S,0s. The mixture was then extracted by
EtOAc (2 x 10 mL). The combined organic layers were dried over anhydrous MgSO, and
concentrated under a vacuum to vyield the crude product, which was purified by

chromatography on silica gel to yield 52% of product 257 (144 mg).

'H NMR (400 Hz, CDCl5), & 3.83 (s, 3H), 3.85 (s, 3H), 3.90 (s, 6H), 6.17 (s, 2H), 6.87 (d, 2H, J =
8.7 Hz), 7.47 (d, 2H, ) = 8.7 Hz) ppm;

LC-MS calculated for C1gH1gl,04: 551.9, found: 551.2 (M+H)".
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Compound 259c:

(E)-8-Methoxy-10-(2-phenyl-1-(p-tolylthio)vinyl)-10H-

indeno[1,2-b]benzofuran

(coCl), (64 pL, 0.752 mmol) was dissolved in anhydrous CH,Cl, (6 mL) under argon
atmosphere. At -78 °C was added dropwise a solution of DMSO (89 uL, 1.25 mmol) in CH,Cl,
(1 mL) followed by a solution of compound 245c (300 mg, 0.627 mmol) in CH,Cl, (1 mL).
After 30 minutes at -78 °C, EtsN was added dropwise and the mixture was stirred at that
temperature for 2 hours. The reaction mixture was then quenched with water and
neutralized with a saturated solution of NaHCO; until pH = 1. The organic layer was
separated, dried over MgS0O,, filtered and concentrated. Purification on silica gel afforded

product 259¢ (200 mg, 69%).

'H NMR (CDCls, 400 MHz) & 2.29 (s, 3H), 3.56 (s, 3H), 5.20 (s, 1H), 6.12 (d, 1H, J = 2.6 Hz),
6.68 (d, 1H, J = 1.9 Hz), 6.78 (dd, 1H, J = 2.6 and 8.9 Hz), 7.00 (d, 2H, J = 8.2 Hz), 7.04 (dd, 1H,
J=1.5and 7.4 Hz), 7.16 (d, 1H, ] = 7.4 Hz), 7.23-7.29 (m, 4H), 7.32 (d, 1H, J = 8.9 Hz), 7.41 (d,
1H, ) = 6.9 Hz), 7.44 (d, 2H, ) = 7.4 Hz), 7.80 (dd, 2H, J = 1 .6 and 8.3 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & 21.3, 49.6, 55.8, 103.4, 111.4, 112.2, 112.7, 120.1, 123.7, 125.0,
127.6, 127.9 (2C), 128.7, 128.8 (2C), 129.2, 129.2, 130.0 (2C), 130.9, 133.4 (2C), 138.4, 143.7,
146.3, 148.0, 149.4, 155.0, 155.6 ppm.

Product 259c was also be obtained with the following procedure:

2,3,4,5-Tetrafluorophenyl boronic acid (8.1 mg, 0.0418 mmol) was added to compound 245c
(100 mg, 0.209 mmol) in solution in anhydrous DCE (2 mL) under argon atmosphere. After 3
hours at 50 °C, the reaction mixture was concentrated, diluted in Et,0 and washed with
water and brine. The organic layer was separated, dried over MgSQ,, filtered and

concentrated. Purification on silica gel afforded product 259¢ (65 mg, 68%).
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Compound 259a: s

OMe

PH
(E)-2,8-Dimethoxy-10-(2-phenyl-1-(propylthio)vinyl)- MeO O ’O
O

10H-indeno[1,2-b]benzofuran

Compound 259a was obtained following general procedure IX starting from compound 245a

(100 mg, 0.232 mmol) in DCE (2 mL) with Re;07 (1.7 mg, 0.0035 mmol) and MeOH (72 uL,
1.786 mmol). Tetracyclic compound 259a was obtained (47 mg, 46%).

'H NMR (CDCls, 400 MHz) 6 0.94 (t, 3H, J = 7.3 Hz), 1.68 (sex., 2H, J = 7.3 Hz), 2.83 (t, 2H, J =
7.3 Hz), 3.53 (s, 3H), 3.88 (s, 3H), 5.09 (s, 1H), 6.03 (d, 1H, J = 2.6 Hz), 6.64 (d, 1H, J = 1.8 Hz),
6.74 (dd, 1H, J = 2.6 and 8.9 Hz), 7.00 (td, 1H, J = 1.3 and 7.4 Hz), 7.65 (d, 2H, J = 8.8Hz), 7.14
(d, 1H, J = 7.4 Hz), 7.23 (d, 1H, J = 7.7 Hz), 7.31 (d, 2H, J = 9.0 Hz), 7.91 (d, 2H, J = 8.8 Hz)

ppm;

3C NMR (CDCls, 400 MHz) & 13.7, 22.1, 34.6, 50.1, 55.5, 55.7, 103.4, 111.2, 111.4, 112.2,
114.5 (2C), 119.2, 123.5, 123.6, 123.7, 124.3, 127.5, 128.8, 129.4 (2C), 144.3, 145.5, 148.7,
149.2, 155.0, 155.5, 160.2 ppm.

Product 259a was also be obtained with the following procedure:

2,3,4,5-Tetrafluorophenyl boronic acid (9 mg, 0.0464 mmol) was added to compound 245a
(100 mg, 0.232 mmol) in solution in anhydrous DCE (2 mL) under argon atmosphere. After 3
hours at 50 °C, the reaction mixture was concentrated, diluted in Et,0O and washed with
water and brine. The organic layer was separated, dried over MgSQ,, filtered and

concentrated. Purification on silica gel afforded product 259a (59 mg, 57%).
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5.4 Procedures for chapter 3.3.

Compound 262-1:

(35,3aR,8bR)-8b-Hydroxy-6,8-dimethoxy-3a-(4-

methoxyphenyl)-3-phenyl-2,3,3a,8b-tetrahydro-1H-

cyclopenta[b]benzofuran-1-one

Alcohol 180 (1 g, 2.3 mmol) was dissolved in DMSO (20 mL) under argon atmosphere. At 0
°C, triethylamine (3.53 mL, 25.3 mmol) was added dropwise than PySO; complex (1.1 g, 6.9
mmol) dissolved in DMSO (10 mL). After 2.5 h at room temperature, the mixture was
quenched with a solution of saturated agueous NH,Cl at 0 °C and stirred at this temperature
for 30 minutes. The precipitated was filtered off and washed with a small amount of water.

The product was purified by silica chromatography to afford 262-1 (935 mg, 94%).

'H NMR (CDCls, 400 MHz) & 2.94-3.09 (m, 3H), 3.14 (br, s, 1H), 3.71 (s, 3H), 3.83 (s, 3H), 3.85
(s, 3H), 6.10 (d, 1H, J = 2.1 Hz), 6.34 (d, 1H, J = 2.1 Hz), 6.67 (d, 2H, J = 8.8 Hz), 6.94-6.97 (m,
4H), 7.10-7.13 (m, 3H) ppm;

3¢ NMR (CDCl5, 400 MHz) & 40.0, 48.7, 55.2, 55.7, 55.9, 88.9, 89.8, 92.8, 101.4, 106.7, 113.3
(2C), 126.0, 126.9, 128.0 (2C), 128.0 (2C), 128.1 (2C), 137.4, 158.6, 158.9, 161.3, 164.9, 210.8

ppm.
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Compound 262:

(3S,3aR,8bR)-6,8-Dimethoxy-3a-(4-methoxyphenyl)-3-
phenyl-8b-((trimethylsilyl)oxy)-2,3,3a,8b-tetrahydro-1H-

cyclopenta[b]benzofuran-1-one

Alcohol 262-1 (100 mg, 0.23 mmol) was dissolved in anhydrous toluene (6 mL) under argon
atmosphere. DIPEA (80 uL, 0.46 mmol) was added dropwise to the mixture at 0 °C followed
by TMSOTf (75 pL, 0.416 mmol). The mixture was stirred at 0 °C for 30 minutes than at room
temperature for another 45 minutes. The mixture was then diluted with hexane (60 mL).
The precipitated salts were filtered out and the filtrate was evaporated under reduced

pressure to afford 262 (117 mg, quantitative).

'H NMR (CDCl3, 400 MHz) & -0.40 (s, 9H), 2.84-2.90 (m, 2H), 3.67-3.74 (m, 1H), 3.73 (s, 3H),
3.84 (s, 3H), 3.87 (s, 3H), 6.09 (d, 1H, J = 2 Hz), 6.33 (d, 1H, J = 2 Hz), 6.65 (d, 2H, J = 8.5 Hz),
6.82-6.83 (m, 2H), 6.94 (d, 2H, J = 8.5 Hz), 7.07-7.10 (m, 3H) ppm;

3¢ NMR (CDCl;, 400 MHz) & -0.2 (3C), 39.2, 47.3, 54.3, 54.4, 54.8, 88.7, 89.3, 91.5, 101.0,
105.3, 111.7 (2C), 125.9, 125.8, 126.9 (2C), 127.2 (2C), 127.7 (2C), 136.7, 157.8, 158.4, 160.7,
164.1, 207.6 ppm.

Compound 263-1:

(3R,3aR,8bR)-2-(Bis(methylthio)methylene)-6,8-dimethoxy-
3a-(4-methoxyphenyl)-3-phenyl-8b-((trimethylsilyl)oxy)-

2,3,3a,8b-tetrahydro-1H-cyclopenta[b]benzofuran-1-one

Diisopropylamine (347 pL, 2.47 mmol) was dissolved in anhydrous THF (15 mL) under argon
atmosphere. At -40 °C, n-BulLi (1.6 M, 1.49 mL, 2.38 mmol) was added dropwise and the
mixture was stirred at this temperature for 15 minutes. HMPA (2.44 mL, 0.014 mol) was
then added rapidly and the mixture was stirred for another 30 minutes. Cyclopentenone 262

(300 mg, 0.595 mmol) was dissolved in anhydrous THF (5 mL) and added dropwise and the
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mixture was stirred for 1 h. Freshly distilled CS, (1.09 mL, 0.018 mol) was added rapidly and
the mixture was stirred for 5 h. Finally, Mel (1.48 mL, 0.024 mol) was added rapidly and the
mixture was stirred at room temperature for 16 hours. The mixture was diluted with hexane
(60 mL) and the organic layer was washed with four times with water and once with brine.
The organic layer was dried over MgSQ,, filtered and evaporated under reduced pressure.

Chromatography on silica yield to 263-1 (266 mg, 73%).

'H NMR (CDCls, 400 MHz) & -0.41 ('s, 9H), 2.04 (s, 3H), 2.53 (s, 3H), 3.66 (s, 3H), 3.79 (s, 3H),
3.86 (s, 3H), 4.31 (s, 1H), 6.05 (s, 1H), 6.31 (s, 1H), 6.52 (d, 2H, J = 8.9 Hz), 6.73-6.79 (m, 2H),
6.89 (d, 2H, J = 8.9 Hz), 6.94-6.96 (m, 3H) ppm;

3¢ NMR (CDCls, 400 MHz) 6 -0.1 (3C), 17.3, 19.0, 54.3, 54.4, 54.8, 59.3, 88.4, 89.0, 91.5,
99.6, 106.5, 111.2 (2C), 125.1, 126.4 (2C), 127.2, 127.9 (2C), 128.1, 130.7, 137.0, 137.9,
155.3, 157.3, 157.9, 160.63, 163.7, 192.3 ppm.

Compound 263:

(3R,3aR,8bR)-2-(Bis(methylthio)methylene)-8b-hydroxy-6,8-
dimethoxy-3a-(4-methoxyphenyl)-3-phenyl-2,3,3a,8b-

tetrahydro-1H-cyclopenta[b]benzofuran-1-one

To a solution of 263-1 (246 mg, 0.40 mmol) in anhydrous THF (6 mL) under argon
atmosphere was added TBAF (1 M, 889 uL, 0.889 mmol) dropwise at 0 °C. The mixture was
stirred at this temperature for 30 minutes, washed with water and extracted with Et,0. The
organic layer was dried over MgSQ,, filtered and concentrated under reduced pressure to

afford 263 (166 mg, 76%).

'H NMR (CDCl5, 400 MHz) § 2.25 (s, 3H), 2.50 (s, 3H), 3.65 (s, 3H), 3.79 (s, 3H), 3.83 (s, 3H),
4.51 (s, 1H), 6.05 (s, 1H), 6.28 (s, 1H), 6.55 (d, 2H, J = 8.8 Hz), 6.84-6.05 (m, 2H), 6.91 (d, 2H, J
= 8.8 Hz), 6.99-7.00 (m, 3H) ppm;
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Compound 264-1:

Methyl(3S,3aR,8bR)-8b-hydroxy-6,8-dimethoxy-3a-(4-
methoxyphenyl)-1-oxo-3-phenyl-2,3,3a,8b-tetrahydro-1H-

cyclopenta[b]benzofuran-2-carboxylate

To a solution of 263 (100 mg, 0.164 mmol) in anhydrous THF (5 mL) under argon
atmosphere was added MeOH (333 uL, 0.825 mmol) dropwise at 0 °C followed by sodium
(38 mg, 1.64 mmol). The mixture was stirred at this temperature for 30 minutes. After 2
hours at room temperature, the reaction was quenched with a 1 N aqueous solution of HCI
and extracted with CH,Cl,. The organic layer was dried over MgSQ,, filtered and
concentrated. The crude was purified on silica gel to yield 264-1 (166 mg, 79%) as a keto-

enolique mixture, 35/65.

'H NMR (CDCls, 400 MHz) & 3.60 (s, 1H), 3.66 (s, 1H), 3.67 (s, 2H), 3.72 (s, 2H), 3.80 (s, 1H),
3.82 (s, 2H), 3.83 (s, 1H), 3.86 (s, 2H), 4.04 (s, 0.2H), 4.08 (s, 0.33H), 4.23 (s, 0.33H), 4.26 (s,
0.2H), 4.48 (s, 0.33H), 6.05 (d, 0.33H, J = 1.9 Hz), 6.11 (d, 0.66H, J = 1.9 Hz), 6.19 (d, 0.33H, J
= 1.8 Hz), 6.35 (d, 0.66H, J = 1.9 Hz), 6.53 (d, 0.66H, J = 8.4 Hz), 6.68 (d, 1.33H, J = 8.4 Hz),
6.90-6.92 (m, 1.33H), 6.95 (d, 1.33H, J = 8.7 Hz), 7.02 (d, 0.66H, J = 8.7 Hz), 7.08-7.14 (m, 3H)

ppm;

Compound 264-2:

Methyl(1R,2R,3S,3aR,8bS)-1,8b-dihydroxy-6,8-dimethoxy-
3a-(4-methoxyphenyl)-3-phenyl-2,3,3a,8b-tetrahydro-1H-

cyclopenta[b]benzofuran-2-carboxylate

Me4NHB(OAC)s3 (322 mg, 1.22 mmol) and AcOH (117 pL, 2.04 mmol) dissolved in CH3CN (10
mL). The mixture was stirred at room temperature for 5 minutes. The cyclopentenone 264-1
(100 mg, 0.204 mmol) in solution in CH3CN (5 mL) was added dropwise and the mixture was
stirred at room temperature for 3 hours. The mixture was quenched with an aqueous

saturated solution of NH4Cl then with a solution of potassium tartrate 3M. After stirring for
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30 minutes, the product was extracted with CH,Cl,. The organic layer was dried over MgSQ,,

filtered and concentrated under reduced pressure to afford 264-2 (79 mg, 79%).

'H NMR (CDCls, 400 MHz) 6 3.65 (s, 3H), 3.71 (s, 3H), 3.72 (s, 3H), 3.83 (s, 3H), 3.90 (dd, 1H, )
=12.7 and 7.0 Hz), 4.31 (d, 1H, J = 14.2 Hz), 5.03 (d, 1H, ) = 6.7 Hz), 6.12 (d, 1H, J = 1.9 Hz),
6.28 (d, 1H, J = 1.9 Hz), 6.67 (d, 2H, J = 9.0 Hz), 6.86-6.89 (m, 2H), 7.05-7.08 (m, 3H), 7.11 (d,
2H; J = 8.9 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & 50.6, 52.1, 55.1, 55.3, 55.9, 55.9, 79.7, 89.6, 92.8, 93.8, 102.0,
107.8, 112.9 (2C), 126.6, 126.7, 127.8 (2C), 127.9 (2C), 129.1 (2C), 137.1, 157.1, 158.9, 161.0,
164.2, 170.7 ppm.

Compound 264:

(1R,2R,3S,3aR,8bS)-1,8b-Dihydroxy-6,8-dimethoxy-3a-(4-
methoxyphenyl)-3-phenyl-2,3,3a,8b-tetrahydro-1H-

cyclopenta[b]benzofuran-2-carboxylic acid

Crushed KOH (170 mg, 3.05 mmol) was added to 264-2 (75 mg, 0.15 mmol) in solution in
MeOH:H,0, 4:1. The mixture was stirred at 45 °C overnight, then cooled down to room
temperature and quenched with an aqueous solution of HCI 1 N. The product was extracted
twice with EtOAc and the combined organic layer was dried over MgSQ,, filtered and

concentrated under reduced pressure to yield to compound 264 (28 mg, 38%).

'H NMR (CDCl3, 400 MHz) & 3.68 (s, 3H), 3.80 (s, 3H), 3.95 (s, 3H), 3.9 (dd, 2H, J = 6.5 and
13.9 Hz) 4.24 (d, 1H, J = 14.1 Hz), 5.00 (d, 1H, J = 6.5 Hz), 6.10 (d, 1H, J = 1.9 Hz), 6.26 (d, 1H,
J=1.9 Hz), 6.65 (d, 2H, J = 8.9 Hz), 7.08 (d, 2H, J = 8.9), 6.87 (m, 2H), 7.05 (m, 3H) ppm;

13C NMR (CDCl3, 400 MHz) 6 50.3, 55.1, 55.2, 55.9, 55.9, 60.6, 79.5, 89.6, 92.8, 93.8, 102.0,
107.6, 112.9 (2C), 126.4, 126.7, 127.9 (2C), 128.0 (2C), 129.1 (2C), 136.8, 157.1, 158.9, 161.0,
164.3 ppm.
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Compound 266:

HoN v&o%/v NHBoc

tert-Butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)- 3

propyl)carbamate

The diamine 265 (16.1 mL, 73.6 mmol) was dissolved in 1,4-dioxane (120 mL). (Boc),0 ( 2.1
mL, 9.2 mmol) was dissolved in 1,4-dioxane (50 mL) and added dropwise to the mixture.
After 24 hours at room temperature the mixture was concentrated, washed with water (100
mL) and extracted with EtOAc. The organic layer was dried over MgSQ,, filtered and

concentrated under reduced pressure to yield 266 (2.3 g, 80%).

'H NMR (CDCl5, 400 MHz) & 1.41 (s, 9H), 1.73 (quint., 4H, J = 6.3 and 12.7 Hz), 1.93 (br, s,
2H), 2.81 (t, 2H, J = 6.7 Hz), 3.20 (quad., 2H, J = 6.3 and 12.0 Hz), 3.50-3.63 (12H), 5.11 (br, s,

1H) ppm;

3¢ NMR (CDCl5, 400 MHz) & 28.6 (3C), 29.8, 32.8, 38.6, 39.7, 69.6, 69.7, 70.3, 70.3, 70.6,
70.7,79.0, 156.2 ppm.

Et,N o) NEt,
Compound 268: O ‘ ®
Pz
©

5-(Chlorosulfonyl)-2-(6-(diethylamino)-3-(diethyliminio)- O SOs

3H-xanthen-9-yl)benzene- sulfonate
SO,CI

The lissamine 267 (3 g, 5.17 mmol) and DMF (0.1 mL, 1.29 mmol) were dissolved in
anhydrous CH,Cl, (250 mL) under argon atmosphere. At -10 °C, (COCl), in solution in
anhydrous CH,Cl; (3 mL) was added dropwise over 3 hours. The mixture was cooled down to
room temperature and stirred at this temperature overnight. The mixture was evaporated
then washed 3 times with anhydrous toluene (40 mL) and concentrated. The obtained solid
was filtered, washed with EtOAc (15 mL) then with Et,0 (100 mL) and dried under vacuum
to afford desired product 268 with the concomitant formation of the product activated in
the ortho position, the diactivated product and the hydrolyzed product. The mixture was

used in the next step without purification.
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Compound 269:

2-(6-(Diethylamino)-3-(diethyliminio)-3H-
xanthen-9-yl)-5-(N-(2,2-dimethyl-4-oxo-

3,9,12,15-tetraoxa-5-azaoctadecan-18-

yl)sulfamoyl)benzenesulfonate

EtsN (120.5 pL, 0.87 mmol) was added to a solution of 266 (308 mg, 0.90 mmol) in CH,Cl; (5
mL) at 0 °C followed by DMAP (16 mg, 0.13 mmol). 268 (503 mg, 0.87 mmol) in solution in
CH,Cl; (5 mL) was added dropwise over 2 hours then the mixture was stirred at room
temperature overnight. The mixture was evaporated and purified on silica gel

chromatography to afford 269 (278 mg, HPLC purity 90%, 37% yield).

'H NMR (CDCl3, 400 MHz) 6 1.29 (t, 12H,J = 7.0 Hz), 1.42 (s, 9H), 1.75 (quint., 2H,J=6.3 and
12.7 Hz), 1.84 (quint., 2H, J = 6.3 and 12.7 Hz), 2.70 (br, s, 1H), 3.03 (s, 2H), 3.19-3.24 (m,
4H), 3.45-3.72 (m, 18H), 6.64 (d, 2H, J = 2.4 Hz), 6.80 (dd, 2H, J = 2.4 and 9.5 Hz), 7.20 (d, 1H,
J=7.9Hz),7.28 (d, 2H, ) = 9.4 Hz), 7.99 (dd, 1H, J = 1.9 and 9.5 Hz), 8.82 (d, 1H, J = 1.8 Hz)

ppm;

3¢ NMR (CDCls, 400 MHz) & 12.75 (4C), 28.63 (3C), 29.16, 29.84, 39.39, 42.31, 46.0 (4C),
69.6, 69.8, 70.3, 70.4, 70.7, 70.8, 77.4, 95.8 (2C), 113.6 (2C), 114.6 (2C), 127.2, 127.4, 129.8,
133.5, 133.7 (2C), 142.3, 148.4, 155.7 (2C), 156.2, 158.1 (2C), 159.3 ppm;

LC-MS calculated for C4,HgoN4011S5: 860.4, found: 883.2 (M+Na)".
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Compound 179:

2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(N-(1-((15,25,3R,3aS,8bR)-1,8b-
dihydroxy-6,8-dimethoxy-3a-(4-methoxyphenyl)-3-phenyl-2,3,3a,8b-tetrahydro-1H-cyclo-
penta[b]lbenzofuran-2-yl)-1-ox0-6,9,12-trioxa-2-azapentadecan-15-yl)sulfamoyl)benzene-

sulfonate

OMe

TFA (325 pL, 4.38 mmol) was added dropwise to a solution of 269 (50 mg, 0.058 mmol) in
CH,Cl, (1.5 mL) and stirred at room temperature for 5 hours. The mixture was concentrated

under vaccum and was used without further purification.
LC-MS calculated for C37H5,N405S,: 760.3, found: 761.2 (M+H)".

DEPBT (37 mg, 0.11 mmol) was added to solution of 264 (28 mg, 0.058 mmol) in anhydrous
THF (600 pL) at 0 °C followed by DIPEA (19 uL, 0.11 mmol) under argon atmosphere. After
30 minutes at room temperature, a solution of deprotected amine (58 mg, 0.076 mmol) in
anhydrous THF (600 uL) at 0 °C and the mixture was stirred overnight at room temperature.
The mixture was quenched with a saturated aqueous solution NH4Cl, extracted with EtOAc.
The organic layer was washed with a saturated aqueous solution of NaHCOs;, dried over
MgSQ,, filtered and concentrated. The crude was purified by silica gel chromatography to

yield compound 179 (25 mg, 36%).
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'H NMR (CDCl3, 400 MHz) & 1.25 (m, 22H), 3.24 (s, 3H), 3.44-3.55 (m, 8H), 3.61 (s, 3H), 3.64-
3.75 (m, 10H), 3.79 (s, 3H), 3.81 (s, 3H), 3.97 (d, 1H, J = 15.5 Hz), 4.42 (d, 1H, J = 14.2 Hz),
4.75 (br, s, 1H), 6.05 (d, 1H, J = 1.7Hz), 6.22 (d, 1H, J = 1.7 Hz), 6.49 (d, 2H, J = 8.7 Hz), 6.65 (s,
4H), 6.78 (d, 1H, J = 9.4 Hz), 6.94-6.98 (m, 1H), 7.04 (t, 2H, ) = 7.2 Hz), 7.10-7.13 (m, 4H), 7.18
(d, 2H, ) = 9.3 Hz), 7.63 (br, s, 1H), 8.09 (d, 1H, J = 7.8 Hz), 8.89 (s, 1H) ppm;

HR-MS calculated for CesH76N4016S,: 1220.4698, found: 1243.4573 (M+Na)".

Compound 272: s \ Cl
HoN /)\/>\©\CI

(Z)-4-(3,4-Dichlorophenyl)-2-hydrazono-2,3-dihydrothiazole

Compound 272 (0.910 g, 10 mmol) and compound 271 (2.68 g, 10 mmol) were dissolved in
1,4-dioxane (20 mL) and the resulting mixture was stirred at room temperature overnight.
The formed precipitate was filtered, washed with 1,4-dioxane (3 x 10 mL), basified with a 2N
solution of Na,COs, washed with water and dried under vacuum to afford product 272 with

74% yield (1.92 g).

'H NMR (DMSO-ds, 400 MHz) & 4.89 (br, s, 2H), 7.29 (s, 1H), 7.59 (d, 1H, J = 8.4 Hz), 7.77 (dd,
1H, J = 2.0 and 8.4 Hz), 8.01 (d, 1H, J = 2.0 Hz), 8.65 (br, s, 1H) ppm;

3¢ NMR (DMSO-ds, 400 MHz) § 108.8, 118.2, 127.8, 130.6, 132.2, 133.6, 133.5, 144.6, 161.6
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Compound 4EGI-1: 0 sw
Lo SN sy, cl

(E)-2-(2-(4-(3,4-Dichlorophenyl)thiazol-2-yl)hydrazono)-3-

(2-nitrophenyl)propanoic acid NO,

To a solution of hydrazine 272 (100 mg, 0.386 mmol) in ethanol (2 mL) was added carboxylic
acid 273 (81 mg, 0.386 mmol) in solution in 5% acetic acid (1 mL). The resulting mixture was
stirred at 90 °C for an hour, cooled down at 0 °C. The obtained precipitate was filtered,
washed with water and dried under vacuum. Recrystallization in MeOH-H,0 afforded 4EGI-1

with 30% vyield (52 mg).

'H NMR (DMSO-ds, 400 MHz) & 4.30 (s, 2H), 7.08 (d, 1H, J = 7.6 Hz), 7.52 (t, 1H, ) = 7.4 Hz),
7.63 —7.72 (m, 3H), 7.81 (d, 1H, J = 8.5 Hz), 8.07 (s, 1H), 8.08 (d, 1H, J = 8.5 Hz), 12.10 (br, s,
1H), 12.90 (br, d, 1H) ppm;

3C NMR (DMSO-ds, 400 MHz) § 30.0, 108.8, 125.8, 126.2, 127.9, 128.5, 129.6, 130.6, 131.5,
131.8,132.2,134.6, 135.5, 138.3, 148.6, 149.7, 166.1, 169.3 ppm.

O

Compound 276: CN
Meo)b
Methyl 2-amino-5-cyanobenzoate H,N

2

Methyl 2-amino-5-bromobenzoate 275 (5 g, 0.0217 mol) and copper () cyanide (2.34 g,
0.0261 mol) were dissolved in N-methyl-2-pyrrolidone (25 mL). The reaction mixture was
stirred at reflux for 6 hours then cooled at room temperature and added to a solution of
FeCls (9 g) and concentrated HCI (2.2 mL) in water (100 mL). After 1.5 h at 60 °C, the mixture
was cooled at room temperature and extracted with EtOAc. The organic layer was washed
with a solution of NaOH 1 N then with brine, dried over MgSO,, filtered and concentrated.

After trituration in Et,0, compound 276 was obtained in 90% yield (3.57 g).

'H NMR (DMSO-ds, 400 MHz) & 3.82 (s, 3H), 6.87 (d, 1H, J = 8.8 Hz), 7.46 (br, s, 2H), 7.57-
7.60 (dd, 1H, J = 2.0 and 8.8 Hz), 8.05 (d, 1H, J = 2 Hz) ppm;

3C NMR (DMSO-ds, 400 MHz) 6 51.1, 104.2, 109.6, 118.3, 131.7, 135.9, 149.8, 166.1 ppm.
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Compound 277: Q oN
Meo)%][::j/
Methyl 2-bromo-5-cyanobenzoate Br

Copper (Il) bromide (3.56 g, 0.017 mol) was suspended in acetonitrile (50 mL). Tert-butyl

nitrite (2.24 mL, 0.018 mol) was added dropwise at 0 °C then, after 5 minutes, 276 was
added by portions. After 2 hours at 0 °C then 16 hours at room temperature, the reaction
mixture was concentrated and acidified with a solution of HCl 1 N until pH = 2. The product
was extracted 3 times with EtOAc and the organic layer was dried over MgSQ,, filtered and

concentrated. After filtration over silica gel, compound 277 was obtained in 85% yield (4.1

g).

'H NMR (DMSO-ds, 400 MHz) & 3.89 (s, 3H), 7.93 (dd, 1H, J = 2.1, 8.4 Hz), 7.99 (dd, 1H, J =
0.5 and 8.3 Hz), 8.23 (dd, 1H, J = 0.5 and 2.0 Hz) ppm;

3C NMR (DMSO-ds, 400 MHz) & 52.5, 110.5, 116.8, 125.2, 133.2, 133.6, 134.7, 135.4, 164.3

ppm.

Compound 278: Q 3
MeOWNHZ
Methyl 2-bromo-5-carbamothioylbenzoate Br

Phosphorus pentasulfide (3.59 g, 8 mmol) was added to compound 277 (3.88 g, 0.016 mol)

in suspension in absolute EtOH (40 mL) under argon atmosphere. 0.5 Equivalent of
phosphorus pentasulfide were added after 6 hours then every hour until completion of the
reaction. After stirring at room temperature for 16 hours and sonication for 1.5 h, the
reaction mixture was diluted with EtOAc, washed 3 times with water then with a solution of
saturated NaHCOs.The organic layer was dried over MgSQ,, filtered and concentrated. After

trituration in CH,Cl,, compound 278 was obtained in 81% yield (3.6 g).

'H NMR (DMSO-ds, 400 MHz) & 3.90 (s, 3H), 7.82 (d, J = 8.4 Hz, 1H), 7.91 (dd, 1H, J = 2.4 and
8.4 Hz), 8.26 (d, 1H, J = 2.3 Hz), 9.72 (br, s, 1H), 10.10 (br, s, 1H) ppm;

3C NMR (DMSO-ds, 400 MHz) § 52.7, 123.1, 129.7, 130.9, 131.7, 133.6, 165.6, 197.6 ppm.
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Compound 279: Cl
O S \
\N Cl
Methyl 2-bromo-5-(4-(3,4-dichlorophenyl)thiazol-2- MeO
yl)benzoate Br

Compound 278 (3.5 g, 0.013 mol) and 2-bromo-1-(3,4-dichlorophenyl)ethan-1-one (3.46 g,
0.013 mol) were dissolved in absolute EtOH (50 mL) under argon atmosphere. After stirring
at 70 °C for 16 hours, the reaction mixture was cooled at room temperature and the formed

precipitate was filtered to yield 279 (5.28 g, 92%).

'H NMR (DMSO-dg, 400 MHz) & 3.92 (s, 3H), 7.71 (d, 1H, ) = 8.5 Hz), 7.88 (d, 1H, J = 8.4 Hz),
8.03 (dd, 1H, J = 2.0 and 8.4 Hz), 8.08 (dd, 1H, J = 2.3 and 8.3 Hz), 8.29 (d, 1H, J = 2.0 Hz),
8.35(d, 1H, J = 2.1 Hz), 8.42 (s, 1H) ppm;

3C NMR (DMSO-ds, 400 MHz) § 52.7, 114.4, 123.5, 125.5, 128.4, 129.1, 130.0, 130.8, 132.4,
132.6, 133.0, 133.1, 134.0, 135.1, 154.3, 166.0, 166.1 ppm.

Cl

Compound 280-1: o) S/\>\©\
MeO O SN Cl

2',4'-Dichloro-4-(4-(3,4-dichlorophenyl)thiazol-2- O
Cl

yl)-[1,1'-biphenyl]-2-carboxylic acid al

Compound 279 (500 mg, 1.13 mmol) and 2,4-dichlorophenyl boronic acid (431 mg, 2.26
mmol) were dissolved in DMF (12 mL) under argon atmosphere. Palladium (0)
triphenylphosphine tetrakis (104 mg, 0.09 mmol) and a 3 M aqueous solution of K,CO3 were
added and the mixture was stirred at 100 °C for 20 hours. The product was extracted with
EtOAc and washed with water. The organic layer was dried over MgSQ,, filtered and
concentrated. A chromatography on silica gel (pentane/CH,Cl,, 50/50) afforded the ester
280-1 (422 mg, 73%).
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'H NMR (DMSO-dg, 400 MHz) & 3.71 (s, 3H), 7.41 (d, 1H, ) = 8.3 Hz), 7.51 (d, 1H, J = 8.3 Hz),
7.53 (dd, 1H, J = 2.1 and 8.3 Hz), 7.73 (d, 1H, J = 2.1 Hz), 7.78 (d, 1H, J = 8.4 Hz), 8.08 (dd, 1H,
J=2.0and 8.4 Hz), 8.33 (d, 1H, J = 2.0 Hz), 8.34 (dd, 1H, J = 1.0 and 1.9 Hz), 8.51 (s, 1H), 8.55
(d, 1H, J = 1.9 Hz) ppm;

3¢ NMR (DMSO-ds, 400 MHz) & 52.4, 114.4, 125.6, 127.0, 128.4, 128.4, 129.1, 129.7, 130.8,
130.8, 131.1, 132.0, 132.3, 133.1, 133.5, 133.5, 134.1, 134.2, 138.5, 141.0, 154.3, 166.5,
166.6 ppm.

Cl

Compound 280: 0 S/\>\©\
HO O SN Cl

2',4'-Dichloro-4-(4-(3,4-dichlorophenyl)thiazol-2- O
Cl

yl)-[1,1'-biphenyl]-2-carboxylic acid Cl

An aqueous solution of NaOH 1N (4 mL, 4 mmol) was added to ester 280-1 (320 mg, 6.28
mmol) in solution in THF (4 mL). After stirring overnight at 60 °C, 4 mL of NaOH 1N were
added and the mixture was stirred at 80 °C. After 5 hours, 4 mL of NaOH 1N and 4 mL of THF
were added and the mixture was stirred at 90 °C. After 16 hours, the reaction mixture was
concentrated, dissolved in water and extracted with EtOAc. The aqueous layer was
quenched with a solution HCI 1N until pH < 5, and then extracted with EtOAc. The organic
layers were combined, dried over MgSQ,, filtered and concentrated to afford compound
280 (241 mg, 77%). The product is further purified by recrystallization in CH,Cl, (280, 120
mg, 39%).

'H NMR (DMSO-dg, 400 MHz) & 7.39 (d, 1H, J = 8.3 Hz), 7.45 (d, 1H, ) = 7.9 Hz), 7.50 (dd, 1H,
J=2.1and 8.2 Hz),7.70 (d, 1H, J = 2.1 Hz), 7.77 (d, 1H, ) = 8.4 Hz), 8.08 (d, 1H,J = 2.0 and 8.4
Hz), 8.28 (dd, 1H, J = 2.0 and 8.0 Hz), 8.33 (d, 1H, J = 2.0 Hz), 8.49 (s, 1H), 8.55 (d, 1H,J =2.0
Hz), 13.15 (br, s, 1H);

3C NMR (DMSO-ds, 400 MHz) & 35.9, 131.6, 131.6, 132.4, 132.7, 133.5, 133.6, 134.6, 135.9,
136.4, 136.8, 137.0, 137.4, 137.5, 137.9, 138.0, 138.1, 139.6, 144.1, 145.6, 158.1, 171.1,
172.1 ppm;

LC-MS calculated for C,,H11CIsNO,S: 495.2, found: 495.6 (M+H)".
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Compound 285

(S)-3-((R)-2-(4-Bromophenyl)-4,6-dimethoxy-3-oxo-2,3-

dihydrobenzofuran-2-yl)-3-phenylpropanal

A solution of benzofuranone 284 (4.7 g, 13.5 mmol) in t-BuOH (300 mL) was heated at 50 °C
under argon atmosphere. Benzyltrimethylammonium hydroxide (Triton B) in solution in
MeOH (40%, 306 ul, 0.73 mmol) was added immediately followed by cinnamaldehyde (3.40
ml, 27.0 mmol). The resulting mixture was stirred at 50 °C for 2 hours. After cooling down at
room temperature, the reaction mixture was concentrated and a 1 N solution of HCI (30 ml)
was added. The aqueous layer was extracted with CH,Cl, and the organics were combined,
dried over MgSQ,, filtered and concentrated. The crude was purified over silica gel to afford

compound 285 in 44% yield (2.85 g).

'H RMN (CDCls, 300 MHz): 2.61 (ddd, 1H, J = 0.9, 4.0 and 17.3 Hz), 3.07 (ddd, 1H, J = 2.3,
10.9 and 17.3 Hz), 3.70 (s, 3H), 3.85 (s, 3H), 4.19 (dd, 1H, J = 4.0 and 10.9 Hz), 5.81 (d, 1H, J =
1.8 Hz), 6.21 (d, 1H, J = 1.8 Hz), 7.08 - 7.17 (m, 3H), 7.29-7.32 (m, 2H), 7.49, 7.63 (m, 4H, J =
8.7 Hz), 9.41 (d, 1H, J = 1.1 Hz);

3¢ RMN (CDCls, 300 MHz): 44.0, 46.8, 55.9, 56.1, 88.4, 93.0, 103.7, 122.6, 126.9 (2C), 127.5
(2C), 128.2 (2C), 129.5, 131.8 (2C), 132.0, 135.6, 136.3, 159.1, 169.9, 174.1, 194.1, 200.0.
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Compound 286:

(3S5,3aR,8bR)-3a-(4-Bromophenyl)-8b-hydroxy-6,8-dimethoxy-3- MeO O
phenyl-2,3,3a,8b-tetrahydro-1H-cyclopenta[b]benzofuran-1- Q

one Br

Trimethylsilyle cyanide (744 mg, 7.5 mmol) was added to a solution of aldehyde 285 (1.2 g,
2.5 mmol) in CH3CN (12 ml) immediately followed by zinc iodine (10 mg, 0.025 mmol). After
stirring for 1 hour, the reaction mixture was filtered, concentrated and gave cyanohydrin
intermediate (1.74 g, 40%) used in the next step without further purification. A solution of
LDA (2.7 mmol, 0.6 M) was added dropwise at -78 °C to a solution of de cyanohydrin (1.43 g,
2.46 mmol) in THF (12 mL). After 2 hours at -78 °C, the reaction mixture was warmed up at -
50 °C for 30 minutes and quenched with a saturated aqueous solution of NH,Cl (15 ml). The
aqueous layer was extracted with CH,Cl; and the obtained organic layer was washed with
brine, dried over MgSO, and concentrated under reduced pressure to give 1.49 g of product.
TBAF (2.7 ml, 1 M in THF) was added dropwise at room temperature to a solution of the
crude in anhydrous THF (10 mL). After 4 hours, the reaction mixture was diluted in EtOAc,
and the obtained organic layer was washed with brine, dried over MgSQ,, filtered and

concentrated. Purification on silica gel afforded ketone 286 in 35 % yield (360 mg).

'H RMN (CDCls, 300 MHz): 2.96-3.09 (m, 2H), 3.21 (s, 1H), 3.81 (s, 3H), 3.84 (s, 3H), 3.90 (dd,
1H, J = 10.2 and 12.1 Hz), 6.10 (d, 1H, J = 1.9 Hz), 6.33 (d, 1H, J = 1.9 Hz), 6.89-6.94 (m, 4H),
7.10-7.12 (m, 3H), 7.24-7.27 (m, 2H);

3¢ RMN (CDCls, 300 MHz): 39.6, 48.6, 55.6, 55.7, 88.6, 89.7, 92.8, 100.8, 106.2, 121.7,
127.1, 127.8 (2C), 128.0 (2C), 128.3 (2C), 130.7 (2C), 133.0, 136.6, 158.4, 160.9, 164.8, 210.3.
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Compound FL3:

(1R,3S,3aR,8bS)-3a-(4-Bromophenyl)-6,8-dimethoxy-3-phenyl-
1,2,3,3a-tetrahydro-8bH-cyclopenta[b]benzofuran-1,8b-diol Q

Br
Me4sNBH(OACc); (817 mg, 3.1 mmol) was dissolved in a solution of acetic acid (296 pL, 5.17
mmol) in CH3CN (11 mL). After stirring for 5 minutes at room temperature, ketone 286 (250
mg, 0.517 mmol) in solution in CH3CN (13 mL) was added dropwise and the resulting
mixture was stirred at room temperature for 3 hours. The reaction mixture was quenched
with a solution of saturated aqueous NH,4Cl (3 mL) then with a 3 M solution of Rochelle salt
(2 mL) and stirred for one hour at room temperature. The product was extracted with EtOAc
and the organic layer was dried over MgSQ,, filtered and concentrated under reduced

pressure. Purification on silica gel column afforded FL3 (123 mg, 49%).

'H RMN (CDCl3, 300 MHz): 1.89 (s, 1H), 2.14 (dd, 1H, J = 7.0 and 13.3 Hz), 2.67 (ddd, 1H, J =
6.4, 13.9 and 13.9 Hz), 3.27 (s, 1H), 3.83 (s, 3H), 3.86 (s, 3H), 3.99 (dd, 1H, J = 6.5 and 14.0
Hz), 4.77 (d, 1H, ) = 7.0 Hz), 6.10 (d, 1H, J = 1.8 Hz), 6.28 (d, 1H, J = 1.8 Hz), 6.95-6.98 (m, 2H),
7.05-7.12 (m, 5H), 7.23-7.26 (m, 2H);

3¢ RMN (CDCls, 300 MHz): 36.1, 53.2, 55.6, 55.7, 79.0, 89.4, 92.5, 94.8, 103.1, 107.4, 121.4,
126.4, 127.7 (2C), 127.9 (2C), 129.4 (2C), 130.2 (2C), 134.1, 138.1, 156.8, 160.6, 163.9;

HR-MS calculated for CysH23BriK;06: 521.0366, found: 521.0360.
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5.5 Procedures for chapter 3.4.

Compound 287:

(3R,3aR,8bR,E)-2-((Dimethylamino)methylene)-6,8-
dimethoxy-3a-(4-methoxyphenyl)-3-phenyl-8b-
((trimethylsilyl)oxy)-2,3,3a,8b-tetrahydro-1H-

cyclopenta[b]benzofuran-1-one

Compound 262 (120 mg, 0.238 mmol) was dissolved in anhydrous toluene (1.5 mL) under
argon atmosphere. Bredereck’s reagent (62 mg, 0.357 mmol) was added and the solution
heated at reflux overnight. The reaction mixture was concentrated under reduced pressure

to dryness and used without further purification.

'H NMR (CDCls, 400 MHz) 6 -0.43 (s, 9H), 3.66 (s, 3H), 3.84 (s, 3H), 3.86 (s, 3H), 4.28 (s, 1H),
6.08 (d, 1H, J = 1.9 Hz), 6.31 (d, 1H, J = 1.9 Hz), 6.50 (d, 2H, J = 8.9 Hz), 6.62-6.87 (m, 2H),
6.95-6.97 (m, 5H), 7.62 (d, 1H, J = 1.5 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz) 6 1.0 (3C), 55.2, 55.6, 55.7, 56.7, 88.8, 89.2, 92.3, 101.4, 102.6,
108.5, 112.0 (2C), 126.2 (2C), 127.7 (2C), 128.6, 128.7, 129.0 (2C), 141.4, 148.9, 158.2, 159.1,
161.4, 164.1, 196.7 ppm;

LC-MS calculated for C3,H37NOgSi: 559.2, found: 582.2 (M+Na)".
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Compound 288:

(4R,4aR,9bR)-7,9-Dimethoxy-4a-(4-methoxyphenyl)-4-
phenyl-1,2,4,4a-tetrahydrobenzo-
furo[2',3":4,5]cyclopenta[1,2-c]pyrazole-9b,9c-diol

Compound 287 (120 mg, 0.225 mmol) was dissolved under argon atmosphere in EtOH (2
mL) beforehand dried over activated 4A MS. Hydrazine monohydrate (22 pL, 0.45 mmol)
and the mixture was stirred at reflux overnight. The reaction mixture was concentrated to
dryness and the obtained crude was purified on silica gel to afford compound 288 in 28%

yield (30 mg).

