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RESUME

L’activation par voie oxydative de dérivés phénoliques contenant une chaine latérale
insaturée avec un réactif d'iode hypervalent permet la formation de produits bicycliques et
tricycliques via l'intermédiaire d'un processus de cyclisation cationique en cascade. Il s’agit
d’un procédé efficace permettant, en une seule étape de synthése, de construire le squelette
principal de plusieurs produits naturels avec un stéréocontrole total, régi par les interactions
de contrainte 1,3 allyliques et par la configuration des doubles liaisons des chaines latérales.
Une application de cette nouvelle méthodologie pour la synthése du squelette de la famille
des kauranes a été réalisée énantiosélectivement, en une seule étape, via la déaromatisation
d’un phénol élaboré. De plus, une version oxydative de la réaction de Polonovski classique
permet avec ’aide d’un iode hypervalent, de transformer une amine benzylique en aldéhyde
chimiosélectivement.

Mot-clés : Déaromatisation / lode hypervalent / Phénol / Prins / Polonovski / Produit naturel /
Polycyclisation / Umpolung /




ABSTRACT

Oxidative activation of phenol derivatives containing an unsaturated lateral chain in the
presence of a hypervalent iodine reagent promotes the formation of bicyclic and tricyclic
products via a cationic cascade process. The method allows efficient one-step synthesis of
scaffolds present in several natural products and occurs with total stereocontrol, governed by
1,3 allylic strain interactions and by the configuration of the side chain double bonds. An
application of this new methodology, of the main tetracyclic core of a large class of
compounds belonging to the kaurane family has been enantioselectively synthesized in one
step from an elaborated phenol derivative involving an oxidative polycyclization-pinacol
tandem process. In addition, a chemoselective and environmentally benign oxidation of

benzylic amines into aldehydes mediated by a hypervalent iodine reagent has also been
developed.

Keywords : Dearomatization / hypervalent iodine / Natural product / Phenol /
Polonovski / Prins / Polycyclization / Umpolung /




INTRODUCTION
Biosynthése des terpénes

Un trés grand nombre de produits naturels posseédent une structure polycyclique, tels que les
terpénes, largement représentés dans le milieu végétal. Ces structures représentent un défi
synthétique de taille, compte tenu de leur assemblage compact, comportant plusieurs centres
quaternaires stéréogéniques. Dans la nature, la biosynthése des terpénes a lieu dans les
cellules.' Plus particuliérement dans le cytosol pour les sesquiterpénes et dans les plastides

pour les mono et diterpénes (voir Schéma 1).'

/ Cyiosol ' Plastid \
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Schéma 0.1 Compartimentation de la biosynthése de différents terpénes composant
I’oléorésine’

La biosynthése des terpénes débute par la formation de I’acide mévalonique, précurseurs des
isoprénes qui sont 4 la base du squelette terpénique. L ’acide mévalonique est obtenu par une
condensation de type Claisen de deux unités d’acétyle CoA, suivi d’une condensation
cétolique d’une autre unité d’acétyle CoA sur I’acétoacétyle CoA, pour finalement subir une
réduction avec NADH et une hydratation.' Une fois ’acide mévalonique obtenu, il subit une
phosphorylation par I’action de trois molécules d’ATP et une décarboxylation. Les

précurseurs engendrés soient le 3-3, diméthylallyle pyrophosphate (DMAPP) et le 3-




isopentényle pyrophosphate (IPP) (voir Schéma 2) sont  la base de presque tous les terpénes

COI‘II‘IUS.1

OP20Hy P20sHs
)\) /U
DMAPP IPP
Schéma 0.2 Précurseurs biosynthétiques; ’TPP et le DMAPP

Ces précurseurs biosynthétiques offrent par la suite plusieurs options, dont le couplage d’une
molécule de DMAPP et une d’IPP qui forme le géranyle pyrophosphate.' Cet intermédiaire
permet de produire une multitude de dérivés terpéniques, tels que le géranylgéranyl
pyrophosphate (GGPP) (voir Schéma 3) qui permet la biosynthése de nombreux diterpénes,

dont les dérivés de kauranes.?*

EN.

a2z

TIO (ent-) series
terpenes

3 H
P Ki ent-Kauranaes ent-Pimaranas

Schéma 0.3  Polycyclisation enzymatique pour la formation des kauranes®
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Synthéses biomimétiques

Les synthéses biomimétiques tentent de reproduire artificiellement en laboratoire ce qui se
produit dans les systémes biologiques. Un exemple flagrant est la polycyclisation cationique
qui trouve ses sources dans les cascades enzymatiques, lors de la formation des terpénes. Un
exemple intéressant est celui de Johnson et al.? pour la synthése du 11 a-méthylprogestérone
2 (voir Schéma 4).

HO, Il
N TFA / TFE
42 h/29-35%
OH
1
Schéma 0.4 Polycyclisation cationique’

Cette classe de polycyclisation cationique permettant de former rapidement et
diastéréosélectivement des squelettes polycondensés, suscite toujours la curiosité de la
communauté scientifique. L’intérét du laboratoire Canesi & la déaromatisation par voie
oxydative de composés aromatiques riches en électrons, via I’addition de nucléophiles
- . V. v i i o by g
carbonés,” permet de se questionner sur la possibilit¢ d’étendre ce principe & une
polycyclisation oxydative cationique, déclenchée par une activation oxydante de type

umpolung.

Umpolung classique

Le principe d’umpolung a d’abord été répertorié par Corey et Seebach* au courant des années
70. 11 repose sur I’inversion de la polarité naturelle d’une fonction et modifie sa réactivité (un
nucléophile est transformé en électrophile et vice et versa). Le carbonyle 3 (voir Schéma 5)
normalement électrophile subit une réaction de protection avec le 1,3-dithiol 4 suivi d’un

traitement basique pour déprotoner I’hydrogéne devenu « acide » dans § et former ainsi un




anion acylium 6, qui réagit désormais comme nucléophile, une déprotection subséquente de

I’activant umpolung (groupement dithiane) conduit a la cétone 8.

O gt~ ()1 ° m o

o
S._*S B S E HgO
R”™ "H Acide de Lewis R><H >(/9 ><E H,0 / THF RJLE
3 5 6 7 8

Schéma 0.5 Principe d’umpolung de Corey et Seebach

Umpolung aromatique

Une extension de cette méthodologie aux composés aromatiques riches en électrons, tels que

18-19

les phénols et les dérivés d’anilines-sulfonamides,” est aussi possible. En réactivité

classique, ces composés réagissent en tant que nucléophiles. Cependant une activation

oxydante5 e

permet de transformer ces espéces en électrophiles par I’emploi d’un réactif a
base d’iode hypervalent 10 (voir Schéma 6), selon un mécanisme de transfert d’électrons. Le
phénol 9 réagit avec le diacétoxyiodobenzene 10 pour former un radical phénol 11, I’espéce
12 et une molécule d’acide acétique. Le second échange d’électron permet de générer de
I’iodobenzéne 14, une seconde molécule d’acide acétique ainsi que I’ion phénoxonium 15

dont la forme de résonnance la plus stable est 16.

I=Ph

7 Moo '81H nl
O o = )
©0Ac
9 10 1 12
HOAc
o 5 . \IiZpn
- @
14 gw4
OAc

Schéma 0.6 Mécanisme radicalaire de ’'umpolung aromatique




Le professeur Kita est un des pionniers qui a démontré la faisabilité de telles réactions de
déaromatisation de phénols par addition oxydante de méthanol par I’emploi d’iode

18-19

hypervalents, * " ouvrant ainsi de nombreuses possibilités synthétiques (voir Schéma 7).

OH o) 0
Q=] () [

R R R OMe
17 18 19

Schéma 0.7 Addition de méthanol sur un phénol riche en électrons

L’ion phénoxonium 18 a besoin d’étre stabilisé lors de la réaction pour lui permettre de réagir
avec le nucléophile désiré. Pour ce faire, I’utilisation d’un solvant protique est nécessaire.
Puisque ces solvants sont généralement eux-mémes nucléophiles, tel que le méthanol, il est
nécessaire d’utiliser un autre type de solvant lorsque la réaction avec le solvant n’est pas

6-8,15,17,21

désirée. 11 a aussi été démontré par Kita s

que I’hexafluoroisopropanol (HFIP) agit
en tant que solvant protique non nucléophile et permet une stabilisation adéquate de I’ion

phénoxonium 18.
Réaction de Prins

Les travaux précédents du laboratoire® ont démontré la possibilité de capter I’ion
phénoxonium par un nucléophile carboné, un dérivé de la réaction de Prins classique étendue
aux ions phénoxonium plutdt qu’oxoniums.” Dans sa version originale, la réaction de Prins®
est induite en milieu acide et comporte ’addition d’un alcéne 22 (voir Schéma 8) ou d’un
alcyne sur un ion oxonium 21, suivi d’une capture nucléophilique ou d’une élimination d’un
proton. Dans sa version oxydative,’ I’ion phénoxonium 25 est généré par une activation du
phénol par un iode hypervalent, suivie par I’addition d’un alcéne ou d’un alcyne
intramoléculaire 25, formant ainsi un mélange de produits par élimination d’un proton ou par

I’addition d’un nucléophile externe 26.
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Schéma 0.8 Réaction de Prins classique versus Prins oxydative

Pour éviter d’obtenir un mélange de produits, Overman et al.”’ ont proposé un processus
tandem de Prins-Pinacol (voir Schéma 9) qui permet, suite a4 la Prins, d’effectuer un
réarrangement pinacolique successif, évitant ainsi I’élimination d’un hydrogéne ou la capture

du carbocation par un nucléophile externe.

OHC,_ -
{/‘LIOH K-10 clay 3
‘\\I OH acatone o \
reflux
(50%)
l pinacol  }
rearrangement |
r
{ W Prins O‘
% 91"{ cychzation .

Schéma 0.9 Réaction de Prins-Pinacol

Toutefois, une méthode simple suggére I’utilisation d’un alcyne® 27 (voir Schéma 10) pour la
capture de I’espéce électrophile 28. Lors de I’addition de Prins intramoléculaire, 1’espéce
életrophilique générée posséde une géométrie sp dans un état de transition demi-chaise

excessivement tendu. La tension de cycle du carbocation 28 ne permet alors aucune




élimination d’hydrogéne. Ainsi uniquement 1’addition d’un nucléophile externe est permise

pour générer le composé spirocyclique 29.

carbone sp

ROVRUL SEY L, GUY
27 28 N 29

Schéma 0.10 Prins oxydative avec un alcyne terminal’® (Figure 3)

Polonovski et Polonovski-Poitier

La réaction de Polonovski®*?

permet de transformer un groupement N-Oxyde tertiaire 30
(voir Schéma 11) en aldéhyde & partir de I’addition de ce dernier sur ’anhydride
acétique 31. Il y a alors formation d’un iminium qui est suivie d’une addition de ’acétate 33,
libéré a partir de P’anhydride acétique. Un réarrangement intramoléculaire (ou
intermoléculaire) produit alors 1’acétamide 35 et I’aldéhyde 34 correspondant. Une

modification & la réaction de Polonovski®® faite par Potier,”””

consiste & remplacer
I’anhydride acétique par I’anhydrique trifluoroacétique 37 pour obtenir des conditions
réactionnelles ne nécessitant pas de chauffage du fait de la réactivité accrue de I’anhydride 37
utilisé. De plus, le manque de réactivité de I’ion trifluoro-acétate libéré conduit plut6t a une

énamine apte de réagir 4 nouveau avec un second équivalent de TFAA produisant 41.
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Schéma 0.11 Réaction de Polonovski et Polonovski-Potier

L’intérét du laboratoire Canesi dans I’utilisation de I’iode hypervalent permet de suggérer
qu’un intermédiaire de type Polonovksi pourrait étre généré in situ, sans I’utilisation d’une

amine activée de type N-oxyde, pour générer I’aldéhyde correspondant.
Iodes hypervalents

L’iode est généralement monovalent et présente un degré d’oxydation de -1. Toutefois, des
dérivés d’iodes a degré d’oxydation supérieur (III, IV et VII) sont connus et portent le nom
d’iodes hypervalents ou iodanes. Leurs utilisations sont en plein essor avec le développement
de la chimie verte, puisque les réactifs organiques 4 base d’iode hypervalents présentent
I’avantage d’€tre inodores, facile a manipuler (solides), non toxiques et peu coiiteux par
comparaison avec les métaux lourds ayant des propriétés chimiques similaires. Parmi les plus
connus des iodes (IIT) pour la déaromatisation des phénols, notons le DIB, le PIDA et le

réactif de Koser (voir Schéma 12).
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Schéma 0.12 Iodes hypervalents (III)

Le contre ion associ€¢ & I’iode hypervalent (III) influence sur son choix, puisque I’acide
trifluoroacétique reldché par le PIFA n’est pas compatible avec les produits sensibles,
comparativement a ’acide acétique beaucoup moins acide relaché par le DIB. Ce dernier est

donc moins réactif, mais plus doux comparativement au PIFA et au réactif de Koser.
Objectifs

La structure polycyclique des terpénes représente un défi synthétique de taille compte tenu du
squelette polycondensé et des nombreux centres stéréogéniques. Les travaux précédents du
laboratoire® de la réaction de type Prins oxydative (Schéma 12), représentent une suite
logique pour le développement d’une nouvelle réaction de polycyclisation oxydative. Le
concept d’'umpolung aromatique permettrait la formation, en une seule étape, de squelettes

complexes avec la stéréochimie désirée y étant rattachée.

R F R v =
H
= /SRi __Phi(OAc) > 50-86%, O
=L\ R . e, O._CF
RS, HFIP RNE ® = ol
Ry R, R3 CF3
42 L 43, Rz | a4
1
A3 - 2
R R o R Ry
I
:$R2 PhI(OAC); £SRo 0 CF,
ﬂ HFIP S
0 45 L O 4 - 47

Schéma 0.13 Formation de systémes spirocycliques ou de type décalines
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Un intérét supplémentaire porte sur le développement d’une réaction de type Polonovski,
généré avec un réactif d’iode hypervalent, sans I’utilisation d’une amine activée de type N-

oxyde.




CHAPITRE 1.
POLYCYSLISATION OXYDATIVE ET STEREOSELECTIVE PAR UN REACTIF
D’IODE HYPERVALENT

&4} INFORMATIONS SUPPLEMENTAIRES

30
L'article issu de ces résultats est présenté & I'Annexe 1 et les informations supplémentaires de cet

article, incluant les procédures expérimentales et les caractérisations de chaque nouveau produit,

sont présentées a 'Annexe 2.




CHAPITRE 11
SYNTHESE ASYMETRIQUE DU SQUELETTE PRINCIPAL DE LA FAMILLE DES
KAURANES REALISEE PAR UN PROCESSUS OXYDATIF TANDEM DE
POLYCYLISATION-PINACOL

2.1 INFORMATIONS SUPPLEMENTAIRES

L'article issu de ces résultats est présenté a I'Annexe 3 et les informations supplémentaires de cet
article, incluant les procédures expérimentales et les caractérisations de chaque nouveau

produit, sont présentées a I'Annexe 4.
2.2 PERSPECTIVE ET TRAVAUX FUTURS

Afin d’étre en mesure de finaliser une synthése totale d’un dérivé des kauranes,
’intermédiaire polycyclique 48 (voir Schéma 14) obtenu, pourrait subir des
déshydrogénations sélectives avec du palladium sur charbon pour conduire au produit 49.
Dans cette stratégie, le brome le plus encombré et la double liaison tétrasubstituée devraient
étre les plus difficiles a réduire. Par la suite, I’ajout d’un hydrure encombré’ permettrait de
réduire sélectivement la fonction aldéhyde en I’alcool correspondant 50, sans toucher a la
fonction cétone, puis une méthylation de Stille” pourrait mener 4 51. Une élimination
subséquente de la fonction alcool via le réactif de Burgess pourrait conduire a I’alcéne
exocyclique* 52. La synthése serait finalement conclue par une méthylation réductrice de

Birch,* pour obtenir un produit naturel de la famille des kauranes, le kaur-16-en-3-one 53.




Br
Q LIAIH(Ot-Bu); _©

............. -

49

S P R @\ " reagerit

53 52

k3

Br
ot \\/OH

50
SnMey, !
PdC |
|

ot \\/OH
51

Schéma 2.1 Perspective de synthése totale pour le kaur-16-en-3-one




CHAPITRE II1.
OXYDATION DOUCE D’AMINES BENZILIQUES EN ALDEHYDES PAR UN
PROCEDE OXYDATIF DE TYPE POLONOVSKI

3.1 INFORMATIONS SUPPLEMENTAIRES

31
L'article issu de ces résultats est présenté a I'Annexe 5 et les informations supplémentaires de cet

article, incluant les procédures expérimentales et les caractérisations de chaque nouveau produit,

sont présentées a I'Annexe 6.



CONCLUSION

En conclusion, une nouvelle réaction de polycyclisation oxydative, sans utiliser de métaux, a
été développée avec succés. Ce nouveau processus permet d’obtenir pour I’instant jusqu’a
quatre cycles condensés avec un stéréocontrdle total. Cette méthode introduit
diastéréosélectivement plusieurs centres stéréogéniques en une seule étape, gouvernés par les
interactions de contraintes 1,3 allyliques créées par la position méra benzylique (vis-a-vis de
I’hydroxyle) ainsi que suivant la configuration de la double liaison contenue dans la chaine
latérale. Une application de la méthodologie en synthése a permis de générer le squelette
tétracyclique d’une grande classe de composé appartenant a la famille des kauranes. L’étape
clé est basée sur un processus tandem de polycyclisation-pinacol induit par un réactif d’iode
hypervalent, peu coliteux et respectueux de I’environnement. Cette premiere application
démontre I’utilité du concept “’d’umpolung aromatique’’. Toutefois, une application plus
avancée en synthése totale pourra étre réalisée a partir du squelette asymétrique développé

pour obtenir un produit naturel, le kaur-16-en-3-one.

Une application supplémentaire de 1’iode hypervalent & une réaction connue de Polonovski a
permis d’obtenir un aldéhyde a partir d’une amine tertiaire, sans 1’utilisation d’amine activée

de type N-oxyde, comme proposé en réactivité classique.
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ABSTRACT

At g(\ " R@r%
DU P

Activation of phond derivatives with a hypervalent iodine reagent promptes the formation of bicyelic and trieyelle products via 8 cationic
cyciiation pocess. The method allows efficient onestep syntheses of scatfolds present in several natural products and occurs with total

stereacontsol, governed by 1,3 allylic strain interactions and by the configuration of the side chain double bonds.

The use of cationic polycydlizations of polyunsa turated
compounds in biomimetic syntheses allows rapid secess to
complex architectures with excellent disstereoselativity.
The first remarkable examples can be attributed to Johnson
et al. for the syntheses of steroids in 1976;' however such
strategies are still under intensive investigation.2 Our own
interest in oxidative dearomatization of electron-rich arp-
matics involving carbon-based nucleophiles® led us 10

(1) (a) Johmon, W. 5.; DuBob, G. E. J. Am. Chem. Soe. 1976, V4,
1038, (b) Gravestock, M. B.; Johnson, W._8.; McCarry, B E.; Raicliffe,
B. E.J. Am. Cham. S \978, i, 4274,

(2) (1) Yamamoto, H.; Ishihara, K ; Ishibashi, H. J. Am. Chem. Soc.
2004, 125, 11122 and references therein. (b) Mullen, C. A; Campbell
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J. Ami. Chemn. Soc. 2009, 131, 14630. () Zhao, Y. }.; Li, B.; Serepa Tan,
L. J; Shen, Z. L.; Loh, T. P. J. Am. Chem. Soc. . 2010, 132, 42M4. (f)
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question whether un oxidative cationic polycyclzation
could be triggered by activation of a phenol. Although
ekamn-rich aromatic compounds such as phenols and
their derivatives normally reacs as nudeophiles, oxidative
activation®® cun transform these compounds into highly
mlcbve electrophilic species such as 2. This phenoxonium
ion® 2 could be intercepted in an intramolecular fushion
by appropriate carbon-based nucleophiles such as «
boods, thus initiating a diastereoselective polycyclization
leading to tricyclic core 3. This phenol reversal of reactivity
may be thought of as involving an “aromatic ring umpo-
lung”. The oxidative process could rapidly generate the
care of several patural products such as the human

(4) (s)(me., B. D; Dalidowicr, P.; Tebben, A; Wang, S.; Ssenton,
). 8 J. Org. Chem. 1992, 57, 2133. (b Quidean, §.; Looncy, M. A.;
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20, 65, 4397. (d) Onsmer, M.; BmmN.A' Bavoux, C.; Perrin, M.;
Ciofolini, M. A. J. Am. Chew. Soe. 091, 123, 7534, (e) (_nnni 8.
Belmont, P.; Bouchu, D.; Rousset, L.; Cinfolini, M. A. Tetrahedron Lett.

Chem., . £d. 2004, 43, 4336. (g) Canesl, §; Bowbn, D} (_'hfdini,
M. A 175.(h) hou K. C; Bdmnnds., D.J; L,
Ckm 21!)’7 119, d016. § H. (_iufolni,
1] Giroux. ami,
Beaulieu, M,A,thol Gm:d, . Eur. J. Org. Unn 2009, B7L. (h
B. A; Gublinl, M. A. Org. Lett. 200, 1, 4136. ()
Quidean, §.; Lyvinec, G.; Ma Bath K.; Oz Be
A.; Bufetean, T.; Cavagnat, D.; Chenede, A. Angeu Chem., Int. Ed.
mo 448, 4605, (m) Liang, H. 'Cld'olini MUA Org. Larr. 2010, 12, 1760.
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steroidal hormone skeleton 4, or cassaic acid 5 and its
derivatives,” Figure L.

Figure L. Oxidative cationic polycyctization cascade.

An indication of how the necessary phenol activation
can be efficiently achieved is apparent in the work of Kita,”
who demonstrated that phepols react under the influence of
hypervalent iodine reagents”such as (discet oxyiodo) benzene
(DIB), an environmentally benign and inexpensive re-
agent. This reaction is best performed in solvents such as
hexafuoroisopropanol (HFIP).¥ In our first study, an
oxidative vicinal fused carbocycle formation was per-
formed with a terminal alkyne on a lateral chain at the
meta-position relative to the phenol group 6. During the
umpolung activation, we speculate that a strained half-
chairintermediate 8 was generated which strongly favored
nucleophile capture, leading to the unsaturated decalin
system 9, Scheme 1.
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Scheme 1. Formation of Functionalized Decalin Cores
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The strain created by the transient sp-hybridized carbo-
nium ion in species 8 resulted in the intermediate being
highly electrophilic and enabled it to react with Lhe weakly
reactive nucleophile HFIP* normally used as an inert
solvent. This reaction produced the highly functionalized
bicyclic system 9 containing & quaternary carbon center, a
dienone functionality, and an emolether as a masked
carbonyl. In order to determine the scope and limitations
of this new trunsformation, substituents were introduced
on the lateral chain, on the sromatic ring, and at the para
position to produce the eluborated bicyclic cores 11. In
addition, the new process can efficiently afford the tricydic
core 11h in excellent yield from 4 simple tetralone deriva-
tive 10h, Table 1.

Table 1. Oxidative Bicyclization Process

w " on i K
PR{OAZ]
WP A E 1;?
L 2 mun "o
ety R R i R¢ RYR*  yield (%)
a H H Me H 43
b Br Br Me H 88
e H H Me Me trans ]
d H Br Me Me trans 70
e Br Br B H 91
| 4 Br Br Bn H a5
z Br Br n-Pr H ¥i:d
k Br Br HC-CH,-CH, cia 20

This bicydization reaction produced vicinal fused car-
bocycles in very good yiekds. However, the oxidation of
compounds containing open ortho-positions (entries 10a
and 10c) occurred inlower yields compared to the dibromo
analogs. This may beexplained by considering that the first
intermediate is a highly delocalized carbonium jon, which
can be represented by 7 (Scheme |, R = Br) as one of its
resonance structures. We believe that because of the pre-
sence of the electron-withdrawing bromine atoms, 7 is the
more dominant resonunce form rather than the orifo
mesomer. Consequently the cyclization occurs mainly at

3407
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the desired para-position when bromines are protecting the
ortho-positions. An added advantage is that the bromine
atoms could be used subsequently to introduce others
substitutents, using transition metal chemistry. Further-
more, entries 10c and 10d (R* = Me) Jed exclusively tothe
trans diastereoisomer.'® This stereoselectivity could be
explained by the required minimal 1,3 allylic strain inter-
actions between the two methyl groups during the transi-
tion state 7 (Scheme 1, RZ = Me). These observations
demonstrate the high disstereaselectivity of this new pro-
cess and could have applications in asymmetric synthesis
governed by the meta first stereogenic benzilic center. Such
scaffolds are present in numeral naural products such as
anominine!! 12, androgrpholide'? 13, or the decalin core
of azadirachtin'® 14, Figure 2.

Figare 2. Natural products containing a decalin core.

The required starting materigls were obtuined from
tetrulone 18, via 4 reduction/elimination sequence'® lead-
ing to 16 followed by ozonolysis and reductive trestment
with Ha/Pd to provide uldehyde 17 in 54% oversl] yield.
This substrate was further easily lramform:d into product
18 using a Corey—Fuchs strategy,'* Scheme 2.

Scheme 2. Formation of Starting Materials
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We were also interested in the possible extension of this
process to the formation of tricyclic systems as well us in

.nila The stercosdectivity was verfied and attributed by 'H NMR
NMR NOE.

(11) Gleer, ). B Rinderk ,D.T.; Dowd, P. F.
/. Org. Chem. 1989, 54, 2530.

(12) Puri, A.; Saxcna, R ; Saxcna, R, P.; Saxena, K. C.; Srivastava,
V,; Tandon, ). 8. J Nat. Prod. 199, 56, 995.
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the diastereoselectivity of the cyclization with respect to the
configuration of the central double bond in compound 20.
A Wittig reaction transformed akdehyde 17 into an inse-
parable mixture of cvs and 7rans alkenes 19in a 2:1 ratio in
favor of the (Z)-isomer. The mixture was further trans-
formed in two steps into a diasterecisomeric mixture of
phenols 20. The same umpolung activation led to the
desired tricychic systems 21 and 22 n 41% yidd.'® The
cycliztion reaction occurred with total stereocontrol in
agreement with the configuration of the starting olefin
(Z or E), since a 2:1 mixture of diastercomers’® was
obtained. it should be stressed that compound 21 repre-
sents the main core of cassaic acad §, Scheme 3.

Scheme 3. Oxidative Tricyelization Process
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To verify the high disstercoselectivity of this process, cis~
20 was efficiently synthesized by a Lindbar reduction of an
internat tripke bond. The requisite alkyne was prepared via
oxelune ring opening by the lithium salt of 18 (made
directly from the dibromoualkene precursor) and then
(urther transformed inlo the cfr compound 19 via a
Corey—Fuchs resction in 62% overall yield from com-
pound 23. The oxidation of cfs-20 led exclusively to the
tricyclic core 22 in 43% yield,"® Scheme 4.

Scheme 4. Diasterecselective Tricyclization Process
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In summary, an unprecedented oxidative polycyciiza-
tion process has been developed 1hat enables rupid access
to bicydic and tricydlic systems present in severa) natura)

(16) The two diasterecamers were rated by chroma 1t
i :&m arparaied by tography a
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products, from inexpensive phenol derivatives. This
method is an efficieni means of disstereoselectively intro-
ducing several stereogenic centers in one step, with total
stereocontrol, governed by 1,3 allylic strain interactions
and by the configuration of the side chain double bonds.
Ongoing investigations of this process and potential appli-
cations will be disclosed in due course.
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I. General information and materials

Unless otherwise indicated, 'H and ">C NMR spectra were recorded at 300 and 75 MHz,
respectively, in CDCl; solutions. Chemical shifts are reported in ppm on the & scale.
Multiplicities are described as s (singlet), d (doublet), dd, ddd, etc. (doublet of doublets,
doublet of doublets of doublets, etc.), t (triplet), q (quartet), p (pentuplet), m (multiplet), and
further qualified as app (apparent) br (broad) ¢ (complex). Coupling constants, J, are reported
in Hz. IR spectra (cm—1) were recorded from thin films. Mass spectra (m/e) were measured

in the electrospray (ESI) mode.

II. Experimental procedures
II.1. General procedure for the oxidative cyclisation process:

A solution of PhI(OAc), ("DIB", 38 mg, 0.11 mmol, 1.1 equiv.) in (CF;),CHOH
(“HFIP”, 1 mL) was added over 5 seconds to a vigorously stirred solution of phenol (0.1
mmol, 1 equiv.) in 3 mL of HFIP at room temperature. After addition of DIB, the solution
was stirred for 2 min, quenched with 0.3 mL of acetone, filtered directly over silicagel
(EtOAc) and the filtrate was concentrated under reduced pressure. The residue was purified
by silica gel chromatography with a mixture of ethyl acetate/hexane to afford the
corresponding dienone. NB: A further treatment of the resulting enol-ether with mCPBA
generates a hydroxy-ketone functionality in good yield. This reaction is less efficient in
presence of Trifluoroethanol (TFE); indeed a direct attack on the phenoxonium ion has been

observed in such conditions.
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I1.2. Analytical data:

Compound 11a

o}

O. CF3

Br. Br

Compound 11c

o]

“\\‘\\\
o

: 0.076mmol, 24.8 mg, 43% yield. IR v (cm™) 2935, 1661, 1615, 1404; 'H
NMR (300 MHz, CDCls) § 6.79 (d, J = 9.8 Hz, 1H), 6.22 (d, J = 9.9 Hz,
1H), 6.14 (s, 1H), 4.92 (s, 1H), 4.66 (hept., J = 5.7 Hz, 1H), 2.98-2.79 (m,
1H), 2.63-2.41 (c, 3H), 1.38 (s, 3H); >C NMR (75 MHz, CDCL) 5 186.2,
162.2, 154.5, 154.0, 127.6, 124.9, 105.6, 73.4, 40.5, 30.4, 29.4, 29.0, 28.5;
HRMS (ESI): Calc. for C,4H;3Fs0, (M+H)': 327.0814, found: 327.0800.