'H NMR (CDCl5, 400 MHz) & 3.73 (s, 3H), 3.82 (s, 3H), 3.92 (s, 3H), 6.15 (d, 1H, J = 2.0 Hz),
6.24 (d, 1H, J = 1.9 Hz), 6.60 (s, 1H), 6.67 (d, 1H, J = 1.4 Hz), 6.73 (d, 2H, J = 8.9 Hz), 6.94-6.98
(m, 2H), 7.09-7.12 (m, 3H), 7.21 (d, 2H, J = 8.9 Hz) ppm;

LC-MS calculated for C,7H,6N,0¢: 474.2, found: 475.0 (M+H)".

Compound FL46:

(4R,4aR,9bS)-7,9-Dimethoxy-4a-(4-methoxyphenyl)-4-
phenyl-4,4a-dihydrobenzofuro [2',3":4,5]cyclopenta[1,2-

c]pyrazol-9b(1H)-ol

Compound 288 (10 mg, 0.0211 mmol) was dissolved in (EtO);Si (1 mL, 4.48 mmol) under
argon atmosphere and the mixture was stirred at reflux overnight. The reaction mixture was
concentrated under reduced pressure to dryness and the obtained crude was purified over

silica gel to afford FL46 (2 mg, 21%).

'H NMR (CDCl3, 400 MHz) 6 3.66 (s, 3H), 3.84 (s, 3H), 3.86 (s, 3H), 4.63 (s, 1H), 6.10 (d, 1H, J
= 1.8 Hz), 6.32 (d, 1H, J = 1.9 Hz), 6.58 (d, 2H, J = 8.9 Hz), 7.06-7.14 (m, 5H), 7.21 (d, 2H, J =
7.3 Hz), 7.47 (s, 1H) ppm;

LC-MS calculated for C,7H,4N,0s: 456.2, found: 470.0 (M+Na)®.
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5.6 Procedures for chapter 3.5.

General procedure XVII: Suzuki reaction

Acyl chloride 14 (1 eq), boronic acid (1.2 eq), K3P04.2H,0 (1.2 eq) and PdCl,(PPhs), (0.02 eq)
were dissolved in toluene under argon atmosphere. The reaction mixture was stirred at 80
°C for 4 hours, then cooled at room temperature, filtered through celite, washed with EtOAc

and concentrated under vacuum. Purification on silica gel afforded desired product.

Cl
Compound 290: O
O

(E)-1-(4-Chlorophenyl)-2-(4-methoxyphenyl)-3-phenylprop-2- O X
MeO

en-1-one

Cl
Compound 290-1: O
O

(Z)-1-(4-Chlorophenyl)-2-(4-methoxyphenyl)-3-phenylprop-2- O - Ph
MeO

en-1-one

Compound 290 was obtained following general procedure XVII starting from acyl chloride

186 (1 g, 3.67 mmol) and boronic acid (689 mg, 4.41 mmol) in solution toluene (16 mL) with
K3P04.2H,0 (1.095 g, 4.41 mmol) and PdCly(PPhs), (49.1 mg, 0.07 mmol). Product 290 was
obtained with 26% vyield (328 mg). Its isomer 290-1 was also isolated with 35% vyield (451
mg).

Compound 290:
'H NMR (CDCls, 400 MHz) & 3.82 (s, 3H), 6.87 (dd, 2H, J = 8.9 and 2.0 Hz), 7.13 - 7.19 (m, 5H),
7.20-7.24 (m, 3H), 7.40 (dd, 2H, J = 8.9 and 2.0 Hz), 7.78 (dd, 2H, J = 8.9 and 2.0 Hz) ppm;

3¢ NMR (CDCls, 400 MHz): 55.38, 114.52 (2C), 128.4 (2C), 128.5, 128.7 (2C), 129.1, 130.4
(2C), 131.0 (2C), 131.3 (2C), 135.1, 136.7, 138.6, 136.6, 140.3, 159.6, 196.8 ppm;

HR-MS calculated for C,,H17ClO,: 348.0917, found 349.0992 (M+H)".
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Compound 290-1:
'H NMR (DMSO, 400 MHz) § 3.77 (s, 3H), 6.94 (d, 2H, J = 8.8 Hz), 7.15 (d, 4H, J = 8.8 Hz), 7.18
(s, 1H), 7.24 = 7.26 (m, 3H), 7.58 (d, 2H, J = 8.7 Hz), 7.82 (d, 2H, J = 8.7 Hz) ppm.

Compound 291:

(E)-2-(4-Methoxyphenyl)-1,3-diphenylprop-2-en-1-one

Compound 291 was obtained following general procedure XVII starting from acyl chloride

186 (1 g, 3.67 mmol) and boronic acid (540 mg, 4.41 mmol) in solution toluene (16 mL) with
K3P04.2H,0 (1.095 g, 4.41 mmol) and PdCly(PPhs), (49.1 mg, 0.07 mmol). Product 291 was
obtained with 54% yield (626 mg).

'H NMR (CDCls, 400 MHz) & 3.82 (s, 3H), 6.88 (d, 2H, J = 8.8 Hz), 7.12 (d, 1H, J = 2.0 Hz), 7.14
(d, 1H, J = 1.4 Hz), 7.18-7.23 (m, 5H), 7.42 - 7.46 (m, 2H), 7.52-7.56 (m, 1H), 7.86 (dd, 2H, J =
8.3 and 1.3 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz): 55.3, 114.4 (2C), 128.4 (4C), 128.8, 128.9, 129.9 (2C), 130.4 (2C),
131.1 (2C), 132.2, 135.2, 138.4, 139.5, 140.6, 159.5, 198.1 ppm;

HR-MS calculated for C;H150,: 314.1307, found 315.1385 (M+H)".
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Cl
Compound 292: TBS
O OH&
(E)-5-(tert-Butyldimethylsilyl)-3-(4-chlorophenyl)-2-(4- O X
methoxyphenyl)-1-phenylpent-1-en-4-yn-3-ol MeO Ph

Compound 292 was obtained following general procedure |V starting from ketone 290 (290

mg, 0.83 mmol) in THF (5 mL) with tertbutyldimethylsilylacetylene (160 pL, 0.83 mmol) and
n-Buli (1.6 M, 540 uL, 0.87 mmol). Product 292 was obtained with 68% yield (275 mg).

'H NMR (CDCls, 400 MHz) 6 0.15 (d, 6H, J = 6.5Hz), 1.00 (s, 9H), 3.78 (s, 3H), 6.72 - 6.77 (m,
2H), 6.75 (d, 2H, J = 3.9 Hz), 6.88 - 6.90 (m, 2H), 7.08-7.10 (m, 3H), 7.24 (s, 1H), 7.27 (dd, 2H,
J=8.8and 2.0 Hz), 7.49 (dd, 2H, J = 8.7 and 2.0 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz): -4.6, -4.5, 16.8, 26.3 (3C), 55.3, 76.4, 92.3, 107.1, 113.8 (2C),
127.3, 127.8, 128.1 (2C), 128.2 (2C), 128.3 (2C), 128.8, 129.6 (2C), 131.8 (2C), 133.7, 136.3,
141.4, 143.3, 159.2 ppm;

HR-MS calculated for C3oH33ClO,Si: 488.1938, found 511.1840 (M+Na)".

TBS
Compound 293:
: O 7
(E)-5-(tert-Butyldimethylsilyl)-2-(4-methoxyphenyl)-1,3- O X
diphenylpent-1-en-4-yn-3-ol MeO Ph

Compound 293 was obtained following general procedure 1V starting from ketone 291 (300

mg, 0.95 mmol) in THF (5 mL) with tertbutyldimethylsilylacetylene (160 pL, 0.95 mmol) and
n-Buli (1.6 M, 540 uL, 0.87 mmol). Product 293 was obtained with 68% yield (275 g).

'H NMR (CDCls, 400 MHz) & 0.14 (s, 3H), 0.15 (s, 3H), 0.95 (s, 9H), 2.64 (s, 1H), 3.77 (s, 3H),
6.73 (dd, 4H, J = 16.4 and 9.0Hz), 6.88 - 6.90 (m, 2H), 7.07-7.09 (m, 3H), 7.20 (s, 1H), 7.29
(s,1H), 7.28-7.31 (m, 2H), 7.56 (d, 1H, ) = 1.5 Hz), 7.57 (d, 1H, J = 1.9 Hz) ppm;
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3¢ NMR (CDCls, 400 MHz) : -4.4, -4.0, 16.8, 26.2 (3C), 55.2, 76.8, 91.8, 107.5, 113.6 (2C),
126.9 (2C), 127.1, 127.4, 127.9, 128.0 (2C), 128.0 (2C), 129.2, 129.6 (2C), 131.8 (2C), 136.5,
142.6, 143.7, 159.0 ppm;

HR-MS calculated for C3oH34OzSiZ 4542328, found: 454.2328 [C30H34025i']+.

TBS

Compound 294:
Ho. F

(E)-5-(tert-Butyldimethylsilyl)-2-(4-methoxyphenyl)-1- X
Ph

phenylpent-1-en-4-yn-3-ol MeO

NaBH4 (36.3 mg, 0.96 mmol) and CeCls.2H,0 (209 mg, 0.56 mmol) were added to a solution
of ketone 289 (300 mg, 0.8 mmol) in anhydrous MeOH (5 mL) at 0 °C. After 2 hours at 0 °C,
the reaction mixture was quenched with water and the product was extracted with Et,0.
The separated organic layer was washed with brine, dried over MgSO,, filtered,

concentrated and dried under vacuum to afford alcohol 294 (230 mg, 76%).

'H NMR (CDCl3, 400 MHz) & 0.11 (s, 3H), 0.12 (s, 3H), 0.92 (s, 9H), 2.01 (d, 1H, J = 6.8 Hz),
3.82 (s, 3H), 5.17 (d, 1H, J = 6.8 Hz), 6.57-6.89 (m, 3H), 6.99-7.01 (m, 2H), 7.11-7.13 (m, 3H),
7.23 (d, 2H, J = 8.8 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) 6 -4.5 (2C), 18.0, 26.2 (3C), 45.4, 68.6, 91.9, 111.3, 112.2, 114.3
(2C), 127.3 (2C), 128.1 (2C), 128.1, 129.5 (2C), 130.9 (2C), 131.0, 132.9 ppm;

HR-MS calculated for C,4H300,Si: 378.2015, found: 401.1914 (M+Na)".
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TBS
C d 295:
ompoun OH_z
(E)-3-((tert-Butyldimethylsilyl)ethynyl)-2-(4-methoxyphenyl)- X
1-phenylhept-1-en-3-ol MeO Ph

Compound 295 was obtained following general procedure |V starting from ketone 289 (300

mg, 0.8 mmol) in THF (5 mL) with n-BuLi (1.6 M, 750 pL, 1.2 mmol). Product 295 was
obtained with 48% yield (166 mg).

'H NMR (CDCls, 400 MHz) & 0.15 (s, 3H), 0.16 (s, 3H), 0.86 - 0.90 (m, 4H), 0.98 (s, 9H), 1.21-
1.32 (m, 3H), 1.69-1.73 (m, 2H), 2.15 (s, 1H), 3.83 (s, 3H), 6.86 - 6.90 (m, 4H), 7.08-7.10 (m,
3H), 7.17 (d, 2H, 8.7 Hz), 7.19 (s, 1H) ppm;

3¢ NMR (CDCl3, 400 MHz) 6 -4.5 (2C), 14.2, 16.8, 22.8, 26.3 (3C), 26.9, 40.6, 47.2, 55.3,
108.3, 114.0 (2C), 125.2, 127.0, 128.0 (2C), 128.6, 129.6 (2C), 131.7 (2C), 142.9, 159.2 ppm;

HR-MS calculated for C,gH330,Si: 434.2641, found: 457.2537 (M+Na)™.

TBS TBS
296:
Compound 296 2~
(E)-5-(tert-Butyldimethylsilyl)-3-((tert-butyldimethylsilyl)- X
ethynyl)-2-(4-methoxyphenyl)-1-phenylpent-1-en-4-yn-3-ol MeO Ph

Compound 296 was obtained following general procedure |V starting from ketone 289 (290

mg, 0.83 mmol) in THF (5 mL) with tert-butyldimethylsilylacetylene (180 uL, 0.95 mmol) and
n-Buli (1.6 M, 630 uL, 1 mmol). Product 296 was obtained with 30% yield (128 g).

'H NMR (CDCls, 400 MHz) & 0.13 (s, 12H), 0.93 (s, 18H), 2.65 (s, 1H), 3.83 (s, 3H), 6.86 (d, 2H,
J=8.9 Hz),6.93-7.12 (m, 5H), 7.29 (d, 2 H, J = 8.9 Hz), 7.34 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz) & -4.7 (4C), 16.9 (2C), 26.2 (6C), 55.4, 67.9, 89.7, 104.7, 113.9
(2C), 127.4, 128.1 (2C), 128.5, 129.2, 129.7 (2C), 132.2 (2C), 136.2, 139.9, 159.5 ppm;

HR-MS calculated for C3,H140,Si: 516.2880, found: 529.2782 (M+Na)™.
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Compound 297: / || OH_~ TBS
7
@)
(E)-5-(tert-Butyldimethylsilyl)-3-(furan-2-yl)-2-(4- X
methoxyphenyl)-1-phenylpent-1-en-4-yn-3-ol MeO Ph

Compound 297 was obtained following general procedure |V starting from ketone 289 (300

mg, 0.8 mmol) in THF (5 mL) with furan (60 uL, 0.8 mmol) and n-Buli (1.6 M, 60 uL, 0.86
mmol). Product 297 was obtained with 98% yield (350 mg).

'H NMR (CDCls, 400 MHz) & 0.13 (s, 6H), 0.92 (s, 9H), 2.80 (br, s, 1H), 3.79 (s, 3H), 6.32 (dd,
1H, J=1.9 and 3.3 Hz), 6.39 (dd, 1H, J = 0.9 and 3.3 Hz), 6.77 (d, 2H J = 8.8 Hz), 6.90-6.94 (m,
4H), 7.08-7.10 (m, 3H), 7.13 (s, 1H), 7.43 (dd, 1H, J = 0.9 and 1.8 Hz) ppm;

3¢ NMR (CDCls, 400 MHz) & -5.6 (2C), 25.2 (3C), 25.4, 54.3, 89.7, 104.1, 108.2, 109.6, 112.8
(2C), 126.2, 126.6, 127.0 (2C), 127.3, 128.7 (2C), 130.5 (2C), 135.4, 140.0, 141.8, 153.1,
158.2, 199.0 ppm.

Cl O
Compound 298: I

2-(4-Chlorophenyl)-3-(4-methoxyphenyl)-4-phenylcyclopent-2-en-1- O Ph

one
MeO

Compound 298 was obtained following general procedure IX starting from alcohol 292 (100

mg, 0.22 mmol) in DCE (2 mL) with Re,07 (1.45 mg, 0.003 mmol) and MeOH (65 pL, 1.58
mmol). Product 298 was obtained with 20% yield (15 mg).

'H NMR (CDCls, 400 MHz) & 2.59 (dd, 1H, J = 18.8 and 2.1 Hz), 3.22 (dd, 1H, J = 18.9 and 7.5
Hz), 3.72 (s, 3H), 4.56 (dd, 1H, J = 7.4 and 2.1 Hz), 6.66 (dd, 2H, J = 8.9 and 2.0 Hz), 7.12 (dd,
1H, J=9.0 and 2.1 Hz), 7.15-7.19 (m, 3H), 7.23-7.27 (m, 3H), 7.33 (dd, 2H, J = 8.5 and 1.9 Hz)

ppm;

3¢ NMR (CDCls, 400 MHz) 6 46.1, 47.2, 55.3, 113.9 (2C), 126.8, 127.1, 127.5 (2C), 128.9 (2C),
129.1 (2C), 130.8 (2C), 131.0, 131.2 (2C), 134.0, 138.5, 142.7, 160.7, 170.2, 206.3 ppm;

HR-MS calculated for C,4H15ClO,: 374.1074, found 375.1155 (M+H)".
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Compound 299:

4-(4-Methoxyphenyl)-2-methyl-4-phenylnaphthalen-1(4H)-one

Compound 299 was obtained following general procedure IX starting from alcohol 293 (100

mg, 0.22 mmol) in DCE (2 mL) with Re,0 (1.6 mg, 0.0033 mmol) and MeOH (70 pL, 1.77
mmol). Product 299 was obtained with 35% yield (26 mg).

'H NMR (CDCls, 400 MHz) & 1.65 (s, 3H), 3.77 (s, 3H), 4.91 (s, 1H), 6.74 (d, 2 H, J = 9.0 Hz),
7.18 (d, 2 H, J = 9.0 Hz), 7.23-7.49 (m, 9H) ppm;

3C NMR (CDCls, 400 MHz) 6 24.3, 55.3, 67.2, 114.1 (2C), 120.8, 123.7, 126.1, 127.3, 128.0,
128.2, 129.2 (2C), 129.3 (2C), 130.0 (2C), 135.5, 139.6, 139.9, 141.6, 147.2, 159.2, 206.7

ppm;

HR-MS calculated for Cy4H200,: 340.1463, found: 341.1536 (M+H)".

Me

Compound 300: _
— 0
3-(4-Methoxyphenyl)-5-methyl-2-phenylfuran Ph

MeO

Compound 300 was obtained following general procedure IX starting from alcohol 294 (100

mg, 0.26 mmol) in DCE (2 mL) with Re;07 (1.92 mg, 0.004 mmol) and MeOH (80 uL, 2 mmol).
Product 300 was obtained with 54% yield (37 mg).

'H NMR (CDCl5, 400 MHz) & 2.38 (s, 3H), 3.83 (s, 3H), 6.12 (s, 1H), 6.88 (d, 2H, J = 8.8 Hz),
7.17-7.51 (m, 5H), 7.30 (d, 2H, J = 8.8 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz) & 13.7, 55.3, 110.3, 114.1 (2C), 122.2, 125.8 (2C), 126.9, 127.1,
128.4 (2C), 129.8 (2C), 131.7, 146.5, 151.2, 158.8 ppm;

HR-MS calculated for C1gH1605: 264.1150, found: 265.1226 (M+H)".
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o]
C d 301:
ompoun Me _
A
(E)-3-((E)-1-(4-Methoxyphenyl)-2-phenylvinyl)hept-3-en-2-one Ph

MeO

Compound 301 was obtained following general procedure IX starting from alcohol 295 (100

mg, 0.23 mmol) in DCE (2 mL) with Re;07 (1.67 mg, 0.0035 mmol) and MeOH (70 pL, 1.77
mmol). Product 301 was obtained with 47% yield (35 mg).

'H NMR (CDCls, 400 MHz) & 0.96 (t, 3H, J = 7.3 Hz), 1.54 (sex., 2H, J = 7.3 Hz), 2.16 (s, 3H),
2.38 (quad., 2H, J = 7.4 Hz), 3.78 (s, 3H), 6.42 (s, 1H), 6.75 (d, 2H, J = 8.9 Hz), 6.83 (t, 1H, J =
7.5 Hz), 7.09 (d, 2H, J = 8.9 Hz), 7.14-7.19 (m, 5H) ppm;

3¢ NMR (CDCls, 400 MHz) & 14.2, 22.5, 27.7, 31.8, 55.3, 113.9 (2C), 127.0, 128.2 (2C), 129.4
(2C), 130.6 (2C), 131.1, 136.7, 137.1, 143.6, 145.3, 159.1, 199.2 ppm;

HR-MS calculated for Cy;H,40,: 320.1776, found: 321.1858 (M+H)".

TBS TBS
02:
Compound 3 N =
|
3-(2-Methoxy-1-(4-methoxyphenyl)-2-phenylethylidene)- OMe
penta-1,4-diyne-1,5-diyl)bis(tert-butyldimethylsilane) MeO Ph

Compound 302 was obtained following general procedure IX starting from alcohol 296 (100

mg, 0.19 mmol) in DCE (2 mL) with Re;0; (1.4 mg, 0.0029 mmol) and MeOH (60 uL, 1.46
mmol). Product 302 was obtained with 31% yield (31 mg).

'H NMR (CDCls, 400 MHz) & -0.01 (s, 3H), 0.00 (s, 3H), 0.20 (s, 6H), 0.78 (s, 9H), 0.99 (s, 9H),
3.47 (s, 3H), 3.75 (s, 3H), 6.00 (s, 1H), 6.69 (d, 2H, J = 8.8 Hz), 7.04 (d, 2H, J = 8.8 Hz), 7.19-
7.31 (m, 5H) ppm;

3¢ NMR (CDCls, 400 MHz) 6 -4.6 (2C), -4.8 (2C), 16.8, 17.0, 26.1 (3C), 26.3 (3C), 55.3, 57.1,
83.0, 96.4, 98.3, 102.2, 102.4, 106.4, 112.9 (2C), 126.2 (2C), 127.3, 128.2 (2C), 128.4, 130.9
(2C), 140.0, 157.5, 159.5 ppm;

HR-MS calculated for C33Ha0,Si>: 530.3036, found: 553.2922 (M+Na)".

220



EXPERIMENTAL PROCEDURES for chapter 3.5

Compound 317:

3,3'-(3-(tert-Butyldimethylsilyl)prop-2-yne-1,1-diyl)bis(1-methyl-
1H-indole

Compound 317 was obtained following general procedure |V starting from aldehyde 315 (2

g, 12.6 mmol) in THF (60 mL) with tert-butyldimethylsilylacetylene (2.59 mL, 13.8 mmol) and
n-Buli (1.6 M, 8.27 mL, 13.23 mmol). Product 317 was obtained with 12% yield (603 mg).

'H NMR (CDCls3, 400 MHz) 6 0.12 (s, 6H), 0.95 (s, 9H), 3.72 (s, 6H), 5.56 (s, 1H), 6.94 (s, 2H),
7.07 (td, 2H, J = 1.0 and 7.0 Hz), 7.22 (td, 2H, J = 1.0 and 7.0 Hz), 7.29 (d, 2H, J = 8.2 Hz), 7.72
(d, 2H, J = 8.0 Hz) ppm;

3 ¢ NMR (CDCls, 400 MHz) 6 -4.2 (2C), 16.8, 26.4 (3C), 27.4, 32.6 (2C), 83.7, 108.2, 109.3
(2C), 114.8 (2C), 118.8 (2C), 120.1 (2C), 121.6 (2C), 126.9 (2C), 127.3 (2C), 137.5 (2C) ppm.

Compound 322:

TBS
(E)-5-(tert-Butyldimethylsilyl)-1-phenylpent-1-en-4-yn-3-one

Compound 322 was obtained following general procedure Il starting from compound 321

(573 mg, 3.44 mmol) in 1,4-dioxane (10 mL) with tert-butyldimethylsilylacetylene (900 uL,
4.82 mmol), Pd(PPhs),Cl, (43 g, 0.07 mmol), Cul (26 mg, 0.138 mmol) and Et3N (1.44 mL,
10.3 mol). Product 322 was obtained with 48% yield (930 mg).

'H NMR (CDCls, 400 MHz) § 0.25 (s, 6H), 1.04 (s, 9H), 6.79 (d, 1H, J = 16.2 Hz), 7.41-7.45 (m,
3H), 7.55-7.57 (m, 2H), 7.88 (d, 1H, J = 16.1 Hz) ppm.

13 ¢ NMR (CDCl3, 400 MHz) & -4.9 (2C), 26.2 (3C), 97.7, 101.5, 128.3, 128.6, 128.9 (2C), 129.2
(20), 131.3, 134.2, 149.1, 178.1 ppm.
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Compound 224a:

(E)-tert-Butyldimethyl(5-phenyl-3,3-bis(2,4,6-
trimethoxyphenyl)pent-4-en-1-yn-1-yl)-silane

Compound 224b:

1-(tert-Butyldimethylsilyl)-5-phenyl-5-(2,4,6-

trimethoxyphenyl)pent-1-yn-3-one

MeO

Compound 324a was obtained following general procedure IV starting from ketone 322 (444

mg, 1.64 mmol) in THF (12 mL) with 1,3,5-trimethoxybenzene (414 mg, 2.46 mmol) and sec-
Buli (1.4 M, 1.76 mL, 2.46 mmol). Product 324a was obtained with 36% yield (350 mg) along
with product 324b (135 mg, 19%)

Product 324a:

'H NMR (CDCl3, 400 MHz) & 0.04 (s, 3H), 0.06 (s, 3H), 0.89 (s, 9H), 3.38 (s, 6H), 3.75 (s, 6H),
3.81 (s, 3H), 3.81 (s, 3H), 6.12 (d, 1H, J = 9.8 Hz), 6.13 (s, 2H), 6.15 (s, 2H), 6.70 (d, 1H,J =9.9
Hz), 7.09 (t, 1H,J = 7.4 Hz), 7.20 (t, 2H, ) = 7.8 Hz), 7.33 (d, 2H, J = 8.2 Hz) ppm.

3¢ NMR (CDCls, 400 MHz) 6 -4.3 (2C), 16.9, 26.2 (3C), 41.2, 55.4, 55.4, 56.1 (2C), 56.2 (2C),
91.5 (2C), 91.8 (2C), 93.4, 105.1, 111.9, 112.9, 115.2, 125.1, 127.6 (2C), 127.7 (2C), 144.6,
145.7, 158.9 (2C), 159.5 (2C), 159.9, 160.4 ppm.

Product 324b:

'H NMR (CDCls, 400 MHz) & 0.15 (s, 3H), 0.16 (s, 3H), 0.96 (s, 9H), 3.37 (dd, 1H, J = 7.4 and
16.1 Hz), 3.53 (dd, 1H, J = 8.0 and 16.2 Hz), 3.75 (s, 6H), 3.78 (s, 3H), 5.32 (t, 1H, ) = 7.7 Hz),
6.10 (s, 2H), 7.11 (t, 1H,J = 7.2 Hz), 7.20 (t, 2H, ) = 7.8 Hz), 7.28 (d, 2H, ) = 7.3 Hz) ppm;

3¢ NMR (CDCl5, 400 MHz) & -5.0 (2C), 16.7, 26.1 (3C), 35.4, 48.9, 55.4, 55.8 (2C), 91.4 (2C),
96.2, 103.3, 112.6, 125.7, 127.8 (2C), 128.0 (2C), 144.0, 159.1 (2C), 160.0, 187.5 ppm.
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O+ _OH
Compound 325-1:
X
(E)-2-(4-Chlorophenyl)-3-phenylacrylic acid cl Ph

Compound 325-1 was obtained following general procedure | starting from compound 4-

chlorophenyl acetic acid (28 g, 0.163 mol) in acetic anhydride (62 mL) with benzaldehyde
(18.4 mL, 0.182 mol) and triethylamine (22.3 mL, 0.2 mol). Product 325-1 was obtained

guantitatively (50 g).

'H NMR (CDCl3, 400 MHz) 6 7.09 (d, 2H, J = 7.2 Hz), 7.17-7.27 (m, 5H), 7.36 (d, 2H, ) = 8.5
Hz), 7.98 (s, 1H) ppm;

3¢ NMR (CDCl;, 400 MHz) & 128.6 (2C), 129.2 (2C), 129.9, 130.5, 130.9 (2C), 131.5 (2C),
133.8, 134.1, 134.3, 142.3, 172.7 ppm;

LC-MS calculated for C15H11ClO,: 258.0, found: 258.0 (M+H)".

@) Cl
Compound 325-2:
N
(E)-2-(4-Chlorophenyl)-3-phenylacryloyl chloride Cl Ph

Compound 325-2 was obtained following general procedure Il starting from compound

acetic acid 325-1 (9.9 g, 0.039 mol) in CH,Cl; (50 mL) with DMF (70 puL, 1 mmol) and oxalyl
chloride (3.8 ml, 0.045 mol). Product 325-2 was obtained quantitatively (10 g).

1H NMR (CDCls, 400 MHz) & 7.72 (d, 2H, J = 7.5 Hz), 7.18 (d, 2H, J = 8.5 Hz), 7.25 (t, 2H, J =
7.9 Hz), 7.32-7.36 (m, 1H), 7.41 (d, 2H, J = 8.4 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz) & 128.3, 128.5 (2C), 129.1 (2C), 129.9, 130.4, 130.9 (2C), 131.5
(2C), 133.7, 137.1, 143.3, 172.6 ppm.
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Compound 325-3: TMS
o0 F
(E)-2-(4-Chlorophenyl)-1-phenyl-5-(trimethylsilyl)pent-1-en-4-yn- N
Ph
3-one Cl

Compound 325-3 was obtained following general procedure Ill starting from compound

325-2 (10 g, 0.037 mol) in 1,4-dioxane (280 mL) with trimethylsilylacetylene (5.27 mL, 0.037
mol), Pd(PPhs),Cl; (512 mg, 0.73 mmol), Cul (282 mg, 1.48 mmol) and EtsN (15.5 mL, 0.111
mol). Product 325-3 was obtained with 80% yield (10 g).

'H NMR (CDCl3, 400 MHz) & 0.287 (s, 9H), 7.09-7.13 (m, 4H), 7.22 - 7.30 (m, 3H), 7.37 (d, 2H,
1 =8.7 Hz), 8.13 (s, 1H) ppm;

3¢ NMR (CDCls, 400 MHz) & -0.6 (3C), 100.7, 101.0, 128.7 (2C), 129.2 (2C), 130.3, 131.2 (2C),
131.5 (2C), 133.0, 134.1, 134.4, 140.3, 146.4, 178.7 ppm.

Compound 325:

(E)-2-(4-Chlorophenyl)-1-phenyl-3-(2,4,6-trimethoxyphenyl)-

5-(trimethylsilyl)pent-1-en-4-yn-3-ol

Compound 325 was obtained following general procedure IV starting from compound 325-3

(5 g, 0.015 mol) in THF (110 mL) with trimethoxybenzene (7.4 g, 0.044 mol) and sec-BulLi (1.3
M, 33.8 mL, 0.044 mol). Product 325 was obtained with 46% yield (3.5 g).

'H NMR (CDCls, 400 MHz) § 0.20 (s, 9H), 3.65 (s, 6H), 3.79 (s, 3H), 6.07 (s, 2H), 6.57 (s, 1H),
6.88-6.90 (m, 2H), 6.97 (d, 2H, J = 8.4 Hz), 7.06-7.10 (m, 3H), 7.15 (d, 2H, J = 8.5 Hz), 7.21 (s,
1H) ppm;

3¢ NMR (CDCl;, 400 MHz) & 0.1 (3C), 55.2, 56.1 (2C), 88.8, 92.6 (2C), 107.3, 110.7, 126.7,
127.2,127.7 (2C), 127.8 (2C), 129.3 (2C), 132.1 (2C), 132.8, 136.6, 136.8, 142.7, 158.7, 160.5
ppm;

HR-MS calculated for C,gH3:Cl0,4Si: 506.1651, found: 529.1573 (M+Na)".
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OMeO
Compound 326: MeO Q
MeO Ph

3-(4-Chlorophenyl)-4-phenyl-2-(2,4,6-

trimethoxyphenyl)cyclopent-2-en-1-one

Cl
MeO
Compound 327: O OMe
-
3-(4-Chlorophenyl)-5-methyl-2-phenyl-4-(2,4,6- MeQ /O
trimethoxyphenyl)furan ol Ph

Compounds 326 and 327 were obtained following general procedure IX starting from

compound 325 (150 mg, 0.296 mmol) in DCE (2 mL) with Re,05 (2.1 mg, 0.0044 mmol) and
MeOH (92 pL, 2.28 mmol). Cyclopentenone 326 (40 mg, 31%) was obtained along with
methylfurane 327 (21 mg, 16%).

Cyclopentenone 326:

'H NMR (CDCl3, 400 MHz) § 2.45 (dd, 1H, J = 1.9 and 18.4 Hz), 3.19 (dd, 1H, J = 7.4 and 18.6
Hz), 3.53 (s, 3H), 3.77 (s, 3H), 3.84 (s, 3H), 4.60 (dd, 1H, J = 2.0 and 7.4 Hz), 6.12 (d, 1H, J =
2.1Hz),6.22 (d, 1H, ) = 2.1 Hz), 7.07 (d, 2H, J = 8.8 Hz), 7.18-7.16 (m, 3H), 7.25 - 7.27 (m, 4 H)

ppm;

3C NMR (CDCls, 400 MHz) 6 45.9, 47.4, 55.5, 55.8, 56.1, 66.0, 91.4, 91.5, 127.0, 127.5 (2C),
128.3 (2C), 129.1 (2C), 129.3 (2C), 134.3, 135.0, 136.5, 143.3, 158.5, 159.1, 162.1, 168.3,
207.1 ppm;

HR-MS calculated for Cy6H,3Cl04: 434.1285, found: 435.1359 (M+H)".

Methylfurane 327:
'H NMR (CDCls, 400 MHz) & 2.24 (s, 3H), 3.53 (s, 6H), 3.82 (s, 3H), 6.09 (s, 2H), 7.08 (d, 2H, J
= 8.7 Hz), 7.15-7.18 (m, 3H), 7.22-7.24 (m, 2H), 7.45 (d, 2H, ) = 7.0 Hz) ppm;

3¢ NMR (CDCl3, 400 MHz) 6 14.4, 54.4, 54.6 (2C), 65.0, 89.8 (2C), 101.7, 114.4, 122.3, 124.9
(2C), 125.8, 127.2 (2C), 127.3 (2C), 129.6 (2C), 130.6, 131.2, 132.9, 145.8, 148.7, 158.0, 160.2

ppm;

HR-MS calculated Cy¢H,3Cl0,: 434.1285, found: 435.1363 (M+H)".
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Compound 326:

3-(4-Chlorophenyl)-4-phenyl-2-(2,4,6-

trimethoxyphenyl)cyclopent-2-en-1-one

Compound 327:

3-(4-Chlorophenyl)-5-methyl-2-phenyl-4-(2,4,6-

trimethoxyphenyl)furan

Compound 328:

(E)-2-(4-(4-Chlorophenyl)-5-methoxy-5-phenylpent-3-en-1-yn-3-

yl)-1,3,5-trimethoxybenzene

Compounds 326-328 were obtained following general procedure IX starting from compound

325 (100 mg, 0.197 mmol) in DCE (2 mL) with ReO,SiPh; (1.5 mg, 0.003 mmol) and MeOH
(61 pL, 1.52 mmol). Cyclopentenone 326 (24 mg, 28%) was obtained along with
methylfurane 327 (15 mg, 17%) and rearranged product 328 (5 mg, 6%). Cyclopentenone
326 and methylfurane 327 were already described on the previous page following another

method.

Rearranged product 328:

'H NMR (CDCl3, 400 MHz) & 3.23 (s, 1H), 3.62 (s, 3H), 3.64 (s, 3H), 3.72 (s, 3H), 3.74 (s, 3H),
5.91 (d, 1H, J = 2.1 Hz), 5.95 (d, 1H, J = 2.1 Hz), 6.14 (s, 1H), 6.62 (d, 2H, J = 8.5 Hz), 6.87 (d,
2H, 8.5 Hz), 7.21-7.24 (m, 1H), 7.26-7.28 (m, 2H), 7.43 (d, 2H, J = 8.0 Hz) ppm;

3C NMR (CDCls, 400 MHz) 6 55.4, 55.9, 56.0, 56.5, 80.1, 84.1, 91.1 (2C), 106.3, 109.9, 121.3,
127.6 (2C), 128.6 (2C), 128.7, 129.8 (2C), 131.3 (2C), 132.5, 137.4, 141.5, 149.6, 157.2, 159.2,
163.4 ppm.
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General procedure XVIII: Acid-catalyzed rearrangements

MeOH (7.7 eq) and acid (=1.5 mol%) were added to a solution of compound 325 in
anhydrous DCE (2 mL) under argon atmosphere. The reaction mixture was stirred overnight

at 45 °C, concentrated and purified over silica gel to give product.

Compound 329:

(Z)-(4-(4-Chlorophenyl)-5-methoxy-5-phenyl-3-(2,4,6-

trimethoxyphenyl)pent-3-en-1-yn-1-yl)trimethylsilane

Compound 330:

(E)-(4-(4-Chlorophenyl)-5-methoxy-5-phenyl-3-(2,4,6-

trimethoxy-phenyl)pent-3-en-1-yn-1-yl)trimethylsilane

Compounds 329 and 330 were obtained following general procedure XVIII starting from

compound 325 (80 mg, 0.158 mmol) in anhydrous DCE (2 mL) with AcOH (3 L, 0.049 mmol)
and MeOH (62 pL, 1.52 mmol). Compound 329 (53 mg, 51%) was obtained along with
compound 330 (48 mg, 47%).

Compound 329:

'H NMR (CDCls, 400 MHz) 6 0.19 (s, 9H), 6.61 (s, 6H), 3.69 (s, 3H), 3.72 (s, 3H), 5.91 (d, 1H, J
=2.1Hz),5.93 (d, 1H, J = 2.1 Hz), 6.18 (s, 1H), 6.62 (d, 2H, ) = 8.5 Hz), 6.86 (d, 2H, J = 8.5 Hz),
7.20(t, 1H,)=7.2 Hz), 7.27 (t, 2H, ) = 7.2 Hz), 7.40 (d, 2H, J = 7.9 Hz) ppm;

3¢ NMR (CDCl;, 400 MHz) & 0.1 (3C), 55.2, 55.7, 55.7, 56.6, 83.1, 90.8 (2C), 97.8, 104.3,
109.3, 118.2, 126.7 (2C), 126.7 (2C), 126.1, 127.8 (2C), 130.1 (2C), 132.4, 135.9, 140.5, 149.8,
157.9, 158.0, 161.0 ppm;

HR-MS calculated for C3gH33Cl0,4Si: 520.1837, found: 521.1907 (M+H)".
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Compound 330:
'H NMR (CDCls, 400 MHz) & -0.05 (s, 9H), 3.37 (s, 3H), 3.82 (s, 3H), 3.85 (s, 3H), 3.86 (s, 3H),
4.99 (s, 1H), 6.20 (d, 1H, J = 2.3 Hz), 6.21 (d, 1H, ) = 2.1 Hz), 7.14-7.21 (m, 9H) ppm;

3¢ NMR (CDCl3, 400 MHz) & -0.1 (3C), 55.5, 55.7, 55.9, 56.9, 81.8, 91.1, 91.2, 96.8, 105.4,
107.9, 118.5, 126.8 (2C), 126.9, 127.3 (2C), 127.7 (2C), 131.8 (2C), 132.9, 137.0, 140.4, 149.8,
158.2, 158.8, 161.5 ppm;

HR-MS calculated for C3oH33Cl0,Si: 520.1837, found: 521.736 (M+H)".

Compound 326:

3-(4-Chlorophenyl)-4-phenyl-2-(2,4,6-

trimethoxyphenyl)cyclopent-2-en-1-one

Compound 331:

(E)-2-(4-Chlorophenyl)-1-phenyl-3-(2,4,6-

trimethoxyphenyl)pent-2-en-4-yn-1-ol

Compounds 326 and 331 were obtained following general procedure XVIII starting from

compound 325 (80 mg, 0.158 mmol) in nitromethane (2 mL) with triflic acid (2.5 uL, 0.002
mmol) and MeOH (49 uL, 1.22 mmol). Cyclopentenone 326 (10 mg, 15%) was obtained
along with rearranged product 331 (5 mg, 7%). Cyclopentenone 326 was already described

page 225 following another method.

Rearranged product 331:
'H NMR (CDCl3, 400 MHz) & 3.67 (s, 6H), 3.76 (s, 3H), 5.81 (s, 1H), 6.05 (s, 2H), 7.20-7.31 (m,
7H), 7.70 (d, 2H, J = 8.8 Hz) ppm;

13C NMR (CDCls, 400 MHz) & 55.3, 56.2, 56.8, 74.1, 81.1, 91.1 (2C), 107.7, 110.8, 121.2, 128.3
(2C), 129.3 (2C), 129.7, 130.8 (2C), 131.3 (2C), 132.7, 138.5, 143.5, 150.3, 159.2, 160.1, 162.5
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Compound 197:

3-Phenyl-2,3,4,5,6,7-hexahydro-1H-inden-1-one Ph

Compound 197 was obtained following general procedure XVIII starting from compound 332

(100 mg, 0.35 mmol) in DCE (2 mL) with triflic acid (5 pL, 0.005 mmol) and MeOH (114 pL,
2.8 mmol). Cyclopentenone 197 was obtained with 35% yield (26.1 mg) and was already

described page 158 following another method.

Compound 334:

1-(4-Methoxyphenyl)-2-phenylethane-1,2-dione MeO

MeOH (109 pL, 2.68 mmol) and ReO4H/H,0 (50/50, v/v, 2.6 uL, 0.005 mmol) were added to
a solution of compound 333 (150 mg, 0.35 mmol) in anhydrous DCE (2 mL) under argon
atmosphere. The reaction mixture was stirred 48 hours at 45 °C, concentrated and purified
over silica gel to give compound 334 (30 mg, 36%). Recovered starting material (24 mg,

16%).

'H NMR (CDCls, 400 MHz) & 3.89 (s, 3H), 6.98 (d, 2H, J = 8.9 Hz), 7.50 (t, 2H, J = 8.0 Hz), 7.65
(t, 1H, ) = 7.4 Hz), 7.94-7.98 (m, 4 H) ppm;

3¢ NMR (CDCl;, 400 MHz) & 55.8, 114.5 (2C), 126.3, 129.1 (2C), 130.1 (2C), 132.5 (20),
133.4, 134.8, 165.1, 193.3, 195.0 ppm.
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INTRODUCTION

Recent analyses of tooth plaques showed that ~50,000 years ago
Neanderthals already used medicinal plants to treat their ailments
(Hardy et al., 2012). Currently, more than half of humanity does
not have access to modern medicine and relies on traditional
treatments (Cordell and Colvard, 2012). A recent analysis of the
strategies used in the discovery of new medicines showed that
36% of the first-in-class small-molecules approved by U.S. Food
and Drug Administration (FDA) between 1999 and 2008 were
natural products or natural products derivatives (Swinney and
Anthony, 2011).

Natural products are small-molecule secondary metabolites
that contribute to organism survival. These substances display
considerable structural diversity and “privileged scaffolds,” i.e.,
molecular architectures that are tailored to protein binding, as
first coined by Evans in the late 1980s (Evans et al., 1988). Indeed
natural products have evolved to bind biological targets and elicit
biological effects as chemical weapons or to convey information
from one organism to another. Steroid derivatives are often not
considered as natural products because their design is not based
on a research in pharmacognosy, however we subjectively decided
to include them here due to their importance in drug discovery.

The synthesis of aspirin by Charles Gerhard at Strasbourg
faculty of pharmacy in 1853 paved the road for the medici-
nal chemistry of natural products (Gerhardt, 1853). In 1964,
actinomycin became the first natural product approved for an
indication in oncology. Other natural products based medicines
such as anthracyclines, vinca alkaloids, epipodophyllotoxin lig-
nans, camptothecin derivatives, and taxoids that were launched
before 1997, are still an essential part of the armament for treating
cancers.

Natural products have historically been a mainstay source of anticancer drugs, but in
the 90's they fell out of favor in pharmaceutical companies with the emergence of
targeted therapies, which rely on antibodies or small synthetic molecules identified by
high throughput screening. Although targeted therapies greatly improved the treatment
of a few cancers, the benefit has remained disappointing for many solid tumors, which
revitalized the interest in natural products. With the approval of rapamycin in 2007, 12 novel
natural product derivatives have been brought to market. The present review describes the
discovery and development of these new anticancer drugs and highlights the peculiarities
of natural product and new trends in this exciting field of drug discovery.