Compound 11b : 0.087 mmol, 45.2 mg, 86% yield. IR v (cm™) 2935,
1661, 1617, 1409; 'H NMR (300 MHz, CDCl,), & 7.27 (s, 1H), 4.95 (s,
1H), 4.69 (hept., J = 5.5 Hz, 1H), 3.40 (ddd, J = 13.2; 7.7; 2.2 Hz, 1H),
2.84-2.70 (m, 1H), 2.66-2.38 (c, 3H), 1.49 (s, 3H); “C NMR (75 MHz,
CDCl;) § 172.4, 160.0, 155.1, 153.2, 121.1, 120.7, 103.9, 73.3, 46.1,
30.34, 29.4, 28.4; HRMS (ESI): Calc. for CyH;Br,FO0, (M+H)":
484,9005, found: 484,8996.

: 0.069 mmol, 23.4 mg, 50% yield. IR v (cm™) 2935, 1661, 1615, 1404; 'H
NMR (300 MHz, CDCl;) & 7.25 (d, J=9.81 Hz, 1H), 6.21 (d, J = 9.8 Hz
1H), 6.17 (s, 1H), 4.90 (s, 1H), 4.65 (hept., J = 5.7 Hz, 1H), 2.99 (hept., J =
6.1 Hz, 1H), 2.55 (dd, J = 17.0; 6.3 Hz, 1H), 2.07 (ddd, J =17.0; 11.22; 2.2
Hz, 1H), 1.38 (s, 3H), 1.25 (d, J = 6.5 Hz, 3H); >C NMR (75 MHz,
CDCl;) & 186.4, 166.5, 154.3, 154.0, 127.3, 121.8, 105.5, 73.7, 41.3, 37.9,
31.4, 30.9, 16.3; HRMS (ESI): Calc. for C,sH,sF¢0, (M+H)": 341.0976,
found: 341.0971.
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Compound 11d : 0.033mmol, 13.9 mg, 70% yield. IR v (cm") 2941, 1661, 1618, 1404; "H

0 NMR (300 MHz, CDCl3) & 7.24 (s, 1H), 6.27 (s, 1H), 4.87 (s, 1H), 4.65
B (hept., J = 5.6 Hz, 1H), 3.00 (sext., J = 9.6 Hz 1H), 2.59 (dd, J = 17.0;
6.4 Hz, 1H), 2.09 (ddd, J = 17.0; 11.3; 1.9 Hz, 1H), 1.44 (s, 3H), 1.27
(d, J= 6.5 Hz, 3H); *C NMR (75 MHz, CDCl;) § 179.2, 167.0, 154.4,
[e]

154.0, 123.8, 120.4, 104.5, 73.4, 44.6, 38.1, 31.5, 30.8, 16.3; HRMS
(ESI): Calc. for C;sH4BrFs0, (M+H)": 419.0074, found: 419.0076.

CFa

CF3

Compound 11e : 0.044 mmol, 21.3 mg, 91% yield. IR v (cm") 2957, 1707, 1640, 1623; '"H

a NMR (600 MHz, CDCl;), & 7.13 (s, 1H), 4.97 (s, 1H), 4.69 (hept., J =

e i 5.9 Hz, 1H), 3.38-3.35 (dd, J = 17.0; 6.4 Hz, 1H), 2.68-2.63 (m, 1H),

2.57-2.46 (c, 2H), 1.87 (m, 2H), 0.68 (t, /= 7.6 Hz, 3H); BC NMR (75

Bt MHz, CDCl;) & 158.4, 155.1, 151.2, 151.2, 127.4, 121.7, 103.8, 73.3,
OY

50.3, 36.2, 29.1, 28.2, 8.3; HRMS (ESI): Calc. for C;sH;3Bry,FsO,
(M+H)™: 498.9161, found: 498.9153.

CF3

CFa

Compound 11f ; 0.011 mmol, 6.6 mg, 85% yield. IR v (cm™) 3150, 2928, 1650, 1615,

B 1404, 763; "H NMR (300 MHz, CDCl3) & 7.29-7.23 (¢, 3H), 7.15 (s, 1H),
6.93 (dd, J = 5.4; 2.1 Hz, 2H), 4.89 (s, IH), 4.67 (hept., J = 5.7 Hz, 1H),
3.46 (ddd, J=13.8; 5.8; 1.9 Hz 1H), 3.11 (d, J= 18.3 Hz, 1H), 3.01 (d, J
= 18.3 Hz, 1H), 2.90 (m, 1H), 2.68-2.46 (c, 2H); *C NMR (75 MHz,
CDCl;) § 157.6, 155.5, 151.5, 133.4, 130.2, 128.3, 128.0, 122.3, 122.1,
102.4, 76.6, 73.29, 51.1, 50.36, 29.6, 28.4; HRMS (ESI): Calc. for
CyoH,sBryFs0, (M+H)": 560.9318, found: 560.9304.
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Compound 11g : 0.021 mmol, 10.8 mg, 79% yield. IR v (cm™") 2941, 1660, 1617, 1415; 'H
o NMR (300 MHz, CDCls) § 7.15 (s, 1H), 4.95 (s, 1H), 4.66 (hept., J=5.6
= ®  Hz, 1H), 3.37 (ddd, J = 13.3; 5.6; 2.1 Hz, 1H), 2.76-2.46 (c, 3H), 1.80 (m,
2H), 1.0 (c, 2H), 0.85 (t, 7.6 Hz); “C NMR (75 MHz, CDCl;) & 172.6,
158.7, 155.0, 152.0, 122.2, 104.0, 73.3, 50.0, 45.2, 29.2, 28.3, 17.2, 13.7;
-+ HRMS (ESI): Calc. for C;H;sBrFsO; (M+H)": 512.9318, found:

o 512.9327.

Compound 11h : 0.021 mmol, 10.8 mg, 90% yield. IR v (cm™) 1740, 1372, 1243, 1046; 'H

B 0 NMR (300 MHz, CDCl;) & 7.25(s, 1H), 4.72 (s, 1H), 4.69

Br  (hept., J=5.7 Hz, 1H), 3.77 (m, 1H), 2.73 (dd, J= 18.2; 7.3 Hz,

1H), 2.38 (d, /= 18.1 Hz, 1H), 2.00-1.89 (m, 2H), 1.87-160 (c,

3H), 1.44 (td, J = 12.2; 42 Hz, 1H); C NMR (75 MHz,

CDCl;) 6 172.6, 161.8, 157.8, 152.7, 122.9, 117.8, 100.0, 73.3, 47.5, 40.2, 38.1, 34.4, 34.1,
17.6; HRMS (ESI): Calc. for CsH;3Br,F¢O, (M+H)": 510.9161, found: 510.9165.

Fs;C =

0O
Fac)—

Compound 21 : 0.02]1 mmol, 5.1 mg, 41% yield. IR v (cm") 2923, 1732, 1751, 1668, 1540,
OCH(CF), 1456, 1373, 1288; '"H NMR (600 MHz, CDCl;) & 7.54 (s,
1H), 4.77 (s, 1H), 4.64 (hept., J=5.9 Hz, 1H), 3.36 (dt, J =
14.1; 3.5 Hz, 1H), 2.53 (tm, 12.3 Hz, 1H), 2.46 (td, J = 14.1;
4.7 Hz); 2.31 (s, 3H), 2.10-2.00 (m, 3H), 1.70 (¢, 1H), 1.67
(dt, 10.0; 2.3 Hz, 1H), 1.56 (s, 3H); *C NMR (150 MHz, CDCl;) § 172.3, 167.0, 164.7,
154.2, 154.1, 122.0, 121.3, 103.6, 73.3, 49.3, 48.6, 34.5, 34.0, 33.2, 27.7, 23.5, 19.2; HRMS
(ESI): Calc. for CgH;7Br,FsO, (M+H)": 538.9475, found: 538.9489.

Compound 22 : 0.018 mmol, 9.9 mg, 41% yield. IR v (cm™) 2928, 1732, 1755, 1668, 1536,
1451, 1373, 1281; 'H NMR (600 MHz, CDCl;) § 7.21 (s,
1H), 5.03 (d, J= 5.9 Hz, 1H), 4.64 (hept., J=5.9 Hz, 1H),
3.22 (dq, J = 14.6; 2.3 Hz 1H), 2.81 (m, 1H), 2.46 (td, J =
14.7; 5.3 Hz, 2H), 2.27-2.19 (m, 1H), 2.14 (dd, J=17,6; 5.9
Hz, 1H), 2.06-1.97 (c, 3H), 1.50-1.37 (c, 6H); *C NMR

OCH(CF3),
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(150 MHz, CDCl;) 8 173.1, 167.4, 156.3, 156.2, 154.4, 121.5, 121.2, 103.5, 73.3, 50.5, 46.5,
32.2, 30.6, 30.0, 27.4, 25.8, 20.1; HRMS (ESI): Calc. for C,gH;7Br,Fs0, (M+H)": 538.9475,
found: 538.9477.

Compound 17: To a solution of compound 16 (520 mg, 2 mmol) in MeOH (50 mL) at -78°C

oTes was performed an ozonolysis. To the resulting solution was added 60 mg of

Pd/C-(10%) and was saturated under hydrogen atmosphere overnight then

filtrated and purified by chromatography on silica gel (n-hexane:EtOAc,

93:7) to afford 300 mg, (54%) of compound 17. 'H NMR (300 MHz,

CDCl3) 8 9.84 (s, 1H), 7.00 (d, J= 7.0 Hz, 1H), 6.64 (s, 1H), 6.61 (s,J=6.6

© Hz, 1H), 2.88 (t, J = 2.9 Hz, 2H), 2.71 (t, J= 2.7 Hz, 2H), 2.23 (s, 3H),

1.00 (s, 9H), 0.20 (s, 6H); *C NMR (75 MHz, CDCl3) 3 201.6, 153.9, 139.6, 131.2, 128.5,

120.3, 118.0, 44.1, 34.4, 25.8, 25.7, 18.5, 18.2, -4.3. HRMS (ESI): Calc. for C;sH;;0,Si
(M+H)": 279.1775, found: 279.1770.

Compound 18: To a solution of CBr, (650 mg, 2 eq.) in dry CH,Cl, (0.75 mL) at 0°C, was
QrEs added PPh; (1050 mg, 4 eq.), the solution was stirred during 20 minutes
and compound 17 (280 mg, 1 mmol, 1 eq.) diluted in CH,Cl, (0.25 mL)

was added dropwise. The solution was stirred for 1 h at room temperature

and was firstly filtrated on a plug of silica gel (n-hexane:EtOAc, 85:15)

X and concentrated under reduced pressure. The crude dibromo alkene (296

mg, 0.68 mmol) was subsequently diluted in dry THF (3 mL) at -78°C and n-BuLi (0.6 mL at
2.5 M., 1.5 mmol, 2.2 eq.) was added and the solution was stirred for 15 minutes and then a
solution of 5 mL of sat. aq. NH,Cl was added. The aqueous phase was extracted with EtOAc
(3 *5 mL) and the combined organic layers were washed with brine, dried over Na,SO,,
concentrated under reduced pressure. The crude product was purified by chromatography (#-
hexane:EtOAc, 97:3) to afford 0.176 g (64%) of the desired compound 18 as a colorless oil.
"H NMR (300 MHz, CDCl3) § 7.03 (d, J = 8.1 Hz, 1H), 6.74 (d, J = 2.4 Hz, 1H), 6.70 (dd, J
=6.7; 6.7 Hz, 1H), 2.84 (t, J = 7.7 Hz, 2H), 2.48 (td, J = 7.7; 2.6 Hz, 2H), 2.29 (s, 3H), 2.03
(t, J = 2.6 Hz, 1H), 1.03 (s, 9H), 0.24 (s, 6H);>C NMR (75 MHz, CDCls) § 153.8, 139.7,
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131.1, 128.59, 120.7, 118.1, 84.1, , 68.9, 32.4, 25.9, 19.3, 18.5, 18.4, -4.3. HRMS (ESI):
Calc. for Cy;Hy,0Si (M+H)": 275.1826, found: 275.1832.

Compound 23 : To a solution of compound 18 (244 mg, 0.9 mmol.) in dry THF (2 mL) at -
ores 78°C, was added n-BuLi (0.4 mL at 2.5M., 1 mmol, 1.1 eq), the solution was
stirred for 10 minutes and was subsequently added in the following order
BF;-OEt; (0.16 mL) and oxetane (0.09 mL). The reaction was stirred
overnight and then a solution of 5 mL of sat. aq. NH,;Cl was added. The
Ho | aqueous phase was extracted with EtOAc (3 *5 mL) and the combined
organic layers were washed with brine, dried over Na,SO,, concentrated under reduced
pressure. The crude product was purified by chromatography (n-hexane:EtOAc, 75:25) to
afford 228 mg (80%) of the desired alcohol. This compound was diluted in MeOH (5 mL)
and Lindlar catalyst (0.lmmol, 15%) was added and the solution was saturated under
hydrogen atmosphere during 1 hour. The reaction was filtrated and purified by
chromatography on silica gel (n-hexane:EtOAc, 75:25) to afford 213 mg (70%) of compound
23. '"H NMR (300 MHz, CDCls) § 6.97 (d, J = 8.0 Hz, 1H), 6.68 — 6.51 (m, 2H), 5.55 — 5.32
(m, 2H), 3.60 (dd, J = 11.2; 5.7 Hz, 2H), 2.58 (t, J = 7.7 Hz, 2H), 2.31 (q, J = 7.5 Hz, 2H),
2.23 (s, 3H), 2.08 (q, /= 7.5 Hz, 2H), 1.56 (p, J = 7.0 Hz, 2H), 0.98 (s, 9H), 0.18 (s, 6H); *C
NMR (75 MHz, CDCls) 8 153.5, 141.2, 130.7, 129.6, 129.5, 128.4, 120.6, 117.3, 77.4, 77.0,
76.5, 62.4, 33.2, 32.5, 27.7, 25.7, 23.5, 18.4, 18.1, -4.5. HRMS (ESI): Calc. for C;H350,Si
(M+H)": 335.2401, found: 335.2404.

Compound 19 : To a solution of compound 23 (142.2 mg, 0.4 mmol) in dry CH,Cl, (4.3
Z mL) was added molecular sieve and PCC (230 mg, 2.5 eq.). The

TBSO /Q:JQ solution was- s'tirred for 1 hour at room temperature and directly
filtrated on silica gel (n-hexane:EtOAc, 85:15) to afford 93 mg of

the desired aldehyde. This aldehyde was treated in the same conditions than compound 18 to
produce 82 mg of compound 19 in 62% overall yield from compound 23. '"H NMR (300
MHz, CDCl;) & 6.98 (d, J= 8.1 Hz, 1H), 6.65 (d, /= 2.5 Hz, 1H), 6.60 (dd, J= 8.1; 2.6 Hz,

1H), 5.61-5.39 (m, 2H), 2.60 (m, 2H), 2.38 — 2.13 (m, 9H), 1.95 (t, J= 2.5 Hz, 1H), 1.00 (s,
9H), 0.20 (s, 6H); *C NMR (75 MHz, CDCl;) & 153.8, 141.3, 130.9, 130.6, 128.6, 128.3,
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120.7, 117.5, 84.3, 77.6, 77.16, 76.7, 68.5, 33.5, 28.0, 26.5, 25.9, 18.9, 18.6, 18.4, -4.3.
HRMS (ESI): Cale. for CyH3;0Si (M+H)*: 329.2295, found: 329.2298.

Compound 20 : To a solution of compound 19 (67 mg, 0.2 mmol) in MeOH (4 mL) was

on added K,CO; (68 mg, 2.5 eq.). The solution was heated at 60°C for 1 hour
e *  and then a solution of 5 mL of sat. aq. NH,Cl was added. The aqueous
phase was extracted with EtOAc (3 *5 mL) and the combined organic

layers were washed with brine, dried over Na,SO,, concentrated under

reduced pressure. The crude product was used without further purification
and diluted in CH,Cl, (3 mL) at 0°C and a solution of NBS (35 mg) in

& CH,Cl, (1 mL) was added dropwise. The solution was stirred for 15
minutes and diluted with a saturated solution of Na,S,0; (4 mL), the aqueous phase was
extracted with CH,Cl, (3 *5 mL) and the combined organic layers were washed with brine,
dried over Na,SOy, concentrated under reduced pressure. The crude mixture was purified by
chromatography (n-hexane:EtOAc, 93:7) to afford 38 mg (52%) of compound 20. 'H NMR
(300 MHz, CDCl;) 8 7.25 (s, 1H), 5.81 (s, 1H), 5.67 ~ 5.36 (m, 2H), 2.89 — 2.72 (m, 2H),
2.38 — 2.13 (m, 9H), 1.95 (t, J = 2.4 Hz, 1H); “C NMR (75 MHz, CDCl;) & 147.6, 140.2,
132.8, 130.4, 129.7, 129.0, 113.3, 106.4, 84.1, 68.6, 33.6, 26.4, 26.3, 19.8, 18.9. HRMS

(ESD): Calc. For C,sH;7;Br,O (M+H)": 372.9621, found: 372.9629.

II1. Copies of 1H and 13C NMR spectra
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Asymmetric Synthesis of the Main Core of Kaurane Family Members
Triggered by an Oxidative Polycyclization-Pinacol Tandem Process**

Samue! Desjardins and Sylvain Canesi*

Caticair pelycyclizations of poly-unsaturated compounds n
biomimetic syntheses have been used to access to complex
architactures with excellent diastersoselectivity. M One remarkable
exarmpla has been developed by Johnson ef al for the syntheses of
starcids;™ Due to their elegance and efficiency snch strategies are
still under intensive investisation as an expeditions access to
complex r“‘"Such“"“aregenexzﬂym.ggendby
an electrophilic speri 1 4 vated which is ramdly
mppedbyum:ln-bendshanermelem“ avenue and the
cagcade is Juded by a mcleophilic cap from an external
nucleephile. Moreover, others impertant transfermations that ean be
performed in similar conditions are the catiomie melecular
kampmm&mnembmgﬁxﬂdesuibadmthanlm
ago, these positions still represent an
appealing and efficient route to elaboxated stroctures wvia 1,2-
substituent shifts such as the Wagner-Meerwein, pinacolic, and the
Prins-pinacol processes. As an illustration, the Prins-pinaccl tandemn
process hag often been nsed a5 a key strategy in syntheses of natural
pm&x&,asweﬂdemmﬁaﬁdbyOm:nﬂmm‘kutEWe
wera woadaring, if 2 sombination of thase pewerful synthatie toals
£ould lead to a rapid stersozelective avenue of enmplex skelatons
prezant fn a larze family of ditwpens named haurane™ These
palyeyclic natural prodocts have been isolated from numencus
natural sonvees and have a plethera of biological praperties 1% Until
now, if s0me henu-syntheces have been reparted from an elaborated
natural starting material, none total synthesic of thess compounds
has been repodted in the litaratore, However the architecturs of theze
eonqpnuntthpemmmmhngsynﬂmbnehﬂm indead, the

b ry carbon centers as well
nmbgummm&lccmﬁt&ﬁemmu&bnnd;elmdm
ent-kanvane diterpene 1 25 well as two members belonging to this
family, kaur-16-en-3-coe 2 and 3-oxe-kaur-15-en-17-al 3 are
dezeribad in Figure 1.
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is the ty to @ sehcﬁmlyangledmphﬂm species
enabling to tigger the cascade. In addibion, the cyclohexanone core
of compound 3 could bypothetically denive from a phenol derivative
15 which would be dearomatized by chimicselective activation. Cur
interest in oxidative d tization of slectron-rich aromatics
involving carbon-based nucleophilesl’) lad us to question whether
the axidative cationic polyeylisation sould be triggered by activation
of a phenol. Althomgh eleciron-rich aromafic compennds sach as
phenalz and their derivatives oormally react as nuclecphiles,
oxdative activation can bansform these compounds into highly
reactive alectrophilic species such az 16, This phencsonium jon 16
conld ba jntercepied in an intamolecular fuhion by appropriate

rhon-hased Jaophiles such az 7 hoads, thus initiating a
Wmacmmﬁnwﬁh conchuded in
this caze by a ate lective ring contraction mediated by a pinacel
procezs. A combination of these methods allows kaitting the lateral
chain into the tetracychic core of kanrana 17 with the comect
confignratica  for  each b b An  unprecedented
enantiospecific avenue is conirolled by tha bensilic stereccenter
enabling the selective farmation of the first quaternary carbon viaa
chair trangition state 16, in minimizing staric and electronic
interactians. Thuphennl:malofmemtymybethmghofn
invalving “aromatic fing umpelung™®, Figure 2.
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An indication of how the formation of the correspending
phenosoninm ion 16 can be gensrated is apparent in the wotk of
&nmwhnhm&npbmk%hmﬁmh
influance of hypervalent iodine reagents'™ such as aodobanzene

H

diacetate (DIB) or phenyliodine bis{tifinoroacetate (PIRA),
enmomumllyhnmp reagents. This reaction iz genewally best
perfarmed in salvents such a3 bexafluomisopropanal (HFIF).PY
L DeEW strategic

This aromatic rng nmpolung concept B
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opportunifies in synthetic chemistry, by extension of several well-
known reactions in aliphatic chemistry to the aromatic chemisiry. In
this paper, we present a rapid asymmetric syofhesis of the main
tetracyclic core of kaurane derivative 17 mediated by an exidative
polycyclization-pinacol tandem process; 2 retrosyathesis pathway
from a basie phenol derivative 4 is deseribed in Figure 3.

=0 =D

-wln!hon

[+

Altylatson 4

Starting from known componnd 48U the first asymmatic
center is installed usinga Y to allylation pr [ lazding to
aleohol 5 in 87% viald and 95% ee. This compound is protected
with MOMCI and a sbsequent ozonalysis leads to 2ldehyda 6 in
88% yield Il A nuecleophilic cap of 6 with the anion of
alkyne T o an of propargylic alcchol, a
further treatment with I.AH reduces stereoselectively the alkyne
moiety into 2 trans alkene by assistance with the hydroxyl group
and the alechol mixture is oxidized with Dess—fartin pericdinane
leading to ketone 8 in 61% yield over three steps, Schame 1.
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Scheme 1.

An asymmetric hydrocyanaticn mediated by a rutheninm
catalyst developed by Obkuma et al. ™) contrals the formation of the
new stersocenter required in 72% yisld and 95% ed. A Peterson
olafination on katone 10 follewed by 2 TBS deprotection in basic
conditions afford phenol 11 in 74% yield overall Scheme 2,
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Scheme 2.
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At this stage t have been i d on the
mojety; these halides have a double utility. Firstly, they are used as
a profecting atom of ortho-positions of the phenol moisty, forcing
the polycyclization during the umpolung activation to cccur at the
para position which is assumed to be the most stable resonance
form of the phenoxonimm species 16 (Figure 2). Indeed, due to their
electron-withdrawing effect, bromines destabilize the resonance
pozitive charge in orthe and less hinder positian. S dly, b
conld be used subsequently to introduce one of the methyl gronp
required at this pesition for the synthesic of 2 kaurane derivative,
wsing transition metal chemistry. It appeared dnring the synthesis
that compound 11 was the best precursor to infroduce halides;
others attempts accomplished on further intermediates were
unsuccessful probably for steric reasons. It has been observed that it
w:smemmtmenttop\ohdmﬂu'l’ﬁs the phenol moiety and a

tath tion. on compound 12 with Hoveyda-Grubbs secend
generation leads to the desired cycloh core, 2 sub t
treatment with DIBAL-H produces the aldahyda 13 in 68% viald
overall. In presence of the anion of TMS-acetylene, 2 muxture of
secondary propargylie aleohol is obtained in 3 ratic (1:1), both of
them leads to the same aldehyde 17 after the key oxidative
polycyclization-pinacol tandem process (Figure 1). The alcehol
moiety ic protected with a hinder TIPS group te aveid that the
propargylic aleohol moiaty traps an electrophilic spectes genarated
during the eatiomic cascade insiead of the alkyne segment, the
MOM proup is zelectively cleaved in mild acidic conditions and tha
TBS and alkyne TMS proups are selactively removed in hasic
condition, producing 14 in 68% yield over four steps, Scheme 3.

1, NGY/DCM  TESD, kil i
R % 7T 2. 0BALH
5% ar %

B Tiew
|. Ms-=e OH
EXC500
s, M-mmcav. %

4 KGOy MaOH 68% onval

Scheme 3.

leahal A

At this stage, the dary ality emerging is
substituted by chlorine with inversion of configuration. It shonld be
noted that the confisuration of this benzlic stareocenter is very
important and allows controlling all the amerging stereccenters
generated during the umpolung activation in favouring the chair like
transition state 16, Figure 1. The elaborated lateral chain 15

o the key i ediate anabling one step stareoselective
formation of the tetacyelic system 17 belonging fo the kaurane’s
family triggered by PIFA in 25% yield over two steps, Scheme 4.
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1. General information and materials

Unless otherwise indicated, 'H and *C NMR spectra were recorded at 300 and 75 MHz,
respectively, in CDCl; solutions. Chemical shifts are reported in ppm on the & scale.
Multiplicities are described as s (singlet), d (doublet), dd, ddd, etc. (doublet of doublets,
doublet of doublets of doublets, etc.), t (triplet), td (triplet of doublets), q (quartet), p
(pentuplet), m (multiplet), and further qualified as app (apparent), br (broad), ¢ (complex).
Coupling constants, J, are reported in Hz. Mass spectra (m/e) were measured in the

electrospray (ESI) mode.
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2. Experimental procedures and analytical data

1. SOCI, / MeOH

HO COOH _ TBSO
\@ 2. TBS-Cl/ imidazal \<I\OH
3. LA, / THF

a 91% over 3 steps b

(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)methanol : To a solution of
commercially available carboxylic acid a (5000 mg, 1.0 eq, 32.9 mmol) in methanol (150
mL) was added SOCI, (6.0 ml, 2.5 eq, 82.2 mmol) in a dropwise manner. The solution was
heated to reflux for 12 hours. The resulting solution was concentrated under reduced pressure
and the resulting product was used without further purification. To a solution of crude
product in dry DMF (30 mL) at 0°C, was added imidazole (5821 mg, 2.6 eq, 85.5 mmol) and
TDMS-CI (6443 mg, 1.3 eq, 42.7 mmol) and the solution was stirred during 2 hours at room
temperature. The reaction was diluted with brine (1000 mL). The aqueous phase was
extracted with ether (3 *100 mL) and the combined organic layers were dried over Na,SOy,
concentrated under reduced pressure. The crude mixture was filtrated on silica (n-
hexane:EtOAc, 80:20), concentrated under reduced pressure and the resulting product was
used without further purification. To a solution of crude product in dry THF (250 mL) was
added potionwise lithium aluminum hydride (1748 mg, 1.4 eq, 46.1 mmol). The solution was
stirred for 1 hour at 0°C. To the resulting solution was added sat. aq NH,Cl (8 mL) and the
slurry solution was filtered directly over celite (EtOAc) and the filtrate was concentrated
under reduced pressure. The residue was purified by chromatography (n-hexane:EtOAc,
90:10 to afford 7562 mg (91% over 3 stepg) of the desired alcohol b. '"H NMR (300 MHz,
CDCls) 8 = 7.05 (d, J=8.2, 1H), 6.91 (d, /=2.6, 1H), 6.72 (dd, J=8.1, 2.6, 1H), 4.67 (s, 2H),
2.30 (s, 3H), 1.02 (s, 9H), 0.23 (s, 6H); *C NMR (75 MHz, CDCl;) & = 153.94, 140.00,
131.11, 128.35, 119.15, 118.89, 63.29, 25.82, 18.28, 17.83, -4.31.

o)

8
= OH TEMPO /DIB , 1BSO H
DCM / 85%

b 4

5-((tert-butyldimethylsilyl)oxy)-2-methylbenzaldehyde : To a solution of benzylic alcohol
(7562 mg, 1.0 eq, 30.0 mmol) in dry DCM (150 mL) was added DIB (15.5g , 1.6 eq, 48.0
mmol) and TEMPO (703 mg, 0.15 eq, 4.5 mmol). The solution was stirred at room
temperature for 8 hours. To the resulting solution was added sat. aq Na,;S,0; (100 mL) and
sat. aqg NaHCO; (500 mL). The aqueous phase was extracted with DCM (3 * 150 mL) and the
combined organic layers were washed dried over Na,SO, and concentrated under reduced
pressure. The crude product was purified by chromatography (hexane to n-hexane:EtOAc,
97:3) to afford 6377 mg (85%) of the desired aldehyde 4. '"H NMR (300 MHz, CDCl;)
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& =10.18 (s, 1H), 7.24 (d, /=2.7, 1H), 7.07 (d, J=8.2, 1H), 6.93 (dd, J=8.2, 2.7, 1H), 2.54 (s,
3H), 0.97 (s, 9H), 0.18 (s, 6H). *C NMR (75 MHz, CDCl3) & = 192.03, 154.17, 134.95,
13332, 132.80, 132.59, 125.74, 121.92, 25.67, 18.39, 18.19, -4.45; 3C NMR (75 MHz,
CDCLy) & = 153.94, 140.00, 131.11, 128.35, 119.15, 118.89, 63.29, 25.82, 18.28, 17.83, -
431.