Keywords: natural products, cancer, drug discovery, pharmacognosy, molecular targets, privileged structures

From 1997 to 2007 no new natural product was approved
for the treatment of cancer (Bailly, 2009). With the imminent
achievement of the genome project, the head of a pharmaceuti-
cal company declared that natural products were outdated. Their
development was greatly reduced and many big pharmaceutical
companies closed their departments of natural product chem-
istry (Bailly, 2009). The future was targeted therapies, which
uses fully synthetic molecules or antibodies to target specific
proteins in tumor growth and progression. In some forms of
leukemia, gastrointestinal, prostate or breast cancers, targeted
therapies greatly delayed tumor progression, and/or improved the
life expectancy of the patients. Some tumors with specific onco-
genic addictions (for example fusion proteins leading to ALK
expression in lung cancer or Ber-Abl in chronic myeloid leukemia,
KIT expression or mutations in GIST or EGFR mutation in lung
cancer, HER2 amplification in breast cancer or MET overex-
pression in liver tumors) greatly benefited from targeted agents.
However, the vast majority of common tumors were found to
be not dependent of a single “targetable” oncogenic activation.
For instance altogether ALK activations and EGFR mutations
account for less than 10% of lung adenocarcinoma and while
those targeted agents are more efficient than chemotherapy in
oncogenic tumors, antitumor effects are limited to few months.
Importantly, most tumors were shown to activate multiple signal-
ing pathway redundancies and adaptive mechanisms that either
render tumors primarily resistant to targeted drugs or facili-
tate acquired resistance to cell signaling inhibition after only few
months of treatments. As a result, the expected progression-free
survival benefit from targeted therapy is often less than 6-months.
For those later forming complex but rather frequent tumors,
chemotherapy alone remains the cornerstone of treatment with
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some limited add-on benefits by use of monoclonal antibodies in
alimited proportion of patients. Combinations of several targeted
agents have also been proposed to counteract potential adaptive
mechanisms although one should notice that combining targeted
agent together was more often associated with unacceptable tox-
icity than great clinical synergy. Then there is the additional
influence of cost-to-benefit concerns. The financial cost of such
targeted therapies, to patients or health insurance entities, can
be considered enormous, e.g., thousands to tens of thousands of
euros per day of extended life. However, the net financial benefit
to pharmaceutical companies of those agents that are given only
for few months (or years) in only a small proportion of patients
in niche indications may lead to restricted investment by pharma-
ceutical industries; blockbuster indications usually provide higher
revenues.

These drawbacks are at the origin of the re-emergence of
natural products in oncology. Since 2007, with the approval of
rapamycin and derivatives of it, 12 natural product derivatives
have been approved for the treatment of cancers (Table 1).

Recently Stuart Schreiber, Paul Clemons and coworkers at the
Broad Institute in Boston performed a bioinformatics analysis of
natural product targets and demonstrated that natural products
statically tend to target proteins with a high number of protein—
protein interactions that are particularly essential to an organism
(Dancik et al., 2010). This observation is consistent with the com-
mon role played by natural products as chemical weapons against
predators or competitors.

Henkel et al. at Bayer AG in Germany offered a statistical
analysis of the structural differences between natural products
and fully synthetic drugs (Henkel et al., 1999). Compared with
fully synthetic drugs, natural product tend to have more chi-
ral centers, more oxygen atoms, less nitrogen atoms, and more
varied ring systems. Complementary analyses of structural fea-
tures of natural products have been reviewed (Lee and Schneider,
2001; Ortholand and Ganesan, 2004; Ganesan, 2008; Grabowski
et al., 2008). A consequence of this structural complexity is that
natural products tend to be more selective toward their tar-
gets than fully synthetic drugs, and consequently rarely display
off-target—induced iatrogenicity.

Moreover, complex natural products tend to act through only
one class of molecular target, even though there are some excep-
tions. Indeed, taxanes are known to target 3-tubulin and interfere
with microtubule dynamics; however they also bind to Bcl-2 to
block its anti-apoptotic activity. Both -tubulin and Bcl-2 interact
with the orphan nuclear receptor Nur77 (NGFI-B, TR3, NR4A1).
Ferlini et al. showed that in fact taxanes mimic the domain
of Nur77 involved in the interaction with B-tubulin and Bcl-
2 (Ferlini et al., 2009). Another example concerns flavaglines,
an emerging family of natural compounds found in medicinal
plants of South-East Asia, which display potent anticancer effects
through their direct effects on the scaffold proteins prohibitins
and the initiation factor of translation elF4a (Basmadjian et al.,
2013; Thuaud et al., 2013).

Modifying the structure of a drug may change the nature
of its molecular target. A striking example concerns the not
so rational development of the anticancer medicines etoposide
and teniposide (Figure 1). Considering that cardiac glycosides

display enhanced pharmacological properties compared to the
cognate aglycone, Sandoz scientists hypothesized that conjugat-
ing podophyllotoxin to a glucose moiety could improve the
activity of this cytotoxic agent that binds tubulin and inhibits
assembly of the mitotic spindle. Fortunately, this glycoconju-
gate named etoposide displayed a promising anticancer activity
with reduced adverse effects compared with podophyllotoxin.
Surprisingly, etoposide did not affect tubulin polymerization but
inhibited another very important target in oncology: DNA topoi-
somerase II. This story illustrates well the importance in drug
discovery of serendipity, which was likened to “looking for a
needle in a haystack and discovering the farmer’s daughter” by
Professor Pierre Potier, inventor of the anticancer drug taxotere
(Zard, 2012).

Another non-rational issue regarding the SAR of derivatives of
natural compounds concerns the relationship between the chem-
ical structure of a drug and its therapeutic indication. Indeed,
transforming the structure of a drug may modify the nature of
the targeted cancer. This is well established for vinca alkaloids for
instance (Table2). If we could understand the influence of the
molecular structure of a drug with its optimal therapeutic indi-
cation, then we might be able to adapt known medicines to treat
cancers that are reluctant to current therapies.

In spite of the major achievements in systems biology and
translational medicine over the last decade, there is still, at best,
a presumptive relationship between the efficacy of a drug in
preclinical assays and the likelihood of its value in clinic.

RAPALOGUES: TEMSIROLIMUS® AND EVEROLIMUS®

In 1975, researchers at Ayerst Laboratories (Canada) reported the
isolation of rapamycin as a secondary metabolite from a strain of
Streptomyces hygroscopicus based on its antifungal activity (Sehgal
et al,, 1975; Vezina et al., 1975). Its name comes from Rapa
Nui (Easter Island) where its producer strain had been collected
from a soil sample. Its richly adorned macrocyclic structure was
fully elucidated a few years later (Swindells et al., 1978; Findlay
and Radics, 1980; McAlpine et al., 1991). Rapamycin did not
attract so much attention until the discovery in 1987 of the struc-
turally related immunosuppressant FK506 (Kino et al., 1987a,b).
Rapamycin was eventually developed without further structural
modifications as the oral immunosuppressant drug sirolimus. It
was approved for prevention of rejection in organ transplantation
in 1999 (Calne et al., 1989; Kahan et al., 1991; Watson et al., 1999;
Calne, 2003).

Determining the mode of action of rapamycin unraveled one
of the most important signaling pathways in cell biology, which
illustrates another important aspect of the pharmacology of nat-
ural products. Indeed a common caveat of developing an original
natural product toward clinical application is the requirement to
identify its molecular target and understand its mode of action
(Krysiak and Breinbauer, 2012). However, when the target is
identified, it may lead to major breakthroughs in cell biology
(Pucheault, 2008). Gratefully, current technologies render this
task increasingly easier (Ares et al., 2013).

In 1991, Michael Hall et al. identified the molecular target
of rapamycin in a gene complementation assay in yeast and
named it TOR for “Target Of Rapamycin” (Hietman et al., 1991).
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Table 1 | Novel anticancer medicines based on natural products.

Name (trade name), structure Year of approval, company Therapeutic indication, mode of action

Temsirolimus (Torisel®): R=R' 2007 Wyeth Treatment of renal cell carcinoma (RCC), inhibition of mTOR
Everolimus (Afinitor®), R=R2

SN
w “'OMe

2009, Novartis Treatment of advanced kidney cancer, inhibition of mMTOR
o
R! = C(O)C(CH,OH),CH,
R? = (CH,),0H
Ixabepilone (Ixempra®) 2007, Bristol-Myers Squibb  Treatment of aggressive metastatic or locally advanced breast cancer no

longer responding to currently available chemotherapies, stabilization of
microtubules

2009, Pierre Fabre Treatment of bladder cancer, inhibition of tubulin polymerization
Romidepsin (Istodax®) 2009, Celgene Treatment of cutaneous T-cell lymphoma (CTCL), inhibition of the
o} isoforms 1 and 2 of histone deacetylases
X N 0
OTNH H o
/ NHoﬁ/J /
NH
S\ 07
S PN
Trabectedin = ecteinascidin 743 (Yondelis®) 2009, Zeltia and Johnson Treatment of advanced soft tissue sarcoma and ovarian cancer, induction
and Johnson of DNA damage
HO
MeO %
AcO
Me
(¢}
o
(Continued)
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Table 1 | Continued

Name (trade name), structure

Year of approval, company Therapeutic indication, mode of action

Cabazitaxel (Jevtana®)

M
X meo, 2y T
o

2010, Sanofi-Aventis Treatment of hormone-refractory metastatic prostate cancer,
microtubule stabilization

2011, Janssen Treatment of castration-resistant prostate cancer, inhibition of 17
a-hydroxylase/C17, 20 lyase (CYP17A1)

AcO!
Eribulin mesylate (Halaven®) 2011, Eisai Co. Treatment of metastatic breast cancer, inhibition of microtubule
dynamics

H3N® Yy

o
MeSO3
Homoharringtonine, Omacetaxine 2012, Teva Chronic myelogenous leukemia (CML), inhibition of protein synthesis
mepesuccinate (Synribo®)

OH

Carfilzomib (Kyprolis®) 2012, Onyx Treatment of multiple myeloma, inhibition of proteasome
O ~ = Q H/<E i n

8 : N R

o : j o o

Ingenol mebutate (Picato®) 2012, LEO Pharma Actinic keratosis, activation of PKC3
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Three years later, Stuart Shreiber et al. identified its mammalian
homolog referred to today as the kinase mTOR (mammalian
TOR) (Brown et al., 1994). The mode of action of rapamycin is
unique: it binds to two proteins at the same time, mTOR and
the immunophilin FKBP-12, to form a ternary complex devoid
of any kinase activity. mTOR plays a central role integrating
signals from growth factors, nutrients, stress, and hormones to
regulate metabolism, proliferation, cell growth, and apoptosis.
However, the exact mechanisms of action of rapamycin deriva-
tives, called rapalogues, remain only moderately understood.
Some recent evidence indicates that rapalogues may primarily
display their anticancer effects through an inhibition of angio-
genesis in patients (Faivre and Raymond, 2008). This hypothesis
would explain why rapologues are particularly effective in hyper-
vascularized tumors.

Currently, two rapalogues, temsirolimus, and everolimus, have
been developed for the treatment of renal, breast, and pancreas
cancers, astrocytoma, and mantle cell lymphoma. These drugs

H
o
e} O
HO

o on |
o) o)
H e} |:|'> = o

MeO OMe

OMe

Podophyllotoxin
(anti-tubulin)

MeO OMe
OH

R = Me: etoposide
R = 2-thiophenyl: teniposide
(topopisomerase Il inhibitors)

FIGURE 1 | Structures of podophyllotoxin, etoposide, and teniposide.

differ in their formulation, application, and dosing schemes,
thereby yielding varying bioavailabilities. They are all prepared by
semi-synthesis.

IXABEPILONE (IXEMPRA®)

Drugs that target microtubules, such as taxoids and vinca alka-
loids, continue to represent an important class of chemotherapeu-
tic agents (Jordan and Wilson, 2004). Over the last two decades
other classes of naturally occurring nontaxoid compounds, the
epothilones (Gerth et al., 1996; Hofle et al., 1996), discoder-
molides (Gunasekera et al., 1990), eleutherobins (Lindel et al.,
1997), and laulimalides (Mooberry et al., 1999) that stabilize
microtubule assemblies similarly to taxol, have been identified
(Figure 2). Based upon extensive structure-activity data, a com-
mon pharmacophore for these different classes of compounds has
been proposed (Ojima et al., 1999).

Not only is epothilone B more cytotoxic than taxol, but
it is also much less sensitive toward the development of
multidrug-resistance, a major concern in the clinic (Horwitz,
1994; Bollag et al., 1995; Kirikae et al., 1996). This impres-
sive pharmacological profile coupled with the challenge of its
total synthesis has attracted the attention of some of the most
well-known organic chemists in the world, including Samuel
Danishefsky (Balog et al., 1996; Su et al., 1997), followed by
Nicolaou (Nicolaou et al., 1997; Yang et al., 1997), Schinzer
(Schinzer et al., 1997), Mulzer (Mulzer et al., 2000) and Carreira
(Bode and Carreira, 2001).

Early investigations indicated that natural epothilones dis-
play poor metabolic stability and unfavorable pharmacokinetic
properties (Lee et al., 2000). Several synthetic and semi-synthetic
analogs were then examined and evaluated in preclinical stud-
ies. Eventually, isosteric replacement of the lactone by a lac-
tam afforded ixabepilone (also known as azaepothilone B) (Lee
et al., 2008). Not only is this drug not susceptible to hydroly-
sis by esterases, conferring metabolic stability, but it also displays
improved water solubility, which greatly alleviate galenic prob-
lems associated with hypersensitivity reaction in patients.

Table 2 | Structures and therapeutic indications of vinca alkaloids.

Name n Q R' R2 R3 R4 R® Therapeutic indication

Vinblastine 2 OH H Et OAc Me OMe  Lymphomas, germ cell tumors, breast, head and neck cancer and testicular
cancers

Vinorelbine 1 Q=R'=¢ (alkene)  Et OAc Me OMe  Osteosarcoma, breast, and non-small cell lung cancers

Vincristine 2 OH H Et OAc CHO OMe Acute lymphoblastic leukemia, rhabdomyosarcoma, neuroblastoma,
lymphomas, and nephroblastoma

Vindesine 2 OH H Et OH Me NH» Melanoma, lung, breast and uterine cancers, leukemia and lymphoma

Vinflunine 1 H H CF,Me  OAc  Me OMe  Bladder cancer
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Laulimalide

«~OH 0 Me
- QE><‘/“\N N\_/ﬁ/COOH
H :
O OH O HN HNL 0 AL

Epothilone A:R=H Hemiasterlin A Pironetin

Epothilone B : R = Me

Dictyostatin

FIGURE 2 | Chemical structures of representative natural compounds that stabilize microtubule assemblies.

Peloruside A

OR'
R20, 2
i @
R NH O ~0
T 2 %)A
Ph Y ) z c
S OH 0Bz

OH
Taxol : R'=H, R2 = Ac, R® = Ph
Taxotere : R' = R2 = H, R® = O-t-Bu
Cabazitaxel : R! = R?= CHj, R® = O-t-Bu

OMe

In 2007, the FDA (but not its European equivalent, European
Medicines Agency or EMA) approved ixabepilone for the treat-
ment of aggressive metastatic or locally advanced breast cancer
no longer responding to currently available chemotherapies.

VINFLUNINE (JAVLOR®)

Vinca alkaloids were the first chemotherapeutic agents that tar-
get microtubules. The first member of this class, vinblastine, was
isolated in 1958 (Noble et al., 1959). Latter, some derivatives, vin-
cristine, vinorelbine, and finally avelbine, were developed to treat
hematological and solid malignancies in both adult and pediatric
patients (Table 1). Vinca alkaloids block the polymerization of
tubulin molecules into microtubules to prevent the formation of
the mitotic spindle.

In the course of their study on the reactivity of functionalized
molecules in superacid media, Jacquesy and collaborators found
that the treatment of vinorelbine with a combination of HF and
SbF5 gave a difluoro analog, later called vinflunine (Scheme 1)
(Fahy et al., 1997). Importantly, this new compound displayed
an enhanced bioavailability compared to other vinca alka-
loids. Indeed, its terminal half-life was calculated to be about
40h and the terminal half-life for its active metabolite (4-O-
deacetylvinflunine) was reported to be 46 days in several phase I
trials (Bennouna et al., 2003, 2005; Johnson et al., 2006).

Resistance to vinflunine develops more slowly than with other
vinca alkaloids. In addition, vinflunine in vitro neurotoxicity is
lower than that of vincristine or vinorelbine (Etiévant et al., 1998,
2001; Esteve et al., 2006). Further development by Pierre Fabre
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SCHEME 1 | Synthesis of vinflunine from vinorelbine (Fahy et al., 1997).

R"H(;\Dl ~‘\\ @ @ \\\L @ \\\@
H R"HN | ) Cl R"HN | ) Cl
Me0,C R R R
Vinorelbine B - B - B -
R"HN |
R’ MeOZC

Vinflunine

and Bristol Myers Squibb laboratories ended with the approval of
vinflunine for the treatment of bladder cancer by the European
Medicines Agency (EMA) in 2009.

ROMIDEPSIN (ISTODAX®)

The cyclic depsi-pentapeptide romidepsin, also called FR901228,
FK228, or NSC 630176, was isolated and identified by Ueda and
colleagues at Fujisawa Pharmaceutical in Japan through a screen-
ing program of fermentation products able to revert the trans-
formed morphology of a Ha-ras NIH3T3 cells to normal (Ueda
etal., 1994). Indeed Ha-ras is an oncogene involved in tumorigen-
esis and consequently represents an important target in oncology.
Importantly, romidespsin displayed potent antitumor activities
against A549 and MCF-7 tumors in xenografted mice. These
results attracted the attention of NCI scientists who continued
to explore its anticancer properties under a Cooperative Research
and Development Agreement with Fujisawa Corporation (now
Astellas).

When romidepsin was discovered, histone deacetylases
(HDAC) were emerging as important targets for the treatment
of cancer (Thaler and Mercurio, 2014). Screening of micro-
bial metabolites for their effects on transcription showed that
romidepsin behaves similarly to trichostatin A, a known HDAC
inhibitor (Nakajima et al., 1998). Romidepsin acts as a prodrug,
which is reduced in cells to its active form by glutathione, yield-
ing a monocyclic dithiol that preferentially inhibits the isoforms
HDACI and HDAC2 (Furumai et al., 2002).

In 2002, when it became established that romidepsin
holds a promising therapeutic potential, Fujisawa Corporation
began clinical trials. Romidepsin was licensed to Gloucester
Pharmaceuticals in 2004 (latter acquired by Celgene Co)

and was approved by the FDA in 2009 for the treat-
ment of cutaneous T-cell lymphoma. The preclinical and clin-
ical development has been described in an excellent review
(Vandermolen et al., 2011).

ECTEINASCIDIN 743 = TRABECTEDIN (YONDELIS®)

In 1969, unidentified alkaloids from the Caribbean tunicate
Ecteinascidia turbinate were shown to display some anticancer
activities, but the structure of these complex alkaloids could not
be determined because of their natural scarcity and the limita-
tion of analytical chemistry at that time (Sigel et al., 1970). In
1990, Rinehart et al. from the University of Illinois at Urbana-
Champaign elucidated the structure and reported the cytotoxi-
city of these tetrahydroisoquinoline alkaloids, the ecteinascidins
(Rinehart et al., 1990). These compounds displayed greater in
vitro and in vivo antitumor activity than those reported for
the structurally related microbial metabolites saframycins and
safracins.

Ecteinascidin 743, also called trabectedin and ET-743, was
then selected for preclinical development based on its exceptional
in vitro cytotoxicity. Pommier et al. at NCI demonstrated that this
drug binds in the minor groove of DNA and alkylates the exo-
cyclic amino group at position 2 of guanine in GC-rich regions
(Scheme 2) (Pommier et al., 1996).

Ecteinascidin 743 was shown to block the DNA excision repair
system (Takebayashi et al., 2001; Zewail-Foote et al., 2001), to
cross-link DNA with topoisomerase 1 (Martinez et al., 1999;
Takebayashi et al., 1999; Zewail-Foote and Hurley, 1999), and
also to inhibit the binding of DNA to some transcription fac-
tors (Bonfanti et al., 1999; Jin et al., 2000; Minuzzo et al,
2000). However, the cascade of events that links DNA damage
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SCHEME 2 | DNA Alkylation by ecteinascidin 743.

to the resulting antitumor activity is far from being understood
(D’Incalci and Galmarini, 2010).

When ecteinascidin 743 was licensed to PharmaMar; this com-
pany launched a very challenging program of aquaculture to
produce sufficient quantities of tunicate biomass to feed clinical
trials program. After several years of intensive development, the
cumulative total biomass reached some 250 metric tons. However,
isolation of ecteinascidin 743 required complex and costly steps
of purification with final yields less than 1g/ton (Cuevas and
Francesch, 2009). Several total syntheses have been reported, but
they cannot be translated into industrial production (Corey et al.,
1996; Endo et al., 2002; Chen et al., 2006; Zheng et al., 2006;
Fishlock and Williams, 2008; Imai et al., 2012; Kawagishi et al.,
2013). Eventually, this supply problem was solved by use of a
complex semi-synthesis from cyanosafracin B, which is avail-
able in kilogram quantities by fermentation (Cuevas et al., 2000;
Menchaca et al., 2003).

Preclinical studies did not reveal that soft tissue sarcoma is
more sensitive to ecteinascidin 743 than other solid tumors.
This response was unveiled first during phase I clinical trials
and confirmed in phase II (Taamma et al., 2001; Villalona-
Calero et al., 2002; D’Incalci and Jimeno, 2003). This drug was
approved under the name of Yondelis in 2007 in the European
Union for the treatment of patients with advanced soft tis-
sue sarcoma. This compound was the first anticancer medicine
of marine origin to be approved. It was followed by eribu-
lin (vide infra), validating the concept that marine natural
products should be considered important contenders in drug
discovery.

CABAZITAXEL (JEVTANA®)

The taxane anticancer drug cabazitaxel is a semi-synthetic deriva-
tive of the natural taxoid 10-deacetylbaccatin III. It was approved
in 2010 by the FDA, in combination with prednisone, for
the treatment of patients with hormone-refractory metastatic
prostate cancer who had already been administered a treatment
containing the taxane docetaxel (Galsky et al., 2010). In 2013,
Vrignaud et al. showed that in vitro, cabazitaxel stabilized micro-
tubules as effectively as docetaxel but was also 10 times more
potent than docetaxel in chemotherapy-resistant tumor cells.
They also noted that cabazitaxel was active in docetaxal-resistant

tumors (Vrignaud et al., 2013). In addition, cabazitaxel pene-
trates the blood-brain barrier. Cabazitaxel was approved 20 years
after taxol, illustrating that there is still room to improve well
established anticancer medicines.

ABIRATERONE ACETATE (ZYTIGA®)

Abiraterone acetate is an oral inhibitor of androgen synthesis used
since 2011 for the treatment of castration-resistant prostate can-
cer. Previous treatments of prostatic cancers prevented androgen
production by the testes, but not by the adrenals. Abiraterone
acetate is rapidly hydrolyzed in vivo to abiraterone, which is a
selective, irreversible inhibitor of cytochrome P450 17a (CYP17),
an enzyme that catalyzes the conversion of pregnenolone and
progesterone into DHEA or androstenedione, two precursors of
testosterone. This drug was originally designed and synthesized
by Jarman et al. at the Institute of Cancer Research in Sutton (UK)
based on the hypothesis that the nitrogen lone pair of a pyridyl
moiety linked to the steroid skeleton would coordinate with the
iron atom of the heme cofactor in the active site of CYP17 (Potter
et al., 1995; Jarman et al., 1998).

The inhibition of CYP17 by abiraterone acetate blocks andro-
gen biosynthesis and significantly improves the therapy of
castration-resistant prostate cancer, which remains a challenge to
treat (Rehman and Rosenberg, 2012). Unfortunately, this CYP17
inhibition also decreases glucocorticoid and increases mineralo-
corticoid production, which results in the main source of adverse
effects.

Since the invention of abiraterone, different steroids bear-
ing a heteroaromatic substituent on the D ring continued to be
developed as CYP17 inhibitors. Among those, galeterone (TOK-
001 or VN/124-1) recently entered clinical trials for the treat-
ment of chemotherapy-naive, castration-resistant prostate cancer
(Figure 3) (Vasaitis and Njar, 2010). Interestingly, this drug not
only inhibits CYP17, but is also an androgen receptor antagonist
(Handratta et al., 2005).

ERIBULIN MESYLATE (HALAVEN®)

In 1985, Uemura et al. isolated and identified norhalichon-
drin A from the marine sponge Halichondria okadai based
on its potent in vitro toxicity (Uemura et al., 1985). Related
polyether macrolides, including halichondrin B (Hirata and
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FIGURE 3 | Structure of galeterone.

Uemura, 1986) were identified in the following years (Qi and
Ma, 2011). Tests with NCI’s 60-cell line screen suggested that
halichondrin B affects tubulin polymerization. Further studies
showed that this drug displays subtle differences in mechanism of
action from those of other known antimitotics targeting tubulin.
Although halichondrin B displayed promising activity, its preclin-
ical investigation has been hampered by its scarcity from natural
sources.

Due to its complexity, the total synthesis of halichondrin
B was considered as an attractive objective by Kishi et al. at
Harvard University. This team achieved this formidable chal-
lenge in 1992 (Aicher et al., 1992). Further collaborative studies
from this group and Eisai Co. ultimately led to the develop-
ment of the simplified and pharmaceutically improved analog
eribulin (Jackson et al., 2009). Although it is less complex than
natural halichondrins, eribulin contains 19 stereogenic centers,
two exocyclic olefins, seven polyoxygenated pyrans and tetrahy-
drofurans, a 22-membered macrolactone ring, and a 36 carbon
backbone. With its 35 steps, eribulin synthesis extended the
limit of feasibility for industrial production. Indeed, eribulin is
the single most complex molecule synthesized at an industrial
scale and represents an awe-inspiring testimony to the current
power of organic synthesis. Eribulin was approved by FDA in
2010 to treat patients with metastatic breast cancer who have
received at least two prior chemotherapy regimens for late-stage
disease.

HOMOHARRINGTONINE = OMACETAXINE MEPESUCCINATE
(CEFLATONIN®)

Toxic seeds of the conifer Cephalotaxus harringtonia K. Koch
varharringtonia belong to the traditional Chinese pharmacopeia.
In observance with Mao Tse-tung’s judgment that Chinese
medicine and pharmacology represent a national treasure that
needs to be valorized, Chinese investigators established that the
total alkaloids from Cephalotaxus fortunei Hook.f possesses anti-
tumor activity in preliminary clinical trials (Group, 1976). In the
same period, National Cancer Institute (NCI) scientists found
that Cephalotaxus harringtonia seed extracts displayed signifi-
cant in vivo activity against L-1210 and P-388 leukemia tumors
in mice. Powell et al. from the U.S. Department of Agriculture
isolated and identified the structure of cytotoxic Cephalotaxus
alkaloids: harringtonine, isoharringtonine, homoharringtonine,
and deoxyharringtonine (Powell et al., 1970) (Figure 4). These
compounds are esters of cephalotaxine, an inactive alkaloid first
isolated by Paudler et al. in 1963 at Ohio University (Paudler et al.,
1963). Homoharringtonine was found to be the most effective in

Cephalotaxine

Harringtonine : R' =H, R2=0H, n= 1
Isoharringtonine : R' = OH, R2=H,n=1
Homoharringtonine : R' =H, R2=0OH, n=2
Deoxyharringtonine : R' =H, R2=H, n =1

FIGURE 4 | Structures of cytotoxic Cephalotaxus alkaloids.

prolonging survival of P388 leukemic mice (Powell et al., 1972).
Clinical trials performed in China demonstrated the efficacy of
this agent against acute myeloid leukemia (AML), myelodys-
plastic syndrome (MDS), acute promyelocytic leukemia (APL),
polycythemia vera, and central nervous system (CNS) leukemia
(Kantarjian et al., 2013).

Homoharringtonine inhibits protein synthesis (Huang, 1975).
More specifically, it blocks the aminoacyl-tRNA binding to free
ribosomes and monosomes, but not to polyribosomes (Fresno
et al., 1977). Tang et al. demonstrated that decreased expression
of the antiapoptotic factor myeloid cell leukemia-1 (Mcl-1) is a
key event in this antileukemic mechanism of action (Tang et al.,
2006).

In 1998, a Texan biotech company developed the semisynthetic
form of homoharringtonine, designated “omacetaxine mepesuc-
cinate” (Synribo®), and provided a reliable source supply for
clinical investigations by ChemGenex and the M.D. Anderson
Cancer Center (Robin et al., 1999).

This preparation of homoharringtonine [Omacetaxine mepe-
succinate (Synribo®)] has been granted orphan drug status in
Europe and the U.S. to treat chronic myelogenous leukemia
(CML). It was approved by the US FDA in October 2012 for
the treatment of adult patients with CML after failure of two
or more tyrosine kinase inhibitors (for a review on its clini-
cal development, see Kantarjian et al,, 2013). It is interesting
to note that these approvals occurred more than 40 years after
the initial discovery of this compound. Even though omacetax-
ine has a narrow indication in the U.S. and Europe, it has
been part of standard acute myeloid leukemia (AML) ther-
apy in China, which begs for extending its use for additional
indications.

CARFILZOMIB (KYPROLIS®)

In 1992, Bristol-Myers Squibb scientists from Tokyo reported the
structure of epoxomicin, a microbial tetrapeptide appended with
an electrophilic epoxy ketone group. This compound displayed
potent in vivo antitumor activity against murine B16 melanoma
tumors. However, because the mechanism of action could not
be established, its investigation was abandoned, thereby lead-
ing to the publication of the initial discovery. Eventually, BMS
closed the research center in Tokyo. It was a common practice
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during that period for big pharmaceutical companies to close
their departments of natural product chemistry.

In 1999, the potent anticancer activity of epoxomicin attracted
the attention of Craig Crews at Yale University, who designed
the first synthesis of epoxomicin. In the course of this endeavor,
he established the absolute configuration of the epoxide stere-
ocenter and synthesized also a biotinylated probe, which was
used to identify the proteasome as the molecular target of epox-
omicin. The proteasome is a multiprotein complex that degrades
unneeded or damaged proteins by proteolysis. Importantly,
epoxomicin does not display any cross-inhibition with pro-
teases, which is a major problem encountered with other anti-
cancer proteasome inhibitors, such as bortezomib (Velcade®).
The source of this selectivity was elucidated by a crystallo-
graphic approach (Groll et al., 2000). The crystal structure
of the proteasome bound to epoxomicin revealed the for-
mation of a morpholino ring between the amino terminal
threonine of the proteasome and the electrophilic moiety of
epoxomicin, probably through the mechanism displayed in
Scheme 3.

The specificity of epoxomicin toward proteasome prompted
Crews to associate with Caltech professor Raymond Deshaies to
establish a start-up company, Proteolix, dedicated to the develop-
ment of a clinical candidate. During this process, they identified
YU-101, which had better inhibitory activity than bortezomib
(Figure 5). Addition of a morpholine moiety to YU-101 improved
its solubility, thereby creating carfilzomib, which rapidly entered
Phase I and II clinical trials. Importantly, the peripheral neu-
ropathy that was observed with bortezomib did not occur with
carfilzomib. In 2009, Onyx Pharmaceuticals acquired Proteolix
and this compound was approved for the treatment of multiple
myeloma in 2012.

INGENOL MEBUTATE (PICATO®)
Phorbol diesters, such as 12-O-tetradecanoylphorbol-13-acetate
(TPA), rank among the most potent tumor promoters iden-
tified so far (Figure6) (Nishizuka, 1984). These compounds
induce tumor formation by activating protein kinase C (PKC).
Interestingly, a natural compound extracted from Euphorbia
peplus plants, Ingenol mebutate, also activates PKC but with a dif-
ferent pharmacological profile. Indeed, this compound induces
the death of precancerous skin lesions induced by sunlight, called
actinic keratosis.

The sap of Euphorbia peplus (known commonly as petty
spurge) is commonly used as an alternative therapy for skin

diseases in Australia (Weedon and Chick, 1976). In 1998, its effi-
cacy was established for the self-treatment of skin cancers and
actinic keratosis (Green and Beardmore, 1988).

Ingenol mebutate was first identified in 1980 by Evans et al.
from the National Research Center in Cairo (Egypt) (Sayed et al.,
1980). These authors demonstrated also that this compound
is cytotoxic to cancer cells. For more than 20 years, ingenol
mebutate remained poorly investigated, until 2004, when the
lab of Peter Blumberg at NCI showed that it activates PKC iso-
forms, but with a different pharmacological profile than that
of TPA. Importantly, the activation of protein kinase C delta
(PKC3) was shown to promote the production and release of
inflammatory cytokines contributing to the elimination of actinic
keratosis.

At the same time, Eric Raymond in Clichy (France) showed
that ingenol mebutate-induced activation of PKC3 and reduced
expression of PKCa lead to an activation of Ras/Raf/MAPK, an
inhibition of the phosphatidylinositol 3-kinase/AKT signaling
pathways, and ultimately to apoptosis of cancer cells (Benhadji
et al., 2008; Serova et al., 2008; Ghoul et al., 2009).

After few years of preclinical investigations, ingenol mebu-
tate entered clinical trials (Siller et al., 2009) and was eventually
approved by FDA and EMA in 2012 for the topical treatment of
actinic keratosis. This compound is produced by extraction from
the petty spurge plant in low yield (1 g of pure compound/800 kg
of plant). To improve the production of this molecule, Jakob
Felding of LEO pharma associated with Phil Baran from Scripps
Institute to develop an elegant synthesis of ingenol in only 14
steps from inexpensive (+)-3-carene (Jorgensen et al., 2013). This
synthesis has been rapidly scaled-up to kilogram levels (Ritter,
2013).

CONJUGATION OF NATURAL PRODUCTS TO ANTIBODIES OR
FOLIC ACID TO TARGET TUMORS

At the end of 19th century, Paul Ehrlich already considered
the conjugation of a toxin to a compound that selectively tar-
gets a disease-causing organism to generate a “magic bullet”
(“magische kugel”) that would destroy the origin of the disease
without toxicity to healthy tissues in the body (Ehrlich, 1897).
About 60 years later, Mathé et al. conjugated anti-tumor anti-
bodies to the folic acid antagonist, methotrexate (Loc et al.,
1958). Although the experiments in mice were encouraging,
this approach did not attract interest in the scientific commu-
nity and returned to limbo for two decades, until 1975, when
Ghose et al. demonstrated the efficacy of an anticancer alkylating
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agent, chloranbucil, conjugated to an antibody against a mouse
lymphoma (Ghose et al., 1975). The advent of monoclonal anti-
bodies the same year definitely boosted this field of research
(Kohler and Milstein, 1975). Since then, almost every cyto-
toxic agent has been conjugated to antibodies following various
strategies.

After two decades of endeavor, low cytotoxicity, and lack of
specificity of antibodies for their targeted antigens, conjugate
instability, immunogenicity, and heterogeneous product charac-
teristics were identified as important sources of failure in the
clinic (Scott et al., 2012; Ho and Chien, 2014). However, a sig-
nificant step forward was made with the use of extremely highly
toxic agents such as calicheamicin, maytansine, or auristatin
(Figure 7). These drugs are so toxic that they cannot be used by
themselves without a targeting agent.

In 2000, four decades after Mathé’s pioneering work and one
century after Ehrlich’s dream, Wyeth received approval to com-
mercialize Gemtuzumab ozogamicin (Mylotarg®) which results
from the conjugation of a monoclonal antibody targeting CD33
with a calicheamicin derivative. This drug was used for 10
years against acute myelogenous leukemia, before being with-
drawn in 2010, when it was demonstrated that it does not
provide any significant benefit over conventional cancer ther-
apies. In 2011 and 2013, two other immunoconjugates were
marketed: brentuximab vedotin (Adcetris®) and trastuzumab
emtansine (Kadcyla®). The first one targets the protein CD30,
which is expressed in classical Hodgkin lymphoma and sys-
temic anaplastic large cell lymphoma. This antibody is conjugated
to a fully synthetic analog of the antimitotic agent dolastatin
(Figure 7).

Trastuzumab emtansine results of the conjugation of a mono-
clonal antibody targeting the receptor HER2 (a receptor tyrosine-
kinase erbB-2), which is overexpressed mainly in some forms of
breast and gastric cancers to the highly cytotoxic natural prod-
uct maytansine. The development of this class of agents requires
a careful optimization of the monoclonal antibody, the cytotoxic
payload, and the chemical linker (Ducry, 2012). The successful
introduction of immunoconjugates has validated this approach
to treat cancers, and currently as many as 415 antibody—drug
conjugates are under clinical evaluation.

In addition to antibodies, alternative tumor-selective ligands
have been conjugated to anticancer drugs. Based on observa-
tions that cells internalize vitamins, such as folate, by receptor-
mediated endocytosis, Leamon, and Low from Purdue University
demonstrated in 1991, that macromolecules conjugated to folic
acid could be delivered into living cells (Leamon and Low,
1991). Following this seminal observation, hundreds of publi-
cations have improved upon this approach, which is currently
being examined in clinical trials. The efficacy of this tech-
nology lies on the overexpression of the folate receptor in
tumors, while it is quasi-absent in normal tissues. Very impor-
tantly also, folic acid retains a high affinity to its receptor
when it is conjugated via its y-carboxyl (Vlahov and Leamon,
2012).

Early attempts were limited by the release properties of the
conjugates. After two decades of intensive research, some guiding
rules were identified to lead compounds toward clinics:

1. anticancer agents must display a high cytotoxicity (similar to
immunoconjugates);
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FIGURE 7 | Structures of marketed immunoconjugates.
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2. enhanced hydrophilicity, to prevent passive diffusion into nor-
mal tissue;

3. an efficient cleavable linker system that releases the anticancer
drug at a reliable rate once inside the targeted cell;

4. alow molecular weight, to optimize the penetration into solid
tumor tissue with concomitant rapid systemic clearance.

Following these guidelines, five folic acid conjugates have reached
clinical trials, including the most advanced one, vintafolide

(EC145), which is currently in a phase 3 trial in women with
cisplatin -resistant ovarian cancer.

In vintafolide, the highly cytotoxic vinblastine is con-
nected to the folate moiety trough a self-immolative linker
and a peptidic spacer (Figure8). To provide the desired
hydrophilicity to the final drug-conjugate and prevent unspe-
cific internalization, acidic, and basic amino acids such as
aspartic acid and arginine were introduced in the peptide-based
unit.
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The self-destructive linker system is based on a 1,2-elimination
mechanism by reduction of the disulfide bond between the cys-
teine of the spacer and the linker, which occurs in the endosome
through a not fully understood mechanism (Figure 8) (Yang et al.,
2006).

TRADITIONAL HERBAL REMEDIES

In addition to purified molecules, traditional herbal remedies are
slowly emerging in modern Western medicine (Basu, 2004). An
injectible form of an extract of the Chinese medicinal plant Sernen
coicis called Kanglaite® (Kang-Lai-Te) has been used in China as
a lipid emulsion since the end of the 90’s for the treatment of
non-small cell lung, liver, stomach, and breast cancers. It has been
marketed also in the Russian Federation since 2003 and is the
first traditional Chinese herbal remedy to enter into clinical tri-
als in the US. As with many other traditional Chinese medicines,
Kanglaite activity probably results from the combined actions of
multiple pharmacologically active ingredients that have not been
yet identified (Xu, 2011). Over the last decade, other botanical
drugs have entered clinical trials in the West to treat cancers or
other ailments.

NANOPARTICLE DELIVERY OF ANTICANCER DRUGS

Tumor growth requires angiogenesis, i.e., the formation of new
blood vessels. In contrast to normal angiogenesis, newly formed
vessels in tumors display many structural and functional defects,
which permit the leakage of macromolecules. This feature is
referred to as the “enhanced permeability and retention (EPR)
effect” Recent advances in the application of nanotechnology to
medicine enabled the approval of five nanoparticle chemother-
apeutics for cancer (Wang et al., 2012). Four liposomal for-
mulations have been approved for clinical use in oncology:
pegylated liposomal doxorubicin (DOXIL®, Caelyx®), nonpegy-
lated liposomal doxorubicin (Myocet®), and liposomal cytarabine
(DepoCyte®) (Hotheinz et al., 2005). Nab-paclitaxel (Abraxane®)
is an albumin bound approved for the treatment of breast can-
cer and is undergoing clinical trials for other clinical indications.
And finally, Genexol-PM is a polymeric micelle formulation of

paclitaxel composed of block copolymers of PEG and poly-(D,L-
lactic acid) (Kim et al., 2004).

Although nanomedicine is a new discipline, its translation
into clinics has been rapid. A novel generation of nanoparticle
chemotherapeutics is under development and expected to greatly
improve cancer treatments. These new formulations may also
offer novel opportunities for established anticancer drugs (Wang
etal., 2012).

MISSED OPPORTUNITIES AND HOW TO RESCUE THEM

In 2010, Bristol-Myers Squibb stopped the phase III clinical trial
of Tanespimycin, an inhibitor of heat shock protein 90, for the
treatment of multiple myeloma, probably because of the expi-
ration of the patent in 2014. In addition to drug developments
that were terminated because of the shortness of patent life, there
are many interesting drugs that did not reach clinical trial or that
failed in clinical trial because the conceptual tools to correctly per-
form these assays were not available at that time. Indeed, “there
are no bad anticancer agents, only bad clinical trial designs” as
stated by Von Hoff (1998).

Flavaglines, such as rocaglamide, represent a striking example
of natural products that are enjoying reinvigorated investigation
after their original discovery by King et al. from the National
Defense Medical Center of Taiwan (King et al., 1985). The recent
identification of their molecular targets, the scaffold proteins pro-
hibitins and the initiation factor of translation eIF4A, coupled
with a description in Science about the origin of their selective
cytotoxicity in cancer cells should promote further investiga-
tions to unveil their therapeutic usefulness (Basmadjian et al.,
2013; Santagata et al., 2013). However, clinical trials with these
compounds are unlikely unless some structurally original and
patentable analogs are identified. Indeed, clinical trials of non-
patentable compounds are still scarce (Roin, 2009; Cvek, 2012).
For instance, a non-profit company, the Institute for OneWorld
Health, developed in 2007 paromomycin, which is not patentable,
as an effective treatment for visceral leishmaniasis. This was
accomplished with financial support from the Bill and Melinda
Gates Foundation, the Special Program for Research and Training
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in Tropical Diseases of the United Nations Development Program,
the World Bank, and the World Health Organization (Sundar
et al., 2007). GlobalCures is another example of a non-profit
medical research organization, which aims to develop novel and
cost-effective treatments for cancers (Cvek, 2012). State agen-
cies, such as the National Center for Advancing Translational
Sciences are also deeply involved in the development of non-
profitable drugs. Only a radical change in public or international
policy could support the further development of clinically useful
compounds that are currently fated to be traded as generics.

BIOTECHNOLOGY-BASED GENERATION OF NOVEL NATURAL
PRODUCTS

Since the seminal synthesis of aspirin by Gerhardt (1853), all
the natural product derivatives were prepared by total synthesis
or semi-synthesis. Alternate approaches are currently emerging
based on the progress in the deciphering of biosynthetic pathways
and advances in biotechnologies. Currently, only a tiny fraction
of microbes can be cultured with conventional approaches, yet
uncultivated microorganisms represent an attractive source of
novel natural products. It is now possible to isolate large frag-
ments of microbial DNA directly from environmental samples
and to express them in an easily cultured microorganism. This
approach provides access to secondary metabolites that were orig-
inally produced by inaccessible microorganisms. Additionally,
the manipulation of these biosynthetic pathways can lead to
novel natural product derivatives. Metabolic engineering and syn-
thetic biology are poised to revolutionize conventional chemical
and pharmaceutical manufacturing in the coming decade (Yadav
et al., 2012). Recently, methods and concepts of organic synthe-
sis have begun to be integrated to synthetic biology to generate
novel natural product derivatives. Such approaches that merge
biotechnology with organic synthesis are rapidly blooming and
are expected to efficiently generate novel natural product analogs
in the near future (Goss et al., 2012; Kirschning and Hahn, 2012).
A representative example of such an approach has been the use
of an Actinosynnema pretiosum mutant that accepts 3-amino-4-
bromobenzoic acid as a substrate to prepare pharmacologically
active ansamitocin derivatives, which can then be transformed by
classical organic reactions (Scheme 4; Taft et al., 2008).

CONCLUSION

The success of glivec and herceptin in the 90’s announced
the obsolescence of natural products in therapeutics. A decade

later, many cancer patients continue to die and pharmaceutical
companies have reconsidered their position on the potential of
natural products in oncology. Indeed, for too many solid tumors
of advanced grades, the only therapeutic options remain exclu-
sively palliative. There is therefore an urgent need to develop
original medicines.

Some of newly developed agents induce a strong cytotox-
icity targeting conventional targets, DNA (for trabectedin) or
microtubules (for ixabepilone, vinflunine, or eribulin), while
other target specific biochemical events such as steroid biosyn-
thesis (abiraterone acetate), histone remodeling (for romidepsin),
protein translation (homoharringtonine), or degradation (carfil-
zomib). The case of rapamycin derivatives is atypical. These drugs
are not cytotoxic, but can be considered as targeted therapy agents
due to their inhibition of mTOR signaling.

In contrast with targeted therapeutics, which are designed for
a specific type of cancer, the development of natural products
is often more erratic and heavily relies on the skill of pharma-
cologists to unravel their mechanism of action and clinicians to
identify the optimal indication in the clinic.