o} OH
TBSO H  AgOTf/(S)-Binap TBSO N
/\/SnBua
4 THF/ 87% 5

(S)-1-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)but-3-en-1-ol (96% ee) : A
mixture of AgOTf (150 mg, 0.05 eq, 0.58 mmol) and (S)-Binap (364 mg, 0.05 eq, 0.58
mmol) was dissolved in dry THF (18 mL) under argon atmosphere and exclusion of direct
light, and stirred at 20°C for 10 min. To the resulting solution was added a THF solution (18
mL) of aldehyde 4 (2928 mg, 1.0 eq, 11.69 mmol) and the allyltributyltin (3.81 mL, 1.05 eq,
12.28mmol) was added dropwise at -20°C. The mixture was stirred for 12 hours at this
temperature and then a solution of 40 mL of sat. aq. NH,Cl was added. The aqueous phase
was extracted with EtOAc (3 * 25 mL) and the combined organic layers were washed with
brine, dried over Na,SO,, concentrated under reduced pressure. The crude product was
purified by chromatography (hexane to n-hexane:EtOAc, 95:5) to afford 2979 mg (87%) of
the desired compound S as a yellow oil. "H NMR (300 MHz, CDCl;) § = 7.05 — 6.92 (m,
2H), 6.66 (dd, J/=8.2, 2.6, 1H), 5.85 (ddt, /~17.1, 10.1, 7.1, 1H), 5.17 (m, 2H), 4.91 (dd,
J=8.0, 4.5, 1H), 2.55 — 2.32 (m, 2H), 2.25 (s, 3), 0.99 (s, 9H), 0.19 (s, 6H) ; >C NMR (75
MHz, CDCl;) & = 154.13, 143.20, 134.76, 131.21, 126.90, 118.81, 118.31, 117.03, 69.71,
42.62, 25.80, 18.30, -4.33, -4.36; HRMS (ESI): Calc. for C;;H50,Si (M+H - [H,0])" :
275.1826, found : 275.1821; [a]p (25°C, ¢ = (12.2 mg/ 2mL), CH,Cl,) = -33.2°.

H MOM-CI R
T8SO {9~ __DIPEA _ TBSO O
DCM / 99%
5 5a

(S)-tert-butyl(3-(1-(methoxymethoxy)but-3-en-1-yl)-4-methylphenoxy)dimethylsilane :
To a solution of compound 5 (5996 mg, 1 eq, 20.50 mmol) in dry CH,Cl, (80 mL) at 0°C was
added Hunig’s base (10.71 mL, 3.0 eq, 61.50 mmol) then chloromethyl methyl ether (9.34
mL, 6.0 eq, 123 mmol). The mixture was stirred at room temperature for 4 hours and then a
solution of sat. aq. NaHCO; (50 mL) was added. The aqueous phase was extracted with DCM
(3 * 60 mL) and the combined organic layers were washed with brine, dried over Na;SO,,
concentrated under reduced pressure. The crude product was purified by chromatography
(hexane to n-hexane:EtOAc, 95:5) to afford 6900 mg (99%) of the desired protected
compound as a yellow oil. '"H NMR (300 MHz, CDCl;) § = 6.95 - 6.67 (m, 2H), 5.86 (ddt,
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J=17.1, 10.1, 7.0, 1H), 5.10 (m, 1H), 4.87 (dd, J=8.0, 5.1, 1H), 4.52 (m, 2H), 3.37 (s, 3H),
2.60 —2.35 (m, 2H), 2.25 (s, 3H), 1.00 (s, 9H), 0.20 (s, 6H) ; *C NMR (75 MHz, CDCl,) § =
154.06, 140.94, 134.97, 131.15, 128.10, 119.11, 117.85, 117.08, 94.05, 73.62, 55.54, 41.60,
25.81, 18.37, 18.31, -4.38; HRMS (ESI): Calc. for C;oH3,05Si (M+H - [H,0])" : 319.2088,
found : 319.2094 ; [a]p (25°C, ¢ = (27.2 mg/ 2mL.), CH,Cl;) =-116.9°.

OMOM OMOM 0O
TBSO
TBSO DI 03/ DCM B H
Et;N
-78°CtoR.T
5a 89% 6

(S)-3-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)-3-(methoxymethoxy)propanal :
To a solution of Sa (6900 mg, leq, 20.50 mmol) in DCM (600 mL) at -78°C was performed
an ozonolysis. The resulting solution was degazed with N, then was added triethylamine
(14.3 mL, 5 eq, 102.5 mmol) and the mixture was stirred at room temperature for 2 hours and
then a solution of sat. ag. NH,Cl (200mL) was added. The aqueous phase was extracted with
DCM (3 *75 mL) and the combined organic layers were washed with brine, dried over
Na,S0O,, concentrated under reduced pressure. The residue was filtrated on a plug of silica gel
(n-hexane:EtOAc, 80:20) and concentrated under reduced pressure to afford 6158 mg (89%)
of the desired compound 6 as a yellow oil. '"H NMR (300 MHz, CDCl;) & = 9.80 (dd, J/=2.6,
1.3, 1H), 6.96 (d, /=8.2, 1H), 6.88 (d, /=2.6, 1H), 6.64 (dt, /=6.5, 3.2, 1H), 5.35 (dd, /=9.5,
3.6, 1H), 4.48 (s, 2H), 3.32 (s, 3H), 2.80-2.78 (m, 1H), 2.57 (ddd, J=16.5, 3.5, 1.2, 1H), 2.24
(s, 3H), 0.95 (s, 9H), 0.15 (s, 6H) ; >C NMR (75 MHz, CDCls) 8 = 200.30, 154.22, 139.36,
131.55, 127.80, 119.55, 117.69, 94.01, 68.97, 55.80, 50.21, 25.72, 18.23, 18.12, -4.44;
HRMS (ESI): Calc. for C;3H300,Si (M+NH,)" : 356.2252, found : 356.2238 ; [a]p (25°C, c =
(16.4 mg/ 2mL), CH,Cl;) = -132.2°,

Br

_1.150°C
= /\/\)\
20" T3 CBr,/ PPhy s A g

d e

1,1-dibromohexa-1,5-diene : In a seal tube was added allyl vinyl ether (956.6 mg, leq, 11.4
mmol) and was stirred at 150°C for 24 hours. The resulting product was used without further
purification. To a solution of anhydrous carbon tetrabromide (7543mg, 2eq, 22.8 mmol) in
anhydrous DCM (11 mL) at 0°C was added portion wise triphenylphosphine (11929 mg, 45.5
mmol, 4eq). After 30 minutes, the above crude aldehyde was added to the mixture. After
stirring for 2 hours at room temperature, the resulting mixture was quenched by a slow
addition of sat. aq. NH4Cl (15mL). The mixture was filtrated directly over silica gel (n-
hexane:EtOAc, 93:7) and concentrated under reduced pressure to afford 2150 mg (79%) of
the desired compound. "H NMR (300 MHz, CDCls) = 6.45 — 6.34 (m, 1H), 5.89 — 5.70 (m,
1H), 5.11 — 4.99 (m, 2H), 2.28 — 2.12 (m, 4H); ®C NMR (75 MHz, CDCL;) & = 138.03,
137.01, 115.93, 89.20, 32.42, 31.89.
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Br

MOMO O /\/\/\ MOMO  OH
TBSO Z A
o) H o o TEEO ) [
n-BuLi / THF / -78°C
71%
6 6a

(1S)-1-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)-1-(methoxymethoxy)non-8-en-
4-yn-3-o0l : To a solution of 1,1-dibromohexa-1,5-diene e (2201 mg, 2.5 eq, 9.17 mmol) in
dry THF (19 mL) at -78°C was added #-BuLi (3.60 mL at 2.5 M., 8.99 mmol, 2.45 eq.), the
solution was stirred for 30 minutes. To the resulting solution was added dropwise a THF
solution (5 mL) of aldehyde 6 (1242 mg, 1.0 eq, 3.67 mmol) at -78°C. The mixture was
stirred for 8 hours at this same temperature and then a solution of 15 mL of sat. aq. NH,4Cl
was added. The aqueous phase was extracted with EtOAc (3 * 15 mL) and the combined
organic layers were washed with brine, dried over Na,SO,, concentrated under reduced
pressure. The crude product was purified by chromatography (n-hexane:EtOAc, 90:10 to 85 :
15) to afford 1093 mg (71%) of the desired propargylic alcohol 6a as a yellow oil as a
diastereoisomeric mixture (2/3). HRMS (ESI): Calc. for C,sH330,Si (M+Na)': 441.2437,
found : 441.2431.

MOMO  OH MOMQ OH
TBSO AN LiAIH, TBSO

A THF / Reflux
88%
6a 6b

| N

(1S,E)-1-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)-1-(methoxymethoxy)nona-
4,8-dien-3-ol : To a solution of 6a (1888 mg, leq, 4.51 mmol) in anhydrous THF (45 mL)
was added potionwise lithium aluminum hydride (428 mg, 2.5 eq, 11.27 mmol). The solution
was heated to reflux for 1 hour. To the resulting solution was added sat. aq NH4Cl (5§ mL) and
the slurry solution was filtered directly over celite (EtOAc) and the filtrate was concentrated
under reduced pressure. The residue was purified by chromatography (n-hexane:EtOAc, 85 :
15) to afford 1670 mg (88%) of the desired trans alkene 6b as a yellow oil as a
diastereoisomeric mixture (2/3). HRMS (ESI): Calc. for CoqHsO,Si (M+Na)" : 443.2594,
found : 443.2587.

MOMO  OH MOMO O

TBSO. 7S | N DMP TBSO S | x

DCM/0°C
97%
6b 8

(S,E)-1-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)-1-(methoxymethoxy)nona-4,8-
dien-3-one : To a solution of alcohol mixture 6b (4207 mg, 1 eq, 10.00 mmol) in dry CH,Cl,
(100 mL) at 0°C was added Dess-Martin periodinane (10.60g, 2.5 eq, 25 mmol). The mixture
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was stirred at room temperature for 1 hour and then a solution of sat. aq. NaHCO; (50 mL)
and sat. aq. Na,$;0; (50 mL) was added subsequently. The aqueous phase was extracted
with CH,Cl, (3 *50 mL) and the combined organic layers were washed with brine, dried over
Na,SO,, concentrated under reduced pressure. The crude mixture was purified by
chromatography (n-hexane:EtOAc, 93:7 to 90:10) to afford 4069 mg (97%) of compound 8
as yellow oil. "H NMR (300 MHz, CDCls) § = 6.96 (d, /=8.2, 1H), 6.92 (d, /=2.6, 1H), 6.83
(dt, ~15.9, 6.6, 1H), 6.65 (dd, /=8.2, 2.6, 1H), 6.15 (dt, /=15.8, 1.3, 1H), 5.78 (ddt, J=16.6,
10.2, 6.4, 1H), 5.35 (dd, /=9.4, 3.4, 1H), 5.09 — 4.97 (m, 2H), 4.53 — 4.42 (m, 2H), 3.29 (s,
3H), 3.07 (dd, /~15.8, 9.4, 1H), 2.62 (dd, /~15.8, 3.4, 1H), 2.37 — 2.15 (m, 7H), 0.97 (s, 9H),
0.17 (s, 6H) ; °C NMR (75 MHz, CDCly) § = 197.63, 154.15, 147.21, 140.52, 137.04,
131.44, 131.13, 128.08, 119.30, 117.75, 115.75, 94.27, 70.42, 55.82, 47.26, 32.18, 31.83,
25.81, 18.32, 18.29, -4.34; HRMS (ESI): Calc. for CyqH330,Si (M+Na)" : 441.2432, found :
441.2435; [a]p (25°C, c = (27.7 mg/ 2mL), CH,C},) = -88.8°.

MOMO O MOMO O
TBSO 9 [ TMS -CN/MeOH _ TBSO ©) N
[ (R,R,R) - Ru catalyst R)
CeHsOLi/ 72% NC
8 10

(R)-2-((S)-4-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)-4-(methoxymethoxy)-2-
oxobutyl)hex-5-enenitrile : Ruthenium complexe 9 (See Ref 14 for synthesis) (105 mg, 1.0
mol%, 0.097 mmol) was placed in 100 mL round-bottom flask, and purged by argon.
Anhydrous methanol (0.59 mL, 1.50 eq, 14.57 mmol) was added to this flask (CAUTION :
formation of HCN), and the mixture was cooled at 0°C. Then trimethylsilyl cyanide (1.80
mL, 1.48 eq, 14.38 mmol) was added in a dropwise manner, and the mixture was stirred for
15 min. To this solution, anhydrous zert-butyl methyl ether (50 mL) and lithium phenoxyde
(1.46 mL at 60 mM in THF, 0.9 mol%, 0.087 mmol) were added at 0°C, and the mixture was
stirred for 30 min. Then compound 8 (4069 mg, leq, 9.72 mmol), was added to this solution
in a dropwise manner over 5 min, and the reaction mixture was stirred for 12 hours at this
same temperature. Then a solution of sat. aq. NaHCO; (50 mL) was added. The aqueous
phase was extracted with AcOEt (3 *50 mL) and the combined organic layers were washed
with brine, dried over Na,SO,, concentrated under reduced pressure. The crude mixture was
purified by chromatography (n-hexane:EtOAc, 87:13 to afford 3122 mg (72%) of compound
10 as a colorless oil. '"H NMR (300 MHz, CDCl;) § = 6.98 (d, /=8.2, 1H), 6.86 (d, /=2.6,
1H), 6.67 (dd, /~=8.2, 2.6, 1H), 5.77 (ddt, /=17.0, 10.2, 6.7, 1H), 5.31 (dd, J=9.8, 3.3, 1H),
5.17 - 5.01 (m, 2H), 4.46 (q, J=6.7, 2H), 3.30 (s, 3H), 3.10 (dq, /=13.1, 6.6, 1H), 2.98 —2.71
(m, 3H), 2.54 (dd, /~15.7, 3.3, 1H), 2.40 — 2.13 (m, 5H), 1.76 — 1.55 (m, 9H), 0.97 (s, 8H),
0.17 (s, 6H) ; ®C NMR (75 MHz, CDCls) & = 203.80, 154.31, 139.54, 136.18, 131.70,
128.09, 121.40, 119.65, 117.63, 116.64, 94.33, 70.43, 56.05, 49.73, 45.92, 31.18, 31.02,
25.83,25.37, 18.35, 18.22, -4.29; HRMS (ESI) Calc. for C,sH3sNO,Si (M+ NH,)": 463.2987,
found : 463.2986; [a]p (25°C, ¢ = (38.6 mg/ 2mL), CH,Cl,) =-92.1°.
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MOMO ©O ' a0 MOMO
S TMS L
TBSO\@j‘S)\)‘j\j . TBSO\@S)\%J
(R 2. BF; OEt R)
NC AN NC

75% over 2 steps
10 10a

R)-2-((S)-4-(5-((tert-butyldimethylsilyl)oxy)-2-methylphenyl)-4-(methoxymethoxy)-2-
methylenebutyl)hex-5-enenitrile : To a solution of compound 10 (483 mg, leq, 1.08 mmol)
in dry THF (3mL) at -78°C was added (Trimethylsilyl)methyl lithium (1.2 mL at C = 1.0M,
1.1 eq, 1.2 mmol) dropwise, to avoid a not wished pink coloration, over a period of 3 hours .
Then a solution of 15 mL of sat. aq. NH4Cl was added. The aqueous phase was extracted with
EtOAc (3 *15 mL) and the combined organic layers were washed with brine, dried over
Na,S0,, concentrated under reduced pressure. The crude product was used without further
purification and diluted in CH,Cl, (10 mL) at 0°C and boron trifluoride diethyl etherate (0.21
mL, 1.5 eq, 1.64 mmol) was added dropwise. The solution was stirred for 15 minutes and
diluted with a saturated solution of NaHCO; (10 mL), the aqueous phase was extracted with
CH,Cl, (3 *10 mL) and the combined organic layers were washed with brine, dried over
Na,SO,, concentrated under reduced pressure. The crude mixture was purified by
chromatography (n-hexane:EtOAc, 90:10) to afford 360 mg ( 75 %) of external alkene 10a.
'"H NMR (300 MHz, CDCls) § = 6.97 (d, J=8.2, 1H), 6.87 (d, /=2.6, 1H), 6.66 (dd, /=8.2,
2.6, 1H), 5.84 — 5.68 (m, 4H), 4.46 (q, J=6.7, 2H), 3.33 (s, 3H), 2.80 — 2.66 (m, 1H), 2.50 —
2.13 (m, 9H), 1.75 — 1.65 (m, 2H), 0.97 (s, 9H), 0.17 (s, 6H); *C NMR (75 MHz, CDCl;) § =
154.12, 141.63, 140.83, 136.31, 131.29, 127.80, 121.63, 119.18, 117.66, 116.42, 115.88,
94.13, 73.35, 55.79, 42.88, 39.06, 31.28, 31.06, 29.45, 25.74, 18.30, 18.23, -4.41; HRMS
(ESI) Calc. for CysHyNO3Si (M+ NHy)": 461.3194, found : 463.3195; [a]p (25°C, c = (44.8
mg/ 2mL), CH,Cl,) =-68.0°.

MOMO MOMO
TBSO \CﬁS)\/NjJ K2CO3 / MeOH = Hom
R) 99% R
NC NC
10a 1

(R)-2-((:5)-4-(5-hydroxy-2-methylphenyl)-4-(methoxymethoxy)-2-methylenebutyl) hex-5-

enenitrile : To a solution of 10a (1643 mg, 1 eq, 3.70 mmol) in MeOH (37 mL) was added
K,COs (1.2g, 2.5 eq, 9.25 mmol). The solution was heated at 60°C for 1 hour and then a
solution of 50 mL of sat. ag. NH,Cl was added. The aqueous phase was extracted with DCM
(3 *50 mL) and the combined organic layers were washed with brine, dried over Na,SO,,
concentrated under reduced pressure. The residue was filtrated on a plug of silica gel (n-
hexane:EtOAc, 70:30) and concentrated under reduced pressure to afford 1240 mg (99%) of
the desired compound 11 as a yellow oil. '"H NMR (300 MHz, CDCL;) 3 = 6.97 — 6.87 (m,
2H), 6.75 (s, 1H), 6.63 (dd, /=8.2, 2.6, 1H), 5.74 (ddt, /=17.0, 10.1, 6.7, 1H), 5.14 — 4.98 (m,
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4H), 4.92 (dd, J=8.6, 4.4, 1H), 447 (s, 2H), 3.34 (s, 3H), 2.75 (&, J=9.1, 5.7, 1H), 2.50 — 2.09
(m, 9H), 1.77 — 1.55 (m, 2H); >C NMR (75 MHz, CDCl;) § = 154.63, 141.41, 140.69,
136.20, 131.40, 126.49, 121.66, 116.36, 115.80, 114.53, 112.83, 94.01, 73.45, 55.73, 42.66,
38.80, 31.12, 30.94, 29.34, 18.10; HRMS (ESI) Calc. for C;0H»NO; (M+ NH,)*: 347.2329,
found : 347.2330; [a]p (25°C, ¢ = (12.4 mg/ 2mL), CH,Cl,) = -88.3°.

OMe
MOMO Br O)
HO@(VSJ o “°K§C%D
R 68% R)
NC Br NC
1 11a

(R)-2-((S)-4-(2,4-dibromo-3-hydroxy-6-methylphenyl)-4-(methoxymethoxy)-2-
methylenebutyl) hex-5-enenitrile : The compound 11 (1240 mg, 1 eq, 3.70 mmol was
diluted in CH,Cl, (30 mL) at 0°C and a solution of NBS freshly recristallized in water (1383
mg, 2.1 eq, 7.4 mmol) in CH,Cl, (10 mL) was added dropwise. The solution was stirred for
25 minutes and diluted with a saturated solution of Na,S,0; (5 mL), the aqueous phase was
extracted with CH,Cl, (3 *30 mL) and the combined organic layers were washed with brine,
dried over Na,SO,, concentrated under reduced pressure. The crude mixture was purified by
chromatography (n-hexane:EtOAc, 80:20) to afford 1220 mg (68 %) of compound 11a as
yellow oil. "H NMR (300 MHz, CDCl;) § = 7.25 (s, 1H), 6.03 (br, 1H), 5.75 (ddt, J=17.1,
10.2, 6.7, 1H), 5.41 (dd, J/=9.8, 4.1, 1H), 5.16 — 4.96 (m, 4H), 4.51 — 4.40 (m, 1H), 3.28 (s,
3H), 2.84 — 2.72 (m, 1H), 2.67 — 2.13 (m, 10H), 1.75 — 1.65 (m, 2H); *C NMR (75 MHz,
CDCl3) & = 147.16, 140.82, 137.38, 136.00, 134.32, 130.55, 121.08, 115.89, 115.72, 112.91,
108.01, 94.25, 77.42, 55.44, 39.28, 38.09, 30.96, 30.63, 29.17, 19.27; HRMS (ESI) Calc. For
CyHasBr,NO; (M+NH,)": 503.0539, found : 503.0538; [a]p (25°C, ¢ = (15.7 mg/ 2mL),
CH,Cl,) = -58.7°.

OMe

OMOM
Br Br O)
HO B N, JBDMS-CI/imidazolg TBSO 5 S
(R) DMF, 2H 8
Br NC 96% - o
11a 12

(R)-2-((S)-4-(2,4-dibromo-3-((tert-butyldimethylsilyl)oxy)-6-methylphenyl)-4-

(methoxymethoxy) -2-methylenebutyl)hex-S-enenitrile : To a solution of 11a (1220 mg, 1
eq, 2.50 mmol) in dry DMF (5 mL) at 0°C, was added imidazole (477 mg, 2.8 eq, 7 mmol)
and TDMS-CI (528 mg, 1.4 eq, 3.5 mmol) and the solution was stirred during 2 hours at
room temperature. The reaction was diluated with brine (600 mL). The aqueous phase was
extracted with ether (3 *30 mL) and the combined organic layers were dried over Na,SOy,,
concentrated under reduced pressure. The crude mixture was purified by chromatography (-
hexane:EtOAc, 90:10) to afford 1448 mg ( 96 %) of compound 12. '"H NMR (300 MHz,
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CDClLy) 8 = 7.26 (s, 1H), 5.73 (ddt, J=17.0, 10.1, 6.7, 1H), 547 (dd, J=99, 4.1, 1H),
5.14 — 4.96 (m, 4H), 4.44 (dd, J~=19.9, 6.7, 2H), 3.25 (s, 3H), 2.79 (tt, J=9.2, 5.8, 1H), 2.69 —
2.08 (m, 9H), 1.80 — 1.56 (m, 2H), 1.01 (s, 9H), 0.32 (s, 6H); >C NMR (75 MHz, CDCl3) § =
148.00, 141.11, 138.31, 136.26, 135.55, 132.20, 121.43, 119.14, 116.45, 113.76, 94.89,
78.05, 55.83, 39.73, 38.55, 31.46, 31.05, 29.63, 26.25, 25.67, 19.77, 18.98, -1.88, -1.95;
HRMS (ESI) Calc. For CysH39Br,NOsSi (M+Na)": 624.0940, found : 624.0931; [a]p (25°C,
¢ =(18.6 mg/ 2mL), CH,Cl,) = -50.9°.

g 0N TBSO,  Br
OMOM CN
TBSO 9 x Hoveyda Grubbs Ii Br O s
R) DCM, R.T. (S)
Br NC 83%
12 12a

R)-3-((S)-2-(2,4-dibromo-3-((tert-butyldimethylsilyl)oxy)-6-methylphenyl)-2-
(methoxymethoxy) ethyl)cyclohex-3-enecarbonitrile : To a solution of compound 12 (1448
mg, 1 eq, 2.41 mmol) in DCM (200 mL) was added Hoveyda Grubbs II catalyst (45 mg, 3
mol%, 0.07 mmol). The reaction was stirred for 12 hours then then filtrated and purified by
chromatography on silica gel (n-hexane:EtOAc, 90:10) to afford 1140 mg, (83%) of 12a. 'H
NMR (300 MHz, CDCl;) & = 7.22 (s, 1H), 5.56 (s, 1H), 5.41 (dd, J=9.6, 4.3, 1H), 4.40 (dd,
J=19.3, 6.6, 2H), 3.22 (s, 3H), 2.93 — 2.70 (m, 1H), 2.54 — 2.00 (m, 9H), 1.91 — 1.70 (m, 2H),
0.98 (s, 9H), 0.29 (s, 6H); C NMR (75 MHz, CDCl3) 5 = 147.82, 138.48, 13531, 132.07,
131.00, 123.84, 122.02, 119.05, 113.49, 94.70, 78.04, 55.53, 41.66, 31.44, 26.14, 24.93,
22.99, 19.65, 18.83, -2.02, -2.08; HRMS (ESI) Calc. for CyH3sBr,NO;Si (M+Na)':
596.0627, found : 596.0622 ; [a]p (25°C, ¢ = (14.1 mg/ 2mL), CH,Cl,) = -40.8°.

TBSO Br T8S0O Br O\\_
o) OMOM_CN _ pibal-HIELO | g ) RO g
(S -78C (S) @
82%
12a 13

R)-3-((S)-2-(2,4-dibromo-3-((tert-butyldimethylsilyl)oxy)-6-methylphenyl)-2-

(methoxymethoxy) ethyl)cyclohex-3-enecarbaldehyde : To a solution of cyanide
compound 12a (1140 mg, leq, 1.99 mmol) in dry ether (20 mL) at -78°C, was added DIBAL-
H (4.98 mL at 1.0M., 2.5eq, 4.98 mmol) in a dropwise manner, the solution was stirred for 2
hours and was subsequently added in the following order methanol (10 mL) and sat. aq.
NH,CI (50 mL). This solution was transferred in a sat aq. Rochelle’s Salt and the mixture was
stirred for 60 min at room temperature. The resulting solution was extracted with EtOAc (3
*40 mL) and the combined organic layers were washed with brine, dried over Na,SO,,
concentrated under reduced pressure. The crude product was filtrated on a plug of silica gel
(n-hexane:EtOAc, 80:20) to afford 939 mg (82%) of the compound 13. "H NMR (300 MHz,
CDCl;) & = 9.71 (s, 1H), 7.27 (s, 1H), 5.56 (s, 1H), 5.51 (dd, /=9.4, 4.5, 1H), 4.46 (dd,
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J=18.1, 6.6, 3H), 3.28 (s, 3H), 2.62 —2.20 (m, 9H), 1.99 — 1.90 (m, 1H), 1.70 - 1.50 (m, 2H),
1.03 (s, 9H), 0.33 (d, J=2.1, 6H); *C NMR (75 MHz, CDCl;) & = 203.75, 147.87, 138.82,
135.35, 132.22, 132.16, 124.27, 119.26, 113.47, 94.69, 78.00, 55.53, 46.50, 42.06, 27.58,
2623, 23.88, 21.80, 19.76, 18.93, -1.95, -2.01; HRMS (ESI) Calc. for CyH:sBr,0,Si
(M+Na)": 599.0623, found : 599.0625 ; [alp (25°C, ¢ = (24.8 mg/ 2mL), CH,Ch) = -27.1°.

TBSO Br o) — 88O Br

——TMS HO
OMOM \\—H » OMOM "‘~—TMS
O n-BuLi,THF / -76°C Q

1-((R)-3-((S)-2-(2,4-dlbromo-3-((tert-butyldimethylsilyl)oxy)-6-methylphenyl)-2-
(methoxy methoxy)ethyl)cyclohex-3-en-1-yl)-3-(trimethylsilyl)prop-2-yn-1-0ol: To a
solution of Trimethylsilylacetylene (1.04 mL, 4.5eq, 7.34 mmol) in dry THF (8 mL) at -78°C
was added n-BuLi (4.3 mL at 2.5 M., 4.3 eq, 2.80 mmol), the solution was stirred for 30
minutes. To the resulting solution was added dropwise a THF solution (3 mL) of aldehyde 13
(1.63 mmol) at -78C. The mixture was stirred for 2H at this same temperature and then a
solution of 20 mL of sat. ag. NH,Cl was added. The aqueous phase was extracted with
EtOAc (3 * 15 mL) and the combined organic layers were washed with brine, dried over
Na,SO,, concentrated under reduced pressure. The crude product was purified by
chromatography (n-hexane:EtOAc, 85:15) to afford 1100 mg (99%) of the desired
propargylic alcohol 13a as a brown oil as a diastereoisomeric mixture (1:1). HRMS (ESI)
Calc. For CyoHyBr,0,Si; (M+Na)+: 697.1176, found : 697.1170.