Over the last 15 years, natural products have been rehabil-
itated by pharmaceutical companies, even though some com-
plementary approaches, such as molecular modeling based drug
design are gaining in momentum. This latter methodology, which
was pioneered by 2013 Nobel laureates, has successfully led to
innovative medicines. When it is possible to predict the 3D
structure of proteins, then it will probably overshadow other
methods for identifying drug candidates. Until then, natural
products should continue to play a major role in drug dis-
covery, especially in the treatment of cancers and infectious
diseases.
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Flavaglines: potent anticancer drugs that target
prohibitins and the helicase elF4A

Flavaglines are complex natural products that are found in several medicinal plants of Southeast Asia in the genus
Aglaia; these compounds have shown exceptional anticancer and cytoprotective activities. This review describes
the significance of flavaglines as a new class of pharmacological agents and presents recent developments in their
synthesis, structure—activity relationships, identification of their molecular targets and modes of action. Flavaglines
display a unique profile of anticancer activities that are mediated by two classes of unrelated proteins: prohibitins
and the translation initiation factor elF4A. The identification of these molecular targets is expected to accelerate
advancement toward clinical studies. The selectivity of cytotoxicity towards cancer cells has been shown to be due
to an inhibition of the transcription factor HSFI and an upregulation of the tumor suppressor TXNIP. In addition,
flavaglines display potent anti-inflammatory, cardioprotective and neuroprotective activities; however, the
mechanisms underlying these activities are yet to be elucidated.

Discovery & pharmacological activities
Flavaglines, also called rocaglamides or roca-
glates, are a family of cyclopenta[f]benzofurans
that are found exclusively in plants of the genus
Aglaia (Meliaceae). These plants are used in tra-
ditional medicine to treat asthma and inflamma-
tory skin diseases [1]. Rocaglamide (1; Ficure I)
was first isolated in 1992 by King and colleagues
based on its potent antileukemic activity [2].
Thus far, more than 100 other natural flavag-
lines have been identified, including silvestrol (9)
which has the peculiarity to be substituted by a
complex pseudo-sugar [3.4]. These compounds
have attracted the attention of biologists due to
their wide profile of biological activities includ-
ing insecticidal, antifungal, anti-inflammatory,
neuroprotective, cardioprotective and, in par-
ticular, anticancer activities. They have also
fascinated synthetic chemists because of the
challenge presented by the complexity of their
highly strained and functionalized structure [3.4].

The most intriguing feature of flavaglines is
the selective cytotoxicity toward cancer cells.
Indeed, as far as we know, all cancer cell lines and
transformed cell lines are sensitive to this cyto-
toxicity, while primary cultures of noncancerous
cells are not affected [4]. Only silvestrol, which is
a very particular flavaglines, has been shown to
be toxic to several normal hematopoietic cells [s).
Such toxicity was not observed with other flavag-
lines such as rocaglamide and its derivatives [6-8].
On the other hand, flavaglines promote the sur-
vival of neurons and cardiac cells when these cells
are exposed to various stressors. These unique

10.4155/FMC.13.177 © 2013 Future Science Ltd

features cannot be explained using our current
understanding of flavagline biochemistry. It
seems that these compounds target a feature that
is consubstantial to the very nature of cancer.

The chemistry and pharmacology of flava-
glines has been the object of several reviews
3.4.9.10]. Over the last year, the pharmacological
investigation of the flavaglines greatly increased,
in particular with the identification of their
molecular targets. The purpose of this article is
to highlight the most recent advances related to
these exciting anticancer agents, with a special
emphasis on their mode of action.

Syntheses
Following Trost’s total synthesis of rocaglamide
(1) in 1990 [11], more than ten different synthetic
approaches have been developed, attesting to the
fascination with these highly compact, function-
alized heterocycles. Flavagline synthesis remains
a challenge as the compounds have two contigu-
ous quaternary chiral centers and cis aryl groups
on adjacent carbons of a strained cyclopentane
ring. Since most of these efforts have already
been reviewed, we will discuss only the most
recent developments in this field [3.4,12).
Magnus successfully achieved Nazarov cycli-
zation of dienone (17) to an intermediate (18) by
the use of acetyl bromide and obtained a yield
of 81% (Ficure 2) [13]. Compound 18, which
encompasses the critical features of flavaglines,
was transformed in six steps into dehydro-
flavagline (19), which has been shown to yield
methyl rocaglate in two steps by Trost [11].
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Figure 1. Representative flavaglines (1-15) and carbaisostere (16).

Key Terms

Prohibitins: Scaffold proteins
that perform different functions
depending on their
post-translational modifications,
which are under the control of
many signaling pathways. These
modifications dictate the
localization of prohibitins in the
cytoplasm, mitochondria,
nucleus, endoplasmic reticulum
and plasma membrane.
Prohibitins exist as two isoforms,
which have been involved in the
etiology of cancers, inflammatory
and metabolic diseases. They are
also deeply involved in the
promotion of survival against
many stresses.

elF4A: Subunit of the
heterotrimeric elF4F complex
involved in the recruitment of
mRNA to ribosomes. It
functions as a helicase to unwind
double-stranded RNA during the
initiation of protein synthesis.
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Recently, Porco and colleagues improved their
biomimetic [3+2] photocycloaddition between
3-hydroxyflavones and cinnamate dipolar-
ophiles to obtain an intermediate that leads to a
flavagline by an acyloin rearrangement (Ficure 3)
(14]. To induce chirality, these authors used a
chiral catalyst (TADDOL), which complexes
hydroxyflavone in such a way that it promotes
the [3+2] cycloaddition in an enantioselective
manner.

Another significant improvement of this
methodology was provided by Tremblay and
colleagues, who used flow chemistry to produce
tens of grams of photoadducts over the course of
only a few hours [15].

Molecular targets of flavaglines & their
mechanism of action

In 2012, Li-Weber and colleagues used affin-
ity chromatography and identified prohibitins
(PHBs) as the molecular targets of flavaglines
116]. PHBs are scaffold proteins that exist as two

Future Med. Chem. (2013) 5(18)

NMe,

12 (IMD-026259)

isoforms, PHB1 and PHB2 [17]. Both proteins
interact with each other and with numerous other
proteins in several cellular compartments. PHB
function is regulated through post-translational
modifications induced by the signaling of Ak,
CamK IV, PKC-8, and by insulin, IGF1, EGF,
TGEF-B, and IgM receptors. These modifications
modulate the affinity of PHBs for specific lip-
ids and control their intracellular localization.
In mitochondria, PHBs regulate respiration,
protein metabolism, and possibly, resistance
to oxidative stress. In the nucleus, PHBs inter-
act with several transcription factors, histone
deacetylases, histone methyltransferases, tran-
scriptional corepressors and minichromosome
maintenance proteins to regulate transcription
and DNA synthesis. In the cytoplasm, PHBs
regulate the activity of many signaling proteins
such as the kinases c-Raf, Akt and MLK2, the
phosphatase Shp1/2, the chaperones Hsp70 and
mortalin/Grp75, the phospholipase Cy2, and
the magnesium channel TRPMG [17].
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Flavaglines: potent anticancer drugs that target prohibitins & the helicase elF4A

The role of PHBs in the etiology of cancer is
complex. On one hand, they exhibit antitumor-
igenic effects by activating the tumor suppressors
p53, Rb, p107 and p130, and inhibiting DNA
replication; however, on the other hand, they may
also enhance tumorigenesis by promoting the acti-
vation of c-RAF, the survival of prostate cancer
cells, as well as the resistance to taxoids [17].

Li-Weber and colleagues demonstrated that
the binding of flavaglines to PHBs blocks their
heterodimerization with the kinase c-Raf [16].
However, this protein—protein interaction is nec-
essary for Ras to phosphorylate c-Raf (Ficure 4).
Consequently, flavaglines inhibit Ras-c-Raf-
MEK-ERK signaling, which is critical for the
survival of many cancer cell types.

Indeed, this pathway is overactivated in many
human cancers, and represents an important

MeO
OMe EtP(O)(OEY),, n-BuLi
O A\ 90%
MeO o OMe

target in oncology [18]. Whether flavaglines
modulate the interaction of PHBs with other
partner proteins is currently under investigation.

While the synthesis of many proteins requires
a minimal amount of elF4A, a subset of mRNA
coding for proteins that are particularly involved
in cell progression, resistance to apoptosis, and
angiogenesis is highly dependent upon elF4A
for translation. Flavaglines have been known
for many years to inhibit cap-dependent transla-
tion, and in particular the production of CDK4,
CDKaG6, cyclins D1 and D3, cdc25A, Bcl-2, sur-
vivin, Mcl-1, the PIM1/2 kinases, c-Myc, VEGE,
MMP9 and MUCI1-C [16,19-23].

Although these studies suggest that inhibi-
tion of cap-dependent translation is an impor-
tant component of the anticancer mechanism
of flavaglines, the significance of the depletion

P(O)(OEY),

PhCHO,
LiCl, DBU
—_—
74% MeO

(O NP~
o
<
o

1) DBDMH 1) NaOMe, MeOH
2) DBDMH, PhCl, AIBN 2) Trichloroisocyanuric acid, hv
88%
53%
Figure 2. Magnus’ synthesis of flavaglines based on Nazarov cyclization.
Adapted with permission from [13] © American Chemical Society (2012).
future science group www.future-science.com 2187
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hv

| tetrakis-9-phenanthrenyl TADDOL

69%, 3:1 dr

1) NaOMe, MeOH
2) Me,NBH(OAc),

52%, 71%, ee

Figure 3. Porco’s enantioselective biomimetic synthesis.
dr: Diastereomeric ratio; ee: Enantiomeric excess; TADDOL: Tetraaryl-1,3-dioxolane-4,5-dimethanol.
Adapted with permission from [14] © American Chemical Society (2012).

Key Term

HSF1: Transcription factor that
controls expression of genes
involved in the metabolic
reprogramming, survival and
proliferation of cancer cells, in
addition to the transcription of
genes induced by temperature
stress.
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of each of these proteins remains unclear.
Indeed, Lindqvist recently demonstrated that
silvestrol-induced reduction in Mcl-1 does
not significantly contribute to the induction
of apoptosis in immortalized fibroblasts and
normal B lymphoid cells [5]. The depletion of
another anti-apoptotic protein, Bcl-2, is also
not essential to the cytotoxicity of silvestrol
in B-cell malignancy mantle cell lymphoma
[24], chronic lymphocytic leukemia or acute
lymphoblastic leukemia [25]. Both Mcl-1 and
Bcl-2 are known to enhance cell survival by
inhibiting apoptosis.

In 2009, Pelletier and colleagues found that
flavaglines enhance the binding of mRNA to
the helicase eIF4A, which blocks the recycling
of this translation factor and therefore inhibits
cap-dependent translation [20]. In 2013, Riz-
zacasa and colleagues used affinity chroma-
tography to demonstrate that a biotinylated
episilvestrol physically interacts with eIF4A
126). Shortly after this report, Sadlish and col-
leagues independently confirmed this inter-
action with eIF4A [27). Using chemogenomic
profiling, they identified eIF4A as the primary
target of flavaglines in yeast. By mutagenesis,

Future Med. Chem. (2013) 5(18)

they defined residues that are critical for binding
to flavaglines. Interestingly, all of these residues
are located close to one another in proximity
to the mRNA binding site. /z silico modeling
provided a model to explain how the binding of
flavaglines to eIF4A enhances interaction with
mRNAs. This stabilization of the interaction of
elF4A with mRNAs prevents the recycling of
elF4A and consequently results in an inhibition
of translation that opposes the survival of can-
cer cells. Subsequently, Whitesell and colleagues
reported in Science how translational inhibition
selectively affects the proliferation and survival
of cancer cells [28]. Previously, these authors had
demonstrated that the transcriptional factor
HSF1 controls the metabolic reprogramming,
survival and proliferation of cancer cells, in
addition to the transcription of genes in response
to temperature stress, namely the heat-shock
response. They now demonstrated that inhibi-
tion of protein synthesis blocks HSF1, which
acts as a sensor of mRNA translation to coor-
dinate protein synthesis with transcription in
cancer cells. These authors screened more than
300,000 compounds for inhibition of HSF1
signaling and identified rocaglamide (1) as the

fsg

future science group



Flavaglines: potent anticancer drugs that target prohibitins & the helicase elF4A

Chemoresistance

Glucose\
Glucose transporter PHB1
i PHB1 PHB2 Ras FTHS
- c-Raf
. " . 0 |
Selective cytotoxicity Suppression of
for cancer cells ‘Warburg effect’ MEK Inhibition of c-Raf signaling
T 1 l that regulates proliferation
l TXNIP metastasis, resistance to
Inhibitiom of HSF1- ——— Inhibition of lactate ERK apoptosis and angiogenesis
dependant transcription production HO
\ / 2%

Inhibition of the synthesis
of proteins involved in cell-cycle
progression, resistance to apoptosis
and angiogenesis

Cyclins D1/D3

/ \ Translational ~y .-~~~ 0 -~ ©

machinery ) s ¥
CDK4/6 VEGF @ ) D).

i / elF4A : . —
" \ MMP9 + @ \\\5; sy
\ INK o
E2F Survivin \ / -
\ . Bid

cdc25A B

MUCA1-C
SMYC  pimie R

| e

—(_Caspase 8 .— Apoptosis

p38 cytC

Apoptosis
I Procasp 8

Caspase 12
FAD

Death
receptor

cbesy/ ~ r
TRAIL +Hypothetical regulations

Figure 4. Anticancer mechanisms of flavaglines. (A) Inhibition of the activation of c-Raf by Ras. (B,C) Translocation of caspase-12
and AIF to the nucleus to induce apoptosis. (D) Translocation of cytochrome C to induce the intrinsic apoptotic pathway. (E) Activation
of p38-mediated transcription of the pro-apoptotic Bcl-2 family. (F) Activation of JNK, which promotes the transcription of the
pro-apoptotic proteins CDI5 ligand and c-FLIP. (G) Hypothetical inhibition of the translational machinery through an action on
prohibitins. (H) Inhibition of elF4A leading to a downregulation of proteins involved in cell-cycle progression, resistance to apoptosis
and angiogenesis. This inhibition of protein synthesis leads to a reduced activity of transcription factor HSF1 and an upregulation of the
tumor suppressor TXNIP. TXNIP blocks glucose uptake and consequently prevents the ‘Warburg effect’. (1) Hypothetical inhibition of
the chemoresistance mediated by prohibitin 1 at the surface of cancer cells.

Adapted with permission from [17] © Elsevier (2013).
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Key Terms

TXNIP: Tumor suppressor that
inhibits the antioxidant
thioredoxins and regulates
metabolism through suppression
of lipogenesis and glucose
uptake.

Aneuploidy: Abnormal
number of chromosomes.
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most potent and selective hit (IC, ~50 nM).
Further assays were performed with other fla-
vaglines, and among those, rohinitib (4) dis-
played the highest potency (IC, ) ~20 nM).
Interestingly, rohinitib substantially blocked
the transcription of all HSF1-regulated genes
in several cancer cell lines. Importantly, this
effect was much less pronounced in proliferating
non-tumorigenic cells.

In cancer cells, rohinitib reversed the “War-
burg effect’, a metabolic shift that is manifested
by a high rate of glycolysis and an increased pro-
duction of lactic acid. Indeed, rohinitib inhibited
both glucose uptake and lactate production in a
panel of cancer cells, through an upregulation
of the thioredoxin-interacting protein TXNIP.
TXNIP is a tumor suppressor that inhibits
thioredoxin. It is also a key regulator of cel-
lular energy status that blocks glucose uptake.
Importantly, rohinitib promoted transcription
of TXNIP to prevent the “Warburg effect’.

One of the features of flavaglines, perhaps
the most interesting, is the high selectivity of
the cytotoxicity toward cancer and immortal-
ized cells versus normal cells. Whitesell and col-
laborators demonstrated that wild-type mouse
embryonic fibroblasts (MEFs) were less sensitive
to rohinitib cytotoxicity than NfI null mutant
MEFs [28], which overexpress HSF1 due to the
inactivation of tumor suppressor Nfl. These
NfI'- MEFs represent a model of premalignant
cells with early-stage oncogenic lesions.

Aneuploidy, a characteristic of cancer cells,
induces a proteotoxic stress that is alleviated by
HSF1 signaling. Whitesell, Lindquist and col-
laborators demonstrated that trisomic MEFs
were much more sensitive to rohinitib than
wild-type MEFs (28], through an inactivation of
HSF1 signaling. Importantly, patient-derived
colon cancer cell lines with high chromosomal
instability were particularly sensitive to rohinitib.

Both PHBs and the cellular translation
machinery represent emerging targets in oncol-
ogy 17.29]. Indeed, the dysregulation of both of
these targets has been established to be involved
in the etiology of cancers. In addition, PHBs
and elF4A are overexpressed in many types
of cancers. PHBI is now being considered as
a biomarker of malignant tumors with poor
prognosis [30,31].

Unanswered questions regarding
anticancer mechanisms

When Li-Weber and colleagues knocked-down
PHB1 or PHB2 with siRNA, they observed an

Future Med. Chem. (2013) 5(18)

inhibition of cap-dependent translation and
an arrest of cell cycle progression via a deple-
tion of cyclin D3, CDK4, CDKG6 and cdc25A,
mimicking the effects of flavaglines 116]. These
effects may be explained by an inhibition of
the Ras-c-RafF-MEK-ERK-MnK1 pathway that
activates the translation initiation factor eiF-4E.
An alternative explanation could be that PHBs
may also interact with a component of the tran-
scriptional machinery to control protein syn-
thesis, and that flavaglines may modulate this
interaction. While PHBs are known to regulate
mitochondrial translation, an interaction with
the cytoplasmic transcriptional machinery is
currently hypothetical.

Flavaglines trigger apoptosis in cancer cells
through several mechanisms involving cyto-
chrome C [8,32:33], AIF [34], caspase 12 [34] and
the MAP kinases JNK and p38 [7.8]. We do not
know yet whether these effects are subsequent
to an action on PHBI1, PHB2 or eIF4A. In
the course of their medicinal chemistry stud-
ies, Tremblay and colleagues identified fla-
vaglines (such as compound 5) that display a
strong in vitro cytotoxicity without inhibiting
cap-dependent translation [15). These data sug-
gest that in some cell types, cytotoxicity may
be caused by an action on PHBs rather than
on elF4A.

Another intriguing question is related to the
observation that a fluorescent probe (8) accumu-
lates in the endoplasmic reticulum (ER) of HeLa
cells, suggesting two scenarios [34]. This probe
may preferentially bind to PHBs when they are
located in the ER, or it may selectively target
elF4A. It has also not been considered whether
itisan action on eIF4A or PHBs that triggers the
ER stress that is responsible for the activation of
caspase-12 in the ER [34]. Regarding this issue,
another question that needs to be examined con-
cerns the effects of flavaglines on the rerouting
of PHBs in subcellular compartments, and how
it affects PHBs signaling.

Preclinical development of flavaglines
for the treatment of cancer

In a 1998 study involving BC1 breast tumor
implantation in athymic mice, Pezzuto and
colleagues reported that after 3 weeks of fla-
vagline treatment, no further delay of tumor
growth was observed because of development
of treatment resistance in the mice [35]. At that
time, research was focused on cytotoxic agents
that eradicated tumors, and the study of flava-
glines was interrupted until the appearance of
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targeted therapies, when the approach toward
the development of anticancer drugs drastically
changed [36). Indeed, resistance to a treatment in
a mouse model of cancer is not uncommon, even
for drugs that are presently used in the clinic.
Currently, this phenomenon is not considered
sufficient reason to prevent clinical development
of a promising anticancer drug.

Pelletier and colleagues showed that silves-
trol suppresses human tumor growth in MDA-
MB-231 breast cancer xenografts [20]. The
impressive antitumor efficacy may be explained
by the requirement for eIF4A signaling in these
cancer cells, where it is constitutively activated.
This in vivo anticancer activity was further
substantiated by several complementary stud-
ies, which suggest that flavaglines may find an
optimal use in association with another antican-
cer drug to potentiate their activity and prevent
resistance (TasLe 1) [2,4,7,20,22,24,25,28,37-40,101].
Importantly, in all of these preclinical studies,
flavaglines did not show any sign of toxicity
in mice.

The flavagline that has been studied the most
in vivo for its anticancer potential is silvestrol
(TaeLe 1). However, this compound has recently
been found to be sensitive to P-glycoprotein-
mediated multidrug resistance [41]. Fortunately,
flavaglines that are not substituted at position 2
with an ester or an amide are insensitive to multi-
drug resistance and retain excellent cytotoxicity
(FIGURE 5) [34.42.43].

Several academic institutions and, to our
knowledge, only two pharmaceutical com-
panies, IMD Natural Solutions (Dortmund,
Germany) and Infinity Pharmaceuticals (MA,
USA), have explored the in vivo efficacy of fla-
vaglines in preclinical models of cancers. None
of these compounds have reached clinical trials
as of yet.

Cytoprotective activities

Beyond their anticancer effect, flavaglines have
been shown to display potent anti-inflammatory
and neuroprotective activities [6.44]. At nanomo-
lar concentrations, they induce a strong immu-
nosuppression via inactivation of the nuclear
factor of activated T-cells, subsequent to an
activation of the MAP kinases JNK and p38,
although the precise mechanism is undefined
[6]. At higher concentrations, flavaglines also
inhibit NF-kB signaling, which is also involved
in inflammation [1]. Interestingly, Sanders and
colleagues very recently demonstrated that
PHBs interact with the cell receptor CD86 to
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promote NF-kB activation [45]. It is therefore
tempting to speculate that the inhibition of
NF-«B signaling by flavaglines is mediated by
an action on PHBs.

The synthetic flavagline IMD-019064, which
also inhibits NF-kB signaling, was found to
inhibit the release of pro-inflammatory media-
tors from microglia, astrocytes and endothelial
cells [44]. This compound also protects dopami-
nergic neurons in models of Parkinson’s disease
and traumatic brain injury. Subsequent studies
from our group led to the identification of com-
pound 15, which was shown in vitro to protect
neurons from various forms of stress with greater
efficacy than IMD-019064 [43). The German
pharmaceutical company IMD Natural Solu-
tions is currently examining IMD-026259 (12;
Ficure 1) in a preclinical trial for the treatment
of Parkinson’s disease [201]. Many analogs of this
compound have been synthesized, but biological
data have not been disclosed for the majority
(102). Therefore, structure—activity relationship
(SAR) data are unknown, and the exact contri-
bution of the pyrrolidinoethyl moiety remains
obscure.

The authors” group found that flavaglines
not only protect neurons in models of Parkin-
son’s disease, but also against the neurotoxicity
induced by the anticancer drug cisplatin [43].
These findings inspired examination of whether
flavaglines could protect other organs from the
iatrogenicity of cancer chemotherapies, and in
particular, that of the anthracyclines. Indeed,
anthracyclines, such as doxorubicin, are among
the most widely used anticancer medicines, in
spite of their pronounced cardiotoxicity that
may lead to dilated cardiomyopathy and con-
gestive heart failure [46]. We were pleased to find
that the synthetic flavagline FL3 (10; Ficure 1),
which displays strong anticancer activities [34],
also protects cardiomyocytes against various
stressors, including anthracycline cardiotoxic-
ity and serum starvation (47]. Interestingly, the
mechanism of these two stresses are very differ-
ent: doxorubicin induces oxidative stress, while
serum starvation blocks growth factor signaling
that is necessary for cell survival, mimicking an
important component of myocardial ischemia.
In vivo, FL3 greatly reduced mortality and alle-
viated both cardiac apoptosis and fibrosis in a
mouse model of acute cardiotoxicity induced
by doxorubicin [47]. These data indicate that
flavaglines may not only circumvent resistance
to cancer chemotherapies, but also attenu-
ate the iatrogenic effect of these treatments.
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A preliminary investigation into the mechanism
of these cardioprotective effects showed a poten-
tial role for the small heat-shock protein Hsp27.
FL3 strongly induced the phosphorylation of
this chaperone protein, which is a key factor in
the resistance of cardiomyocytes to many types
of stress [48]. Exactly how flavaglines activate

Hsp27 is currently under investigation. Taking
into account the importance of the damaging
effects of cancer treatments, the discovery of
a new class of cytoprotective agents is of para-
mount importance in the clinic, and further
studies to examine this therapeutic potential
are warranted.

Table 1. In vivo activity in murine cancer models.

Compound

3

Rohinitib (4)

5

Silvestrol (9)

Silvestrol (9)

Silvestrol (9)
Silvestrol (9)

Silvestrol (9)

Silvestrol (9)

Silvestrol (9)
Silvestrol (9)
Silvestrol (9)
Silvestrol (9)

Silvestrol (9)

Silvestrol (9)
Silvestrol (9)

13

Murine model of cancer

Rocaglamide (I) P388 lymphocytic leukemia

RMA T lymphoma

MO091 human myeloid
leukemia cells

Ep-Myc/(myr)Akt lymphoma

cells
RPMI-8226 myeloma

L3.6pl pancreatic cancer and

RPMI-8226 myeloma

Ep-Myc/(myr)Akt lymphoma

P388 leukemia
PC3 prostate cancer

Pten*/Ep-Myc lymphoma

Ep-Myc/elF4E lymphoma

Eu-Tcl-1 chronic lymphocytic

leukemia

697 B-ALL acute
lymphoblastic leukemia
MDA-MB-231 breast cancer

PC-3 prostate cancer

MV4-11 acute myeloid
leukemia

Ep-Myc/Tsc2/PIM2
lymphoma
Mantle cell lymphoma

3LL lung carcinoma

Observed effects

Increase in lifetime: T/C of 156%

Potentiation of the effects of concanavalin A
(otherwise inactive) to significantly inhibit tumor
progression

Inhibition of tumor growth and suppression of
glucose uptake

Potentiation of the effects of doxorubicin
(otherwise inactive): increase in lifetime by 9 days
Absence of significant effect

Absence of significant effect

Potentiation of the effects of doxorubicin
(otherwise inactive): increase in lifetime by 7 days
(used in monotherapy, silvestrol did not display any
significant effect)

Increase in lifespan corresponding to a T/C of 150%
Reduction of the mean tumor weight by 60%

Potentiation of the effects of doxorubicin: increase
in lifetime by 5 days compared with doxorubicin
alone (silvestrol alone was inactive)

Potentiation of the effects of doxorubicin: increase
in lifetime by 16 days compared with doxorubicin
alone (silvestrol alone was inactive)

Significant reduction in B-cell number

Increase in lifetime by more than 2 weeks

Considerable suppression of tumor growth after
more than 75 days

Considerable suppression of tumor growth after
more than 50 days

Increase in lifetime by more than 1 month
Impressively, 30% were still alive 74 days after
engraftment (all vehicle-treated mice were dead
31 days after engraftment)

Potentiation of the effects of rapamycin: increase in
lifetime by 6 days compared with rapamycin alone
Increase in lifetime by 2 weeks

Significant suppression of tumor growth

i.p.: Intraperitoneal administration, T/C: Treated versus control.
Adapted with permission from (4] © Elsevier (2012).

Doses Ref.
1 mg/kg [2]
2.5 mg/kg i.p. three times 7]
a week for 2 weeks

1 mg/kg i.p. 4 consecutive [28]
days a week for 3 weeks

0.2 mg/kg i.p. daily for [37]
5 days

0.2 mg/kg i.p., 5 days/ (38]
week for 3 weeks equals
maximum tolerated dose

0.2 mg/kg i.p., 5 days/ (38]
week equals maximum

tolerated dose

0.2 mg/kg i.p. daily for [37]
5 days

2.5 mg/kg i.p. for 5 days [39]
3 mg/kg i.p., three times (101]
per week for 3 weeks

0.2 mg/kg i.p. daily for [41]
5 days

0.2 mg/kg i.p. daily for [40]
5 days

1.5 mg/kg i.p. daily for (25]
5 days

1.5 mg/kg i.p. every other (2]
day

0.5 mg/kg i.p. daily for (20]
8 consecutive days

0.5 mg/kg i.p. daily for [20]
8 consecutive days

1.5 mg/kg i.p. every other [40]
day for 3 weeks

0.2 mg/kg i.p. daily for [22]
7 days

1.5 mg/kg i.p. every other [24]
day

25 mg/kg i.p. twice a [41]
week for 17 days
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o
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Figure 5. Key structure-activity relationships findings related to flavagline

antiproliferative activity.

ADME: Absorption, distribution, metabolism and excretion.
Adapted with permission from [4] © Elsevier (2012).

It seems paradoxical that flavaglines promote
the death of cancer cells and the survival of nor-
mal cells. It is without doubt their most puz-
zling feature. The recent implication of PHBs,
elF4 and HSF1 provides some clues. It seems
that PHBs fulfill different functions in cancer
cells than in normal cells [17]. In the former, the
migration of PHBI outside the nucleus induces
apoptosis, whereas in the latter, the opposite is
true, leading to the promotion of survival (49]. An
involvement of eIF4A in cytoprotection is also
conceivable. Indeed, another natural product
that inhibits eIF4, pateamine A, displays potent
anticancer, immunosuppressive and cytopro-
tective effects in models of cachexia induced by
IFNy, TNFo or adenocarcinoma tumors [50-52].
One way to delineate the relative contributions
of PHBs and eIF4A in these effects would be to
identify cytoprotective flavaglines that do not
bind to PHBs or eIF4A.

SAR studies

Since the release of the preceding reviews, three
articles published in the Journal of Medicinal
Chemistry from John Porco’s laboratory, Martin
‘Tremblay’s group at Infinity Pharmaceuticals and
our own laboratory, have revealed critical SAR
data regarding the anticancer and cytoprotective
activities of flavaglines [373843]. Tremblay and
colleagues explored the anticancer properties of
several silvestrol derivatives and concluded that
this class of flavaglines, substituted by a pseudo-
sugar, display poor absorption, distribution,
metabolism and excretion properties that severely
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limit their development toward clinical applica-
tions (38]. These authors displayed the first SAR
studies describing the influence of substituents at
position 6 on cytotoxicity, and also on the inhi-
bition of cap-dependent translation. They dem-
onstrated for the first time that a substitution at
the 6-position by an electron-withdrawing group
(R'= OOMe, C(O)Me, CN, CI; Ficure 5) signif-
icantly improves antiproliferative activity. While
the inhibition of cap-dependent translation was
globally correlated with antiproliferative activity,
there were some exceptions. For instance, com-
pounds 5 and 6 displayed similar in vitro cyto-
toxicity: 6 effectively inhibited cap-dependent
translation, but 5 did not. These data suggest that
the antiproliferative effect of compound 5 does
not involve eIF4A, but another target, possibly
PHBs. These authors also reported for the first
time that the replacement of the 4-methoxy in
natural flavaglines with a cyano group (R® = CN)
significantly improved in vitro cytotoxicity.
Neither silvestrol, nor synthetic flavagline (7),
display a significant inhibition of the growth of
myeloma RPMI-8226 xenografts in NOD/SCID
mice at their maximum tolerated doses adminis-
tered (0.2 mg/kg intraperitoneally) for 3 weeks
(administered daily x 5 days x 3 weeks). The
authors postulated that the therapeutic window
of these compounds is too narrow, probably due
to inhibition of the synthesis of proteins essential
for the viability of non-cancerous cells. Unfor-
tunately, the iz vivo anticancer activity of com-
pound 5 was not reported. It would have been
very interesting to know whether this compound
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that does not inhibit translation was able to
block tumor growth in vive.

Porco and colleagues synthesized several
rocaglamide hydroxamates and found that com-
pound 4 inhibits cap-dependent translation and
synergizes with doxorubicin in Ep-Myc(Myr)
Akt lymphoma tumors in mice, with an efficacy
similar to silvestrol [37]. Our group also refined
the effect of substituents at positions 1, 4’, and
4" for in vitro cytotoxicity, and examined for
the first time the structural requirements for
cardioprotection and neuroprotection [43]. We
did not find any difference in the relative order
of activity for neuroprotection and cardioprotec-
tion, but identified slight differences in the SAR
for cardioprotection and cytotoxicity in cancer
cells. Overall, each of the cardioprotective flava-
glines was also cytotoxic in cancer cells and vice
versa. We observed some variation only in the
ranking of activities. For instance, compound
I3 (Ficure 1) was found to be more cytotoxic,
but less cytoprotective than compound 14.
Although we do not currently have any experi-
mental evidence, it is tempting to hypothesize
that this difference in biological activity is due
to an action of compound 13 on both eIF4A and
PHBs, and that compound 14 affects only PHBs.
This question is currently under investigation.

Future perspective
Flavaglines display a unique profile of pharmaco-
logical activities and the recent identification of
their molecular targets is a key element for further
development toward clinical investigation. The
most important outstanding issue is probably to
define the clinical context in which they could
be used. Related to this issue is the selectivity of
the cytotoxicity for cancer cells (and why this is
true for all cancer cells). A key step to develop
flavaglines as anticancer agents will be to perform
standard preclinical toxicology assays.
Regarding their application in oncology, it
will be important to determine why, in some
models, these compounds are either totally inef-
fective or may delay tumor growth in mice by
only a few weeks. The appearance of resistance
to treatment does not preclude further devel-
opment, but it is certainly a phenomenon that
needs to be understood. Another important
task will be to deconvolute the precise nature of
flavagline actions on elF4A, PHB1 and PHB2
with regard to their anticancer and iatrogenic
effects. It has been demonstrated that PHBs may
be overexpressed or mutated in some human
tumors. Whether these tumors are particularly

Future Med. Chem. (2013) 5(18)

sensitive to flavagline treatment is another point
to be examined.

The mechanisms of immunosuppression,
cardioprotection and neuroprotection are
also poorly understood. Examination of these
pharmacological effects may unravel novel sig-
naling pathways and lead to a better understand-
ing of the physiology and physiopathology of
the cardiac, nervous and immune systems. Addi-
tionally, such knowledge will greatly facilitate
the preclinical, and possibly the clinical, devel-
opment of flavaglines. Currently, the pharma-
ceutical company IMD Natural Solutions is
intensively investigating the potential of their
lead compound, IMD-026259, in the treatment
of Parkinson’s disease [201].

PHBs have been described to form hetero-
dimers with more than 50 proteins [17]. Among
those, only c-Raf was shown to have its interac-
tion with PHBs blocked [16]. Whether flavaglines
may modulate interactions with other molecular
partners remains to be determined. Such studies
may lead to new therapeutic applications, and
also help to understand their iatrogenic effects.

The structural requirements of flavaglines for
their interactions with eIlF4A, PHB1 and PHB2
are almost completely unexplored. The examina-
tion of these requirements should provide selec-
tive drugs with enhanced pharmacological prop-
erties. A first step in this direction was recently
provided by Sadlish ez 4/., who proposed the first
in silico modeling of the interaction of silvestrol
with the elF4A-mRNA complex [27]. A model of
interactions with PHBs is also anticipated. The
construction of such a model is hindered by the
current absence of solid data regarding the 3D
structure of PHBs. We expect that these model-
ing studies will not only provide drugs that are
selective for each of these three targets, but they
should also facilitate scaffold hopping, which is
critical for the clinical development of flavaglines.
Indeed, it is highly unlikely that a pharmaceutical
company will invest in the clinical development of
such compounds without obtaining intellectual
property regarding their structure. Up to now,
all pharmacologically active flavaglines deriva-
tives have had the same cyclopenta[4]benzofurans
skeleton. Only one isostere had been described
by Novartis scientists (16; Ficure 1), but it is cur-
rently lacking biological data. However, because
this compound was not protected by a patent, it is
likely that it does not exhibit significant biological
activity. From an industrial point of view, devel-
oping a flavagline analog with a novel structure is
probably a prerequisite for clinical development.
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Executive summary

Flavaglines target elF4A & prohibitins

reverses the Warburg effect in cancer cells.

stressors.

Parkinson’s disease.

= Flavagline safety needs to be assessed prior to clinical developments.

= Both prohibitins and elF4A are emerging targets in oncology.
The inhibition of HSF1 signaling is involved in the selectivity of the cytotoxicity of flavagline for cancer

Flavaglines may potentiate the efficacy of cancer chemotherapies & alleviate their adverse effects

= Flavaglines delay tumor growth in several mouse models of cancer when used alone, but their most exciting anticancer properties likely
lie in their ability to reverse the resistance to established chemotherapeutic agents in mice.

= Flavaglines protect neurons and cardiomyocytes from the adverse effects of cisplatin and doxorubicin, respectively.

= Recently, flavaglines were shown to target two families of unrelated proteins: prohibitins and the translation initiation factor elF4A.

= The inhibition of elF4A by flavaglines suppresses the transcriptional activity of HSF1, upregulates the tumor suppressor TXNIP and

Flavaglines display pronounced anti-inflammatory, neuroprotective & cardioprotective activities
= Flavaglines were shown to have potent anti-inflammatory activities, and also to protect neurons and cardiomyocytes against various

= The synthetic flavagline IMD-026259 is currently under intensive investigation by a pharmaceutical company for the treatment of

References

Papers of special note have been highlighted as:
= of interest

== of considerable interest

1 Baumann B, Bohnenstengel F, Siegmund D
et al. Rocaglamide derivatives are potent
inhibitors of NF-kB activation in T-cells.
J. Biol. Chem. 277(47), 44791-44800
(2002).

2 King ML, Chiang CC, Ling HC, Fujita E,
Ochiai M, McPhail AT. x-ray crystal
structure of rocaglamide, a novel
antileukemic 1H-cyclopenta[4]benzofuran
from Aglaia elliptifolia. Chem. Commun.
20(1982), 1150-1151 (1992).

3 Ebada SS, Lajkiewicz N, Porco JA Jr, Li-
Weber M, Proksch P. Chemistry and biology
of rocaglamides (= flavaglines) and related
derivatives from Aglaia species (Meliaceae).
Prog. Chem. Org. Nat. Prod. 94, 1-58 (2011).

4 Ribeiro N, Thuaud F, Nebigil C, Désaubry
L. Recent advances in the biology and
chemistry of the flavaglines. Bioorg. Med.
Chem. 20(6), 1857-1864 (2012).

5 Lindqvist LM, Vikstrom I, Chambers JM 10
et al. Translation inhibitors induce cell death
by multiple mechanisms and Mcl-1 reduction

is only a minor contributor. Cell. Death. Dis.
3, ¢409 (2012).

Proksch P, Giaisi M, Treiber MK et al.
Rocaglamide derivatives are
immunosuppressive phytochemicals that target
NE-AT activity in T cells. /. Immunol, 174(11),
7075-7084 (2005).

Zhu JY, Giaisi M, Kohler R ez al. Rocaglamide
sensitizes leukemic T cells to activation-
induced cell death by differential regulation of
CD95L and ¢-FLIP expression. Cell Death
Differ. 16(9), 1289-1299 (2009).

Zhu JY, Lavrik IN, Mahlknecht U et 2. The
traditional Chinese herbal compound
rocaglamide preferentially induces apoptosis in
leukemia cells by modulation of mitogen-
activated protein kinase activities. /nz. J. Cancer
121(8), 1839-1846 (2007).

Kim S, Salim AA, Swanson SM, Kinghorn
AD. Potential of cyclopenta[6]benzofurans
from Aglaia species in cancer chemotherapy.
Anticancer. Agents Med. Chem. 6(4), 319-345
(20006).

Proksch P, Edrada R, Ebel R, Bohnenstengel F,
Nugroho B. Chemistry and biological activity
of rocaglamide derivatives and related

11

compounds in Aglaia species (Meliaceae). Curr.
Org. Chem. 5, 923-938 (2001).

Trost BM, Greenspan PD, Yang BV, Saulnier
MG. An unusual oxidative cyclization. A
synthesis and absolute stereochemical
assignment of (-)-rocoglamide. /. Am. Chem.

Soc. 112(24), 9022-9024 (1990).

Malona JA, Cariou K, Spencer WT III,
Frontier AJ. Total synthesis of (+)-rocaglamide
via oxidation-initiated nazarov cyclization.

J. Org. Chem. 77(4), 1891-1908 (2012).

Magnus P, Freund WA, Moorhead EJ, Rainey
T. Formal synthesis of (+)-methyl rocaglate
using an unprecedented acetyl bromide
mediated nazarov reaction. /. Am. Chem. Soc.
134(14), 6140-6142 (2012).

Lajkiewicz NJ, Roche SP, Gerard B, Porco JA.
Enantioselective photocycloaddition of
3-hydroxyflavones: total syntheses and absolute
configuration assignments of (+)-ponapensin
and (+)-elliptifoline. /. Am. Chem. Soc.

134(31), 13108-13113 (2012).

Liu T, Nair SJ, Lescarbeau A ez al. Synthetic
silvestrol analogues as potent and selective

protein synthesis inhibitors. /. Med. Chem.
55(20), 8859—8878 (2012).

future science group

www.future-science.com

2195



Basmadjian, Thuaud, Ribeiro & Désaubry

16 Polier G, Neumann J, Thuaud F ez al. The
natural anticancer compounds rocaglamides
inhibit the RAF-MEK-ERK pathway by
targeting prohibitin 1 and 2. Chem. Biol.
19(9), 1093-1104 (2012).

== Identification of prohibitins as a molecular
target of flavaglines.

17 Thuaud F, Ribeiro N, Nebigil CG,
Désaubry L. Prohibitin ligands in cell death
and survival: mode of action and therapeutic
potential. Chem. Biol. 20(3), 316-331
(2013).

== Comprehensive overview of the
physiological and physiopathological roles
of prohibitins, including a description of
prohibitins ligands.

18  Matallanas D, Birtwistle M, Romano D
et al. RAF family kinases: old dogs have
learned new tricks. Genes Cancer 2(3),
232-260 (2011).

19 Bordeleau ME, Robert F, Gerard B ez al.
Therapeutic suppression of translation
initiation modulates chemosensitivity in a
mouse lymphoma model. /. Clin. Invest.
118(7), 26512660 (2008).

= Demonstration that flavaglines inhibit
elF4A.

20 Cencic R, Carrier M, Galicia-Vazquez G
et al. Antitumor activity and mechanism of
action of the cyclopenta[é]benzofuran,
silvestrol. PLoS ONE 4(4), €5223 (2009).

21 Nasr Z, Robert F, Porco JA Jr., Muller WJ,
Pelletier J. eIF4F suppression in breast
cancer affects maintenance and progression.

Oncogene 32(7), 861-871 (2012).

22 Schatz JH, Oricchio E, Wolfe AL et al.
Targeting cap-dependent translation blocks
converging survival signals by AKT and
PIM kinases in lymphoma. /. Exp. Med.
208(9), 1799-1807 (2011).

23 Jin C, Rajabi H, Rodrigo CM, Porco JA Jr.,
Kufe D. Targeting the eIF4A RNA helicase
blocks translation of the MUC1-C
oncoprotein. Oncogene 32(17), 2179-2188
(2012).

24 Alinari L, Prince CJ, Edwards RB ez al.
Dual targeting of the cyclin/Rb/E2F and
mitochondrial pathways in mantle cell
lymphoma with the translation inhibitor
silvestrol. Clin. Cancer Res. 18(17),
4600-4611 (2012).

25 Lucas DM, Edwards RB, Lozanski G et /.
The novel plant-derived agent silvestrol has
B-cell selective activity in chronic
lymphocytic leukemia and acute
lymphoblastic leukemia iz vitro and in vivo.
Blood 113(19), 4656—4666 (2009).

26 Chambers JM, Lindqvist LM, Webb A,
Huang DCS, Savage GP, Rizzacasa MA.

2196

27

28

29

30

31

32

33

34

35

36

Synthesis of biotinylated Episilvestrol:

highly selective targeting of the translation

factors eIF4AI/I1. Org. Lett. 15(6), 37
1406-1409 (2013).

Identification of eIF4A as a molecular
target of flavaglines.

Sadlish H, Galicia-Vazquez G, Paris CG

et al. Evidence for a functionally relevant
rocaglamide binding site on the eIF4A-RNA 38
Complex. ACS Chem. Biol. 8 (7), 1519-1527
(2013).

Confirmation that eIF4A is a molecular
target of flavaglines. 39

Santagata S, Mendillo ML, Tang YC ez al.

Tight coordination of protein translation

and HSF1 activation supports the anabolic
malignant state. Science 341(6143), 1238303 40
(2013).

Demonstration that the inhibition of HSF1
signaling is involved in the selectivity of
the cytotoxicity of flavaglines for cancer.

Ruggero D. Translational control in cancer 4
etiology. Cold Spring Harb. Perspect. Biol.
5(2) (2013).

Guo F, Hiroshima K, Wu D et 2/. Prohibitin

and its rapidly emerging role as a biomarker

of systemic malignancies-reply. Hum. Pathol.
44(4), 679-680 (2013). 4

Kapoor S. Prohibitin and its rapidly
emerging role as a biomarker of systemic
malignancies. Hum. Pathol. 44(4), 678—679
(2013).

Barnhart KF, Christianson DR, Hanley PW
et al. A peptidomimetic targeting white fat
causes weight loss and improved insulin
resistance in obese monkeys. Sci. Transl.
Med. 3(108), 108rall2 (2011).

Mi Q, Su BN, Chai H ¢t al. Rocaglaol
induces apoptosis and cell cycle arrest in
LNCaP cells. Anticancer Res. 26(2A),
947-952 (2006).

Thuaud F, Bernard Y, Turkeri G ez al.
Synthetic analogue of Rocaglaol displays a

43

potent and selective cytotoxicity in cancer
cells: involvement of apoptosis inducing
factor and Caspase-12. J. Med Chem, 52(16),
51765187 (2009).

First demonstration of a cardioprotective 4
activity of flavaglines.

Lee SK, Cui B, Mehta RR, Kinghorn AD,
Pezzuto JM. Cytostatic mechanism and
antitumor potential of novel
1H-cyclopenta[b]benzofuran lignans
isolated from Aglaia elliptica. Chem. Biol.
Interact. 115(3), 215-228 (1998).

Gutierrez ME, Kummar S, Giaccone G.
Next generation oncology drug
development: opportunities and challenges.

Future Med. Chem. (2013) 5(18)

Nat. Rev. Clin. Oncol. 6(5), 259-265
(2009).

Rodrigo CM, Cencic R, Roche SP, Pelletier
J, Porco JA. Synthesis of rocaglamide
hydroxamates and related compounds as
eukaryotic translation inhibitors: synthetic
and biological studies. /. Med. Chem., 55(1),
558-562 (2012).

Liu T, Nair SJ, Lescarbeau A ez al. Synthetic
silvestrol analogues as potent and selective
protein synthesis inhibitors. /. Med. Chem.
55(20), 8859-8878 (2012).

Hwang BY, Su BN, Chai H ez al. Silvestrol
and episilvestrol, potential anticancer
rocaglate derivatives from Aglaia silvestris.

J. Org. Chem. 69(10), 3350-3358 (2004).

Alachkar H, Santhanam R, Harb JG et al.
Silvestrol exhibits significant in vivo and
in vitro antileukemic activities and inhibits
FLT3 and miR-155 expressions in acute
myeloid leukemia. /. Hematol. Oncol. 6, 21
(2013).

Gupta SV, Sass EJ, Davis ME et al.
Resistance to the translation initiation
inhibitor silvestrol is mediated by ABCB1/P-
glycoprotein overexpression in acute
lymphoblastic leukemia cells. AAPS J. 13(3),
357-364 (2011).

Thuaud F, Ribeiro N, Gaiddon C, Cresteil
T, Désaubry L. Novel flavaglines displaying
improved cytotoxicity. /. Med. Chem. 54,
411-415 (2011).

Ribeiro N, Thuaud F, Bernard Y ez al.
Flavaglines as potent anticancer and
cytoprotective agents. /. Med. Chem. 55,
10064-10073 (2012).

First structure—activity relationship data
of flavaglines for cardio- and

neuro-protection.

Fahrig T, Gerlach I, Horvath E. A synthetic
derivative of the natural product rocaglaol is
a potent inhibitor of cytokine-mediated
signaling and shows neuroprotective activity
in vitro and in animal models of Parkinson’s
disease and traumatic brain injury. Mol.

Pharmacol. 67(5), 1544—1555 (2005).

First demonstration of a neuroprotective
activity of flavaglines.

Lucas CR, Cordero-Nieves HM, Erbe RS
et al. Prohibitins and the cytoplasmic
domain of CD86 cooperate to mediate
CD86 signaling in B lymphocytes.

J. Immunol. 190(2), 723-736 (2013).

Minotti G, Menna P, Salvatorelli E,
Cairo G, Gianni L. Anthracyclines:
molecular advances and pharmacologic
developments in antitumor activity and
cardiotoxicity. Pharmacol. Rev. 56(2),
185-229 (2004).

future science group



Flavaglines: potent anticancer drugs that target prohibitins & the helicase elF4A I REVIEW

47

48

49

Bernard Y, Ribeiro N, Thuaud F ez al.
Flavaglines alleviate doxorubicin
cardiotoxicity: implication of Hsp27. PLoS
ONE 6, 25302 (2011).

First demonstration of a cardioprotective

activity of flavaglines.

Kostenko S, Moens U. Heat shock protein 27
phosphorylation: kinases, phosphatases,
functions and pathology. Cell. Mol. Life Sci. 66,
3289-3307 (2009).

Fusaro G, Dasgupta P, Rastogi S, Joshi B,
Chellappan S. Prohibitin induces the
transcriptional activity of p53 and is exported
from the nucleus upon apoptotic signaling.

J. Biol. Chem. 278(48), 47853—47861 (2003).

Di Marco S, Cammas A, Lian X]J ez al. The
translation inhibitor pateamine A prevents
cachexia-induced muscle wasting in mice. Naz.

Commun. 3, 896 (2012).

Lindqvist L, Pelletier J. Inhibitors of translation
initiation as cancer therapeutics. Future Med.
Chem. 1(9), 1709-1722 (2009).

Romo D, Choi NS, Li S, Buchler I, Shi Z, Liu
JO. Evidence for separate binding and
scaffolding domains in the immunosuppressive
and antitumor marine natural product,
pateamine a: design, synthesis, and activity
studies leading to a potent simplified derivative.
J. Am. Chem. Soc. 126(34), 10582-10588
(2004).

m Patents

101 Baiocchi RA, Patton JT Jr, Lucas DM,
Kinghorn D, Grever M: W0O2013016658
(2013).

102 Wabnitz P, Gehling M, Henkel T, Schmitz
ML: WO2010063471 A1 (2010).

m Website

201 IMD-026259: an innovative drug for disease-
modifying treatment of Parkinson’s disease.
www.michaeljfox.org/foundation/grant-
detail.php?grant_id=1020

future science group

www.future-science.com

2197



268



BOOK CHAPTER

Synthesis and pharmacology of flavaglines

Basmadjian, C., Zhao, Q., De Gramont, A., Serova, M., Raymond, E., Vagner, S., Robert, C.,

Nebigil, C. G., Désaubry, L., Bioactive Natural Products: Chemistry & Biology, Brahmachari,
G., Ed. John Wiley & Sons, 2015.

Copyright © 2015 by John Wiley & Sons, Inc.

269



270



7
Bioactive Flavaglines: Synthesis and Pharmacology

Christine Basmadjian, Qian Zhao, Armand de Gramont, Maria Serova, Sandrine Faivre,
Eric Raymond, Stephan Vagner, Caroline Robert, Canan G. Nebigil, and Laurent Désaubry

71
Introduction

A recent survey of the first-in-class medicines approved over the last decades
indicates that a quarter of them are derivatives of natural products [1]. This report
clearly demonstrates the importance of these compounds in the development of
new drugs. Indeed, natural compounds display certain notable advantages com-
pared to synthetic drugs [2]. Firstly, natural products are secondary metabolites
that were selected through evolution to act as chemical weapons or signaling
molecules, with the ability to reach their receptor in the targeted organism.
As such, they often have the ability to cross biological membranes. Many of
these are suspected to be substrates of membrane transporters. This is an
important issue, because natural compounds that are identified on the basis of
in vitro pharmacological assays are often also active in vivo. Secondly, natural
products, in general, have more chiral centers, more varied ring systems, a
higher ratio of Csp3/Csp?, less nitrogen, and more oxygen atoms than synthetic
drugs. This structural complexity provides excellent opportunities to explore
new areas of chemical space and to generate original and therefore patentable
compounds.

Although natural products had traditionally been invaluable as a source
of medicines, the development of new natural compounds in oncology was
interrupted for over 10 years with the advent of targeted therapies [2]. After
the approval of Topotecan in 1996, the development of other natural products
essentially came to a stop because of the nearly exclusive focus on targeted
therapies by the pharmaceutical industries. However, because targeted therapies
did not fulfill all their expectations, natural product derivatives returned to front
stage. This is evident from the approval of 14 of these compounds between 2007

Bioactive Natural Products: Chemistry and Biology, First Edition. Edited by Goutam Brahmachari.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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and 2013 for use in oncology [2]. Since the initial report of rocaglamide (1) by
King and collaborators in 1992 [3], there has been growing interest from chemists
and biologists in this unique class of cyclopenta[b]benzofurans called flavaglines
(or sometimes, rocaglamides or rocaglates). Figure 7.1 offers a glimpse of certain
significant natural and synthetic flavaglines.

The flavaglines are a family of more than 100 cyclopenta[b]benzofurans found
in Asian plants of the genus Aglaia (Meliaceae). These compounds display potent
insecticidal, antifungal, anti-inflammatory, neuroprotective, cardioprotective, and
above all, anticancer activities. Their most intriguing feature is the selectivity of
their cytotoxicity toward cancer cells. Indeed, as far as we know, all cancer cell
lines and transformed cell lines are sensitive to this cytotoxicity, while primary
cell cultures of noncancerous cells are not affected. This selective cytotoxicity was
first described by Marian and collaborators [4]. It has also been observed that
flavaglines promote the survival of neurons and cardiac cells toward many types
of stresses. This unique feature is not rationalized with our current state of knowl-
edge; it seems that these compounds target a feature that is consubstantial to the
nature of the cancer itself.

The chemistry and pharmacology of flavaglines has been the object of several
reviews [5-9]. Over the last year, we observed acceleration in the pharmacolog-
ical investigation of the flavaglines, marked in particular by the identification of
their molecular targets. The purpose of this article is to highlight the most recent
advances on these exciting anticancer agents, with a special emphasis on their
mode of action.

7.2
Biosynthetic Aspects

Along with flavaglines, aglaforbesins 18 and aglains 19 are also characteristic
metabolites of the genus Aglaia (Scheme 7.1). The term flavagline proposed
by Harald Greger from the University of Vienna, originally covered these
three groups of compounds [10] but over time, it has tended to solely refer to
cyclopenta[b]benzofurans because of their distinctive pharmacological activities.
These three families of secondary metabolites display the same patterns of
substitution and stereochemical relationships. Proksch was the first to propose a
biosynthetic pathway that begins with the condensation of hydroxyflavone (14)
with a cinnamic amide (15) to afford an aglain (16) that may undergo an a-ketol
rearrangement to yield a flavagline 17 [11]. Reduction of intermediary ketones,
possibly by NADPH, would generate the diols 18, 19, and 20. Aglaforbesins are
also probably generated by the same process, but with an addition of the cinnamic
amide on the hydroxyflavone that occurs with the opposite orientation.
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Figure 7.1 Representative natural (1-6) and synthetic (7-13) flavaglines.
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‘ NADPH NADPH NADPH

18 OMe

Aglaforbesin Aglain Flavagline
Scheme 7.1 Hypothetical biosynthesis of flavaglines and related aglaforbesins and aglains.

7.3
Synthesis of Flavaglines

7.3.1
Chemical Syntheses

The first total synthesis of a flavagline, rocaglamide (1), was described in 1990
by Trost et al. [12]. Since then, multiple laboratories were attracted by this
challenge due to the complexity of this structure characterized by two contiguous
quaternary chiral centers and two adjacent aryl groups in cis-orientation on the
cyclopentane ring (Scheme 7.2).

Trost’s approach relies on the enantioselective [3+2]-cycloaddition of a
trimethylenemethane derivatives generated from 22 with the oxazepinedione
21 (Scheme 7.2). Subsequent transformations, including the condensation of
3,5-dimethoxyphenol to cyclopentanone 23, gave access to the flavaglines’
skeleton but with an incorrect configuration compared to the natural product.
Six additional steps afforded rocaglamide (1) with the desired stereochemistry via
a dehydro-intermediate 25. Despite these long and multiple steps, this synthesis
remains the only enantiospecific one to date.

Since Trost’s synthesis, more than 10 syntheses of flavaglines have been
described. In 1992, Taylor et al. developed a racemic synthesis of rocaglamide
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Scheme 7.2 Trost’s enantioselective synthesis of rocaglamide [12].
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Scheme 7.3 Taylor's synthesis of rocaglamide (1) [13].
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which was later improved by Dobler’s group in 2001 [13, 14]. Taylor’s strategy
begins with a Hoesch reaction between cyanohydrin 26 and phloroglucinol to
afford benzofuranone 27 (Scheme 7.3) [13]. Aldehyde 28, obtained by a Michael
addition, was converted to the cyclopentanone 29 after cyclization and Swern
oxidation. Silylation was followed by enolate formation, sequential addition of
carbon disulfide and iodomethane, and treatment with sodium methoxide gave
pB-keto ester 30, which was converted to rocaglamide (1) in the next two steps.

Dobler and colleagues [14] modified the previous strategy using cyanohydrin
31 in an umpolung reaction to generate the cyclopentanone 29 (Scheme 7.4) after
deprotection. This ketone was treated with Stiles’ reagent to give the ester 30,
which was then transformed into rocaglamide (1) in three steps.

In 2008, Qin and his group [15] further modified Taylor’s synthesis by intro-
ducing a methoxycarbonyl to the Michael acceptor, therefore circumventing
Stiles carboxylation. Condensation of benzofuranone 27 with the dimethyl
2-benzylidenemalonate afforded the adduct 32, which underwent a pinacol
coupling promoted by Sml, giving access to 30 (Scheme 7.5).

In 2004, Ragot’s group [16] published a synthesis of flavaglines based on an
intramolecular hydroxyepoxide opening. Cyclopentenone 35 was obtained in two
steps from bromoketone 33 and triphenylphosphorane 34. Heating p-ketoester
35 in dimethyl sulfoxide (DMSO), followed by a-bromination and elimination of
HBr afforded the a-bromoenone 36 (Scheme 7.6). Suzuki reaction with boronate
37 provided didemethoxyrocaglaol 40 upon diastereoselective reduction, epoxy-
dation, and hydrogenation with spontaneous cyclization via intermediate 39.

In 2009, Frontier and coworkers [17] established a new synthetic route to
flavaglines based on a Nazarov-type reaction. The investigators used the ben-
zofuranone 27 as a starting material, similarly to Taylor and Dobler. Alkylation
with vinyl magnesium bromide and cleavage of the resulting alcohol provided
the aldehyde 41 (Scheme 7.7). After introduction of the phenylacetylene moiety
and protection of the propargylic alcohol, compound 42 was deprotonated with
tert-butyllithium and quenched with #-Bu; SnCl to afford the key intermediate 43.
The tricyclic skeleton of flavaglines was obtained by a Nazarov-type cyclization
from highly reactive allenyl oxide 45 generated in situ with m-CPBA. The trib-
utylstannyl group was cleaved off during this oxidation-ring closure reaction. The
resulting intermediate 46 gave access to ketoester 30 using palladium-mediated
carbonylation.

Magnus and his group developed another synthesis of flavaglines also based on
a Nazarov reaction. Intermediate 50 was prepared in six steps from the alkyne 48
(Scheme 7.8) [18]. Treatment of compound 50 with SnCl, induced its cyclization
to afford the cyclopentenone 51. Subsequent hydrosilylation, palladium-mediated
introduction of a carboxymethyl group, and hydroxylation afforded the methyl
rocaglate 54.

In 2012, Magnus’ group [19] improved their synthesis of methyl rocaglate with
an unprecedented Nazarov reaction promoted by acetyl bromide. The dienone 56

177
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Scheme 7.4 Dobler’s racemic synthesis of rocaglamide [14].
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Scheme 7.5 Qin’s synthesis of rocaglamide [15].
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Scheme 7.6 Ragot’s synthesis of flavagline skeleton [16].

was converted into the intermediate 57 with 81% yield (Scheme 7.9). Cyclopen-
tenone 58 was then transformed into dehydroflavagline 59 in six steps, which
afforded methyl rocaglate in two steps following Trost’s strategy.

732
Biomimetic Synthesis of Flavaglines

On the basis of Proksch’s [6] proposal for biosynthesis (Scheme 7.1), in 2004,
Porco reported biomimetic synthesis of flavaglines from 3-hydroxyflavones and
cinnamic esters using photochemistry (Scheme 7.10) [20]. Irradiation of 14
with 60 gave the adduct 61 through a [3+2]-cycloaddition reaction. A B-acyloin
rearrangement of this intermediate in basic conditions gave the cyclopentanone
62 which upon diastereoselective reduction gave methyl rocaglate 63. In 2012,
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Scheme 7.7 Frontier's synthesis of rocaglamide based on a Nazarov reaction [17].
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Scheme 7.8 Magnus’ synthesis to access flavaglines [18].
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Scheme 7.9 Magnus’ synthesis of methyl rocaglate by acetyl bromide—mediated Nazarov
reaction [19].

the same group of investigators developed a chiral version of this approach using
the TADDOL (o,00,0-tetraaryl-1,3-dioxolane-4,5-dimethanol) derivative to
prepare 61 in 69% yield and 85.5:14.5 er [21].

733
Synthesis of Silvestrol (6)

In 2007, in the same issue of Angewandte Chemie Porco’s and Rizzacasa’s
groups published a total synthesis of silvestrol (6), a flavagline substituted by
a pseudo-sugar. Both teams used the [3+2]-photocycloaddition to prepare
the cyclopenta[b]benzofuran core of the molecules [22, 23]. The main differ-
ence between Porco’s and Rizzacasa’s approaches lies in the synthesis of the
1,4-dioxanyloxy intermediate.

Rizzacasa and collaborators [22] conceived their approach on the basis of the
periodic cleavage of D-glucose derivative 64 (Scheme 7.11). Reduction of this
intermediate with DIBAL, followed by protection with TBSCI, and O-methylation
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Scheme 7.10 Porco’s biomimetic synthesis of rocaglamide [20].
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Scheme 7.11 Rizzacasa’s synthesis of silvestrol 6 [22].

afforded 65, which was transformed into lactol 66. A Mitsunobu reaction with
compound 67 and deprotection yielded silvestrol 6.

On the other hand, Porco and his group [23] condensed diol 68 with 2-bromo-2-
methoxy acetate to obtain lactone 69, which after reduction with DIBAL, yielded
the lactol 70 (Scheme 7.12).
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Scheme 7.12 Porco’s synthesis of silvestrol 6 [23].

7.4
Pharmacological Properties of Flavaglines

74.1
Anticancer Activity

Rocaglamide (1) was shown to display a potent iz vivo antileukemic activity right
from its discovery [3]. Thereafter, a similar compound, methyl 4’-demethoxy-
3',4’ -methylenedioxyrocaglate (3) was found to delay for 3 weeks the growth of
BC1 breast tumor implanted in athymic mice [24]. Because the tumors were not
eradicated, flavaglines remained aloof from mainstream research works, which
were mainly dedicated at that time to cytotoxic agents. The emergence of targeted
therapies in the following decade modified the evaluation of the therapeutic
potential of cytostatic agents, which prompted flavaglines to exit from limbo
[25]. In many murine cancer models, flavaglines increased lifetime by one to
several weeks and potentiated the efficacy of other anticancer agents (Table 7.1).
Probably, the most impressive result was observed by Pelletier and colleagues
who showed that silvestrol suppresses the growth of xenografted breast tumors
addicted to eIF4A (eukaryotic initiation factor-4A) signaling [26]. Additional
studies indicated that flavaglines might be particularly beneficial to alleviate the
resistance to other chemotherapeutic agents (Table 7.1).

The scaffold proteins prohibitins-1 and 2 (PHB1, PHB2) were identified as
molecular targets of flavaglines by Li-Weber and colleagues [39] at the German
Cancer Research Center (DKFZ). PHB1 and PHB2 form heterodimers and
oligomers with each other and also with numerous other signaling proteins [40].
PHB functions are regulated by the signaling of insulin, IGF1 (insulin-like growth
factor), EGF (endothelial growth factor), TGF-p (transforming growth factor),
and IgM (immunoglobulin M) receptors and also by the kinases Akt, CamK
(calmodulin-dependent protein kinase) IV, and PKC-8. These posttranslational
modifications impact intracellular localization of PHBs by affecting their affinity
for specific lipids. PHBs are essential to maintain the structural and functional
integrity of mitochondria. In the nucleus, PHBs control DNA synthesis and tran-
scription by interacting with many transcription factors, histone deacetylases,
histone methyltransferases, transcriptional corepressors, and minichromosome
maintenance (MCM) proteins. In addition, PHBs regulate many cytoplasmic



7.4 Pharmacological Properties of Flavaglines | 185

Table 7.1 In vivo activity of flavaglines in murine cancer models.

Compound Murine model of cancer/ References
observed effects/(doses)

Rocaglamide (1) P388 lymphocytic leukemia/increase in lifetime: [3]
T/CY of 156%/(1 mgkg™')
Rocaglamide (1) AsPC-1metastatic pancreatic cancer/suppression of [27]

tumor growth (T/C of 37%) and significant increase
in lifetime/(5 mg kg™!)
N-Desmethyl- RMA T lymphoma/potentiation of the effects of [28]
rocaglamide concanavalin A (otherwise inactive) to significantly
inhibit tumor progression/(2.5 mgkg™" i.p. three
times a week for 2 weeks)
Rohinitib (7) MO091 human myeloid leukemia cells/inhibition of [29]
tumor growth and suppression of glucose
uptake/(1 mgkg™! i.p. 4 consecutive days a week for
3 weeks)
10 Ep-Myc/(myr)Akt lymphomacells/potentiation of [30]
the effects of doxorubicin (otherwise inactive):
increase in lifetime by 9 days/(0.2 mgkg™! i.p. daily
for 5 days)
Silvestrol (6) L3.6pl pancreatic cancer and RPMI-8226 [31]
myeloma/absence of significant effect/(0.2 mgkg™!
ip., 5 days/week)
Silvestrol (6) Ep-Myc/(myr)Akt lymphoma/potentiation of the [30]
effects of doxorubicin (otherwise inactive): increase
in lifetime by 7 days (used in monotherapy, silvestrol
did not display any significant effect)/(0.2 mgkg~!
i.p. daily for 5 days)

Silvestrol (6) P388 leukemia/increase in lifespan corresponding to [32]
a T/C of 150%/(2.5mgkg™! i.p. for 5 days)
Silvestrol (6) PC3 prostate cancer/reduction of the mean tumor [33]

weight by 60%/(3 mgkg™! i.p. three times per week
for 3 weeks)

Silvestrol (6) Pten™/Ep-Myc lymphoma/potentiation of the effects [34]
of doxorubicin: increase in lifetime by 5 days
compared to doxorubicin alone (silvestrol alone was
inactive)/(0.2 mgkg™! i.p. daily for 5 days)

Silvestrol (6) Ep-Myc/elF4E lymphoma/potentiation of the effects [34]
of doxorubicin: increase in lifetime by 16 days
compared to doxorubicin alone (silvestrol alone was
inactive)/(0.2 mgkg™! i.p. daily for 5 days)

Silvestrol (6) Ep-Tcl-1 chronic lymphocytic leukemia [35]
Significant reduction in B-cell number
(1.5mgkg™! i.p. per day for 5 days)

(continued overleaf)
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Table 7.1 (Continued)

Silvestrol (6) 697 B-ALL acute lymphoblastic leukemia [35]
Increase in lifetime by more than 2 weeks
(1.5mgkg™! i.p. every other day)

Silvestrol (6) MDA-MB-231 breast cancer/considerable [26]
suppression of tumor growth after more than 75
days/(0.5mgkg™! i.p. daily for 8 consecutive days)

Silvestrol (6) PC-3 prostate cancer/considerable suppression of [26]
tumor growth after more than 50 days/(0.5 mg kg™!

i.p. daily for 8 consecutive days)

Silvestrol (6) MV4-11 acute myeloid leukemia/increase in lifetime [34]
by more than 1 month impressively, 30% were still
alive 74 days after engraftment (all vehicle-treated
mice were dead 31 days after
engraftment)/(1.5mgkg™! i.p. every other day for 3
weeks)

Silvestrol (6) Ep-Myc/Tsc2~/~ /PIM2 lymphoma/potentiation of [36]
the effects of rapamycin: increase in lifetime by 6
days compared to rapamycin alone/(0.2 mg kg™ i.p.
daily for 7 days)

Silvestrol (6) Mantle cell lymphoma/increase in lifetime by 2 [37]
weeks/(1.5 mgkg™! i.p. every other day)

FL23 (12) 3LL lung carcinoma/significant suppression of [38]
tumor growth/(25 mgkg™! i.p. twice a week for 17
days)

a) T/C: Treated versus control.

Source: Adapted from Ref. [6] with permission of Future Science Ltd.

proteins such as the kinases C-Raf, Akt, and MLK2, the phosphatase Shp1/2, the
chaperones Hsp70, and mortalin/Grp75 or the phospholipase Cy2 [40].
Activation of the kinase C-Raf by Ras requires a direct interaction with PHBs,
which can be disrupted by flavaglines (Figure 7.2) [39]. Their anticancer activi-
ties could thus be partially explained by the inhibition of Ras-C-Raf-MEK-ERK
(extracellular-signal-regulated kinase) signaling, which is constitutively activated
in many human cancers [41]. This observation that binding of flavaglines to PHBs
prevents their interaction with C-Raf has recently been confirmed by Chen, He,
and collaborators in the context of pancreatic ductal adenocarcinoma (PDAC)
[27]. In PDAC, constitutive activation of C-Raf is the result of constitutive mKRAS
activity, the most common oncogenic mutation in PDAC. The investigators also
found that in highly malignant AsPC-1 human PDAC cell lines, PHB1 was over-
expressed and mainly localized in the plasma membrane and cytosol, whereas in
poorly malignant Capan-2 PDAC cells, PHB1 was poorly expressed and uniformly
distributed within the cells. Rocaglamide was found to exert a strong inhibitory
effect against ERK1/2 activities in AsPC-1 cells, reducing phosphorylation of the
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Figure 7.2 Anticancer mechanisms

of flavaglines. 1. Inhibition of the Ras-
dependent C-Raf activation. 2, 3. Transloca-
tion of caspase-12 and AIF to the nucleus
to induce apoptosis. 4. Translocation of
cytochrome C to the nucleus to induce the
intrinsic apoptotic pathway. 5. Activation
of p38-mediated transcription of the pro-
apoptotic Bcl-2 family. 6. Induction of the
ATM/ATR-Chk1/2-Cdc25A pathway leading
to cell cycle arrest. 7. Activation of JNK-
dependent transcription of the pro-apoptotic
proteins CD95 ligand and c-FLIP. 8. Hypo-
thetical PHB-dependent inhibition of the
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transcriptional factor Snail, one of the main promoters of epithelial-mesenchymal
transition (EMT). Reversal of the EMT phenotype in these cells was character-
ized by upregulation of E-cadherin and B-catenin and downregulation of vimentin.
These in vitro effects were also observed in vivo. Indeed, rocaglamide prevented
the dissemination of cancer cells in the liver and lungs in PDAC-xenografted mice,
in addition to significantly inhibiting tumor growth.

The initiation step of protein synthesis is a highly regulated and rate-limiting
process that is emerging as a promising target in oncology. Indeed, the synthesis
of many factors controlling oncogenesis, angiogenesis, and chemoresistance
necessitates the helicase elF4A. Using affinity chromatography, Rizzacasa and
colleagues [42] demonstrated that some flavaglines directly bind to eIF4A. Sadlish
and colleagues [43] substantiated this discovery using chemogenomic profiling to
validate eIF4A as the main target of flavaglines in yeast. By means of mutagenesis
and iz silico modeling, they identified the binding site of flavaglines and proposed
a model to account for the enhancement of eIF4A binding to mRNAs promoted
by flavaglines. This action inhibits the recycling of eIF4A leading to an inhibition
of cap-dependent translation, which had already been observed by Pelletier and
colleagues [26]. Indeed, flavaglines have been reported for several years to inhibit
protein synthesis, and in particular the translation of the mRNAs encoding CDK4
(cyclin-dependent kinase), CDK®6, cyclins D1 and D3, cdc25A, Bcl-2 (B-cell lym-
phoma 2), survivin, Mcl-1 (myeloid cell leukemia protein 1), the PIM1/2 kinases,
c-Myc, VEGF (vascular endothelial growth factor), matrix metallopeptidase 9
(MMP9), and MUC1-C [26, 36, 39, 44—46]. It is noteworthy that depletion of the
anti-apoptotic proteins Mcl-1 and Bcl-2 was not necessary for the induction of
apoptosis by flavaglines in lymphoma cells [47], B-cell malignancy mantle cell lym-
phoma [37], chronic lymphocytic leukemia, or acute lymphoblastic leukemia [35].

In 2013, Whitesell, Lindquist, and colleagues [29] have reported in Science
about how the inhibition of protein synthesis selectively impedes the proliferation
and survival of cancer cells without affecting normal cells. These authors screened
more than 300 000 compounds for the inhibition of the transcriptional factor heat
shock factor 1 (HSF1), which is deeply involved in metabolic reprogramming,
survival, and proliferation of cancer cells in addition to heat-shock response.
Among these compounds, rocaglamide (1) was found to be the most potent and
selective inhibitor of HSF1 signaling (IC;, = 50 nM). Additional tests with other
compounds showed that another flavagline called rohinitib (7, Figure 7.1) was
even more active (IC5, ~ 20 nM). This molecule inhibited HSF1-dependant tran-
scriptional activity much more effectively in cancer cell lines, than in proliferating
nontumorigenic cells. The cascade of events that links the inhibition of protein
synthesis to HSF1 signaling remains unknown for the moment. In addition,
flavaglines were shown to overturn a metabolic feature in cancer cells called
the Warburg effect, manifested by an elevated rate of glycolysis and lactic acid
production. Rohinitib upregulated the thioredoxin-interacting protein (TXNIP),
a tumor suppressor that regulates cellular redox potential and glucose uptake.
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This effect on TXNIP leads to a spectacular inhibition of glucose uptake and
lactate production in several cancer cell lines.

These authors also showed that wild-type mouse embryonic fibroblasts (MEFs)
are less sensitive to rohinitib cytotoxicity than mutant MEFs overexpressing HSF1,
which are used as a model of premalignant cells with early-stage oncogenic lesions.
Cancer cells carry an abnormal number of chromosomes, causing a proteotoxic
stress that is attenuated by HSF1 activity. The same authors showed that rohinitib
is more cytotoxic to trisomic than to wild-type MEFs. Human cancer cell lines
with high chromosomal instability were extremely responsive to rohinitib. Alto-
gether, these data provide some clues as to decipher why flavaglines are selectively
cytotoxic to cancer and immortalized cells without affecting normal cells viability.

It is quite uncommon for structurally complex natural products to target two
classes of proteins, even though there are some precedents [2]. Remarkably, both
PHBs and eIF4A are over-activated in many malignant tumors and are regarded
as promising targets to treat cancers [40, 48].

As far as we know, apoptosis is the only type of cellular death induced by
flavaglines in cancer cells. It may occur through the classical intrinsic and extrin-
sic pathways [22-24] or independently of caspase-3 via the apoptosis-inducing
factor (AIF) or caspase-12 [49]. Whether these effects involve PHB1, PHB2, or
elF4A remains unknown. Interestingly, flavagline 10, developed by Tremblay and
coworkers [31] at Infinity Pharmaceuticals, is highly cytotoxic to cancer cells but
does not inhibit protein synthesis. This observation indicates that in some cell
types, a sole action on PHBs is sufficient to induce apoptosis without involving
inhibition of translation.

Several flavaglines have been examined in murine models of cancers. Silvestrol
(6), which has been the most widely studied, was unfortunately shown to be very
susceptible to P-glycoprotein-mediated multidrug resistance [34]. In contrast,
compounds that are not substituted at position 2 with an ester or an amide are
highly cytotoxic to cancer cells with acquired multidrug resistance (Figure 7.3)
[38, 49, 50]. In few murine models of cancer, flavaglines did not display any
significant effect [31] but in most instances, they significantly increased lifetime
[3, 26, 30, 32, 34—37]. It is noteworthy that in all of these in vivo experiments,
flavaglines did not show any overt indication of toxicity.

Recently, Li-Weber and collaborators demonstrated that rocaglamide activates
the DNA repair pathway (or DNA damage checkpoint) without inducing any sig-
nificant DNA damage or modifying the redox status of cancer cells. The authors
hypothesized that rocaglamide blocks DNA replication promoting the transcrip-
tion of genes responsive to DNA replication stress. Activation of ATM (ataxia
telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3-related) ATM
induces ATR Chk1/Chk2 (Chk, checkpoint kinase) phosphorylation, and conse-
quently Cdc25A degradation, which stops the cell cycle at the G1-S transition
[50]. Importantly, activation of the ATM/ATR-Chk1/2-Cdc25A pathway that led
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Figure 7.3 Key structure-activity relationship findings related to flavagline antiproliferative
activity. (Adapted from Ref. [3] with permission from Elsevier).

to leukemic cell growth inhibition which was not observed in normal proliferat-
ing T cells [51]. These findings confirmed the selective cytotoxicity of flavaglines
toward malignant cells.

74.2
Anti-inflammatory and Immunosuppressant Activities

In addition to their anticancer effect, flavaglines exhibit potent anti-inflammatory
properties, which are mediated by activation of the MAP (mitogen-activated pro-
tein) kinases, JNK (c-Jun N-terminal kinase), and p38-inhibition of nuclear factor
of activated T-cells (NFATS) signaling [52]. At higher doses, flavaglines also block
pro-inflammatory NF-kB (nuclear factor kappa-light-chain-enhancer of activated
B cells) signaling, probably through an action on PHBs [53]. Indeed, PHBs are
known to be involved in the activation of NF-xB [54]. Nevertheless, the exact
mechanism of action and the molecular target involved in these effects remain
undefined.

743
Cytoprotective Activity

IMD-019064, a flavagline originally developed at Bayer, inhibits the release of
pro-inflammatory factors from microglia, astrocytes, and endothelial cells [55].
On the basis of these anti-inflammatory activities, Bayer scientists examined its
neuroprotective effects and showed that it protects mice in models of Parkinson’s
disease and traumatic brain injury. Optimization of this compound yielded
IMD-026259 (11, Figure 7.1) which is currently undergoing a preclinical trial
for the treatment of Parkinson’s disease by the company IMD Natural Solutions
[56]. Many analogs were patented, but structure—activity relationships (SARs)



7.4 Pharmacological Properties of Flavaglines

data were not revealed. Our own lab also has investigated the neuroprotective
activity of flavaglines and identified several derivatives such as FL3 (9) and
FL23 (12) that protect neurons from several stresses more efficiently than
IMD-019064 [49]. In the course of our research, we established the first SAR
data for neuroprotection. We also showed that flavaglines offer some sort of
protection against the neurotoxicity induced by cisplatin, an anticancer medicine
[50]. On the basis of these observations, we studied whether flavaglines could
protect other tissues from the side effects of anticancer treatments. We focused
our attention on anthracyclines such as doxorubicin, which are commonly used
anticancer medicines, even though they are highly cardiotoxic [57]. We found
that flavaglines protect cardiomyocytes from two totally unrelated types of
stress: doxorubicin-induced cardiotoxicity and serum starvation [49]. We also
demonstrated that the synthetic flavagline FL3 (9, Figure 7.1) greatly lowered
mortality induced by doxorubicin [58]. It also reduced cardiac apoptosis and
fibrosis. These observations suggest that flavaglines may enhance the efficacy of
cancer treatments and at the same time alleviate the cardiac side effects of these
treatments. FL3 was shown to induce cytoprotection trough a phosphorylative
activation of the small heat-shock protein Hsp27, which is a key factor in the
resistance of cardiomyocytes to many types of stresses [59]. This observation
represents a small piece of the puzzle. Deciphering the mechanisms underlying
both cytoprotection in normal cells and cytotoxicity in cancer cells is a fascinating
challenge that deserves further in-depth investigation. It is still unclear whether
cytoprotection is mediated through PHBs or eIF4A. On one hand, PHBs represent
an attractive hypothesis because they display different functions and intracellular
localizations in cancer and normal cells [40]. In addition, some flavaglines that do
not inhibit protein synthesis display potent neuro- and cardioprotective activities
(unpublished data). On the other hand, Jerry Pelletier and colleagues showed
that a pretreatment with rohinitib protects in vitro hair follicle cells against the
apoptosis induced by paclitaxel in a model of chemotherapy-induced alopecia
(hair loss) [60]. This protection against paclitaxel-induced apoptosis was shown
to be due to a transient suppression of translation initiation. Unfortunately,
this effect was not translated in vivo: rohinitib failed to protect mice against
cyclophosphamide-induced alopecia.

744
Antimalarial Activities

Recently Julia Walochnik and collaborators [61] showed that two flavaglines,
rocaglamide and aglafoline, display some antimalarial activities that are interme-
diate between those of artemisinin and quinine. However, these promising results
remain to be validated in vivo before their antimalarial potential can be examined
in detail.
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7.5
Structure-Activity Relationships (SARs)

In addition to data that were obtained with natural compounds, a few laborato-
ries have synthesized flavaglines to explore the structural requirements for their
anticancer properties. Considering that extensive description of SAR data has
recently been reviewed (Figure 7.3), we will disclose only its most striking features
[8]. Martin Tremblay and colleagues from Infinity Pharmaceuticals synthesized
many derivatives of silvestrol and confirmed that flavaglines substituted by a
pseudo-sugar suffer poor ADME (absorption, distribution, metabolism, and
excretion) properties that preclude their development as a medicine [31]. This
group disclosed for the first time the SAR for both cytotoxicity and inhibition
of translation. Interestingly, both of these activities followed the same trends,
suggesting that inhibition of cap-dependent translation is a critical component
of the mechanism involved in cytotoxicity. However, these authors identified
demethoxy-methyl ester rocaglate 10 (Figure 7.1), which displays a strong
cytotoxicity without inhibiting translation, suggesting another mechanism of
action, probably involving PHBs.

Many flavaglines are sensitive to multridrug resistance mediated by efflux
pumps. Our group showed that the deletion of the amide moiety in rocaglamide
derivatives leads to rocaglaol analogs that are totally insensitive toward multridrug
resistance [49].

The structural requirements for cytoprotection have been disclosed in only one
article so far [50]. These SARs are close to those for cytotoxicity in cancer cells,
even though some slight differences have been observed in the relative ranking
of activity. Direct evaluation of the activity on PHB signaling and inhibition of
elF4A would greatly contribute to better characterize the structural requirements
of flavaglines for their various pharmacological activities.

7.6
Concluding Remarks

Flavaglines hold a great potential as a new class of therapeutics, but much basic
research is still required before initiation of clinical trials. In oncology;, it is crucial
to identify why some tumors more responsive to flavagline treatments than
others are. This knowledge would greatly optimize the design of clinical assays
through the stratification of patients based on predictive biomarkers, such as
the overexpression of PHBs, PHB-interacting proteins, or an addiction to e[F4A
signaling.

Even though the mode of action of cytoprotection remains poorly understood, it
is for the treatment of Parkinson’s disease that flavaglines are the closest to reach-
ing clinical trials. Indeed, the German Company IMD Natural Solution is, as far as
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we know, the most advanced to initiate a clinical trial for this ailment with IMD-
026259 [56].

PHBs are emerging as key regulators of cell metabolism, development, and sur-
vival that integrate multiple internal and external signals. More than 50 proteins
have been shown to directly interact with PHBs, and this number is constantly
growing. Identifying new physiological and pathophysiological functions of PHBs
may provide novel therapeutic intervention for additional types of diseases.

Up to now, structures of the disclosed flavaglines analogs remain close to those
of the natural compounds. Only the carbaisostere 13 developed by Novartis
scientists (Figure 7.1) has been published. The absence of a corresponding
patent suggests that it may not be pharmacologically active. However, the
cyclopenta[b]benzofuran core would likely need to be modified to generate
patentable molecules that could advance toward clinical assays.

Abbreviations

ADME  absorption, distribution, metabolism, and excretion

ATF apoptosis-inducing factor

ATM ataxia telangiectasia mutated

ATR ataxia telangiectasia and Rad3-related
Bcl-2 B-cell lymphoma 2

CamK calmodulin-dependent protein kinase
CDK cyclin-dependent kinase

Chk checkpoint kinase

DBDMH  1,3-dibromo-5,5-dimethylhydantoin
elf4A eukaryotic initiation factor-4A

EMT epithelial-mesenchymal transition
ERK extracellular-signal-regulated kinase
HSF heat shock factor

IGF insulin-like growth factor

IgM immunoglobulin M

JNK c-Jun N-terminal kinases

MAP mitogen-activated protein

MCM minichromosome maintenance
Mcl-1 myeloid cell leukemia protein 1

MEFs mouse embryonic fibroblasts

NFAT nuclear factor of activated T-cells
NF-xB nuclear factor kappa-light-chain-enhancer of activated B cells
PDAC pancreatic ductal adenocarcinoma
PHB prohibitin

SAR structure —activity relationships

TADDOL a,a,0,0-tetraaryl-1,3-dioxolane-4,5-dimethanol
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TGF transforming growth factor
TXNIP  thioredoxin-interacting protein
VEGF vascular endothelial growth factor
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The gold(I)-catalyzed intramolecular siloxycyclization developed by Rhee and collaborators was shown
to operate also on alkyl ethers to generate a highly substituted 2-cyclopentenone 8, extending the appli-
cation of this reaction. Conversion of 8 to known anticancer natural products following a reported strat-

© 2014 Elsevier Ltd. All rights reserved.

Isolated from medicinal plants of the genus Aglaia, flavaglines
have attracted considerable attention due to their remarkable
structural complexity and unique biological activities, which
include a strong cytotoxicity that is specific to cancer cells.'” In
the course of our medicinal program aiming at developing flavag-
lines with enhanced pharmacological properties,”® we considered
to prepare novel flavaglines using a strategy developed by Ragot
and coll. at Bayer (Scheme 1).” These authors achieved the synthe-
sis of the flavagline core 3 in three steps from cyclopentenone 1a,
using an intramolecular hydroxy epoxide opening in the key step.

Although the disclosed preparation of unsubstituted cyclo-
pentenone 1a could be achieved in 4 steps with an overall yield
of 14%, the introduction of substituents necessary for the antican-
cer activity (e.g., R = OMe) was not reported. In order to synthesize
pharmacologically active flavaglines, we considered to prepare 1b
by another approach. While symmetrical 3,4-diaryl-cyclopent-2-
enones can easily be obtained from o,B-diketones, the synthesis
of cyclopentenones substituted by different aryl moieties is more
tedious.

At the heart of our approach to prepare 1b is the Rautenstrauch
rearrangement, which is particularly efficient to prepare variously
substituted cyclopentenones.® To test the viability of this strategy,
we first examined the reactivity of the Rautenstrauch’s substrate 7.

Our attempt of synthesis of ester 7 is depicted in Scheme 2. Per-
kin condensation of acid 4 and benzaldehyde followed by the

* Corresponding author. Tel.: +33 036 885 4141; fax: +33 036 885 4320.
E-mail address: desaubry@unistra.fr (L. Désaubry).

http://dx.doi.org/10.1016/j.tetlet.2014.12.093
0040-4039/© 2014 Elsevier Ltd. All rights reserved.

conversion to an acyl chloride and a Sonogashira coupling conve-
niently afforded ketone 5 as a sole E isomer. Condensation with
lithiated trimethoxybenzene gave adduct 6 in 71% yield.

With carbinol 6 in hand, we tested many esterification proto-
cols.® However, all our attempts were unsuccessful due to lack of
reactivity or high instability of expected ester 7.

This failure led us to explore another strategy based on the
recently described gold(I)-catalyzed synthesis of highly substituted
cyclopentenones by an intramolecular siloxycyclization process
developed by Rhee and coll. (Scheme 3).!° The utility of this
approach was validated with the total synthesis of herbertene nat-
ural products.!! Although this reaction was described exclusively
with tertiary silyl ethers (R! = SiEts, R? and R® # H), we considered
that the phenyl and the trimethoxyphenyl groups of substrate 11
should sufficiently stabilize the carbocationic intermediate to
allow the reaction to proceed (Scheme 4). This hypothesis was sup-
ported by Toste’s report of a related Au(l)-catalyzed carboxyalk-
oxylation using benzylic ethers as substrates to synthesize
indenyl ethers.'? Thus, the silyl ether was replaced by an ethoxy
group due to its easier preparation.

Indeed, the direct molybdenum(VI)-catalyzed transposition and
etherification of allylic alcohol 6 at 50 °C afforded a 1:1 mixture of
ethers 9 and 10 in a 55% yield."® Gratifyingly, increasing the tem-
perature to 65 °C improved the ratio to 1:3 in favor of the desired
ether 10 in a 85% yield. Increasing the temperature further pro-
moted the decomposition of this product. Desilylation provided
alkyne 11, which gratifyingly proved to be a good substrate for
the Rhee’s annulation reaction. The attempt to perform this reac-
tion on silylated alkyne 10 also afforded 8 (58%).
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Scheme 1. Bayer synthesis of the flavagline core (the synthesis of pharmacolog-
ically active compounds (R = OMe) was not reported with this approach).”
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Scheme 2. Attempt synthesis of an advanced precursor of flavaglines.