TBSO Br TBSO Br TIPSO
LT T O
o S

13a

tert-butyl(2,6-dibromo-3-((S)-1-(methoxymethoxy)-2-((R)-5—(1-((trusopropylsilyl)oxy)-3-
(trimethylsilyl)prop-2-yn-1-yl)cyclohex-1-en-1-yl)ethyl)-4-
methylphenoxy)dimethylsilane : To a solution of propargylic alcohol 13a (1100 mg, leq,
1.63 mmol.) in DCM (16 mL) at 0°C, was added in the following order EtzN (0.55 mL, 2.4
€q, 3.91 mmol) and TIPS-OTf (0.53 mL, 1.2 eq, 1.96 mmol) in a dropwise manner. The
solution was stirred for 3 hours at this same temperature. Then a solution of 10 mL of water
was added. The aqueous phase was extracted with DCM (3 * 15 mL) and the combined
organic layers were washed with brine, dried over Na,SO,, concentrated under reduced
pressure. The crude product was purified by chromatography (n-hexane:EtOAc, 97:3) to
afford 1.1246g (83%) of the desired protected propargylic alcohol 13b as a brownish oil as a
diastereoisomers mixture (1:1). HRMS (ESI) Calc. For C;sHgsBr,0,4Si; (M+Na)™: 851.2528,
found : 851.2681.
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1. CBry4 /i - PrOH / reflux
2.K,CO3/MeOH/Reflux  Br
83% over 2 steps

13b

2,6-dibromo-3-((S)-1-hydroxy-2-((R)-5-(1-((triisopropylsilyl)oxy)prop-2-yn-1-
yDcyclohex-1-en-1-yl)ethyl)-4-methylphenol : To a solution of 13b (1125 mg, 1 eq, 1.35
mmol) in anhydrous i-PrOH (14 mL) was added dry CBry (90 mg ,0.2 eq, 0.3 mmol). The
solution was heated at 84°C for 5 hours and then a solution of 10 mL of sat. aq. NaHCO; was
added. The aqueous phase was extracted with DCM (3 *10 mL) and the combined organic
layers were washed with brine, dried over Na,SO,, concentrated under reduced pressure. The
product was used without further purification and diluted in methanol (15 mL) was added
KyCOs (559 mg, 3.0 eq, 4.1 mmol). The solution was heated at 60°C for 1 hour and then a
solution of 30 mL of sat. aq. NH,CI was added. The aqueous phase was extracted with DCM
(3 *20 mL) and the combined organic layers were washed with brine, dried over Na,SOy,
concentrated under reduced pressure. The crude product was purified by chromatography (#-
hexane:EtOAc, 90:10) to afford 670 mg (83%) of the desired compound 14 as a yellow oil as
a diastereoisomer mixture (1:1). HRMS (ESI) Calc. For Cy;HoBr,0:Si (M+Na - [H,0])":
583.1062, found : 583.1062.

1.80Cl,/ DCM

2.Phi(CO.CF3),
HFIP / DCM
25% over 2 steps

14

(5R,6aR,9R,11aR,11bR)-2,4-dibromo-5-chloro-11b-methyl-3-0x0-3,5,6,9,10,11,11a,11b-

octahydro-6a,9-methanocyclohepta[a]naphthalene-8-carbaldehyde : To a solution of
compound 14 (105 mg, 1 eq, 0.175mmol) in anhydrous DCM (3 mL) was added SOCI,
(38uL, 3.0 eq, 0.525 mmol). The solution was heated at 46°C for 8 hours and then a solution
of 10 mL of sat. aq. NaHCO; was added. The aqueous phase was extracted with DCM (3 *10
mL) and the combined organic layers were washed with brine, dried over Na;SO,,
concentrated under reduced pressure. The crude product was filtrated on a plug of silica gel
(n-hexane:EtOAc, 90:10) and was used without further purification. To a solution of
PhI(CO,CF3), (83 mg, 1.1 eq, 0.192 mmol) in a mixture of HFIP/DCM (5:3 ; 0.6 mL) was
added over 5 seconds to a vigorously stirred solution of crude phenol in a mixture of
HFIP/DCM (5:3 ; 1 mL) at room temperature. After addition of PIFA, the solution was
stirred for 2 min, quenched with 1 mL of acetone, filtered directly over silica gel (EtOAc)
- and the filtrate was concentrated under reduced pressure. The residue was purified by silica
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gel chromatography with hexane/ethyl acetate (75:25) to afford 20.3 mg of tetracyclic core
17 in 25 % yield over 2 steps. '"H NMR (300 MHz, CDCl;) § = 9.67 (s, 1H), 7.31 (s, 1H),
6.13 (s, 1H), 5.42 (t, /9.5, 1H), 3.05 — 3.00 (m, 1H), 2.46 (d, J=9.6, 2H), 2.18 (dd, J=12.9,
5.0, 1H), 2.05 — 1.98 (m, 1H), 1.90 — 1.82 (m, 1H), 1.72 (s, 3H), 1.46 — 1.40 (m, 2H), 0.96 —
0.85 (m, 2H); "C NMR (75 MHz, CDCl3) 5 = 188.86, 172.36, 158.58, 155.18, 150.01,
147.49, 127.54, 119.28, 56.42, 52.49, 51.07, 50.83, 49.63, 40.01, 36.89, 31.08, 25.16, 23.03;
HRMS (ESI) Calc. For CgH;;Br,Cl1O;, (M+Na)": 482.9155, found : 482.9159; [a]p (25°C, ¢
= (11.6 mg/ 2mL), AcOEt) = -4.3°,

3. Copies of *H and **C NMR
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Mild Oxidation of Benzylic Amines into Aldehydes Using an Oxidative

Polonovski-Like Process

Samuel Desjardins, Guillaume Jacquemot, Sylvain Canesi*
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Abstract: A chemoselective and environmentally benign oxidation
of benzylic amines into aldehydes mediated by a hypervalent iodine
reagent has been developed This mild oxidative versicn of the
Polonovski pracess may be selectively carmied out in the presence of
several finctionalities mcluding a free alcohol and provides new
synthetic opporhmities as a ed aldehyde segment.

Key words: hypervalent iodine, oxidation, amines, Pclomovski,
aromatic aldehydes

Aromatic aldehydes are important components of several
natmral produets and are employed as vahuable precursors
in various synthetic processes. These common flnctional-
ities may be obtained using traditional transformations
such as oxidation of an alcoho!, but this may require the
use of protecting groups to ensure gelective oxidation if
several alcohols are present in the molecule. In this paper,
we describe a mild and chemoselective method for the se-
lective transformation of 2 benzylic amine into an alde-
tiyde even in the presence of a fiee alcohol Similar
reactions have been reported in the literature for oxidizing
amines into carhonyl groups through imine of iminium
species, but most of these have required toxic heavy met-
als or muftistep processes,! This new method is promoted
by hypervalent iodine reagents™ such as indobenzene di-
acetate (DIB), a mild and environmentally benign oxidiz-
ing reagent, avoiding the need for poisonous transition
metals. Qur method involves the formation of an imigium
species 3 through a route similar to an oxidative Polo-
novski transformation®s following the exposure of an
amine to iodobenzene diacetate. A potential mechanism 15
described in Scheme 1.

The process was applied to several benzylic secondary
and tertiary amines to detenmine the scope of the transfor-
mation, and 2 summwary of representative investigations
appears in Table 1.

Tt appears that the process oocurs slowly and in moderate
yields with unhindered amines. However, when a very
tbulky amino segment such a3 a diisopropylamine {entries
1a vs. If) was used, 2 clear improvement was observed in
terms of yield and reaction rate {rwo hours instead of oge
day). We suppose that in the presence of bulky substitu-
ents, formation of the iminium species 3 mediated by ac-

SINLETT 2012, 23, 14871500
Advanced online publication: 23.05.2012
DOL: 10.105: 1-1290676; Ast ID: ST-2012-S0193-L.
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Scheme 1

etate jon attack occurs mainly at the most accessible
‘enzylic position without competition from the hindered
tertiary positions neighboring the ammonium ion It
should be noted that the comresponding starting amines
may be easily and efficiently obtained from their bromo
derivatives 0 using a simple Sy2 transformation in the
presence of inexpensive diisopropylamine ® In addition,
bulky segments such as these may be safely used in 2yn-
theses as an inert functionality compatible with several
traditionally used transformations (Scheme 2).

" _@/\Br 80°C, 241 s_g:f\
I &

Scheme 2

To verify this ypothesis, several hindered amines 7 were
oxidized fo produce the aldehyrdes 8; a summary of repre-
sentative experiments appears in Table 2.7

Under these conditions, aldehydes were obtained in useful
to high yields (50-86%). An important aspect of this
ransformation is the chemoselectivity, which permits this
reaction to oocur in the presence of several r fiae-
tionalities including a free aleahol (Table 2, entry 7). The
oiethod was also attempted using a secondary methyl-aryl
amine detivative to produce a ketone but as expected with
the Polanovsky or Pummerer® processes, the kefone ad-
duct was not observed, demonsirating that this transfor-

123
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Tabla 1l Symthesis of Compounds 5

Rl
& g\** Phi{OAd) - @Ao
R# CHCh, 60°C >

1 NaHOQ4 5

Eatry Time (k) Yield (%)

o0 o~

mation occurs selectively on a primary cenfer to enable 2 hindered base such as diisopropylamioe, which avoids
almost exclusive formation of aldehyde moieties. This ob-  competition at other positions during iminium jon fooma-
servation explains why the reaction is more effective with  tion (Scheme I).

Table 2 Synthesis of Aldehydas &

RLU\"J\ .. .. SO
,J\ CHCly, 60°C
7

NaHCOg, 2h N

Batry Yield (%)
|\©/\ -y '\©Au 75
2 b Mf@(\m hﬂ/@’% I3
3 ¢ /@/‘Nﬂ. =g 83
' A

4 d é/\m "fj/‘n 7

Syniexw 2012, 25, 14971500 & Georg Thieme Verlag Startgan - New York
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Table 2 Synthesis of Aldehydes 8 {continued)
Phl(miz
/‘\ GHGls.SD i
]
Fatry Yiald (%)
7 g "\/\/@r\“ WVVO/% )
8 h

"

The reaction was also undertaken using alternate hyperva-
lent iodine reagents such as PIFA {[bxs(mﬂumoaoet-
oxy)iodo]benzene} or Koser's reagent’® known to be
more reactive oxidants. Yields were generally higher with
DIB, most probably due to the less acidic environment
generated by acetic acid versus the trifluoro homologue
present in PIFA. However, if the desired product is com-
patible with the more rigorous conditions of PIFA, the de-
sired aldehyde 10 may be obtained at room temnperature in
83% yield from the secondary amine 9 (Scheme 3).
NaHCQg, 6 h

N‘\@\m MUWD
CHCL, rt.

'] 10 83%
Scheme 3

PIFA

In conclusion, a practical and mild method to oxidize se-
lectively hindered benzylic amines into aldehydes has
been developed. The transfonmation involves the use of a
hypervalent iodine reagent as an environmentally benign
oxidant to avoid the need for toxic heavy metals. The pro-
cess occurs efficiently in the presence of several spectator
functionalities including a free aleohol.

Experimental Procedure

To a stirred sohution of amine 7 (1 nmal) in CHCY, (4 mE) was add-
&d NaHCO, (92 mg, 1.1 mmol, 1.1 equiv) and PhI(OAc), (431 mg,
1.4 mmal, 1 4eqmv) The solution was stirred at reflux (60 “C) for
2b, after which @ solution of sat aq NH,Cl was added. The aqueus
phase was extracted with CH,Cl,, and the combined organic layers
were :;uhedwithmbﬁpe, dried mNa,SOh andeoneenmute;yunder
reduced pressure. The crude pr was chromatographi i-
fied (n-hexane-EtOAc) to afford the comesponding aldahyde émn

Acknowledgment

We ate very grateful to the Natural Sciences and Engineering Re-
search Council of Canada (NSERC), the Canada Foundation for In-
novation (CFI), the provincial governmant of Quebee (FQRNT and
CCVC), and Boehringer Ingelheimn (Canads) Ltd. for their valuable
financial support of this research.

© Georg Thieras Verlag Smungan - New Yok

(1) (a) Davis, L; Metzler, D. E. In The Enzymes, 3rded, Vol
7; Academic Press: New Youk, 1972, 33-65. (b) Rawalay,
S.S.; Schechter, H. J. Org. Chcm.l%':' 32 3129.
© Nomeldin, N.A; Bellegarde J. W. .S)'ntbm'.: 199,939,
(d) Audette, R J.; Quail, J. W ; Smith P. ). Tairahedron
Lett. 1971, 12, 27 (e) Stephens, F. F.: Bower, J. D..J Chem.
Sac. 1949, 2971. () Nakagawa, K.,Qnom,H. Sugita, J.
Chem. Pharm. Bull 1964, 12, 1135. (@) Onito, K ;
Hatakeyama, T; Takeo, M.; Uchiito, S.; Tokuda,M
H. Tatrahadron 1993 54, 8403, (b) Chen H.Q.;
Rnachel, P. Terrahedron Lett. 1988, 29, 6701, () Buckley,
T.F.; Rapopart, H. J. Am. Cham. Soc. 198’ 104, 4446,
[0} Mntuc, J; Kawang, A.; Fukuda, ¥; Mukmynma, T.
Chem. Lett. 2001, 712. (k) Mxywmra, A, Tanaks, K;
Sakakur, T.; Taslmn M.; Taghirg, H.; Pmkssh,G hS;
Olah, G. A Chzm. Comatun. 2005, 2104. {I) Hoffman R V.
J Am. Chem. Soc. 1976, 95, 6702 (m) Lee, G. A ;
Freedman, H H. Terrahedron Lett. 1976, 17, 1641. (n) Hy,
Y.; o, H. Symtir. Commnm. 1992, 22, 1491, (o) Hamamoto,
H.; Suzuki, Y.; Takahashi H ; Ikegami, S. Terrahadron Latt.
2007, 48,4239 (p) Rajalakshmi, V ; Vijayaraghavan, V.R_;
Vi B.; Raghavan, A. fnorg Chem. 2008, 47, 5821.
)] S: > Barooah, N.; Ba:unh,JBJMolCamLA
Chem. 2003, 229 171. Kmrwl:s, D. A; Mathews, C. 1;
Tomkinson, N. co. Syndert 2008, 2769, (s)Chn.,G ].l,C
Org. Biomol. Chem. 2010, 8,4716. () Lin, L ; Zhang, S; Fu,
X,; Yan, C-H. Chem. Commun. 2011, 47, 10148,
@ (a) Ié}mmlsm!odlm Chemistry: Modnﬂmwlapmm in
Or%;ic Synthests, In Topics in Current Chemistry, Wirth,
., Ed.; Springer: Berlin, 2003, 224, (b) Zhdankin, V. V;
Stang, P ). Chem. Rev. 2008, 168, 5299. (c) Zhdankin V. V.
ARKIVOC 2009, (0), 1. (d) Bérard D.; Giroux, M. A.;
Racicot, 1.; Sabot, C.; Canesi, 8. Terrahedron 2008, 733.
(&) Sabot, C.; Bérard, D.; Canesi, S. O'g Lm 2008, 10,
4629.(f) Snbat, C.; Conmare, B.; Nahi, S. MA,;
K C;Canes. S. S)'n!err 2008, 3226 ()Guémd,
KC; Sabd,C Rmeol,].. Canedl, 8.1 Qrg. Chem. 2008,
74, 2039, (h) Sabot, C.; Guérard, K. C.; me,s Chnm.
CDIHMIRL “009 2941, (i)

(g Lat 2009 1, 4?56 (])Dohl,T Xﬂa,Y
Chem. Commun. 2009, 2073 (k) Dalu, T.; Ita, M.,

Yamaoka, N.; Morumm K.; Fujicka, H; Km,
Tm}:&dmnlm 63, 10797. (I)Gném'd, B Snbot,C.
Beanlieu, M. A ; Gnonx,M A_; Canesi, S. Tmhm”
2010, 66, 5893. (m) Andrez,J. A.; Giroux M. A ;Iucien J.;
Canzai, 8. Org. Lert 2010, 12, 4368, (n) Beaulie, M. A ;
Sabot, C.; Achache, N.; Guérard K. C_; Canesi, S. Chem.