The synthesis of two other cyclopentenones was next examined
(Scheme 5). The substrates of the Au-catalyzed cyclization were
prepared from acyl chloride 12 through Suzuki coupling, ethynyla-
tion, rearrangement and desilylation of the alkyne. Enyne 13
harboring an unsubstituted phenyl afforded the desired cyclo-
pentenone 15 in a satisfactory yield of 50%. Interestingly, introduc-
tion of a chlorine atom in the para position increased the yield to
75%, probably due to a higher stabilization of the carbocationic
intermediate.

Thanks to the assistance of ketone, 8 was selectively mono-
demethylated upon treatment with BBr5 in a 75% yield (Scheme 6).

Au Au
RE_Z  [(CeFs)PIAUCI 5 |
| OR' AgSbFg, i-PrOH, ® R NoR!
R4 ——> | O_R‘I e |
3 R2 4 4 ©) R2
R CH2C|2Y rt R 3 RZ R
R R®
o HPrOR! " oR!
RS R®
RY IR? RY IR?
. .l
Rhee and coll.: R' = SiEts; R?, R3# H
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Scheme 3. Proposed mechanism for the gold(I)-catalyzed cyclopentanone forma-
tion developed by Rhee and coll.'®
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Scheme 4. Synthesis of cyclopentenone 8.
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Scheme 5. Synthesis of cyclopentenones 15 and 16.

Reduction of ketone 17 was not diastereoselective under various
conditions (iL-selectride; Red-Al; NaBH,4; NaBH,, CeCls;-7H,0). In
addition, the mixture of 18 and 19 significantly degraded during
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Scheme 6. Synthesis of the allylic alcohols 18/19 and attempts to generate the flavagline scaffold.
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Scheme 7. Synthesis of the atropoisomeric allylic alcohols 22/22’ and epoxidation
attempts to synthesize flavagline 24.

purification steps. After extensive work, we eventually were able to
quantitatively prepare a mixture of 18/19 in a 1/1 ratio using 4
equivalents of LiAlH,4.

With 18 and 19 in hand, we tried to convert these reactive
allylic alcohols into the flavagline precursor 20 using many meth-
ods of activation of allylic alcohols (Pd[P(OCgHs)3]4, Na;SO4; PPhs.
AuCl, AgOTf, 4A MS; Bi(OTf)s, KPFs, CaSO4; Ar-B(OH),; FeCls;
MoO,(acac),, NH4PFg; Re,05).'4"'® Unfortunately, all of these
assays only generated degradation products. Even though com-
pounds similar to 20 have been described,'9-? it is probable that
the inherent ring strain of this product and the kinetic lability of
the carbocationic intermediate prevent such a cyclization.

At this point, attempts at following Ragot’s strategy using a pro-
tected phenol were examined (Scheme 7). 2-Naphthylmethyl
(NAP) group was selected as the protecting group due to extremely
mild conditions involved in its removal by catalytic hydrogenoly-
sis.>* The adduct was obtained as a pair of atropoisomers 21 and
21'. As far as we know atropoisomerism for 1,2-diaryl cyclopent-
enes has not been reported hitherto.

Diastereoselective reduction with L-selectride afforded alcohols
22 and 22’ with 71% of conversion. Epoxidation of cyclopentenols
21/22' under various conditions (m-CPBA, NaHCOs; VO(acac),,
t-BuO,H; H,0,, NaOH; 4-nitroperbenzoic acid, NaHCO3) provided
none of the desired product probably due to the low reactivity of
the sterically hindered alkene and instability of the product.
Under Sharpless type conditions (t-BuO,H, Ti(Qi-Pr),, 4 A MS),
formation of the ketone was predominant, probably due to ring
strain release.

The inability to obtain substrate 23 suggests that the method
reported by Bayer scientist is restricted to the synthesis of flavag-
lines that are not substituted by the functional groups necessary
for the pharmacological activity. Indeed, none of the required dec-
orations proposed in this Letter were described in Bayer patents.
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Abstract: 4EGI-1 is the prototype of a novel class of anticancer agents targeting translation. Patented drug-like analogue
1 was synthesized and examined for inhibition of translation and cytotoxicity in cancer cells. Unexpectedly, 1 was found

inactive in both assays.
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INTRODUCTION

Translation, i.e. protein synthesis, is strictly regulated by
initiation factors that are under the control of several
signaling pathways [1]. It is currently established that
translation deregulation is deeply involved in oncogenic
transformations. The control of the synthesis of proteins
involved in cancer cell survival, angiogenesis,
transformation, invasion and metastasis is particularly
altered in tumors. Consequently, targeting the translational
machinery has emerged as a promising approach to treat
cancers [2,3]. Along this line of research, Gerhard and coll.
performed a high throughput screening to identify 4EGI-1, a
small molecule that disrupts the interaction between the
initiation factors of translation eIF4E and e¢IF4G [4]. The
most active compound, 4EGI-1 was shown to preferentially
affect cancer cells than non-transformed cells. It also blocks
the synthesis of proteins involved in the etiology of cancer,
such as cyclins DI and E, C-myc, and Bcl-2 without
disturbing the expression of housekeeping proteins.

In order to develop a more drug-like compound and to
generate some intellectual property, Hoffmann-La Roche
scientists synthesized a series of thiazole derivatives
harboring an aryl in place of the hydrazono moiety [5].
Compound 1 was one most active molecule of this series,
with an IC50 of 1.4 pM for the binding to eIF4E.

We recently demonstrated that another type of inhibitors
targeting the initiation factors of translation eIF4A overcome

*Address correspondence to this author at Laboratory of Therapeutic
Innovation (UMR 7200), University of Strasbourg-CNRS, Faculty of
Pharmacy, 67401 Illkirch, France; Tel/Fax: +33-036-885-4141+33-036-885-
4320; E-mails: desaubry@unsitra.fr

XXX-XXX/14 $58.00+.00

the resistance to anti-BRAF therapies in chemoresistant
metastatic melanoma [3]. In the course of this study, we
wanted to compare the effects of these compounds to those
of 1.

0 SN\ /™

L o

(@] S/ =

Figure 1. Structure of 4EGI-1 and Hoffmann-La Roche
analogue 1.

MATERIALS AND METHODS
Chemistry
Methyl 2-amino-5-cyanobenzoate (3)

Methyl 2-amino-5-bromobenzoate 2 (5 g, 0.022 mol) and
copper (I) cyanide (2.34 g, 0.026 mol) were dissolved in N-
methyl-2-pyrrolidone (25 mL). The reaction mixture was
stirred at reflux for 6 hours then cooled at room temperature
and added to a solution of FeCl; (9 g) and HCI (36%, 2.2
mL) in water (100 mL). After 1h30 at 60 °C, the mixture was
cooled at room temperature and extracted with EtOAc. The

© 2014 Bentham Science Publishers
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organic layer was washed with an aqueous solution of NaOH
1 N then with brine, dried over MgSQ,, filtered and
concentrated. After trituration in Et,0, compound 3 was
obtained in 90% yield (3.57 g). 'H RMN (DMSO-d;, 400
MHz) & 3.82 (s, 3H), 6.87 (d, 1H, J = 8.8 Hz), 7.46 (br, s,
2H), 7.57 - 7.60 (dd, 1H, J = 2.0 and 8.8 Hz), 8.05 (d, 1H, J
=2 Hz) ppm; *C RMN (DMSO-dj, 400 MHz) & 51.1, 104.2,
109.6, 118.3, 131.7, 135.9, 149.8, 166.10 ppm.

Methyl 2-bromo-5-cyanobenzoate (4)

Copper (II) bromide (3.56 g, 0.017 mol) was suspended in
acetonitrile (50 mL). Tert-butyl nitrite (2.24 mL, 0.018 mol)
was added dropwise at 0°C then, after 5 minutes, 3 was
added by portions. After 2 hours at 0°C and 16 hours at room
temperature, the reaction mixture was concentrated and
acidified with an aqueous solution of HCI 1 N until pH = 2.
The product was extracted 3 times with EtOAc and the
resulting organic layer was dried over MgSO,, filtered and
concentrated. After filtration over a silica gel pad, compound
4 was obtained in 85% yield (4.1 g). '"H RMN (DMSO-d,
400 MHz) 6 3.89 (s, 3H), 7.93 (dd, 1H, J = 2.1 and 8.4 Hz),
7.99 (dd, 1H, J = 0.5 and 8.3 Hz), 8.23 (dd, 1H, J = 0.5 and
2.0 Hz) ppm; *C RMN (DMSO-d;, 400 MHz) § 52.5, 110.5,
116.8, 125.2,133.2, 133.6, 134.7, 135.4, 164.3 ppm.

Methyl 2-bromo-5-carbamothioylbenzoate (5)

Phosphorus pentasulfide (3.59 g, 8 mmol) was added to
compound 4 (3.88 g, 0.016 mol) in suspension in absolute
EtOH (40 mL) under argon atmosphere. 0.5 equivalent of
phosphorus pentasulfide were added after 6 hours then every
hour until completion of the reaction. After stirring at room
temperature for 16 hours and sonication for 1h30, the
reaction mixture was diluted with EtOAc, washed 3 times
with water and once with a solution of saturated NaHCOs.
The organic layer was dried over MgSO,, filtered and
concentrated. After trituration in CH,Cl,, compound 5 was
obtained in 81% yield (3.6 g). '"H RMN (DMSO-d,, 400
MHz) § 3.90 (s, 3H), 7.82 (d, 1H, J = 8.4 Hz), 7.91 (dd, 1H,
J=2.4and 8.4 Hz), 8.26 (d, 1H, J =2.3 Hz), 9.72 (br, s, 1H),
10.10 (br, s, 1H) ppm ; *C RMN (DMSO-dj, 400 MHz) &
52.7,123.1,129.7, 130.9, 131.7, 133.6, 165.6, 197.6 ppm.

Methyl 2- bromo -5- [ 4 - (3,4 - dichlorophenyl) thiazol -2-
yl]-benzoate (6)

Compound 5 (3.5 g, 0.013 mol) and 2-bromo-1-(3,4-
dichlorophenyl)ethan-1-one (3.46 g, 0.013 mol) were
dissolved in absolute EtOH (50 mL) under argon
atmosphere. After stirring at 70°C for 16 hours, the reaction
mixture was cooled at room temperature and the formed
precipitate was filtered to yield compound 6 (5.28 g, 92%).
'H RMN (DMSO-dy, 400 MHz) § 3.92 (s, 3H), 7.71 (d, 1H, J
=8.5Hz), 7.88 (d, 1H, J = 8.4 Hz), 8.03 (dd, 1H, J = 2.0 and
8.4 Hz), 8.08 (dd, 1H, J = 2.3 and 8.3 Hz), 8.29 (d, I1H, J =
2.0 Hz), 8.35 (d, 1H, J = 2.1 Hz), 8.42 (s, 1H) ppm ; “C
RMN (DMSO-ds, 400 MHz) & 52.7, 114.4, 123.5, 125.5,

Principle Authoret al.

128.4, 129.1, 130.0, 130.8, 132.4, 132.6, 133.0, 133.1, 134.0,
135.1, 154.3, 166.0, 166.1 ppm.

2',4'-Dichloro-4-[4-(3,4-dichlorophenyl)thiazol-2-yl]-[1,1 -
biphenyl]-2-carboxylic acid (1)

Compound 6 (500 mg, 1.13 mmol) and (2,4-dichlorophenyl)
boronic acid (431 mg, 2.26 mmol) were dissolved in DMF
(12 mL) under argon atmosphere. Palladium (0)
triphenylphosphine tetrakis (104 mg, 0.09 mmol) and a 3M
aqueous solution of K,CO; were added and the resulting
mixture was stirred at 100°C for 20 hours. The product was
extracted with EtOAc and washed with water. The organic
layer was dried over MgSO,, filtered and concentrated. A
chromatography on silica gel (pentane/CH,Cl,, 50/50)
afforded the ester (422 mg, 73%). '"H RMN (DMSO-dy, 400
MHz) & 3.71 (s, 3H), 7.41 (d, 1H, J = 8.3 H,), 7.51 (d, 1H, J
=8.3 Hz), 7.53 (dd, 1H, J=2.1 and 8.3 Hz), 7.73 (d, 1H, J =
2.1 Hz), 7.78 (d, 1H, J = 8.4 Hz), 8.08 (dd, 1H, J = 2.0 and
8.4 Hz), 8.33 (d, 1H, J = 2.0 Hz), 8.34 (dd, 1H, J = 1.0 and
1.9 Hz), 8.51, (s, 1H), 8.55 (d, 1H, J = 1.9 Hz) ppm ; “*C
RMN (DMSO-d;, 400 MHz) & 52.4, 114.4, 125.6, 127.0,
128.4, 128.4, 129.0, 129.7, 130.8, 130.8, 131.1, 132.0, 132.3,
133.1, 133.5, 133.5, 134.1, 134.2, 138.5, 141.0, 154.3, 166.5,
166.6 ppm.

An aqueous solution of NaOH IN (12 mL) was added to the
ester (320 mg, 6.28 mmol) in solution in THF (4 mL). After
stirring overnight 24 h at 90°C, the reaction mixture was
concentrated, dissolved in water and extracted with EtOAc.
The resulting aqueous layer was quenched with a solution
HCI IN until pH < 5, and then extracted with EtOAc. The
organic layers were combined, dried over MgSQO,, filtered
and concentrated under vacuum to afford compound 1 (241
mg, 77%). The product is further purified by recrystallization
in CH,ClL, (1, 120 mg, 39 %). '"H RMN (DMSO-d;,, 400
MHz) & 7.39 (d, 1H, J = 8.3 Hz), 7.45 (d, 1H, J = 7.9 Hz),
7.50 (dd, 1H, J = 2.1 and 8.2 Hz), 7.70 (d, 1H, J = 2.1 Hz),
7.76 (d, 1H, J = 8.4 Hz), 8.08 (d, 1H, J = 2.0 and 8.4 Hz),
8.28 (dd, 1H, J = 2.0 and 8.0 Hz), 8.33 (d, 1H, J = 2.0 Hz),
8.49 (s, 1H), 8.55 (d, 1H, T = 2.0 Hz), 13.15 (br, s, 1H) ; C
RMN (DMSO-d4, 400 MHz) & 35.9, 131.6, 131.6, 1324,
132.7, 133.5, 133.6, 134.6, 135.9, 136.4, 136.8, 137.0, 137 .4,
137.5, 137.9, 138.0, 138.1, 139.6, 144.1, 145.5, 158.1, 171.1,
172.1 ppm. BR-MS calculated for C,,H;;Cl4NO,S: 495.2
found: 495.6. Anal. Calcd for C»,H;CI4NO,S: C, 53.36; H,
2.24; N, 2.83. Found: C, 53.40; H, 2.35; N, 2.75.

Cap-dependent translation assay

The capacity of 1 to inhibit cap-dependent translation was
examined using a bicistronic luciferase reporter construct
(pR-HepC-L) using the procedure described in reference 3.

RESULTS AND DISCUSSIONS

The synthesis of 1 was performed by a modification of
Hoffmann-La Roche procedure [5]. In our hands, the



Title of the Article

A A A

—_——n ~ (2

R A R e

Scheme 1. Synthesis of Hoffmann-La Roche analogue 1.

introduction of a cyanide in the first step following the
described procedure afforded the expected adduct in 5%
yield (instead of 73%). We eventually found that treating the
reaction medium with FeCl; and HCI at 60°C improved the
yield to 90% [6]. The rest of the synthesis followed the
described procedure [7] except for the conversion of cyanide
4 into the amide 5 (which required 2.5 eq of P,Ss instead of
0.5 eq). We also add of an extra step of purification after
the Suzuki reaction (5 — 6) to remove any trace of
palladium that could induce an artifactitious cytotoxicity
during the biological tests.

The capacity of 1 to inhibit cap-dependent translation
was examined using a bicistronic luciferase reporter
construct (pR-HepC-L)3 (Fig. 2). In this assay, translation of
the first (LucR) cistron is cap-dependent, while translation of
the (IRES)-driven second (LucF) cistron is cap-independent.
The ratio of luciferase activities directly reflects differences
in cap-dependent and independent translation. Surprisingly,
1 did not display any inhibition of cap-dependent translation,
which is in sharp contrast with the claims of Hoffmann-La
Roche patent. This discrepancy might result for the
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Figure 2. Ratio of LucF to LucR activity (AU, arbitrary
units) in pR-HepC-L-transfected A375 cells treated with 1.
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different nature of both tests. Indeed, it is conceivable that
compound 1 binds to eIF4E, but without significantly
blocking its biochemical function, in contrast to 4EGI-1 [4].

In addition, 1 (1 mM) did not display any significant
cytotoxicity in A375, A 2058 and Mel624 cancer cells
(survival > 65% at 1 mM).

CONCLUSION

In summary, one of the leading compounds described by
Hoffmann-La Roche scientists was synthesized following an
improved procedure. In contrast to the claims of the cognate
patent, this compound (1) did not induce display any significant
inhibition of cap-dependent translation or cytotoxicity in cancer
cells, which casts doubts upon its value to treat cancers.
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elF4F is a nexus of resistance to anti-BRAF and
anti- MEK cancer therapies

Lise Boussemart">3*, Héléne Malka-Mahieu"*, Isabelle Girault'*, Delphine Allard’, Oskar Hemmingsson'f, Gorana Tomasic®,
Marina Thomas®, Christine Basmadjian®, Nigel Ribeiro®, Frédéric Thuaud®, Christina Mateus®, Emilie Routier?,
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In BRAF(V600)-mutant tumours, most mechanisms of resistance
to drugs that target the BRAF and/or MEK Kkinases rely on reactiva-
tion of the RAS-RAF-MEK-ERK mitogen-activated protein kinase
(MAPK) signal transduction pathway, on activation of the alterna-
tive, PI(3)K-AKT-mTOR, pathway (which is ERK independent) or on
modulation of the caspase-dependent apoptotic cascade' . All three
pathways converge to regulate the formation of the eIF4F eukaryotic
translation initiation complex, which binds to the 7-methylguanylate
cap (m’G) at the 5’ end of messenger RNA, thereby modulating the
translation of specific mRNAs*°. Here we show that the persistent
formation of the eIF4F complex, comprising the eIF4E cap-binding
protein, the eIF4G scaffolding protein and the eIF4A RNA helicase,
is associated with resistance to anti-BRAF, anti-MEK and anti-BRAF
plus anti-MEK drug combinations in BRAF(V600)-mutant mela-
noma, colon and thyroid cancer cell lines. Resistance to treatment
and maintenance of eIF4F complex formation is associated with one
of three mechanisms: reactivation of MAPK signalling, persistent
ERK-independent phosphorylation of the inhibitory eIF4E-binding
protein 4EBP1 or increased pro-apoptotic BCL-2-modifying factor
(BMF)-dependent degradation of eIF4G. The development of an
in situ method to detect the eIF4E-eIF4G interactions shows that
eIF4F complex formation is decreased in tumours that respond to
anti-BRAF therapy and increased in resistant metastases compared
to tumours before treatment. Strikingly, inhibiting the eIF4F com-
plex, either by blocking the eIF4E-eIF4G interaction or by targeting
eIF4A, synergizes with inhibiting BRAF(V600) to kill the cancer cells.
eIF4F not only appears to be an indicator of both innate and acquired
resistance but also is a promising therapeutic target. Combinations
of drugs targeting BRAF (and/or MEK) and eIF4F may overcome most
of the resistance mechanisms arising in BRAF(V600)-mutant cancers.

A plethora of mechanisms of resistance to BRAF(V600) inhibitors
have been described, including mutations of NRAS, MAP2K1 and PIK3CA,
partial deletion of PTEN, expression of BRAF splice variants, upregula-
tion of PDGFRP, IGF-1R, EGFR, HER3 and COT and downregulation
of BH3-only proteins (which are pro-apoptotic)' . By activating the
MAPK or the PI(3)K pathway or by modulating the caspase-dependent
apoptotic cascade, all of these mechanisms converge on eIF4F-dependent
mRNA translation.

To investigate the potential role of elF4F complex formation in the resis-
tance of BRAF(V600) melanoma to anti-BRAF and anti-MEK compounds,
we first tested a panel of human melanoma cell lines (Supplementary
Table 1) for their sensitivity to vemurafenib. Two BRAF(V600)-mutated
cell lines (Mel624 and A2058) were resistant to vemurafenib compared
with other cell lines (for example, A375 and Mel888) in both short-term
(Extended Data Fig. 1a) and long-term (Extended Data Fig. 1b) pro-
liferation assays. Similarly to the sensitivity pattern observed in vitro,
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A375 xenografts were more sensitive to vemurafenib than were Mel624
xenografts (Extended Data Fig. 2a). Determination of the half-maximum
inhibitory concentration (ICs,) (Extended Data Fig. 1aand Supplemen-
tary Table 1), together with long-term proliferation assays (Extended
Data Fig. 1c), indicated that these two vemurafenib-resistant cell lines
(Mel624 and A2058) were also less sensitive to dabrafenib (another
BRAF(V600) inhibitor), PD0325901 and trametinib (both MEK inhi-
bitors), the combination of dabrafenib and trametinib, and CGP 57380
(a MNK inhibitor). To determine the status of the eIF4F complex in
these various cell lines, we used a cap-binding assay in which synthetic
m’GTP-Sepharose beads capture e[F4E and its two binding partners,
eIF4G and 4EBP1. We observed that vemurafenib treatment increased
the amount of eIF4E-bound 4EBP1 and concomitantly decreased the
amount of elF4E-bound eIF4G in the two sensitive cell lines (A375 and
Mel888) (Fig. 1a). Incorporation of [**S]methionine and cysteine and
profiling of polysomes showed that this decrease in elF4F complex for-
mation led to a weak decrease (13%) in translation initiation in the acute
phase (3 h) of the response to treatment and to a greater decrease (30%)
in protein synthesis after 24 h of treatment (Extended Data Fig. 3a, b).
As expected from another study’, describing mTOR-dependent trans-
lation regulation, the analysis of mRNAs that are differentially recruited
to heavy polysomes (Supplementary Table 2) showed that the trans-
lation of several nRNAs containing 5’ terminal oligopyrimidine (TOP)
motifs and encoding many ribosomal proteins and translation factors
was inhibited during the acute response to vemurafenib treatment (Ex-
tended Data Figs 3¢, d and 4 and Supplementary Table 2).

Strikingly, the vemurafenib-dependent disruption of the eIF4E—eIF4G
complex was not observed in the resistant cell lines (Mel624 and A2058)
(Fig. 1a). We further investigated the formation of the eIF4F complex
using a proximity ligation assay procedure (Extended Data Fig. 5), and
we observed that vemurafenib induced a decrease in eIF4E—eIF4G
interaction and an increase in eIF4E-4EBP1 complex formation in
vemurafenib-sensitive cell lines (A375 and Mel888) that was not ob-
served in the resistant cell lines (Mel624 and A2058) (Fig. 1b and Ex-
tended data Fig. 6a, b). In vivo experiments in mice were consistent with
these findings, as we also found fewer e[F4E-eIF4G interactions, com-
pared with eIF4E-4EBP1 interactions, in vemurafenib-treated A375
xenografts (sensitive) than in vemurafenib-treated Mel624 xenografts
(resistant) (Extended Data Fig. 2b, ¢). The same correlation between sen-
sitivity to the drugs and the level of activation of the eIF4F complex was
observed with dabrafenib, trametinib and combinations of both drugs
(Extended Data Fig. 7a, b), extending our observation to anti-MEK agents
and anti-BRAF plus anti-MEK combinations®.

In parallel, we generated a melanoma cell line with acquired resistance
to vemurafenib (Supplementary Table 1) by exposing the Malme-3M
cell line, which has the BRAF(V600) mutation, to incremental increases
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Figure 1 | The formation of the eIF4F translation initiation complex is
associated with resistance to BRAF inhibitors. a, eIF4F complex formation,
as determined using the cap-binding assay in vemurafenib-treated or untreated
tumour cell lines. Eluates from beads (m’G-bound) and total extracts

(input) were analysed by western blotting. The half-maximum inhibitory
concentration (ICsp) for vemurafenib is indicated (see also Supplementary
Table 1). b, elF4E-eIF4G or eI[F4E-4EBP1 interactions detected by proximity
ligation assay (PLA) in vemurafenib-treated or untreated cell lines. The
interactions were visualized as red spots. The white numbers indicate the
mean * s.d. (n = 3).

in vemurafenib concentration over 2 months. Again, vemurafenib induced
adecrease in eI[F4E-eIF4G interactions and an increase in elF4E-4EBP1
complex formation in vemurafenib-sensitive Malme-3M cells but not
in vemurafenib-resistant Malme-3M (R-Malme-3M) cells (Extended
Data Fig. 8a). Finally, this paradigm was not limited to melanoma cell
lines: we observed the maintenance of the eIF4F complex in two other
cell lines: the colon cancer cell line HT-29, in which resistance is asso-
ciated with an activating PI(3)K(P449T) mutation’ and EGFR over-
expression'’; and the papillary thyroid cancer cell line BCPAP, in which
resistance is linked to HER3 overexpression'' (Extended Data Fig. 8b).

We next addressed the mechanisms underlying the differences in the
sensitivity to vemurafenib in the above-mentioned melanoma cell lines.
We observed that R-Malme-3M exhibited a higher ERK phosphoryla-
tion level than the sensitive Malme-3M cell line (Fig. 2a). The sustained
phosphorylation of ERK was associated with a vemurafenib-dependent
increase in BRAF-CRAF dimerization, revealing a mechanism of resis-
tance linked to reactivation of the MAPK pathway (Fig. 2b). Vemurafenib
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treatment inhibited ERK phosphorylation in all of the other cell lines
tested, including the vemurafenib-resistant cell lines Mel624 and A2058
(Fig. 2¢), showing that the differential sensitivity to vemurafenib in these
cell lines cannot be explained by the reactivation of the MAPK pathway.
The expression and phosphorylation of the main translation initiation
factors remained unchanged in vemurafenib-resistant cell lines, except
for eIF4G and eIF4B, for which vemurafenib-dependent dephosphor-
ylation was observed (Fig. 2¢). However, these dephosphorylations also
occurred in vemurafenib-sensitive cell lines and therefore were not cor-
related with vemurafenib resistance. 4EBP1 was dephosphorylated in
the vemurafenib-treated sensitive cell line Mel888 and to a lesser extent
in A375. This dephosphorylation is linked to AKT dephosphorylation
(Fig. 2¢), which does not occur in resistant cell lines. The amounts of
elF4G and eIF4B were decreased in the vemurafenib-treated sensitive
A375 cell line (Fig. 2¢).

To uncover the mechanisms underlying this decrease, we sought to
identify the genes whose expression is altered after vemurafenib treat-
ment in A375 cells compared with Mel624 cells, by using microarrays
(Supplementary Table 3). As expected from previous studies'*'?, vemur-
afenib led to the inhibition of expression of genes encoding transcrip-
tion factors associated with ERK-dependent transformation and genes
encoding feedback regulators of ERK signalling, such as members of
the dual specificity phosphatase (DUSP) and sprouty (SPRY) gene fam-
ilies (Fig. 2d and Supplementary Table 3). These changes were found in
both the sensitive and resistant cell lines, reinforcing the finding that
the differential sensitivity of these two cell lines to vemurafenib is inde-
pendent of the MAPK pathway. We focused on a set of 27 genes that
were differentially upregulated in A375 cells, including BMF (Fig. 2d),
a pro-apoptotic gene that had already been shown to be involved in ac-
quired resistance to PLX4720 (ref. 6), a vemurafenib analogue. Of these
27 genes, BMF was the only one that, when knocked down (by short
interfering RNA (siRNA)-mediated depletion), led to the relative res-
istance of A375 cells to vemurafenib (Extended Data Fig. 9a,b). Vemur-
afenib treatment led to a strong increase in the expression of BMF in
A375 cells but not in Mel624 cells (Fig. 2e). siRNA-mediated depletion
of BMF led to decreased vemurafenib-dependent eIF4G cleavage (Fig. 2f)
and to increased eIF4F complex formation (Fig. 2g), suggesting that BMF
is involved in the sensitivity to vemurafenib by acting on the cleavage
of eIF4G, which, in turn, affects eIF4F complex formation. In favour
of this hypothesis, we found that the cleavage of eIF4G (first observed
45 min after treatment) preceded the disruption of eIF4F (first observed
90 min after treatment) (Extended Data Fig. 6¢, d). Thus, in addition
to reactivation of the MAPK pathway and/or activation of the PI(3)K-
AKT-mTOR pathway, the formation of the eIF4F complex is also an
indicator of resistance linked to modulation of apoptotic cascades.

To further support the idea that the formation of the eIF4F complex
is involved in sensitivity to vemurafenib, we used the small molecule in-
hibitor 4EG inhibitor-1 (4EGI-1), which disrupts e[F4E-e[F4G interaction'.
4EGI-1 decreased the elF4E-eIF4G interaction and, in parallel, increased
the eIF4E-4EBP1 interaction in all cell lines tested (Extended Data Fig. 5b).
Vemurafenib-resistant cell lines were more sensitive to 4EGI-1 than were
vemurafenib-sensitive cell lines (Fig. 3a), suggesting a direct role of the
eIF4F complex in proliferation. To examine whether resistance can be
reversed by disrupting the eIF4F complex, we explored the effect of the
combination of vemurafenib and 4EGI-1 on Mel624 cells and found a
clear synergistic effect of these compounds (Fig. 3b). Thus, the forma-
tion of the eIlF4F complex is directly involved in sensitivity to vemurafenib.
Targeting translation initiation may therefore be a strategy to overcome
resistance to anti-BRAF and/or anti-MEK compounds. Silvestrol, a nat-
urally occurring member of the flavagline family of compounds, inhibits
cap-dependent translation by targeting elF4A"""”. However, silvestrol
displays poor ADME (absorption, distribution, metabolism and excre-
tion) characteristics and is sensitive to P-glycoprotein-mediated multi-
drug resistance, which severely hampers its use in in vivo studies'®".

To circumvent this problem, we chose to evaluate a series of syn-
thetic flavagline derivatives (Supplementary Notes) for their capacity
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Figure 2 | Identification of mechanisms of resistance associated with
persistent eIF4F formation. a, c, Western blot analysis with antibodies specific
for phosphorylated (P-) or total proteins as indicated. b, BRAF-CRAF
interaction detected by PLA. The white numbers indicate the mean * s.d.

(n = 3).d, Venn diagram showing the overlap of differentially expressed genes
in several vemurafenib-treated cell lines. The list of genes on the left represents
the 27 genes whose expression was upregulated by vemurafenib in A375

cells but not in Mel624 cells. EGR, early growth response; IER, immediate early

to inhibit the eIF4F complex, by using a bicistronic luciferase reporter
construct (pR-HepC-L) (Fig. 3¢). In this assay, translation of the first
(LucR) cistron is eIF4F-dependent, while translation of the hepatitis C
virus internal ribosome entry site (IRES)-driven second (LucF) cistron
is eIF4F-independent. Differential translation of both cistrons, as mea-
sured by the ratio of luciferase activities, directly reflects differences in
elF4F activity. Treatment of pR-HepC-L-transfected A375 cells with

response. e, Expression of BMF mRNA (as determined by quantitative reverse
transcription PCR (qQRT-PCR)) in vemurafenib-treated A375 cells compared
with dimethylsulphoxide (DMSO) controls. The data are presented as the
mean * s.d. (n = 3), and differences were assessed with Student’s t-test

(**, P<0.01). f, Western blotting analysis of vemurafenib treatment on BMF-
depleted A375 cells. si-BMF, BMF-directed siRNA; si-control, control siRNA.
g, eIF4E-elF4G and eIFAE-4EBP1 interactions detected by PLA. The

white numbers are the mean * s.d. (n = 3).

09 13

silvestrol and several flavaglines (for example, FL3, FL14, FL23 or FL36)
led to an increase in the LucF:LucR ratio (Fig. 3d), indicating that those
drugs target eIF4F in a specific manner. A structure-function relation-
ship study allowed us to define the best translation inhibitors (Fig. 3e).
The ability to inhibit eIF4F-dependent translation correlated with the
ability to inhibit cell proliferation (Fig. 3f). Finally, we found that com-
bining vemurafenib and an eIF4A inhibitor, such as FL3, silvestrol or

4 SEPTEMBER 2014 | VOL 513 | NATURE | 107

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

a 12 . | 121 b A£Gt Figure 3 | Flavaglines target eIF4F and synergize
10 ! i 104 1.0 . with vemurafenib. a, f, Cell proliferation assays.
: . .
I T, . o8 « ° The data are presented as the mean * s.d. (n = 4).
S 0. S 0.8 ‘e . . .
< g £ s . Survival is shown relative to DMSO controls. (The
2 001 e 208 3 ability to inhibit eIF4F-dependent translation is
k5] = Melgss T .
3 0417 ~ 3 041 g% e &0 derived from d.) b, g, Isobologram of the effect of
o Mel624 Q¥ . . B . .
0.2 © Aoose . 02 O 02y s the combination of vemurafenib plus the indicated
+ Mel10 . . . .
00l . . 00 ; ; . = ool drugs on Mel624 cells. The Bliss index is shown
! 10 100 o001 o001 o1 110 00 02 04 06 08 10 in square brackets. ¢, Schematic of the mRNA
AEGHT (D Vemurafenio (:M) Expected effact produced from the pR-HepC-L vector. HCV IRES,
Bliss index [1.2-4.2] N
c d hepatitis C virus internal ribosome entry site.
I d, Ratio of LucF to LucR activity (AU, arbitrary
-HepC- s
pre units) in pR-HepC-L-transfected A375 cells treated
pR-HepC-L _ with flavaglines. The data are presented as the
2 N
elF4F- elF4F- = mean * s.d. (n = 4), and differences were assessed
dependent independent o .
[N P "Q g with Student’s t-test (¥, P < 0.05; **, P < 0.01).
cap A % e, Structure-function relationships of the
HOVIRES - flavaglines. h, Growth of Mel624 xenografts in
mice. The data are presented as mean tumour
volume + s.e.m. (1 = 6 mice per group); one-sided
Mann-Whitney test, *, P < 0.05; **P < 0.01.
e (R = OH and R® = H) or (R? = H and n R
R® = NHCH,COO or HNCOCH,N(CH,),) H = CONH, >> COOCH,€ i
Other substituents: inactive CONHCH, or CON(CH),
s _
"o LR £
1o~ % 1.0+
MeO E
5
o 2 ]
]
00 : 3 )
9 Silvestrol FL3 Hippuristanol -1 0 1 2
1.0 . 1.0 log[drug concentration]
ks 0.8 . 0.8 g
% . o w8 8 <«
o 06 . 0.6 . 92393 =2 3
5] . [ra T T e T 7, B T
% 04 ° 0.4 . ° o « o s o
8 02l ¢ 02 Ability to inhibit
elF4F-dependent translation
0.0 0.0 4 0.0 F————7—
0.0 02 04 06 08 1.0 00 02 04 06 0.8 1.0 00 02 04 06 08 1.0
Expected effect Mel624
[1.11-2.71] [1.17-2.27] [1.11-2.77] -~ \/ehicle
1,200 ~
Rapamycin Doxorubicin Actinomycin D - FL3 15 mg kg
1.0 1.0 1.0 1,000 =+ FL3 15 mg kg™ +
£ Plx 200 mg kg™
5 08 08 08 ¢ 5 8001 .
@
% 06 06 06 2 6001 -
3 . 2
£ 04 0.4 0.4 5 400 FL3treatment
.
g o2 02 0.2 5 200
042 0.0 F—————— 0.0+ 0 - - . : . ,
0.0 0.2 04 06 0.8 1.0 0.0 02 0.4 06 08 1.0 00 0.2 04 0.6 0.8 1.0 0 5 10 15 20 25 30
Expected effect Time (days)
[0.93-1.05] [0.93-1.07)

[0.32-0.99]

hippuristanol®, had a synergistic effect on the proliferation of Mel624
cells (Fig. 3g). Interestingly, this synergy was not observed with other
chemotherapeutics such as doxorubicin (which intercalates into duplex
DNA), actinomycin D (which inhibits RNA synthesis) or rapamycin
(which targets mTORC1) (Fig. 3g). Rapamycin is expected to depho-
sphorylate 4EBP1 and should disrupt the eIF4F complex, which, in turn,
should lead to a synergistic effect of vemurafenib and rapamycin. How-
ever, we found that rapamycin did notlead to 4EBP1 dephosphorylation
in Mel624 cells, explaining the lack of synergy (Extended Data Fig. 9c¢).
Xenograft experiments were then performed with FL3, which was cho-
sen from the flavaglines because of its ability to overcome multidrug
resistance and its activity in vivo™. The combination of FL3 plus PLX4720
(PIx) given at a moderate dose of 200 mg per kg body weight led to a
strong reduction in Mel624 tumour growth (Fig. 3h). The cooperative
action of FL3 and Plx was shown by using a low dose of Plx (90 mg per kg
body weight), at which no effect on Mel624 tumour growth was ob-
served with Plx alone (Extended Data Fig. 2d).

To evaluate the clinical relevance of the eIF4F complex in patients, we
investigated its presence in 16 biopsy specimens (before and during anti-
BRAF therapy) from 7 patients with metastatic melanoma (Supplementary
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Table 4). Interestingly, sequencing of the tumours that were progres-
sing revealed an acquired PI(3)K(Q546R) mutation in a metastasis from
patient 6 (Supplementary Table 5) close to a recently described activ-
ating mutation (E545G) in PI(3)K that is associated with acquired
resistance”. We observed a decrease in e[FAF complex formation (as mea-
sured by the ratio of the eIF4E—eIF4G complex to the eIF4E-4EBP1
complex) in three out of four biopsy samples of responding tumours
(Fig. 4 and Extended Data Fig. 10) compared with biopsy samples taken
before therapy (baseline). By contrast, in all resistant tumours that were
progressing under therapy, we found a clear increase in eIF4F complex
formation compared with the baseline biopsy samples (Fig. 4 and Ex-
tended Data Fig. 10). Interestingly, patient 4 had two metastases with
an early mixed response to vemurafenib treatment: one metastasis res-
ponding to treatment (meta. 1), and the other resisting treatment (meta. 2).
While an increase in eIF4F was found in the resistant metastasis, no
change was observed in the responding metastasis (Fig. 4b). Thus, a
direct correlation was found between the response to treatment and
the formation of eIF4F complexes, illustrating the in vivo association
between sensitivity to anti-BRAF therapy and inhibition of the eIF4F
complex. We found that the increase in eIF4F complex formation was
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Figure 4 | Formation of the eIF4F complex in patients. a, e[F4E-eIF4G and
eIF4E-4EBP1 interactions detected by PLA in samples from the indicated
patients at the indicated times. The number corresponds to the day (D) of
biopsy before (—) or after (+) treatment. Each brown spot represents an
interaction. b, PLA quantification showing the ratio between the eIF4E-eIF4G
interactions per 100 nuclei and the eI[F4E-4EBP1 interactions per 100 nuclei,
normalized to the same ratio before treatment (D 0) (mean = s.d.).
Phosphorylated ERK (P-ERK) immunoreactivity was assessed
semiquantitatively (grey bars).

more significantly associated with resistance than was the ERK phos-
phorylation level, which is conventionally investigated to explore res-
istance (Fig. 4b). This finding confirmed our in vitro data showing that
the formation of the eIF4F complex was associated with resistance to
vemurafenib in both ERK-dependent and ERK-independent resistance
mechanisms. Using emerging technologies, such as ribosome profiling’’,
to examine the translation landscape of anti-BRAF and/or anti-MEK-
sensitive and -resistant tumour cell lines should pave the way for an
in-depth understanding of the contribution of genes that are regulated
at the translational level in resistance mechanisms to targeted cancer
therapies.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Cell lines and reagents. The A375, Mel888, A2058, SK-MEL-28, SK-MEL-5 and
Malme-3M melanoma cell lines used in this study were purchased from the ATCC.
The Mel624 and Mel10 cell lines were a gift from G. Lizee and L. Zitvogel, respect-
ively. The BCPAP thyroid cancer cell line, HT-29 colorectal cancer cell line and
MDA-MB-468 breast cancer cell line were gifts from C. Dupuy, S. Chouaib, and C.
Nahmias, respectively. Cancer cell lines were maintained at 37 °C and 5% CO, ina
humidified atmosphere and grown in RPMI 1640, MEM or DMEM growth media
supplemented with 10% FBS, 2 mM glutamine, 50 u ml ™" penicillin and 50 mg ml ™!
streptomycin (Gibco). The Malme-3M cells were grown in IMDM supplemented
with 20% FBS. All cell lines were regularly verified to be mycoplasma-free using a
PCR-based test (Biovalley). Genomic DNA was isolated using Genomic-Tips kits
(QIAGEN), and the mutational status of BRAF (exons 11 and 15) and NRAS (exons 2
and 3), and other hotspot genes listed in Supplementary Table 1, was determined
by direct sequencing of PCR amplification products.

Cells were treated with BRAF inhibitors (vemurafenib and dabrafenib), MEK

inhibitors (trametinib and PD0325901), a MNK inhibitor (CGP 57380), an e[F4E-
eIF4G interaction inhibitor (4EGI-1), eIF4A inhibitors (flavaglines and hippur-
istanol), rapamycin, doxorubicin or actinomycin D. All drugs were dissolved in
dimethylsulphoxide (DMSO) for in vitro studies. Trametinib and dabrafenib were
obtained from GlaxoSmithKline, and PLX4720 was obtained from Plexxikon, with-
out any financial support.
Proliferation analysis and Bliss index. Cell proliferation was measured using WST-1
reagent (Roche Applied Science). Melanoma cells were plated (5,000 cells per well)
in 96-well tissue culture plates. After 24 h, the cells were treated with drugs or
DMSO at the indicated concentrations, in triplicate. WST-1 reagent was added to
the wells and incubated at 37 °C for 2 h before and after the treatment period of
48h. The plates were then read at 450 nm on a Victor” Multilabel Counter model
1420 (Perkin Elmer). Cell proliferation is expressed as percentage of the absorbance
compared with mock-treated cells.

To evaluate the effect of vemurafenib in combination with other drugs, we com-
pared the observed and expected responses obtained from combination treatment.
The Loewe additivity model was used to predict the combined effect of each drug.
The expected effect (E.,;) of the combination was estimated from each separate drug
effect:

Eexp = Edrugl + Edrugz - (Edmgl X Edrug2)~

The observed:expected ratio was calculated according to the Bliss method. In this
model, the excess above the predicted Bliss index represents the synergistic effect
of the combination treatment. The Bliss index was calculated as the observed:
expected ratio, where an index of 1, <0 or >1 indicates additive, antagonistic or
synergistic effects, respectively.

Mel624 cells were treated for 48 h before the WST-1 assay with 6 mM 4EGI-1 or
8 nM FL3 and variable doses of vemurafenib, ranging from 25nM to 12 pM.

Isobolograms represent the correlation between the observed and the expected
effects of the combination of two drugs. The upper left region of the figure repre-
sents increasing degrees of synergy.
Clonogenic assays. For clonogenic assays, cells were plated at low density (1 X 10
cells per well in 6-well tissue culture plates) in fresh media. After 24 h, cells were treated
with drugs or DMSO at the indicated concentrations, in duplicate. After 14 days,
cells were stained with 0.5% (w/v) crystal violet in 70% ethanol, and the number of
colonies was counted.
Western blot analysis. Western blot analysis was performed on cell extracts of the
indicated cell lines treated for 24 h (Fig. 2a, ¢) or 3 h (Fig. 2f) with the indicated
concentrations of vemurafenib or PD0325901. Immunoblots were performed from
whole cell lysate prepared using RIPA Buffer (Cell Signaling Technology) supple-
mented with dithiothreitol (DTT), phenylmethylsulphonyl fluoride (Sigma), and
fresh protease and phosphatase inhibitors (Roche). Cell lysates were quantified for
protein content using a bicinchoninic acid (BCA) protein assay kit (Thermo). Pro-
tein samples were resolved on NuPAGE 12% Bis-Tris gels with MOPS buffer or
3-8% Tris acetate gels with Tris acetate buffer (Life Technologies) and then trans-
ferred to 0.45-pm nitrocellulose membrane (Bio-Rad). After saturation in Tris-
buffered saline buffer supplemented with 5% powdered milk, the membranes were
incubated with antibodies (diluted at 1:1,000) overnight at 4 °C. Antibodies spe-
cific for the following proteins were purchased from Cell Signaling Technology:
eIF4G (raised in rabbits, catalogue no. 2498), 4EBP1 (rabbit, clone 53H11, 9644),
4EBP1 phospho-S65 (rabbit, 9451L), eIF4E (rabbit, clone C46H6, 2067), elF4A1
(rabbit, 2490), eIF4B (rabbit, 3592), eIF4B phospho-S422 (rabbit, 3591), eIF4G
phospho-S1108 (rabbit, 2441), eIF4H (rabbit, clone D85F2, 3469), AKT (rabbit,
9272), AKT phospho-S473 (rabbit, clone DIE, 4060), ERK1/2 (rabbit, 9102) and
ERK1/2 phospho-T202/Y204 (rabbit, clone 20G11, 4376). The antibody specific
for eIF4E phospho-S209 (rabbit, clone EP2151Y, ab76256) was purchased from

Abcam. The antibody specific for GAPDH (mouse, clone 6C5, MAB374) was
purchased from Millipore. The antibody specific for B-actin (rabbit, A5060) was
purchased from Sigma. Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were purchased from Sigma. Quantification of the bands was done with
Image]. In most cases (except Fig. 2f), the displayed images were cropped to focus
on the protein of interest.

In Fig. 2f, full-length eIF4G is observed at an apparent molecular weight of 220 kDa.
The p120 and p150 fragments represent products from a single caspase-3 cleavage
event in the amino-terminal and carboxy-terminal halves of eIF4G, respectively.
Cap-binding assay. eIF4F complex formation using the cap-binding assay was
assessed in vemurafenib-treated (6 LM, 24 h) or untreated melanoma cell lines (A375,
Mel888, Mel624 and A2058) (Fig. 1a). Cells were washed in cold PBS and lysed by
three cycles of freezing at —80 “C and thawing on ice. Protein lysate (50 ug) was
diluted in 200 pl 150 mM KCl, 50 mM HEPES, pH 7.5,2 mM DTT, 0.2% Tween 20
and protease inhibitor cocktail. Lysates were incubated for 3 h with m’GTP-Sepharose
4B reconstituted beads (GE Healthcare, Amersham). Eluates and total cell lysates
were used for immunoblotting.

Metabolic labelling. A375 cells were plated at 2.5 X 10° cells in 6-well plates and
incubated for 24 h. Cells were then treated with vemurafenib (3 or 24 h) or with
100 pg ml ™" cycloheximide (15 min). After washing with methionine/cysteine-free
DMEM (Gibco) supplemented with 10% dialysed FBS, cells were incubated with
11 pGi pl ™! EasyTag EXPRESS>S Protein Labeling Mix (PerkinElmer) in the pres-
ence of drugs in methionine/cysteine-free DMEM for 30 min. After washing with
PBS, the cells were harvested in RIPA Buffer. The lysates were centrifuged at
12,000 r.p.m. (4 °C) and spotted onto Whatman 3MM filter paper. The proteins
were precipitated with cold 10% trichloroacetic acid (TCA) solution for 15 min
followed by 5% TCA solution for 10 min. The filters were then washed with 95%
ethanol and air dried. The radioactivity was measured by scintillation counting and
normalized to protein content.

Proximity ligation assay. Interactions between eIF4E and eIF4G (eIF4E-eIF4G)
or elFAE and 4EBP1 (eIF4E-4EBP1) were detected by in situ proximity ligation assay
(PLA) in melanoma cell lines treated with 6 M vemurafenib or untreated (Fig. 1b,
24 h treatment; Fig. 2g, 3 h treatment). The BRAF-CRAF interaction was detected
by PLA in the Malme-3M melanoma cell line and its vemurafenib-resistant coun-
terpart (R-Malme-3M) after treatment with vemurafenib (6 uM, 24 h) or no treat-
ment (Fig. 2b). PLAs were performed on both fixed, permeabilized cells and on
melanoma tissue sections. Following dewaxing and rehydration of tissue sections,
antigen retrieval was performed by heating the slides for 30 min at 95 °C in Tris-
EDTA buffer, pH 9. From this point, the tissue sections and the fixed, permeabilized
cells were treated identically, and the PLA protocol was followed according to the
manufacturers’ instructions (Olink Bioscience), with incubation of the primary anti-
bodies at 4 °C overnight. After blocking, the antibodies were used at the following
concentrations: for eIF4E (mouse, clone A-10, catalogue number SC-271480, Santa
Cruz Biotechnology, 1:200); for eIF4G (rabbit, 2498; Cell Signaling Technology,
1:200); for 4EBP1 (rabbit, clone 53H11, 9644, Cell Signaling Technology, 1:200).
PLA minus and PLA plus probes (containing the secondary antibodies conjugated
to oligonucleotides) were added and incubated for 1 h at 37 °C. More oligonucleo-
tides were then added and allowed to hybridize to the PLA probes. Ligase was used
to join the two hybridized oligonucleotides into a closed circle. The DNA was then
amplified (with rolling circle amplification), and detection of the amplicons was
carried out using the Brightfield detection kit for chromogenic development or
using the Far Red detection kit for fluorescence. Cell nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). The sections were mounted with Olink Mount-
ing Medium. The first results were visualized by confocal microscopy (Leica SPE),
and the analysis was supported by Volocity software. To improve the sensitivity of
the fluorescence detection, we next used a scanner (Olympus VS120) (magnifica-
tion 20X; 2-ms exposure for the DAPI channel and 300-ms exposure for the Cy5
channel; 1 pixel = 0.32 pm), and the number of PLA signals per cell was counted
(more than three fields) by semi-automated image analysis (Image] and OlyVIA).
Polysomal fractionation and microarray experiment. Sucrose density gradient
centrifugation was used to separate the subpolysomal and the polysomal ribosome
fractions. Fifteen minutes before collection, cells were incubated at 37 °C with
100 pgml~ ' cycloheximide added to the culture medium. Next, cells were washed,
scraped into ice-cold PBS supplemented with 100 pg ml™~" cycloheximide, centri-
fuged at 3,000 r.p.m. for 5 min and then collected into 400 pl of LSB buffer (20 mM
Tris, pH 7.4, 100 mM NaCl, 3 mM MgCl,, 0.5 M sucrose, 2.4% Triton X-100,1 mM
DTT, 100 Uml ™' RNasinand 100 g ml ™" cycloheximide). After homogenization,
400 pl LSB buffer supplemented with 0.2% Triton X-100 and 0.25 M sucrose was
added. Samples were centrifuged at 12,000g for 10 min at 4 °C. The resultant super-
natant was adjusted to 5 M NaCl and 1 M MgCl,. The lysates were loaded onto a
15-50% sucrose density gradient and centrifuged in an SW41 rotor at 38,000 r.p.m.
for 2h at 4 °C. Polysomal fractions were monitored and collected using a gradient
fractionation system (Isco). Total RNA was extracted from the four heaviest fractions
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and the input samples using the TRIzol-chloroform method. Microarray experi-
ments were performed in quadruplicate using Human Gene Expression 8 X60 K
arrays (Agilent). Microarray data are available in the ArrayExpress database under
accession number E-MTAB-2607.

For quantitative reverse transcription PCR (QRT-PCR) experiments, total RNA
was extracted by the TRIzol-chloroform method from 300 pl of each fraction (1-16).
cDNA was prepared using SuperScript III Reverse Transcriptase (Invitrogen) with
random hexamer primers according to the manufacturer’s instructions. The same
volume of cDNA from each fraction was used to perform qPCR experiments.
RNA extraction and qPCR. Total RNA was extracted using the TRIzol-chloroform
extraction method. Samples were digested with DNase I (Turbo DNA free, Ambion).
The quality of RNAs was assessed using a Bioanalyzer instrument (Agilent) and
then quantified using a NanoDrop 1000 instrument (Thermo Scientific). cDNA
was prepared using SuperScript III Reverse Transcriptase with random hexamer
primers according to the manufacturer’s instructions. Transcript abundance was
determined by qPCR using SYBR Green PCR Master Mix (Applied Biosystems) with
the primers indicated in Supplementary Table 7. Data were analysed by the threshold
cycle (Ct) comparative method and normalized to the TBP gene. Relative express-
ion of BMF mRNA (as determined by gRT-PCR) was assessed in vemurafenib-
treated (6 uM for 3 h) or control cell lines (Fig. 2e).

RNA interference. Cells were transfected with 20 nM of each siRNA using Lipo-
fectamine RNAiIMAX Reagent (Life Technologies) following the supplier’s instruc-
tions. siRNAs were purchased from Thermo Scientific (ON-TARGETplus SMARTpool
technology). The sequences of the siRNAs are shown in Supplementary Table 6.
Dual luciferase reporter assays. Dual luciferase assays were conducted in A375
cells transfected with 50 ng pR-HepC-L bicistronic vector in 96-well plates using
Lipofectamine 2000 reagent (Life Technologies) and treated for 16 h with three con-
centrations of each of the indicated flavaglines (formulae in Supplementary Notes).
The lysates were prepared in triplicate with the Dual-Luciferase Reporter Assay
System (Promega), and 12 pl firefly and Renilla bioluminescence lysates were mea-
sured with the GloMax 96 Microplate Luminometer (Promega) (n = 3).

Mouse xenograft study. Animals were housed under pathogen-free conditions with
food and water ad libitum. Experiments were performed in accordance with the CCAC
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guidelines and approved by the ethical committee of the Plateforme d’évaluation
Préclinique of Gustave Roussy. Animals were allocated to experimental groups so
that the groups had similar mean tumour volumes at day 0 of treatment. The inves-
tigator was not blinded to the group allocation or when assessing the outcome. Female
Swiss nude (athymic) mice were purchased from the animal facility of Gustave
Roussy. At the age of 6-8 weeks, they were injected subcutaneously in the right
flank with 5 X 10 A375 cells in 200 pl PBS or 5 X 10° Mel624 cells in 200 pl PBS
and 50% Matrigel (BD Biosciences). When tumours reached an average volume
0f 100-300 mm?>, mice were fed with the control rodent diet or 90 (low dose), 200
(medium dose) or 417 (high dose) mg of the vemurafenib analogue PLX4720 (Plex-
xikon) per kg body weight. FL3 (15 mg per kg body weight) was injected intraper-
itoneally each day for 13 days. FL3 was dissolved in DMSO to make a 27.5 mgml ™"
stock solution and then diluted in PBS containing 5% Kolliphor (Sigma) just before
injection. Tumour growth was monitored twice a week in two dimensions using a
digital caliper. Tumour volumes were calculated with the ellipsoid volume formula
L X w? X 0.5, where L is length and w is width.
Clinical samples. Patients with metastatic melanoma harbouring a BRAF(V600)
mutation were treated with a BRAF inhibitor, vemurafenib or dabrafenib. Patients
had received appropriate information and signed an informed consent form au-
thorizing tumour biopsies and molecular studies in the context of an institutional
CRB-approved protocol (MSN-08-027). Tumours were biopsied before treatment,
at various time points after treatment initiation, as well as on progression.
Notably, patient 4 had a mixed response 21 days after initiation of anti-BRAF
treatment (metastasis 1 was responding while metastasis was growing). Patient 3 had
abiopsy performed at day 26 during clinical response and at day 138 when relapsing.
Immunohistochemistry. Deparaffinized tissue sections were treated with Antigen
Retrieval Solution (made from citrate buffer, pH 6.0, concentrated 10X, T0050
Diapath). Tissue sections were then incubated with Peroxidase Blocking Solution
(52023, Dako) for 15 min and Protein Block (X0909, Dako) for 20 min. Primary
antibody specific for phospho-T202/Y204 ERK1/2 (rabbit, clone 20G11, 4376,
Cell Signaling Technology) was applied, and the slides were incubated overnight at
4 °C. Signals were visualized using rabbit HRP-conjugated secondary antibody
(K4003, Dako) and a haematoxylin (MHS32, Sigma) counterstain.

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

e N NN N [+ Mmelt0
0.001 0.01 01 1 10
] 1'01 %'
g o.eJ \\ %
Ena
" 02 N Nr——
'Dabrafenlb (I‘:;ﬂ} '''''
12-. .
LIS
’ &
? 0.6- v
% 0.44 -
0o oA 1 0 w0 1000
Trametinib (nM)
1.2

A

oo

0.01

Relati

01 1 10 100 1000

PD-0325901 (nM)
1.2
1.04 &
0.8
0.6
0.4
0.2

Relative survival

Extended Data Figure 1 | Sensitivity of melanoma cell lines to anti-BRAF,
anti-MEK or anti-MNK inhibitors. a, Short-term growth-inhibition assay of
the indicated cell lines (SK-MEL-28, A375, Mel888, SK-MEL-5, A2058,
Mel624 and Mel10) treated with increasing concentrations of vemurafenib,
dabrafenib, PD0325901, trametinib and CGP 57380 for 48 h. The Mel10 cell
line does not have a mutated BRAF gene and was used as a control
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vemurafenib-insensitive cell line. Cell viability was determined using the WST-
1 cell proliferation assay. The data are presented as the mean = s.d. (n = 3).
b, ¢, Long-term colony formation assay of the indicated cell lines. Cells were
grown in the absence or presence of vemurafenib (b) or dabrafenib and
trametinib (c) at the indicated concentrations for 2 weeks. For each cell line, all
dishes were fixed at the same time, stained and photographed.
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Extended Data Figure 2 | Xenograft study. a, Growth of A375 and Mel624
cells as tumour xenografts in nude mice treated with vehicle or increasing
concentrations of PLX4720 (Plx). Mean tumour volumes + s.e.m. are shown
(vehicle and 200 mg Plx per kg body weight groups of A375- and Mel624-
xenografted mice comprised 4 mice; 90 mg and 417 mg Plx per kg body weight
groups of A375-xenografted mice comprised 3 mice; 90 mg and 417 mg Plx per
kg body weight groups of Mel624-xenografted mice comprised 5 mice).
Significance was determined by one-sided Mann-Whitney U test (*, P < 0.05;
**P < 0,01). b, Interactions between eIF4E and eIF4G (eIlF4E-elF4G) or eIF4E
and 4EBP1 (eIF4E-4EBP1) detected by in situ proximity ligation assay

(PLA) in paraffin-embedded tissue sections of A375 and Mel624 xenografts
from Plx-treated mice. The interactions were visualized as brown spots.
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¢, Quantification of the PLA showing the ratio between the number of
purple spots corresponding to the eIF4E-eIF4G interaction per 100 nuclei
and the number of purple spots corresponding to the eIF4E-4EBP1 interaction
per 100 nuclei, normalized to the same ratio before treatment. Error bars, s.d.
d, Growth of Mel624 cells as tumour xenografts in nude mice treated with
vehicle, a low dose of Plx alone, FL3 alone or a combination of Plx and FL3.
FL3 treatment was stopped after 13 days. The data are presented as the

mean + s.e.m. (Vehicle, 15 mg FL3 per kg body weight, and 90 mg Plx per kg
body weight plus 15 mg FL3 per kg body weight groups comprised 6 mice;
90 mg Plx per kg body weight group comprised 3 mice.) Significance was
determined by one-sided Mann—Whitney U test (*, P <0.05).
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Extended Data Figure 3 | Protein synthesis rates and polysome profiles.

a, Protein synthesis rates were determined in A375 cells treated for the
indicated times (3 or 24 h) with vehicle (dimethylsulphoxide (DMSO)) or 0.7 or
6 UM vemurafenib or for 15 min with 10 uM cycloheximide. Cells were then
pulsed for 30 min with [**S$]Cys/Met, and the incorporation of *S into proteins
was quantified and normalized to the total protein amount. The data are
presented as the mean (n = 2). b, Polysome profiles of A375 and Mel624 cells
treated with DMSO or 6 uM vemurafenib for 3 h. The area under the curve was
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ribosomal proteins
and translation factors

measured with ImageJ software. OD, optical density; RNP, ribonucleoparticle.
¢, Volcano plot showing a subset of 251 mRNAs that were differentially
translated between vemurafenib-treated and untreated A375 cells. Of these
251 mRNAs, 73 were overexpressed (red), and 178 were underexpressed (green).
d, A table showing some of the genes that encode mRNAs whose translation is
inhibited by vemurafenib in A375 cells (see also Supplementary Table 2).
These mRNAs belong to the TOP mRNA class, the members of which contain a
TOP motif and/or encode translation factors and ribosomal proteins.
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(eIF4E-eIF4G) and eIF4E and 4EBP1 (eIF4E-4EBP1) detected by in situ PLA
in the indicated cell lines treated for 24 h with the small molecule inhibitor
4EGI-1, which disrupts eI[F4E-eIF4G interaction'*. The interactions were
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visualized as red fluorescent spots. Cell nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI) (blue). ¢, The interactions between eIF4E
and eIF4G (eIF4E-eIF4G) or eIF4E and 4EBP1 (eIF4E-4EBP1) detected by
in situ PLA in siRNA-mediated e[F4E-depleted A375 cells. The interactions
were visualized as red fluorescent spots. The cell nuclei were stained with DAPI

(blue). d, Western blot analysis with antibodies specific for eIF4E and B-actin,
to evaluate siRNA-mediated depletion of eIF4E.
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Extended Data Figure 6 | Formation of the eIF4F complex in vemurafenib-  numbers correspond to means, and error bars are derived from three replicates.
treated melanoma cell lines and analysis of eIF4G cleavage. a, Quantification ¢, Time course of the interactions between eIF4E and eIF4G (eIF4E-eIF4G)
of the PLA showing the number of red spots (corresponding to eIF4E-eIF4G  detected by in situ PLA in response to the treatment of A375 cells with 6 uM

or e][F4E-4EBP1 interactions) per 100 nuclei (quantified with Volocity vemurafenib. The interactions were visualized as red fluorescent spots at
software). The data are presented as the mean = s.d. (n = 3). Significance was  the indicated times. d, A375 cells were treated (or not treated) with 6 pM
determined by Mann-Whitney U test (¥, P < 0.05; **, P<0.01). b, The vemurafenib and collected at the indicated times for western blot analysis with
interactions between eIF4E and elF4G (eIF4E-elF4G) or elF4E and 4EBP1 antibodies specific for eIF4G, eIF4E and GAPDH. The cleaved eIF4G:full-
(eIF4E-4EBP1) detected by in situ PLA in A375 cells treated for 24 h with length eIF4G density ratio and the eIF4E:GAPDH density ratio (indicated in

vemurafenib at the indicated concentrations. The interactions were visualized  blue for each time point) were quantified by densitometric scanning of the
as red fluorescent spots. The cells were counterstained with DAPI (blue). White  blots followed by Image]J analysis.
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Extended Data Figure 7 | Formation of the eIF4F complex in anti-BRAF
and anti-MEK treated melanoma cell lines and analysis of the synergistic
effect of FL3 and anti-MEK compounds. a, The interactions between e[F4E
and eIF4G (eIF4E-elF4G) detected by in situ PLA in A375 and A2058 cell lines
treated for 24 h with dabrafenib, trametinib or a combination of dabrafenib
and trametinib. The interactions were visualized as red fluorescent spots with
confocal microscopy (Leica SPE). Cell nuclei were stained with DAPI (blue).
b, Quantification of the PLA results showing the number of red spots
(corresponding to the e[F4E-eIF4G or e]F4E-4EBP1 interactions) per 100
nuclei calculated with Volocity software. The data are presented as the
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mean * s.d. (n = 3). Significance was determined by the Mann-Whitney U test
(*, P<0.05; **, P<0.01). ¢, Isobolograms showing the correlation between
the observed and expected effects of the combination of MEK inhibitors (such
as PD0325901 or trametinib) and FL3 on the Mel624 cell line. The upper

left region of the figure represents increasing degrees of synergy. The minimum
and maximum Bliss index values are shown as an interval within square
brackets under each isobologram. The Bliss index was calculated as the ratio
observed:expected, where 1, <0 or >1 indicate additive, antagonistic or
synergistic effects, respectively.
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Extended Data Figure 8 | Formation of the eIF4F complex in various
vemurafenib-treated cell lines. a, The e[F4E-eIFAG and eIF4E-4EBP1
interactions detected by in situ PLA in the Malme-3M melanoma cell line and
its vemurafenib-resistant counterpart (R-Malme-3M) after treatment with

6 UM vemurafenib (24 h) or no treatment. The interactions were visualized as
red fluorescent spots. Cell nuclei were stained with DAPI (blue). White
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numbers correspond to the mean * s.d. derived from three replicates
quantified with Image]. b, The eIF4E-eIF4G and eIF4E-4EBP1 interactions
detected by in situ PLA in the HT-29 colon cancer cell line and the BCPAP
thyroid cancer cell line treated with 6 pM vemurafenib (24 h) or untreated.
The interactions were visualized as red fluorescent spots. Cell nuclei were
stained with DAPI (blue).
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ABSTRACT

Chikungunya virus (CHIKYV) is a re-emerging mosquito-borne alphavirus that recently caused large
epidemics in islands in, and countries around, the Indian Ocean. There is currently no specific drug
for therapeutic treatment or for use as a prophylactic agent against infection and no commercially
available vaccine. Prohibitin has been identified as a receptor protein used by chikungunya virus to
enter mammalian cells. Recently, synthetic sulfonyl amidines and flavaglines (FLs), a class of naturally
occurring plant compounds with potent anti-cancer and cytoprotective and neuroprotective
activities, have been shown to interact directly with prohibitin. This study therefore sought to
determine whether three prohibitin ligands (sulfonyl amidine 1 m and the flavaglines FL3 and FL23)
were able to inhibit CHIKV infection of mammalian Hek293T/17 cells. All three compounds
inhibited infection and reduced virus production when cells were treated before infection but not
when added after infection. Pretreatment of cells for only 15 minutes prior to infection followed by
washing out of the compound resulted in significant inhibition of entry and virus production. These
results suggest that further investigation of prohibitin ligands as potential Chikungunya virus entry

inhibitors is warranted.

Key words Chikungunya virus, entry inhibitor, flavaglines, sulfonyl amidines.

Chikungunya virus, the cause of CHIKEF, is transmitted
to humans by the bites of infected Ae mosquitos, most
commonly Ae. aegypti and Ae. albopictus; CHIKV-
infected patients develop symptoms some 2-4 days
(range 1 to 12 days) days after being bitten (1).
Clinically, the disease is similar to dengue fever, patients
present with a sudden febrile illness with rash,
headache, edema of the extremities, gastrointestinal
complaints, myalgia, and polyarthralgia (a hallmark of
CHIKYV infection) that frequently persists for two or
more months (1).

Correspondence

Chikungunya virus belongs to the Alphavirus genus,
family Togaviridae. The genome is an 11.8kb positive
sense single stranded RNA with a 5'-methylguanylate
cap and a 3/-poly A tail (2). The genome possesses two
open reading frames, which encode for four nsPs (nsP1-
nsP4), three structural proteins (capsid, E1 and E2) and
two proteins of ill-defined function (E3 and 6 K). The
CHIKYV virion is approximately 70 nm in diameter and
contains a nucleocapsid surrounded by a lipid bilayer
envelope in which are embedded 80 trimeric spikes
composed of 240 heterodimers of the El1 and E2
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glycoproteins (3). The 52kDa E1 glycoprotein mediates
fusion of virus with host cell membrane, whereas the
50kDa E2 glycoprotein is responsible for receptor
binding (2).

Chikungunya fever was first formally described after an
outbreak in Tanzania in 1952 (4). The virus was first
isolated from the same outbreak (5) and was subsequently
shown to be present in several parts of Africa and South
and Southeast Asia (6). An outbreak of CHIKF in Kenya
in 2004 (7) spread to the Indian Ocean islands of Comoros
and Seychelles in 2005 (8) and then to Mauritius and La
Reunion (9). Some 266,000 cases of CHIKF were believed
to have occurred in La Reunion (10, 11) and outbreaks
were subsequently reported in India starting from 2005,
and later in Singapore, Malaysia and Thailand and other
parts of Southeast Asia (12-14). CHIKV has now been
reported in many countries, and has caused particular
concern through cases of autochthonous transmission in
European countries (15).

A number of cell types, including epithelial, endothe-
lial, fibroblast and monocyte-derived macrophage, are
susceptible to CHIKV infection, whereas monocytes,
lymphocytes, NK cells and monocyte-derived dendritic
cells are reportedly not susceptible to CHIKV infec-
tion (16, 17). However, one study has shown CHIKV
infection and replication in monocytes (18). The
mechanism of entry of the virus remains somewhat
unclear. Sourisseau and colleagues proposed that
CHIKV entry (into Hela cells) was via a clathrin-
dependent pathway(16); however, Bernard and col-
leagues proposed that entry was via a clathrin-indepen-
dent, Eps-15-dependent endocytic pathway (19). Both
studies proposed that a cholesterol and pH dependent
step is required for infection (19, 16).

In a recent study, PHB1 was identified as a receptor
protein for CHIKV entry into mammalian cells (20).
PHBI and its homologue PHB2 are pleiotropic scaffold
proteins that act as signaling hubs (21). Multiple
heterodimers of PHB1 and PHB2 organize into large,

ring-like structures with diameters of 20-25nm in the
mitochondria (22-24), whereas in the cytoplasm, endo-
plasmic reticulum, nucleus and plasma membrane PHB
forms heterodimers with signaling proteins to regulate
many aspect of cell physiology, including mitochondrial
biogenesis, survival, metabolism and cell division (25).

Cell surface-expressed PHB has been shown to act as
an interacting molecule for the Vi polysaccharide of
Salmonella typhi (26), wherease PHB expressed on the
surfaces of insect cells has been shown to be a receptor
for dengue virus (27) and an interacting protein for
Cry4B, one of the major insecticidal toxins produced by
Bacillus thuringiensis (28).

There is currently no specific antiviral treatment or
commercially available vaccine to either protect against
or treat CHIKV infections, although there are a number
of vaccine development programs (29-32). Flavaglines
are a family of plant natural products that have potent
anticancer and neuro- and cardio-protective proper-
ties (33-35); studies have shown that prohibitins are
directly interacting targets of this class of molecules (36).
The synthetic sulfonyl amidine 1 m, which inhibits bone
remodeling, also reportedly binds PHB1 (37). This study
therefore sought to determine whether the synthetic
flavaglines FL3 and FL23 and sulfonyl amidine 1 m are
able to interfere with the CHIKV-prohibitin interaction
that occurs at the receptor binding stage of CHIKV
infection of mammalian cells.

MATERIAL AND METHODS
Compounds

The structures of flavaglines FL3 (C,5H,3;BrOs; MW:
483.36), FL23 (CysH,4BrNOs; MW 510.38) and sulfonyl
amidine 1 m (C,,H3,N,0,S; MW 364.55) are shown in
Figure 1. FL3 and sulfonyl amidine 1 m were synthesized
according to described procedures (38, 21). The purity of
these compounds was over 95% based on reversed-phase

FL3 FL23 OMe

Fig. 1. Structures of flavagline FL3, FL23 and sulfonyl amidine 1 m.

130

sulfonylamidine 1 m

© 2015 The Societies and Wiley Publishing Asia Pty Ltd



Flavaglines as CHIKV entry inhibitors

HPLC analyses (Hypersil Gold column 30 1 mm, C18,
Thermo Fisher Scientific, Waltham, MA, USA) under
the following conditions: flow rate, 0.3 mL/min; buffer A,
CH;CN, buffer B, 0.01% aqueous trifluoroethanoic acid;
gradient, 98-10% buffer B over 8min (detection,
A =220/254nm). The compounds were initially dis-
solved in DMSO as stock and serially diluted in DMEM
for working solutions with a final DMSO concentration
of less than 0.1%. Vehicle/DMEM used as a control
consisted of DMSO diluted to 0.1% in DMEM.

Cell culture and virus propagation

The human embryonic kidney cell line Hek293T/17
(ATCC Cat No. CRL-11268) was cultured in DMEM
supplemented with 10% heat-inactivated FBS and
100 units/mL of penicillin/streptomycin at 37 °C with 5%
CO,, whereas Vero (ATCC Cat No. CCL-81) was cultured
with 5% FBS and 100 units/mL of penicillin/streptomycin.

The CHIKV used in this study was a Thai isolate of an
ECSA strain with genotype E1:226V ECSA; it was
propagated and stock virus produced as described
previously (17). Stock titers were determined by
standard plaque assays, undertaken essentially as
described elsewhere (17, 20).

Immunofluorescence

Immunofluorescence was performed essentially as de-
scribed previously (39) by incubating Hek293T/17 cells
with 20 pfu/cell CHIKYV for 1 hr at 4 °C in the presence or
absence of various compounds at 100 nM. The cells were
subsequently fixed by treatment with pre-cooled 1%
paraformaldehyde in PBS for 20 min and then incubated
with a 1:100 dilution of a mouse monoclonal anti-
alphavirus (3581) antibody (STSC-58088, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and a 1:200 dilution
of a goat polyclonal anti- PHB-1 antibody (SC-18196, Santa
Cruz Biotechnology) followed by incubation with a 1:150
dilution of an Alexa Fluor 488 labeled donkey anti-mouse
IgG antibody (A11029, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) and a 1:150 dilution of
an Alexa Fluor 568 labeled donkey anti-goat IgG antibody
(A11057, Invitrogen, Thermo Fisher Scientific). The cells
were visualized under an Olympus FluoView 1000 confocal
microscope (Olympus, Shinjuku-ku, Tokyo, Japan)
equipped with Olympus FluoView Software v. 1.6. Image
analysis and calculation of Pearson correlation coefficients
and CIs were carried out as described previously (40).

Cell viability analysis

Cell viability was determined using a Vybrant MTT Cell
proliferation assay kit (V13154, Invitrogen, Thermo

© 2015 The Societies and Wiley Publishing Asia Pty Ltd

Fisher Scientific) according to the manufacturer's
recommendations. The percentage cell viability was
calculated from the average of eight sample measure-
ments compared with negative control (vehicle/ DMEM).

Flow cytometry

Flow cytometry to determine cellular infection with
CHIKYV was undertaken exactly as described elsewhere (17).
The cells were analyzed on a BD FACalibur cytometer
(Becton Dickinson, BD Biosciences, San Jose, CA, USA)
and data analyzed using CELLQuestTM software.

Analysis of apoptosis

Analysis of induction of apoptosis in response to CHIKV
infection was performed exactly as described else-
where (17). As a positive control, Hek293T/17 cells
were treated with 5% DMSO diluted in complete DMEM
for 24 hrs. All experiments were undertaken indepen-
dently in triplicate.

Assay of effect of compounds on CHIKV
infection

Hek293T/17 cells were seeded in six well culture plates
and grown under standard conditions until the cells
reached approximately 90% confluence. The cells were
then pre incubated with different concentrations of FL3,
FL23 and sulfonyl amidine 1 m finally diluted in DMEM
for the times stated, or incubated with the equivalent
volume of vehicle/DMEM, after which they were washed
and incubated with 10 pfu/cell of CHIKV ECSA
genotype (E1:226V) in the absence of the drug.
Following infection, cells were washed three times
with DMEM, after which they were re-incubated in
complete medium containing the compound or the
equivalent of vehicle/DMEM. At 20 hrs the cell pellets
were analyzed by flow cytometry and the supernatant by
standard plaque assay to determine CHIKV titers. In
some experiments, compounds were added at designated
times after the virus infection step. All experiments were
undertaken independently in triplicate, with duplicate
plaque assays.

Assay of effect of pulse addition of
compounds on CHIKV infection

Hek293T/17 cells were seeded in six wells culture plates
and grown under standard conditions until the cells
reached approximately 90% confluence. Cells were then
pre incubated with different concentrations of FL3, FL23
and sulfonyl amidine 1 m finally diluted in DMEM or
incubated with the equivalent volume of vehicle/ DMEM
for 15 minutes, after which they were washed twice with
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DMEM and subsequently incubated with 10 pfu/cell of
CHIKYV ECSA genotype (E1:226V) in the absence of the
drug. Following infection cells were washed three times
with DMEM, after which they were re-incubated in
complete medium. At 20hrs the cell pellets were
analyzed by flow cytometry and the supernatant
analyzed by standard plaque assay to determine CHIKV
titers. All experiments were performed independently in
triplicate, with duplicate plaque assays.

Assay for virucidal activity

Stock CHIKV ECSA genotype (E1:226V) was incubated
directly with different concentrations of FL3, FL23 and
sulfonyl amidine 1 m as indicated for 1 hr. The titers of
the virus were then directly determined by standard
plaque assay. These preparations were also used to infect
Hek293T/17 cells that had been cultured in six well plates
until they had reached approximately 90% confluence.

Statistical analysis

Viral infection and viral production data were analyzed
using the GraphPad Prism program (GrapPad Software).
Statistical analysis of significance was undertaken by a
paired sample #-tests using SPSS (SPSS, Chicago, IL,
USA); P<0.05 was considered significant. CCs, and
ICso values were calculated using freeware ED50plus
(v1.0) software (http://sciencegateway.org/protocols/
cellbio/drug/data/ed50v10.xls).

RESULTS

Colocalization between prohibitin and
CHIKV E2 protein

In our previous study identifying PHB as a CHIKV
receptor protein, the majority of the analysis was
undertaken in CHME-5 (human microglial) cells (20).
To investigate the effect of flavaglines on CHIKV entry in
this study, we decided to use Hek293T/17 cells because
these cells are more suitable for flow cytometry analysis.
Our previous study showed that Hek293T/17 cells
expressed PHB, which was capable of binding CHIKV (20).
We therefore initially confirmed that CHIKV colocalized
with PHB on the surfaces of Hek293T/17 cells, as
previously shown for CHME-5 cells (20). As shown in
Figure 2, we found cell surface expression of PHB and
distinct colocalization between PHB and CHIKV.

Evaluation of cytotoxicity, cell death and
virucidal activity

We incubated Hek293T/T17 cells individually with
various concentrations of each compound under
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investigation for 24 hrs, after which we assessed cell
viability using an MTT assay. We calculated the
percentage cell viability from the average of eight
replicates and compared it with negative (vehicle/
DMEM) and positive (5% DMSO) controls. We found
that after 24 hrs incubation, cell viability for FL3, FL23
and sulfonyl amidine 1 m at concentrations of 20 nM or
less (0.1, 0.25, 0.5, 1, 5, 10 and 20 nM) was comparable to
that of the negative control; however, we saw significant
cytotoxicity at values above 20nM (Supplementary
Fig. S1). The compounds showed approximately equal
CCsq values of 118.77 nM (FL3), 92.18 nM (FL23) and
138.53nM (sulfonyl amidine 1m) as calculated from
dose response curves (see Supplementary Fig. S2).

To confirm the results of the MTT assay, we cultured
Hek293T/17 cells and incubated them with various
concentrations of FL3, FL23 and sulfonyl amidine 1 m at
37°C or mock incubated them with vehicle’DMEM for
1 hr, after which we washed the cells and re-incubated
them with the same concentration of drug for a further
24 hrs. We employed this two-step incubation to more
closely mimic infection protocols as undertaken at later
stages. We found approximately 80% apoptosis induc-
tion in cells treated with 5% DMSO as a positive control;
however, amounts of apoptosis in cells treated with
different concentrations (1, 5, 10 and 20nM) of the
compounds under investigation were comparable to that
in negative control (mock) cells treated with vehicle/
DMEM (Supplementary Fig. S3).

To evaluate potential virucidal activity, we incubated
stock CHIKV directly with each compound separately
at different concentrations for 1hr or with vehicle/
DMEM, after which we determined virus titers by
standard plaque assays on Vero cells. We observed no
direct effect of the compounds on the virus (Supple-
mentary Fig. S4). We repeated the experiment using
virus/compound mixtures to infect Hek293T/17 cells
and found no significant effect on the ability of the
virus to infect into Hek293T/17 cells. Moreover, plaque
assay analysis of the highest concentration treatments
showed no significant effect on virus production
(Supplementary Fig. S4). Combined, these results
show that the three compounds tested do not possess
anti-CHIKYV virucidal activity.

Effect of compounds on CHIKV infection

To determine the effects of the compounds on CHIKV
infection, we cultured Hek293T/17 cells and then pre-
incubated them with and without FL3, FL23 or sulfonyl
amidine 1 m at various concentrations for 1 hr followed
by infection with 10 pfu/cells of CHIKV or mock
infected in serum-free medium without the compounds
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PHB

CHIKV E2

Merge

Fig. 2. Colocalization of CHIKV E2 protein with PHB. (a) Hek293T/17 cells were grown on glass slides and incubated with CHIKV or mock
incubated and examined for the cell surface colocalization of PHB (red) and CHIKV E2 protein (green). Fluorescent signals were observed using an
Olympus FluoView 1000 confocal microscope. Scale bar for magnification is shown. Representative, non-contrast adjusted, unmerged and

merged images are shown.

under investigation. After 2 hr, we removed extracellular
virus by washing three times and subsequently incubated
the cells in complete medium under standard conditions
in the presence of the compounds for 20 hrs, after which
we harvested the cells for flow cytometry and collected
the supernatant for standard plaque assay. We found a
reduction in the percentage of infected cells for all three
compounds at concentrations of 10 and 20 nM (Fig. 3a,c,

© 2015 The Societies and Wiley Publishing Asia Pty Ltd

e), whereas FL3 additionally showed a significant
reduction in the percentage of cells infected with CHIKV
at 5nM (Fig. 3a). Similarly, we observed a significant
reduction in viral production in cells incubated with 10
and 20 nM of the three compounds (Fig. 3b,d,f and
Supplementary Fig. S5), whereas FL23 additionally
showed a significant effect on virus production at 1
and 5 nM (Fig. 3d and Supplementary Fig. S5). The

133



P. Wintachai et al.

120 1

-

(=1

o
2

80 ¢
60 1

% Infected cells

40 1

% Viral production

1004
*
i
80+
60°
40+
20+ o
04

Mock CHIKV 1 5 CHIKV 1 5 10 20
204

FL3 (nM) ——————— FL3(nM)
o LI %

Mock CHIKV 1 5 10 20

1004 i
804
604
404
204
O

Mock CHIKV 1 5

120 4

100

(=]
o

% Infected cells
o
5 3
a2 a2

% Viral production
)
o o

N
o

o

CHIKV 1 5 10 20
FL23 (nM)

120 -
100 -
80 -

60 -9

% Infected cells

40 9

% Viral production

20 9
0

CHIKV 1 5 10 20
—Sulfonyl amidine 1m (nM)— —  Sulfonyl amidine 1m (nM) —

Fig. 3. Effects of various compounds on CHIKV infection of Hek293T/17 cells. Hek293T/17 cells were pre-incubated with vehicle/DMEM (mock
and CHIKV) or pre-incubated with (a, b) FL3, (c,d) FL23 or (e,f) sulfonyl amidine 1 m for 1 hr before being infected with 10 pfu/cell of CHIKV or
being mock infected (Mock). After infection, cells were incubated under standard conditions in the presence or absence of the appropriate drug for
20hrs before (a, ¢, e) determination of degree of infection of cells by flow cytometry or (b, d, f) assay of the supernatant for virus titer by standard
plague assay. All experiments were undertaken independently in triplicate with duplicate plaque assays; error bars show SD. *, P < 0.05. Mock, pre-
incubation with vehicle/DMEM and mock (CHIKV) infection; CHIKV (incubation with vehicle/DMEM and standard infection).
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Fig. 4. Time course of effect of flavaglines on CHIKV infection of Hek293T/17 cells. Hek293T/17 cells were mock pre-incubated with

(e,f) sulfonyl amidine 1 m for the indicated times before being infected with 10 pfu/

c,d) FL23 or

(a, b) FL3, (
) infected, or the compounds were added at the indicated times post-infection. After infection, cells were

vehicle/DMEM or pre-incubated with

(Mock
incubated under standard conditions in the presence or absence of the drug as appropriate for 20 hrs before (a, ¢, €) determination of degree of

cell of CHIKV or being mock

infection of cells by flow cytometry or (b, d, f) the supernatant assayed for virus titer by standard plaque assay. Mock, incubation with vehicle/

DMEM and mock infection; Mock (drug), incubation with compound and mock infection; CHIKV, incubation with vehicle/DMEM and standard

CHIKV infection. All experiments were undertaken independently in triplicate with duplicate plaque assays; error bars show SD. *, P < 0.05.
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maximum effect observed was with 20 nM FL3, which
reduced both infection and virus production by nearly
50%, the ICsq for this compound was 22.4 nM.

Time course analysis of the effect of
compounds on CHIKV infection

To determine whether the compounds were having an
effect at the entry step of CHIKV infection, we incubated
cells with the highest non-cytotoxic concentrations of
the compounds (20 nM) for increasingly shorter times
pre-infection, or added them only after infection. We
analyzed cells and supernatant at 20 hrs post-infection as
in previous experiments.

We found that FL23 and sulfonyl amidine 1 m only had
effects on the number of infected cells and the amount
of virus production when the cells were pre-incubated
with the compounds (Fig. 4). We saw no effect when we
added these two compounds post-infection (Fig. 4c-fand
Supplemental Fig. S6). FL23 showed some effect when the
pre-incubation was as short as 15 minutes pre-infection,
whereas sulfonyl amidine 1m showed an effect on
number of cells infected only with pre-incubation for 1 hr
pre-infection.

FL3 showed both the largest effect and the greatest
range of time points that had an effect. Even incubation
with FL3 at 1 hr post-infection had a significant effect on
both number of cells infected and amount of virus
produced. This may mean that continued inhibition of
virus entry was not completely prevented by the washing
step and suggests that FL3 may remain associated with
PHB for a longer time than either FL23 or sulfonyl
amidine 1 m. However, addition of FL3 at 3 hrs post-
infection showed no significant effect.

Effect of pulse treatment of compounds on
CHIKYV infection

The results of the time course experiment are consistent
with the action of the compounds occurring at the
attachment/entry step of CHIKV infection. To further
verify this, we undertook experiments with a short
(15 minutes) pulse pre-treatment with wash out of the
compound before infection. Because the cell treatment was
for a short period, it was possible that we could use higher
concentrations of the compounds. To verify this, we
treated cells for 15 minutes with different concentrations
of the compounds (up to 100 nM), after which we washed
the cells twice with DMEM before incubating them under
standard conditions for 24 hrs and assessing cell viability as
undertaken previously. We found no evident loss of cell
viability, even at the highest concentration used (100 nM;
Supplementary Fig. 7). We therefore repeated the
experiment and infected the cells after washing with

© 2015 The Societies and Wiley Publishing Asia Pty Ltd

CHIKV and assayed for degree of infection and virus
production at 20 hrs post-infection as before. We found a
significant reduction in both infection and virus produc-
tion under all conditions tested (Fig. 5 and Supplementary
Fig. S8). Virus output for both FL3 and sulfonyl amidine
1m was reduced by nearly 60% by pulse treatment at
100nM as compared with untreated cells.

Effect of compounds on CHIKV receptor
binding

Finally, to confirm that the compounds acted by
interfering with receptor binding, we repeated the initial
colocalization experiment between PHB and CHIKV,
this time in the presence or absence of each of the
compounds. We found a marked reduction in colocal-
ization between CHIKV and PHB when we incubated
the virus with cells in the presence of the compounds at
100 nM, as compared to incubation with no compound
(Fig. 6). The high degree of colocalization between
CHIKYV and PHB (Pearson correlation coefficient 0.85,
95% CI 0.82-0.88) was reduced to a statistically
significantly degree in the presence of FL3 (Pearson
correlation coefficient 0.22; 95% CI 0.09-0.34; P<0.05)
and FL23 (Pearson correlation coefficient 0.63; 95% CI
0.53-0.73; P<0.05) and reduced, although not signifi-
cantly, in the presence of sulfonyl amidine 1 m (Pearson
correlation coefficient 0.72; 95% CI 0.34-1.09) These
results confirm that the ligands interfere with the
receptor binding of CHIKV.

DISCUSSION

Prohibitin is located in a number of cell compartments,
primarily the mitochondria; cell surface expression has
also been demonstrated in a number of studies (41, 42,
26, 20, 43, 44). PHB has been shown to interact with a
number of different pathogens or pathogen proteins
including CHIKV (20), dengue (27), severe acute
respiratory syndrome coronavirus (45), HIV (46) and
foot-and-mouth disease virus (47).