Snler 012, 23, 1497-1500




1500 S. Degjardins et al.

126

LETTER

Eur. J. 2010, 16, 11224. (o) Desjardins, S ; Andrez, 1. A ;
Canesi, S. Org. Lett. 2011, 13, 3406. (p) Beaulieu, M. A ;
Guérard, K C.; Maertens, G.; Sabot, C.; Canesi, S..J Org.
Chem. 2011, 76, 9460. () Dohi, T.; Kato, D.; Hyodo, R_;
Yamashita, D.; Shiro, M; Kita, Y. Angew. Chem. Int. Ed

2011, 50, 3784. (r) Guérard, K. C_; Guerninot, A ; Bouchard-

Aubm.,C Meénard M. A ; I.npaee,M Bwulxeu,MA
Canesi, S. J. Org. Chem. ’01“ 77,2121,

3) @ Pere:, A.;Drake, R A Tetrahedron Lett 1988, 79,
4181. (b) Quidean. S.; Looney, M. A; Pouységn, L. J Org

Chem. 1998, 63,9597, (c) Ozanne-Beaudenon A ; Quideau,

8. Angew. Chem. Int. Ed. 2003, 44, 7065. (d) Ciufolini, M.

A.;Canesi, S.; Ousmer, M; Brmm, N. A. Tetrahedron 2006,

62,5318. (e) Bérard, D; Jean, A ; Canesi, S. Tetrahedron
Leit. 2007, 48, 8238. () Jean, A.; Cantat, J.; Bérard, D.;
Bouchu, D.; Canesi, S. Org. Leit. 2007, 9, 2553

(2) Pouységu, L.; Chassaing, 5.; Dejugnac, D; Lamidey,

A M; Miquen, K ; Sotiropoulos, I. M.; Quidean, 8. Angew.

Chem. Int. Ed. 2008, 47,3552, () Bérard, D.; Racicot, L;

Sabot, C.; Canesi, s Symiett 2008, 1076. (i) Pouysem L:

Marguerit, M.; Gagnepain, J; Lyvirec, G.; Eathenon.»tl
deezm S. Org Letr. 2008, 10 5211 Gy Mendelsohn,B

A Lee, 8; Kim S; Teyssier, F.; Aulakh, V. 8.; Ciufolini,
MA Org Lag. 2009, 11,1539 (}:) Quideau, S ; Lyvinee,
G; Marguerit Bathany, K. OmntaMmmA

Symlers 2012, 23, 14571500

Bufetean, T.; Cavagnat, D.; Chenede, A Angew. Chem‘ Int.
Ed 2009, 48, 46035. (1) Giroux, M. A ; Guérard K. C.;
Beaulien, M. A ; Sabot, C.; Cmem,S Eur J. Org. Chem
’009 3871. (m) Traoré, M.; Ahmed-Ali, S.; Peuchmaur, M.

Wong, Y. 8. T¢ cirahedron 2010, 66, 5863. (n) Liang H.
Ciufolini, M. A. Tetrahedron 2010, 66, 5884. (o) Pouysegu,
L; Sylla, T.; Gamnier, T.; Rojas, L. B.; Charris, J.; Deffieux,
D.; Quideau, S. Tetrahedron 2010, 66, 5908.

(1) (a) Polonovski, M ; Polonovski, M. Bull Soc. Chim. Fr.
1927, 41, 1190. (b) Ahond A.; Cave, A; Kan-Fan, C ;
Husson H. P; de Rostolan, J; Potier, P. J. Am. Chem. Soc.
1968, 90, 5622. (c) Grierson, D. Org. React. 1990, 39, 85.

(5) Son, Y. W;Kwon, T.H.; Lee, J. K; Pae, A N;Lee, J. Y ;
Cho, Y. 8; Min, 8. J Org. Lett 2011, 13, 6500.

(6) Sakakura, A_; Ohkubo, T.; Yamashita, R_; Akakura, M_;
Ishihara, K. Org. Lett. 2011, 13,892

{7) For NMR data of compound 8f and compound 5g, see:

(a) Kotha, S ; Behera, M; Shah V. R. Syalest 2005, 1877.
(b) Lazzarato, L.; Donnola, M.; Rolando, B ; Chegaev, K ;
Manni, E; Cena, C.; i Stilo, A.; Fruttero, R ; Biondi, S.;
Ongini, E.; Gasco, A. J Med. Chem. 2000, 32, 5038.

(8) () Pummerer, R. Bar. Disch. Chem. Ges. 1910, 43, 1401,
(b) Padwa, A ; Waterson, A. G. Crr. Org. Chem. 2000, 4,

© szer G.F.; Wettach, R. H. J. Grg. Chem. 1977, 42, 1476.

® Georg Thisme Verlag Stuttgan - New Yoik




127

ANNEXEF
« MILD OXIDATION OF BENZILIC AMINES INTO ALDEHYDES USING AN
OXIDATIVE POLONOVSKI-LIKE PROCESS » SUPPORTING INFORMATION'"

SYNLETT, 2012, Vol. 23, Pages 1497-1500
DOI : 10.10554/s-0031-1290676; Art ID : ST-2012-S0193-L
Date de publication (Web) : 25 Mai 2012

Titre : Mild Oxidation of Benzilic Amines into Aldehydes Using an Oxidative
Polonovski-Like Process

Auteurs : Samuel Desjardins, Guillaume Jacquemot, Sylvain Canesi’



128

'H NMR (300 MHz, CDCl;) & = 7.69 (s, 1H), 7.59 —
7.51 (m, 1H), 7.29 — 7.25 (m, 1H), 7.01 (t, J=7.7, 1H),
3.53 (s, 2H), 2.51 —2.43 (m, 4H), 1.80 — 1.71 (m, 4H);
®C NMR (75 MHz, CDCl;) & = 141.98, 137.61,
135.91, 129.95, 128.01, 94.44, 59.98, 54.16, 23.51.

'H NMR (300 MHz, CDCl;) § =921 (s, 1H), 7.50 (s,
1H), 7.25 (d, J=7.8, 1H), 7.13 (d, /7.6, 1H), 6.64 —
6.52 (m, 1H); ®C NMR (75 MHz, CDCl;) § = 190.80,
143.30, 138.56, 138.12, 130.85, 129.02, 94.77.

'H NMR (300 MHz, CDCl3) 8 = 7.49 (s, 1H), 7.39 (d,
J=1.7, 1H), 7.25 — 7.15 (m, 2H), 3.41 (s, 2H), 2.26 (s,
6H).

'H NMR (300 MHz, CDCl3) § = 9.97 (s, 1H), 8.02 (t,
J=1.7, 1H), 7.81 (dt, J=7.6, 1.3, 1H), 7.76 (ddd, J=8.0,
2.0, 1.1, 1H), 7.43 (t, J=7.8, 1H).

'H NMR (300 MHz, CDCl;) & = 8.12 — 8.05 (m, 2H),
7.45 (d, J=8.7, 2H), 3.50 (s, 2H), 2.78 — 2.69 (m, 2H),
1.93 (td, J=11.6, 2.1, 2H), 1.60 — 1.49 (m, 2H), 1.39 —
1.10 (m, 3H), 0.86 (d, /=6.2, 3H); *C NMR (75 MHz,
CDCls) 8 = 147.16, 146.92, 129.35, 12331, 62.51,
54.02,34.29, 30.58, 21.84.

'H NMR (300 MHz, CDCl5) § = 10.16 (s, 1H), 8.39
(d, /=8.4, 2H), 8.07 (d, J/=8.6, 2H); “*C NMR (75
MHz, CDCl;) & = 190.42, 140.24, 130.62, 124.44.

'"H NMR (300 MHz, CDCl;) & = 7.67 (d, J=8.2, 1H),
736 — 7.27 (m, 1H), 7.26 — 7.14 (m, 2H), 7.11 (d,
J=8.2, 1H), 3.45 (s, 1H), 2.87 (d, J=11.6, 1H), 2.58 (d,
J=6.8, 1H), 1.93 (td, J/=11.7, 2.0, 1H), 1.71 — 1.47 (m,
2H), 1.34 (ddd, /=14.8, 11.8, 3.8, 1H); *C NMR (75
MHz, CDCl;) & = 140.82, 138.48, 137.33, 131.23,
129.23, 12827, 125.89, 92.31, 77.58, 77.16, 76.74,
62.86, 53.92, 43.32, 37.97, 32.27.

'H NMR (300 MHz, CDCl;) & = 9.96 (s, 1H), 7.92 (d,
J=8.2, 2H), 7.59 (d, /=8.3, 2H); °C NMR (75 MHz,
CDCls) 5= 191.68, 138.58, 135.69, 130.95.
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'"H NMR (300 MHz, CDCl;) § = 7.4 (d, J=8.3, 2H),
7.20 (d, J=8.2, 2H), 3.74 (s, 2H), 2.64 — 2.51 (m, 2H),
1.60 — 1.4 (m, 2H), 0.92 (t, /=7.4, 3H); >C NMR (75
MHz, CDCl3) 8 = 131.56, 129.96, 53.41, 51.39, 23.28,
11.89.

'H NMR (300 MHz, CDCl;) 5 = 7.78 (s, /=8.8, 1H),
7.55 (d, J=7.8, 1H), 7.38 (d, J=7.7, 1H), 7.04 (t, J=7.7,
1H), 3.62 (s, J=8.1, 2H), 3.04 (hept, J=6.6, 2H), 1.05
(d, J=6.6, 12H); “C NMR (75 MHz, CDCl3) & =
146.10, 136.87, 135.28, 129.84, 127.09, 94.48, 77.58,
77.16, 76.74, 48.52, 48.06, 20.89.

'H NMR (300 MHz, CDCl;) 5 = 9.88 (s, 1H), 7.83 (d,
J=8.8, 2H), 6.99 (d, J=8.7, 2H), 3.88 (s, 3H); “C
NMR (75 MHz, CDCls) & = 190.94, 164.73, 132.10,
130.07, 114.43, 77.58, 77.16, 76.74, 55.70.

'H NMR (300 MHz, CDCl;) & = 10.08 (s, /=0.4, 1H),
7.96 (dd, J=7.9, 0.9, 1H), 7.88 (dd, /7.7, 1.8, 1H),
7.47 (t, J=6.9, 1H), 7.30 (dd, J=7.7, 1.7, 1H); ®C
NMR (75 MHz, CDCl;) 3 = 195.91, 140.80, 135.61,
130.42, 128.87.

'"H NMR (300 MHz, CDCl3) & = 7.94 (d, J=8.3, 2H),
7.43 (d, J=8.3, 2H), 3.86 (s, 3H), 3.65 (s, 2H), 2.98
(hept, J=6.6, 2H), 0.99 (d, /=6.6, 12H) ; *C NMR (75
MHz, CDCl;) 8 = 167.13, 149.19, 129.37, 127.69,
51.80, 48.93, 48.20, 20.69.

'"H NMR (300 MHz, CDCl3) § = 10.09 (s, 1H), 8.18
(d, /=8.3, 2H), 7.94 (d, J=8.4, 2H), 3.95 (s, 3H); °’C
NMR (75 MHz, CDCl;) & 191.60, 166.26, 139.18,
135.12, 130.20, 129.51, 77.48, 77.05, 76.63, 52.57.

'"H NMR (300 MHz, CDCl;) & = 7.32 (d, J=7.9, 2H),
7.12 (d, J=7.8, 2H), 5.99 (ddt, /~16.8, 10.0, 6.7, 1H),
5.14 — 5.04 (m, 1H), 3.63 (s, 2H), 3.38 (d, /=6.6, 2H),
3.04 (d, J=6.6, 2H), 1.03 (d, J=6.6, 12H); *C NMR
(75 MHz, CDCl;) 8 = 140.93, 138.01, 137.91, 128.30,
128.11, 115.63, 48.71, 47.90, 40.07, 20.86.
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'H NMR (300 MHz, CDCl3) § = 9.88 (s, 1H), 7.72 (d,
J=8.0, 2H), 7.26 (d, J=7.0, 2H), 5.86 (ddt, J=13.5,
10.5, 6.7, 1H), 5.09 — 4.93 (m, 2H), 3.37 (d, J=6.6,
2H); C NMR (75 MHz, CDCl;) & = 192.12, 147.62,
136.17, 130.13, 129.41, 117.05, 40.44,

'H NMR (300 MHz, CDCls) & = 7.36 (d, /=7.9, 2H),
7.17 (d, J=7.9, 2H), 3.74 — 3.58 (m, 4H), 3.16 — 2.93
(m, 2H), 2.78 — 2.67 (m, 2H), 1.99 — 1.87 (m, 2H),
1.09 (d, J=6.6, 12H); C NMR (75 MHz, CDCl;) § =
139.67, 129.03, 128.00, 127.88, 61.95, 48.54, 47.63,
34.24,31.71, 20.71.

'H NMR (300 MHz, CDCl3) 8 = 9.96 (s, 1H), 7.80 (d,
J=8.0, 2H), 7.36 (d, /7.9, 2H), 3.68 (t, /=6.3, 2H),
2.83 — 2.76 (m, 2H), 1.98 — 1.86 (m, 2H); °C NMR
(75 MHz, CDCl;) & = 192.08, 149.76, 134.64, 130.04,
129.17, 77.50, 77.07, 76.65, 61.92, 33.77, 32.34.

'"H NMR (300 MHz, CDCl3) & = 9.85 (s, 1H), 7.46
(dd, /=82, 1.9, 1H), 7.41 (d, /=1.8, 1H), 6.99 (d,
J=8.2, 1H), 3.97 (s, 3H), 3.94 (s, 3H); ¥C NMR (75
MHz, CDCl;) & = 190.95, 154.53, 149.66, 130.18,
126.92, 110.44, 108.97, 56.22, 56.04.

'H NMR (300 MHz, CDCl3) & = 10.13 (s, 1H), 8.73
(s, 1H), 8.50 (d, J=8.2, 1H), 8.24 (d, J=7.6, 1H), 7.77
(t, J=7.9, 1H).
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