Prohibitins have been shown to be specific targets for
flavaglines (36). Flavaglines are a family of natural
products found in plants of the genus Aglaia, family
Meliaceae (mahogany), of which the first identified
molecule was rocaglamide (48). Rocaglamide was first
identified based on its potent anti-leukemic activity;
since then both natural and synthetic flavaglines have
been shown to have potent anti-cancer properties, often
in the low nanomolar range (34, 35). Recent studies have
suggested that flavaglines, including rocaglamide and
silvestrol, are promising candidates for the treatment of
leukemia (49). Studies have shown that the anti-cancer
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PHB CHIKV E2 Merge

Fig. 6. Colocalization of CHIKV E2 protein with PHB in the presence and absence of test compounds. Hek293T/17 cells were grown on
glass slides and incubated with CHIKV or mock incubated in the presence and absence of test compounds at 100nM and examined for cell
surface colocalization of PHB (red) and CHIKV E2 protein (green). Fluorescent signals were observed using an Olympus FluoView 1000 confocal
microscope. Scale bar for magnification is shown. Representative, non-contrast adjusted, unmerged and merged images are shown.
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action of flavaglines derives, at least in part, from a
specific interaction between PHB and flavaglines (36).
This study was undertaken to determine whether the
interaction between flavaglines and PHB was sufficient
to disrupt the interaction between PHB and CHIKV. All
of our results are consistent with the compounds acting
at the entry stage, possibly by physically interfering with
the binding of CHIKV to the PHB receptor. The
maximum inhibition observed was approximately 50%
of viral entry (seen with pulse treatment of cells with
FL3), a degree of inhibition consistent with that seen in
previous antibody inhibition experiments (20). The
compounds tested showed little effect when added post-
entry; while this may suggest that flavaglines have only
limited potential utility as prophylactic agents, because
natural infections are not synchronous, administration
during the course of the disease could have therapeutic
effects by preventing new cells from becoming infected.
The fact that both antibody inhibition experiments (20)
and the compounds tested here showed a maximum
effect on entry of about 50% may indicate that CHIKV
uses multiple receptor protein to enter susceptible cells.

The compounds tested showed significant cytotoxicity
to Hek293T/17 cells under conditions of continuous
culture, consistent with the compounds known anti-
cancer activities (34, 35). However, no cytotoxicity was
observed after exposure to dramatically higher doses
when the compounds were administered as short (15
minute) pulses. Importantly, these compounds show no
toxicity to normal cells and do not display any evidence of
toxicity in vivo (33), suggesting that these compounds, or
indeed other ligands of PHB, could form the basis of a
prophylactic or therapeutic regime in CHIKV outbreaks.
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Supporting Information

Additional supporting information may be found in the
online version of this article at the publisher’s web-site.

Figure S1: Determination of cell viability. Hek293T/17
cells were incubated with different concentrations of (a)
DMSO, (b) FL3, (c) FL23 or (d) sulfonyl amidine 1 m for
24 hours before determination of cell viability using the
MTT assay. Data is derived from eight replicates; error
bars show SD. *, P <0.05; negative, vehicle/DMEM,
positive, 5% DMSO.

Figure S2: Dose response curves generated by the
ED50plus (v1.0) software used for CCs, calculations.
Figure S3: Analysis of apoptosis in response to treatment
with flavaglines. Hek293T/17 cells were incubated
with different concentrations of (a) FL3, (b) FL23
or (c¢) sulfonyl amidine 1m for 24hours before
determination of the amount of apoptosis by annexin
V/propidium iodide staining and analysis by flow
cytometry. Experiments were undertaken independen-
tly in triplicate; error bars show SD. Mock, vehicle/
DMEM.

Figure S4: Analysis of virucidal activity of flavaglines.
Stock CHIKYV was incubated for 1 hr in the presence or
absence of various concentrations of FL3, FL23 and

© 2015 The Societies and Wiley Publishing Asia Pty Ltd

sulfonyl amidine 1 m after which the virus was either (a)
directly assayed by standard plaque assay or (b) used to
infect Hek293T/17, with the percentage infection being
determined at 20 hours by flow cytometry. (c) Virus
titers in the supernatants from 20 nM treatments in (b)
were assayed by standard plaque assay. Experiments
were undertaken independently in triplicate with
duplicate plaque assays; error bars show SD. Mock,
mock virus incubated with vehicle/ DMEM; CHIKYV,
CHIKYV incubated with vehicle/ DMEM.

Figure S5: Virus production data from Figure 3 plotted
as pfu/mL.

Figure S6: Virus production data from Figure 4 plotted
as pfu/mL.

Figure S7: Determination of cell viability after pulse
treatment. Hek293T/17 cells were incubated with differ-
ent concentrations of (a) FL3, (b) FL23 or (c) sulfonyl
amidine 1m for 15minutes, after which cells were
washed and incubated under standard conditions for a
further 24 hrs before determination of cell viability using
the MTT assay. Data is derived from eight replicates.
Negative (vehicle/DMEM) and positive (5% DMSO)
controls were run in parallel. Error bar show SD. *,
P <0.05.

Figure S8: Virus production data from Figure 5 plotted
as pfu/mL.
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Abstract

Magnesium (Mgz") is essential for enzymatic activity, brain function and muscle contraction.
Blood Mg?* concentrations are tightly regulated between 0.7 and 1.1 mM by Mg?* (re)ab-
sorption in kidney and intestine. The apical entry of Mg?* in (re)absorbing epithelial cells is
mediated by the transient receptor potential melastatin type 6 (TRPMB6) ion channel. Here,
flavaglines are described as a novel class of stimulatory compounds for TRPM6 activity.
Flavaglines are a group of natural and synthetic compounds that target the ubiquitously ex-
pressed prohibitins and thereby affect cellular signaling. By whole-cell patch clamp analy-
ses, it was demonstrated that nanomolar concentrations of flavaglines increases TRPM6
activity by ~ 2 fold. The stimulatory effects were dependent on the presence of the alpha-ki-
nase domain of TRPMB®, but did not require its phosphotransferase activity. Interestingly, it
was observed that two natural occurring TRPM6 mutants with impaired insulin-sensitivity,
TRPM6-p.Val1393lle and TRPM6-p.Lys1584Giu, are not sensitive to flavagline stimulation.
In conclusion, we have identified flavaglines as potent activators of TRPM6 activity. Our re-
sults suggest that flavaglines stimulate TRPM6 via the insulin receptor signaling pathway.

Introduction

Magnesium (Mg**) is an essential electrolyte for cell growth, protein synthesis and enzymatic
activity. Therefore, physiological mechanisms maintain blood Mg** concentrations within a
tightly regulated range (0.7-1.1 mM) [1,2]. The apically expressed Transient Receptor Potential
Melastatin type 6 (TRPM6) channels are the gatekeepers of epithelial Mg** transport in colon
and in the distal convoluted tubule segment (DCT) of the kidney nephron [3]. Loss-of-function
mutations of TRPM6 cause intestinal Mg** malabsorption and renal Mg*" wasting, as evi-
denced in patients suffering from hypomagnesemia with secondary hypocalcemia (HSH,
OMIM #602014) [4,5].
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TRPM6 channels are thought to form tetramers of subunits comprising six transmembrane
segments, with a central divalent-selective pore (Ba**>Ni*">Mg*">Ca*") [3]. Functional chan-
nels are inhibited by intracellular Mg** [3,6] and consequently display a time-dependent increase
in currents upon dialysis of cells with a pipette solution containing a strong Mg>* chelator such
as ethylenediaminetetraacetic acid (EDTA). Like its close homolog TRPM7, TRPM6 channels
comprise an intrinsic intracellular Ser/Thr kinase domain, which has similarities to proteins of
the alpha-kinase family [7]. TRPM6 channels undergo autophosphorylation, but the role of the
alpha-kinase on channel function and cell physiology is still incompletely understood [6,8-11].

Over the last decade, the epidermal growth factor (EGF) and insulin were shown to stimulate
the activity and membrane expression of TRPM6 [12,13]. Two TRPM6 single nucleotide poly-
morphisms (SNPs: p.Val1393Ile and p.Lys1584Glu) were recently associated with an increased
risk of diabetes development in humans [13,14]. Subsequently, it was shown that these mutations
prevent a rapid insulin-evoked increase in channel plasma membrane expression [13].

By combined pull down and mass spectrometry studies of the TRPM6 alpha-kinase domain,
three interacting proteins have been identified: I) Methionine sulfoxide reductase B1 (MSRB1)
which reduces the sensitivity of TRPM6 to oxidative stress [15], II) Guanine nucleotide-binding
protein subunit beta-2-like 1 (GNB2L1/RACK1) which inhibits TRPM6 activity in a alpha-ki-
nase-dependent manner [16]. III) Prohibitin 2 or Repressor protein of Estrogen receptor Activity
(PHB2/REA) which inhibits TRPMS, an effect that is relieved by estrogens [17].

Prohibitins (PHB1 and PHB2) are ubiquitously expressed members of the family of stomatin/
prohibitin/flotillin and HfIK/C (SPFH) domain containing proteins [18-20]. PHBs are found in
the nucleus, cytoplasm and plasma membrane, where they play an important role in cellular dif-
ferentiation, anti-proliferation and mitochondrial morphogenesis. PHBs modulate the cell cycle
progression, regulate transcription and facilitate cell surface signaling [18,19]. Recently, a family
of natural compounds named flavaglines was established as high affinity ligand of PHBs [21].

Flavaglines are a family of natural compounds characterized by a cyclopenta/bJbenzofuran
structure [22]. Natural flavaglines and synthetic analogs have been intensively studied, owing
to their pleiotropic favorable properties (anti-inflammatory, anticancer, cardioprotective and
neuroprotective) [23]. Flavaglines bind PHB1 and PHB2 (with nM affinity) and prevent the
CRaf-mediated activation of oncogenic MAPK signaling [21]. Additionally and independently
from PHBs, flavaglines inhibit eukaryotic initiation factor-4A (elF4A)-dependent oncogenic
protein synthesis [23]. In addition, the binding properties of flavaglines to PHB and/or eIF4A
lead to the induction of apoptosis in apoptosis inducing factor (AIF) and caspase-12-dependent
manners [23,24]. The mechanism of flavaglines neuro- and cardioprotection are likely mediat-
ed by their PHB-interacting properties, thereby reducing oxidative stress, deleterious growth
factor signaling and release of inflammatory mediators [23].

Given the previously described inhibitory interaction of PHB2 on TRPM6 and the high af-
finity binding of flavaglines to PHB1 and PHB2, this study aims to identify and characterize
the effect of flavaglines on TRPM6 activity.

Materials and Methods

Cell culture

Human embryonic kidney cells (HEK293) were grown at 37°C in DMEM (Biowhittaker Eu-
rope, Vervier, Belgium) supplemented with 10% (v/v) fetal calf serum (PAA Laboratories, Linz,
Austria), non-essential amino acids and 2 mM L-glutamine in a humidified 5% (v/v) CO, at-
mosphere. Cells were seeded in 12-well plates and subsequently transfected with 1 pg of
human NH,-terminal HA-tagged TRPM6 or empty pCINeo IRES GFP vectors (mock) cDNA
using Lipofectamine 2000 (Invitrogen) at 1:3 DNA:Lipofectamine ratio. For patch clamp
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experiments, cells were seeded two days after transfection on glass coverslips coated with
50 pl/cm?® of 50 pg/ml fibronectin (Roche, Mannheim, Germany). Two hours later, cells were
placed in the recording chamber and selected based on the intensity of the fluorescent reporter.

Electrophysiology

All experiments were undertaken and analyzed using an EPC-9 amplifier and the Patchmaster
software (HEKA electronics, Lambrecht, Germany). The sampling interval was set to 200 ms
and data was low-pass filtered at 2.9 kHz. Patch clamp pipettes were pulled from thin-walled
borosilicate glass (Harvard Apparatus, March-Hugstetten, Germany) and had resistance be-
tween 1 and 3 MQ when filled with the pipette solution. Series resistance compensation was set
to 75-95% in all experiments. Current densities were obtained by normalizing the current am-
plitude to the cell capacitance.

Compound synthesis and purity

FL2, FL3 and FL23 were synthesized as previously described [24,25]. Purity of the compounds
was >95%, as assessed by reversed-phase high performance liquid chromatography (HPLC)
analyses (Hypersil Gold column 30x1 mm, C18, Thermo Scientific) under the following condi-
tions: flow rate: 0.3 mL/min; buffer A: CH3CN, buffer B: 0.01% aqueous Trifluoroacetic Acid
(TFA); gradient: 98-10% (v/v) buffer B over 8 min (detection: A = 220/254 nm).

Solutions and compound application

The extracellular solution contained (in mM): 150 NaCl, 1 CaCl,, 10 HEPES/NaOH pH 7.4.
The pipette solution was made of (in mM): 150 NaCl, 10 Na,EDTA, 10 HEPES/NaOH pH 7.2
[3]. Cells were pre-incubated 15 minutes at 37°C in bath solution containing the compound
of interest diluted from a 1000x stock solution or vehicle (0.1% v/v dimethyl sulfoxide
(DMSO)).

Immunoblotting

HEK293 cells were lysed for 1 hour at 4° C in TNE lysis buffer containing (in mM): 50 Tris/
HCI (pH 8.0), 150 NaCl, 5 EDTA, 1% (v/v) Triton X-100 and protease inhibitors (pepstatin

1 pg/ml, PMSF 1 mM, leupeptin 5 pg/ml and aproptin 5 ug/ml). Protein lysates were denatured
in Laemmli containing 100 mM dithiothreitol (DTT, 30 minutes, 37°C) and subsequently sub-
jected to SDS-PAGE. Immunoblots were incubated with mouse anti-HA (Roche, high affinity
3F10, 1:5,000), rabbit anti- Akt (Cell signaling, 1:1000) and rabbit anti-ERK1/2 (Cell signaling,
1:1,000) primary antibodies and peroxidase conjugated sheep anti-mouse secondary antibodies
(Jackson Immunoresearch, 1:10,000).

Statistical analysis

All results are depicted as mean + standard error of the mean (SEM). Statistical analysis was
conducted by one-way Student’s t-test when comparing two treatment groups or experimental
conditions. Difference in means with P values <0.05 were considered statistically significant
and indicated by a star (*).

Curve fitting

Current time-development curves were fitted with a logistic equation: I = Ip+((I;ax-Io)/
(1+(t/ty ,2)'h)s), with I the current density, I the baseline current density, t the time, t;,, the time
of half-maximal current density, h the slope and s a parameter. Half-maximal stimulatory
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concentration (ECsy) was obtained by fitting a Hill equation to the data points: I = Ip+(Ipe—1Io) *
(([FL23]™)/(ICso™+[FL23]")), with I the current density, I, the baseline current density obtained in
control conditions, I;,,, the maximal current value and n the Hill equation.

Results
Synthetic flavaglines stimulate TRPM6 activity

HEK293 cells were transfected with the previously described pCINeo-TRPM6-HA-IRES-GFP
vector [3]. This construct allows the visual identification of cells expressing TRPM6. Cells were
then subjected to whole-cell patch clamp analysis, as previously described [3]. Briefly, currents
were elicited by a series of voltage ramps applied at 0.5 Hz from a holding voltage of 0 mV.
Due to the dialysis of the cytoplasm with a pipette solution containing EDTA, time-dependent
outwardly rectifying currents were observed in response to this ramp protocol (Fig. 1A). In
order to assess the effect of flavaglines on TRPMS, cells were first exposed to FL23 (50 nM)
[25], a potent analog of the established PHB2 ligand FL3 [21]. This protocol yielded a
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Fig 1. Flavaglines stimulate TRPM6 at nanomolar concentration. a. TRPM®6 currents were evoked by a
series of 500 ms voltage ramp from -100 to +100 mV applied every 2 s (0.5 Hz) from a holding potential of
0mV (top left inset). A typical set of current-voltage curves obtained from a single cell is shown. b. Typical
current-voltage curves obtained 200 s after break-in from cells pre-incubated 15 minutes with vehicle or FL23
(50 nM). €. The average time-course of TRPM6 current development with (n = 19) or without (n = 19) FL23
pre-treatment are shown for current values measured at +80 mV. d. FL23 increases TRPM6 current density
in a concentration-dependent manner (n>3 per data points). Line represents the fit of data points with a Hill
equation (see Material and Methods). e. Incubation of TRPM6 expressing cells with FL3 (50 nM, n>10), FL23
(50 nM, n>22) or 17BE (50 nM, n>9) significantly increased the average current densities measured at

+80 mV 200 s after break-in. Mock-transfected cells showed a similar increase in current density (n>8).
TRPMS6 currents were not sensitive to FL2 (n>10). Stars indicate statistically significant difference (P<0.05)
between vehicle- (white bar) and compound-treated cells (black bar). f. The chemical structures of FL2, FL3
and FL23 are shown. g. Cells were pre-incubated with vehicle, FL23 (50 nM) or 17BE (50 nM). Total lysate
were subjected to Western blot analysis using an anti-HA primary antibody. FL23 and estradiol (17BE) did not
significantly affect the expression of TRPM6. A representative blot of three separate experiments is shown.

doi:10.1371/journal.pone.0119028.g001
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significant increase in the current density without affecting the characteristic shape of the cur-
rent-voltage (IV) curve (Fig. 1B) or the current time-development characteristics (Fig. 1C). The
average time-development curves were fitted with a logistic equation (see Material and Methods).
This analysis revealed that the time of half-maximal activation (t;,,) was not changed between
control and FL23-treated cells (control: 48 + 2 s, FL23: 43 + 3 s). The rate of current development
(the slope h) was increased with FL23 treatment (control: 1.8 + 0.1 pApF 's”', F1.23:3.0 + 0.2
pApF's). Pre-incubation of the cells with concentrations of F1.23 ranging from 0.01 to 50 nM
revealed a concentration-dependent stimulation of TRPM6 activity with an ECsy = 1.4 £ 0.2 nM
and Hill equation n = 1.5 £ 0.3 (see Material and Methods, Fig. 1D). A similar increase in TRPM6
activity was observed with FL3 (50 nM, Fig. 2A-B). Next, cells were pre-incubated with FL2

(50 nM, Fig. 1F), a flavagline that does not display significant cytotoxicity in cancer cells [24] nor
cytoprotection in cardiomyocytes [26]. In contrast to FL3 and FL23, this treatment did not signifi-
cantly alter the current density of TRPM6-expressing cells (Fig. 2C-D). As previously reported, es-
tradiol (17BE) significantly stimulated TRPM6 currents (Fig. 1E) [17]. On average, 17BE, FL3 and
FL23 stimulated TRPMS activity by 1.5 to 2-fold (Fig. 1E). Interestingly, mock-transfected cells
demonstrated a similar ~ 2-fold increase in current density upon FL23 treatment, indicating that
TRPM?Y is also a likely target of flavaglines action (Fig. 1E). As expected from the short pre-incu-
bation period, the expression of TRPM6 was not influenced by FL23 or 17BE (Fig. 1G).

The stimulating effects of flavaglines require the intrinsic kinase domain
of TRPM6

To assess the involvement of the intrinsic alpha-kinase domain in the flavagline-mediated poten-
tiation of TRPMS6 currents, cells were transfected with the previously described kinase-truncated
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Fig 2. Analogs of FL23 show distinct effects on TRPM6 currents. a. Typical current-voltage curves
obtained 200 s after break-in are shown for vehicle and FL23 (50 nM) pre-incubated cells. b. The average
time-course of TRPM6 current development with (n = 8) or without (n = 11) FL23 (50 nM) is shown for current
values measured at +80 mV. c. The average time-course of TRPM6 current development with FL2 (50 nM,

n =12), vehicle (n = 10) or FL23 (50 nM, n = 10) pre-treatment is shown for current values measured at

+80 mV. d. FL2 incubation did not significantly stimulate TRPM6 activity (n>10). Stars indicate statistically
significant difference (P<0.05) between vehicle and compound-treated cells.

doi:10.1371/journal.pone.0119028.9002
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Fig 3. The presence of the intrinsic alpha-kinase domain of the channel but not its activity is required
for flavagline-mediated stimulation of TRPM6. a. The average time-course of current development of the
kinase-inactive channels (TRPM6<'2%*F) with (n = 7, full symbols) or without (n = 9, empty symbols) FL23
(50 nM) pre-incubation is shown for current values measured at +80 mV. b. The average time-course of
current development of TRPM6-174%% (Akinase) with (n = 8, full symbols) or without (n = 9, empty symbols)
FL23 (50 nM) pre-incubation is shown for current values measured at +80 mV. ¢. Pre-incubation of cells with
FL23 (50 nM) stimulated wild type (n>22), K1804R (n>9), but not Akinase (n>8, p>0.05) channel activity.
Right panel shows current values normalized to each control condition. Stars indicate statistically significant
difference (P<0.05) between vehicle- (white bar) and compound-treated cells (black bar).

doi:10.1371/journal.pone.0119028.g003

(p.Leul749%, Akinase) or kinase-inactive (p.Lys1804Arg, KI) TRPM6 constructs [9]. While the
first construct produces mutant channels lacking the complete kinase domain, the KI construct
form channels without intrinsic alpha-kinase phosphotransferase activity. Both constructs pro-
duce functional proteins with apparently normal channel function in the absence of intracellular
Mg". Using an identical pre-incubation protocol, cells expressing the KI mutant demonstrated a
FL23-mediated increase in current densities similar to wild type (Fig. 3A and C). In contrast, the
Akinase mutant failed to respond to this treatment (Fig. 3B-C).

Flavaglines act along a shared pathway with insulin

The intracellular amino acid residues p.Val1393 and p.Lys1584 have been shown to indepen-
dently confer sensitivity of TRPM6 channels to insulin stimulation, probably by altering the
phosphorylation of the neighboring p.Thr1391 and p.Ser1583 residues, respectively [13]. Phos-
phomimicking mutations of either p.Thr1391Asp or p.Ser1583Asp were shown to be permis-
sive in the insulin-mediated potentiation of TRPM6 [13]. To address whether flavaglines act
on TRPM6 in a similar way as insulin, cells expressing either of two naturally occurring insu-
lin-insensitive TRPM6 SNPs (p.Val1393Ile or p.Lys1584Glu) were pre-incubated with FL23
(50 nM). These mutants failed to respond to FL23 (Fig. 4A-B and E).

Following the activation of the insulin receptor, a complex multi-branched signaling cas-
cade is activated. One of these branches involves the activation of Phosphoinositide 3-kinase
(PI3K), Akt and Ras-related C3 botulinum toxin substrate 1 (Racl) [27]. Co-expression of
TRPMS6 together with the constitutively active (p.Gly12Val) or dominant-negative (p.Thr17Asn)

PLOS ONE | DOI:10.1371/journal.pone.0119028 March 16,2015 6/12
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Fig 4. Flavaglines act upon a common pathway with insulin receptor signaling. a-d. The average time-
course of current development of cells pre-incubated with (full symbols) or without (empty symbols) FL23

(50 nM) for: (a) TRPM6Y 29! (n>8), (b) TRPMBX'%8E (n>7), (c) wild type TRPM6 together with Rac1™'"N
(n>6) and (d) wild type TRPM6 together with Rac1%'2¥ (n>11). e. FL23 pre-incubation failed to alter currents
in cells expressing TRPM6" 3% (n = 11), TRPM6X'%8F (n>8) and cells co-expressing wild type TRPM6
together with Rac1T'"N (n = 8) and TRPM6 together with Rac1%'2V (n>14). Right panel shows current values
normalized to each control condition. Stars indicate statistically significant difference (P<0.05) between
vehicle- (white bar) and compound-treated cells (black bar).

doi:10.1371/journal.pone.0119028.g004

mutants of Racl have been shown to respectively allow and prevent the increase of TRPM6
membrane expression by insulin [13]. Here, cells were co-transfected with TRPM6 and either
the p.Thr17Asn or p.Glyl2Val Racl mutants. Both mutants prevented the stimulation of
TRPM6 by FL23 (Fig. 4C-D and F).

Flavaglines do not affect Akt phosphorylation

Given the previously described modulation of Akt by PHBs [28], the effects of flavaglines on
Akt phosphorylation were examined using the same experimental conditions as were used in
the patch clamp experiments. Following 15 minutes of incubation, phosphorylation of Akt was
not induced by FL2, FL3 and FL23 (50 nM, Fig. 5). It has been previously demonstrated that
flavaglines prevent ERK1/2 phosphorylation in a manner that depends on CRaf [21]. Here,
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Fig 5. Cellular Akt and ERK signaling is unaffected by FL3. HEK293 cells were incubated with FL2

(50 nM), FL3 (50 nM), PMA (100 nM), insulin (10 nM) or 17BE (50 nM) for 15 minutes. Protein lysates were
immediately obtained and immunoblots were performed to detect pERK1/2 and pAkt. PMA and insulin served
as positive controls for ERK and Akt phosphorylation, respectively.

doi:10.1371/journal.pone.0119028.9g005

basal ERK1/2 phosphorylation was not apparent in control condition and no additional phos-
phorylation was detected upon flavaglines stimulation (Fig. 5).

Discussion

The present study demonstrates that the activity of the Mg>*-permeant TRPM6 channel is
stimulated ~ 2-fold by the flavaglines compounds FL3 and FL23. This is the first report of an
exogenous natural compound that stimulates TRPM6 activity.

The activity of TRPM6 and its plasma membrane expression have been shown to be in-
creased upon stimulation with insulin. This effect relied on the PI3K, Akt and Racl signaling
cascade (Fig. 6). Detailed electrophysiological and total internal reflection fluorescence (TIRF)

insulin lipid raft

NHCHO | ,~
X =
MeO' = 0 Q\\y
3

Fig 6. Proposed model of flavaglines action. Flavaglines stimulate TRPM® activity by acting on
downstream effector(s) of the insulin receptor. PHB2 and CDKS5, proteins which are known to regulate
TRPM6 are localized in lipid rafts.

doi:10.1371/journal.pone.0119028.9g006
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microscopy analyses have revealed a permissive role for TRPM6-p.Val1393 and TRPM6-p.
Lys1584 sites in insulin-evoked insertion of channels in the plasma membrane [13]. Here, it is
proposed that flavaglines stimulate TRPM6 by acting along the same pathway (Fig. 6). This hy-
pothesis is based on the following observations: (I) flavaglines increased TRPMS6 activity
~1.5-2 fold, which is quantitatively similar to the previously described action of insulin on
TRPMBG activity [13]; (II) the insulin-insensitive (TRPM6-p.Val1393Ile and TRPM6-Lys1584-
Glu) TRPM6 mutants were not potentiated by flavaglines; (III) flavaglines-induced TRPM6
stimulation was absent when overexpressing TRPM6 together with Racl mutants; (IV) in con-
cordance with the mechanism of insulin action on TRPMBS, flavaglines stimulated the kinase-
inactive (TRPM6-p.Lys1804Arg) mutant. Taken together, it is hypothesized that flavaglines act
by triggering or relieving a tonic inhibition on one (or more) of the molecular player(s) in-
volved in insulin signaling, effectively promoting the plasma membrane insertion of wild type
TRPMBS6 channels but not of TRPM6 channels containing insulin-insensitive SNP mutants.
Our data suggest that the effects of flavagline-stimulation take place downstream of Akt, since
no additional Akt phosphorylation was evident upon treatment with FL3. Further experiments
investigating the detailed molecular action of flavaglines on the localization and phosphoryla-
tion of the known kinases involved in growth-factor stimulation of TRPM6 (PI3K/Akt/Racl/
Cdk5) will be necessary to elucidate the exact molecular targets.

Flavaglines have recently been identified as potent interactors of PHBs [18,19]. Interesting-
ly, PHBI1 and PHB2 are enriched in detergent resistant (lipid rafts) fractions of the plasma
membrane [18]. Given the previously described action of PHBs as chaperone of Ras-dependent
CRaf activation in the plasma membrane [21], a general function of PHBs is to provide spatial
constraints necessary for the proper regulation of proteins in specialized regions (eg the lipid
rafts) of the plasma membrane. It can be hypothesized that TRPM6 channels transiently or
permanently localize together with PHB in the lipid raft fractions of the plasma/vesicular mem-
brane, where channels undergo regulatory phosphorylation. The following facts support this
hypothesis: (I) TRPM6 has been shown to establish a inhibitory interaction with PHB2 [17];
(II) TRPMS6 requires CDK5 phosphorylation for proper insulin-mediated regulation, CDK5 lo-
calizing and being activated in the lipid raft fraction of plasma membrane [29]; (III) the close
homolog TRPM7 has been reported to localize in lipid rafts [30], (IV) TRPM6 requires PIP2
for proper function [31], a lipid that is enriched in lipid rafts. Therefore, it is tempting to specu-
late that PHBs binding to TRPM6 promotes the formation of a macromolecular regulatory
complex in the lipid rafts of the plasma membrane. In this perspective, it is interesting to note
that the insulin-induced signaling pathway becomes more active when the insulin receptor is
expressed in lipid rafts [32-34]. In addition to the inhibitory PHB2-TRPMS interaction, other
TRP channels are modulated by members of the SPFH protein family [20]. Podocin, an SPFH
protein similar to prohibitin, regulates the insulin sensitive transient receptor potential canoni-
cal type 6 (TRPC6) ion channel in the kidney [35]. In line with the current hypothesis, it has
been proposed that podocin organize TRPC6-lipid complexes in the plasma membrane, there-
by modulating channel activity [36]. Altogether, these findings point towards a compartmen-
talized insulin signaling cascade on/near the lipid rafts in the vesicular/plasma membrane. In
this model, expression of TRPM6 and the insulin receptor in the lipid rafts allows for the rapid
local regulation of TRPM6 by insulin.

Comparison of structure-function activity between active (FL3, FL23) and inactive (FL2)
flavaglines analogs revealed a positive correlation between cytostatic/cytotoxic properties of fla-
vaglines in cancer cell lines and their action on TRPM6 [21,24,25]. While the effects of flava-
glines on cellular proliferation and growth factor signaling were evident starting from 2 hours
after compound application, the stimulatory effect shown here occurs within 15 minutes.
These results suggest that the short-term effects of flavaglines on TRPM6 take place
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independently from any translational effect (eg eIF4A-dependent). However, the concurrent
structure-function relationship of flavaglines in their TRPM6-stimulatory effects and in their
cytotoxic properties suggests that both mechanisms are PHB-dependent. It has previously been
shown that PHB2 interacts with TRPM6 and that 17BE reduces this inhibitory interaction [17].
However, the current results suggest that 17pPE and FL23 only share a partially overlapping
mechanism of action. Exogenous PHB2 inhibits TRPM6 in an alpha-kinase phosphotransfer-
ase-dependent manner [17]. In contrast, flavaglines stimulated the kinase-inactive TRPM6-p.
Lys1804Arg mutant. Moreover, flavaglines induce an increase in endogenous TRPM?7 currents,
while TRPM7 currents were insensitive to PHB2-mediated inhibition [17]. Further work iden-
tifying the major players that are part of the TRPM6-PHB macromolecular complex and its
regulation by flavaglines and 17BE are necessary to further understand the stimulatory but
slightly distinct effects of these compounds on the activity of TRPMS.

Evidences suggest that the stimulatory action of flavaglines is not restricted to TRPM6.
Here, a stimulatory effect of FL23 was also observed in mock-transfected cells. Given the exper-
imental conditions used in this study, a substantial part of the current in mock-transfected
HEK293 cells is carried by endogenous TRPM7 channels [3]. Further experiments investigat-
ing the action of flavaglines on other members of the SPFH protein and TRP channel (eg
TRPC6) families will be needed to understand the complex mechanism of action of flavaglines.

Reduced TRPMS6 channel activity results in a clinically relevant hypomagnesemia due to
renal Mg”* wasting. Because insulin and EGF stimulate TRPM6 function, patients with diabe-
tes mellitus type 2 or users of EGFR inhibitors are at risk to develop hypomagnesemia [12,13].
Given that FL3 and FL23 stimulate TRPM6 activity, flavaglines may provide an important
therapeutic potential for these patient groups. A preliminary experiment with FL3 (daily i.p. in-
jection 0.1 mg/kg, 7 days,) did not reveal changes in serum or urinary Mg** concentration in
mice (data not shown). In addition to the optimization of treatment duration, the actual dose
of FL3 reaching the DCT cells in the kidney where TRPM6 is located may be much lower and
challenging to assess. Future experiments assessing the bioavailability of flavaglines should be
performed to assess putative magnesiotropic effects in vivo. Additionally, given the physiologi-
cal mechanism of intestinal and/or renal compensation of Mg** transport, the effects of flava-
glines should be assessed in a murine model of hypomagnesemia.

In conclusion, the natural compounds flavaglines stimulate the activity of TRPM6 Mg**
channels at nanomolar concentrations. The effect is rapid (within 15 minutes) and probably re-
lies on a near-plasma membrane mechanism that likely involves PHBs.
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The dehydration and subsequent cyclization reactions of 1-styrylpropargyl alcohols was examined. In the course of these studies,

numerous scaffolds were synthesized, including a furan, a cyclopentenone, an acyclic enone and even a naphthalenone. The diver-

sity of these structural motifs lies in novel cascades of reactions originating from a common carbocationic manifold.

Introduction

In the course of our medicinal program on a new class of anti-
cancer agents [1-3], we developed a novel synthesis of
cyclopentenones substituted by three different aryl groups
(Scheme 1) [4]. This approach combines a molybdenum(VI)-
catalyzed etherification of allylic alcohol with a gold(I)-
catalyzed intramolecular cyclization process [5,6].

During the optimization process of this synthesis, we examined
several catalysts to transform allylic alcohol 1 into ether 2,
including Re,O7, which is described to efficiently catalyze this
type of transformation [7]. Unexpectedly, instead of obtaining
ether 2, we observed the formation of cyclopentenone 4 in
32% yield. We noticed that this reaction only occurs when
Re,07 is heated at 45 °C for 15 minutes in MeOH prior to the
addition of the substrate. As far as we know, this type of
reaction has not been described before. It provides a useful

alternative to the Rautenstrauch rearrangement, the main
limitation of which lies on the necessity to have the alcohol
esterified (Scheme 2) [8]. Indeed, in many cases, this esterifica-
tion occurs in low yield, or may even be impossible to achieve
[4,8,9].

The importance of cyclopentenones as intermediates to the syn-
thesis of bioactive compounds prompted us to explore the syn-
thetic potential of this novel rearrangement of 1-styryl-
propargyl alcohols (Table 1). Toward this purpose, a number of
other substrates were synthesized from the readily prepared acyl
chloride 5 and ketone 6 [4] (Scheme 3).

Results and Discussion

We began our study by applying the reaction conditions devel-
oped for alcohol 1 using Re,O7 (1.5%), MeOH (8 equiv) at
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85%
R8207’
MeOH, 45 °C
32%
MeO, OMe
O o Aul(CoHs)PIC!
AgSbFg, iPrOH, rt
O Ph Ref. [4]
MeO 4

Scheme 1: Described synthesis of cyclopentenone 4 using a combination of Mo(VI) and Au(l)-catalyzed reactions and serendipitous discovery of a

direct conversion of alcohol 1 into 4 [4].

AcO  _~ Pd(ll), Hg(ll) or 0]
R? ~ Au(l) catalysts R
R2 N R2

R3 R3

Scheme 2: The Rautenstrauch rearrangement.

45 °C in DCE (entry 1, Table 1). Gratifyingly, replacing the
TMS group by a TBS group improved the yield to 44% (which
is superior to the overall yield of the previous three steps syn-

O._ClI TBS—
Pd(PPh3)QC|2, Cul
X
Ph 1,4-dioxane, 80 °C
MeO 5 79%
Li———TBS
THF, -78 °C to 0 °C,
30%
TBS TBS
Xz
X
Ph
MeO

Scheme 3: Synthesis of 1-styrylpropargyl alcohols.

thesis). Along with cyclopentenone 4, we observed the forma-
tion of furan 13 (27% isolated yield).

The proposed mechanism for this reaction is shown in
Scheme 4. Both 4 and 13 are expected to arise through the for-
mation of the stabilized carbocation 11 that may evolve through
two pathways. This intermediate may either undergo a ring
closure due to the nucleophilic character of the silylated alkyne
(pathway A) or react with an oxygenated nucleophile, such as
the perrhenate anion, to generate the transient intermediate 12
that undergoes an oxo-cyclization to afford an oxonium en route
to furan 13 (pathway B). Alternatively, intermediate 12 may

TBS
o F
X
Ph
MeO 6
CeCl3-2H,0, NaBH,4, MeOH, 76%
or
n-BuLi, THF, -78 °C, 48%
TBS
X
Ph
MeO
R=H:7
R=n-Bu: 8
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Table 1: Rearrangement of 1-styrylpropargyl alcohols 7-10, 15, and 16.

TBS
Re,07 (1.5%), MeOH (8 equiv),
X 45°C, DCE, 16 h 4,13, 14,17-20
Ph
MeO
7-10, 15, 16
Entry R Isolated products?®

OMe MeO OMe
Cﬂ 0
1 MeO H '
MeO

OMe An
10° Ph
4
MeO. OMe
Me
MeO 0
An
Ph
13
Cl
Tl p
2 O 3
15¢ An
Ph
14
O
Me
Ph
; 99
An Ph
17
Me
s H P
An
Ph
18
(0]
M =
5 n-Bu ©
8 AT
Ph
19
TBS TBS
X Z
TBS——} |
6
9 An OMe
Ph
20

aRe,07 (1.5%), MeOH (8 equiv), 45 °C, DCE, 16 h. PIsolated yields. ®Synthesis described in ref [4]. An = p-anisyl.

Yield (%)°

44

27

20

35

54

47

31
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OReO3 e}
Ar Ar
pathway A TBS ——
An An
Ph Ph
4
H®
\ —TBS
Me
Ar < /® Ar
—
—_— | OQReO3 > o)
An =
H Ph An
Ph
13

Scheme 4: Postulated mechanism for the formation of cyclopentenone 4 and furan 13 (entry 1, Table 1; An= p-anisyl).

result from the allylic [1,3]-transposition of a perrhenate ester
[10].

Replacement of the highly electron-donating 2,4,6-
trimethoxyphenyl group by a 4-chlorophenyl substituent
reduced the yield of cyclopentenone formation to 20% (entry 2,
Table 1). No furan or other compound could be isolated. As a
result, we turned to the examination of substrate 16 [4], whose
unsubstituted phenyl ring is even less amenable to stabilize a
carbocationic intermediate. Unsurprisingly, we could not detect
any cyclopentenone. Instead, we were amazed to isolate the
rearranged ketone 17 (entry 3, Table 1). Indeed, 4,4-diarylnaph-
thalen-1-ones are highly unusual compounds, whose synthesis
is rarely described in literature [11]. The structure of 17 was
confirmed by NOE and key HMBC correlations (Figure S1,
Supporting Information File 1). Although highly speculative
and without any experimental support, a putative mechanism
for this unprecedented reaction is proposed in Supporting Infor-
mation File 1 (Scheme S1).

Remarkably, removal of the trimethoxyphenyl group
suppressed the formation of cyclopentanone but promoted the
formation of furan 18 (54% yield, entry 4, Table 1). Interest-

Scheme 5: Proposed mechanism for the formation of enone 19.

ingly, substitution of the carbinol part by an n-butyl substituent
provided an alternate type of product: the acyclic enone was the
sole product isolated from the reaction medium (47% yield,
entry 5, Table 1). It could be envisioned that this compound
results from the rearrangement of an allene oxide (Scheme 5).
Interestingly the dipropargylic alcohol 9 afforded the rearranged
allylic ether 20 as the only isolated product (entry 6, Table 1).

In order to improve the yields of these reactions and gain
insight in the reaction mechanisms, we explored different reac-
tion conditions starting from alcohol 21 (Table 2). 1,2-
Dichloroethane and dichloromethane (entries 1 and 2, Table 2)
gave better yields (27-31% for 22 and 10-16% for 23)
compared to THF (entry 3, Table 2). In an effort to understand
the role of Re;07, the catalyst was changed to ReO4SiPhj
(entry 5, Table 2) and ReO4H (entry 6, Table 2). In both cases,
the results were similar to those obtained with Re;O7. Removal
of methanol from the medium suppressed the formation of 22
(entry 7, Table 2). In this case only furan 23 and rearranged
alcohol 25 could be isolated as traces (5%).

To confirm that the reaction is catalyzed by an acid, we changed
its nature and tested two Brensted acids. With F3CSO3sH (entry

1020



Table 2: Optimization of the acid-catalyzed rearrangements of enynol 2.
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TMS TMS
TMS Me = — P
OH catalyst 1 1 Arl Z 1 = Arl Z
A F ROH (8 equiv) Ar Ar | Ar | |
+ o + + +
OR OR
AT solvent Ar2 Ar2 Ar? Ar2 RO Ar2
Ph Ph Ph Ph Ph Ph
21 22 23 24 25 26
Ar! = 2,4,6-(MeO)3-Ph
Ar2 = 4-CI-Ph
Entry R Catalyst Solvent T(°C) 22 (%)@ 23 (%)? 24 (%)? 25 (%)? 26 (%)?
1 CH3 Re,07 DCE 45 31 16 - - -
2 CH3 Re,07 CH,Cl, 45 27 10 - - -
3 CH3 Re,07 THF 45 11 9 - 12 -
4 CHs Reo 07 THF rt 12 - — 4 _
5 CHs Re0,4SiPhg DCE 45 28 17 6 - -
6 CHs ReO4H DCE 45 30 17 - - -
7 - ReO4H DCE 45 - 5 - 5b -
8 CH3 F3CSO3H DCE 45 36 12 - - _
9 CH3 AcOH DCE 45 - - - 51 47
10¢ - F3CSO3H DCE 45 - - - — —
11¢ CF3CH3 F3CSO3H DCE 45 - - - - -
11 CH3 F3CSO3H CH3NO, 45 30 - - — _
12¢ CHs F3CSO3H CH3NO, rt — — — - _

3|solated yields. PAn allylic alcohol is generated (25, R = H). “Degradation of the reaction mixture.

8, Table 2), we obtained comparable yields with 36% of
cyclopentenone 22 and 12% of furan 23. When using a weaker
acid such as acetic acid (entry 9, Table 2) only the two acyclic
ethers 25 and 26 were isolated. This observation strongly
suggests that perrhenic acid is the active reagent generated from
Re,O7 by methanolysis or hydrolysis with traces of water [12].

When removing methanol or replacing it with trifluoroethanol,
the reaction mixture degraded in presence of triflic acid (entries
10 and 11, Table 2). Thus, the presence of methanol seems
necessary for the cyclization to occur, perhaps by stabilizing an
intermediate. Replacement of dichloroethane by nitromethane
slightly decreased the yield of 22, and suppressed the formation
of furan 23.

ReO4H, MeOH

1,2-DCE, 45 °C

MeO

Scheme 6: Rearrangement of unprotected propargylic carbinol 27.

To determine whether the protection of the alkyne group was
necessary for a rearrangement to take place, the reaction was
carried out on compound 27. In the presence of perrhenic acid,
16% of the starting material was recovered along with 36% of
diketone 28 (Scheme 6). No cyclization product was isolated.
This observation strengthened the hypothesis that the silyl
group stabilizes the carbocation intermediate which seems
necessary for the cyclization step.

Conclusion

The discovery of new reaction manifolds often provides a good
opportunity to discover novel reactivity in related systems. In
this article, we demonstrate the delicate balance among several
mechanistic pathways by a minor change of substrate in acid-

27 +

16%
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catalyzed rearrangements of 1-styrylpropargyl alcohols. Indeed,
these compounds may generate a furan (18), an enone (19), an
allylic ether or even a naphthalenone (17). The formation of the
latter is quite intriguing because it suggests an unprecedented
cascade of reactions.

Supporting Information

Supporting Information File 1

Experimental procedures for the synthesis of compounds
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Développement de nouvelles approches
pour la synthése des flavaglines

Résumeé

Nous avons développé deux méthodes originales de synthese de cyclopenténones
fonctionnalisées et découvert de nouveaux réarrangements d’alcools 1-styryl
propargyliques catalysés par des acides.

Ce travail de these a aussi permis de mettre en évidence les limitations d’une méthode de
synthése des flavaglines développée par des chercheurs de la compagnie Bayer. De plus, la
resynthese de certaines flavaglines et la synthése d’une sonde de fluorescence originale ont
permis de mieux caractériser le mode d’action et le potentiel thérapeutique des flavaglines
pour leurs effets anticancéreux (notamment dans la résistance aux inhibiteurs de B-RAF), la
régulation du canal TRPMG6 et I'infection par le virus du Chikungunya.

Mots clefs : flavaglines, cyclopenténones, réarrangements carbocationiques, réaction de
Nazarov, elF4A, prohibitines, cancer, chimiorésistance, TRPM6.

Development of new approaches
for the synthesis of flavaglines

Abstract

We have developed two novel methods to prepare functionalized cyclopentenones and also
discovered new acid-catalyzed rearrangements of 1-styryl propargylic alcohols.

This work also explored the limitations of a method for the synthesis of flavaglines reported
by Bayer researchers. Moreover, the re-synthesis of some flavaglines and the synthesis of an
original fluorescence probe allowed some advances in the characterization of the
mechanism of action and therapeutic potential of flavaglines for their anti-cancer effects
(especially in the resistance to B6RAF inhibitors), the regulation of TRPM6 channel and the
infection by Chikungunya virus.

Key words: flavagline, cyclopentenones, carbocationic rearrangements, Nazarov reaction,
elF4A, prohibitins, cancer, chemoresistance, TRPM6.
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