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Introduction

There is acontinuous need for methodt constructnew carboncarbon bonds iran
enantioselectivananner. Thisaskincludes two crucidictors finding a suitable chemical
transformation andapplyingan efficientenantioselectivenethodologyfor the selected
reaction It cannot be denied thagfficiency andsustainability aremportant aspectsof
the modern organicsynthesisand chemistsimplement them while creating new
synthetic approaches.

One way to bring efficiency intithe creation of new carborarbonbondsis to use
100% atorrefficient reactiors, such a® [2,3]-Wittig rearrangementin rearrangement
reactions,all atoms of the starting material are incorporatédo the structure of tte
product making hese reactios attractive from the efficiency point of view
Enantioenriched productscan be obtained by using chiral catalysts,which are
theoreticallyrecoverable For example, ganocatalysis has proven to keetrustworthy
tool for introducing chirality into molecuke Thefad that organocatalystsare usually
derived fromchiralnatural products makethem attractivein terms ofsustainability.

The purpose of this thesis e investigate asymmetric organocatalytic [2\8]ittig
rearrangementas thenumber of examplesn the literature israther limited. The main
task is to providesolutionsfor the rearrangement bdifferent startingcompoundsusing
variousorgarocatalytic methodsThsdoctoral thesigyives an overview ofthe [2,3}Wittig
rearrangementhistory and focuseon asymmetric catalytic methodsublished so far
Also,the applications of asymmetric rearrangemeart discussed

The results demonstratéhe [2,3]-Wittig rearrangement 6several substrates using
different organocatalytic methodsPublications I- Ill). First the rearrangement &
malonates was investigatedP(blication ). Subsequently, thetudy was continuedon
various cyclic ketoneqPublications I - Ill). Along with publicaton in peerreviewed
journals the results of thigesearchhave been presented at international conferences
in Estonia, Latvia, Germany, Italy and Portugal.



Abbreviations

Ac acetyl

ag. agueous

Ar aryl

B base

BARF tetrakis[3,5bis(trifluoromethyl)phenyl]borate
Bn benzyl

Cat. catalyst

conv. conversion

Cy cyclohexyl

dr diastereomeric ratio

DCC N,N -dicyclohexylcarbodiimide

DCE 1,2-dichloroethane

DCM dichloromethane

DMF N,N-dimethylformamide

DMPU N,N -dimethylpropyleneurea

E electrophile

ee enantiomericexcess

eq equivalent

Et ethyl

EWG electron withdrawing group

Hal halogen

HOMO highest occupied molecular orbital
HPLC high-performance liquid chromatography
IPA isopropyl alcohol

iPr isopropyl

L ligand

LDA lithium diisopropylamide

LUMO lowestunoccupied molecular orbital
Me methyl

MS molecular sieves

nBu normal butyl

nd not determined

NMR nuclear magnetic resonance
NOESY Nuclear Overhauser Effect Spectroscopy
Nu nucleophile

OTf trifluoromethanesulfonate / triflate
PG protecting group

Ph phenyl

p-NBA p-nitrobenzoic acid

PTC phasetransfer catalysis



rac
Ref.
rt
SAEP
TBAF
tBu
TFA
THF
TLC
TMS
tr

Ts

racemic

reference

room temperature
(9-1-amino-2-(1-ethyl-1-methoxypropyl)pyrrolidine
tetrabutylammonium fluoride
tert-butyl

trifluoroacetic acid
tetrahydrofuran

thin-layer chromatography
trimethylsilyl

retention time

tosyl
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1 Literature overview

1.1 Wittig rearrangement

Sigmatropic rearrangement reactions avaluable and powerfultools for synthetic
chemistsin the creation of new carbowarbon or carborheteroatom bonds'? These
transformationsrepresenta broadclass of organic reactispwhere themigration ofan

atom or a group from one atom (migration origin) to another (migration termims)ves
sigma bond reorganizatiowithin the samemolecule (Figure1).2® The earrangement
reactionsoften provide access to produgtwhich are conplicated to obtainotherwise

and new stereogenic centers areequently introduced into the moleculeThe atom
efficiency of the rearrangement reactions is 1Q0¥us making hesetransformations
sustainablefrom the atom-economy point of view.

A - migration origin
MG-A B—> A B-MG B - migration terminus
/ W/ MG - migrating group

Figurel. Sgmatropic rearrangement.

Wittig rearrangements aclass of sigmatropic rearrangemts thatcan follow several
pathways>’ [1,2]-Wittig rearrangement and [2,3Vittig rearrangement arg¢he most
studied reactionsperformed on allyl ether derivativeand yieldinghomoallylalcohols
(Scheme 1). Despite the similarity the mechanisms of [1,2]and [2,3]-Wittig
rearangemens are different. [1,2]-rearrangement proceeds via a radiGgagma bond
dissociatiorrecombination mechanism, while[2,3}Wittig rearrangementproceeds
through a polar pericyclic transition stateThe other pathways, [1,4hnd [3,4}Wittig
rearrangementare rare awl canonly be occasionallpbserved asninor sideprocesses
during[1,2]- and [2,3}Wittig rearrangemers.

[1,2]-Wittig [2,3]-Wittig R
rearrangement t
EWGNR ‘79 EWG O~ R 4>rearrangemen EWGW
OH OH

EWG - electron withdrawing group

Schemel. [1,2}Wittig rearrangement and [2,3Vittig rearrangement.

1.1.1[2,3]-Wittig rearrangement

[2,3]-Wittig rearrangementis a pericyclic sigmatropic rearrangement reaction of allyl
ethers to homoallyhlcohols imluced bya baseresulting in theregiospecifidormation

of anew carboncarbon bondScheme?).68 Thenumeric prefixeof the rearrangement
describe the position of a newly constructed sigma bond relative to the starting
material® The numeration sirts fromthe cleavedcarbonoxygenbond and proceeds
downthe chairs.

Ho R R
EWG R ©}
o
EWG\/O\/\/R ﬁ’ h \J = T%&R > EWGW L’ EWGW
FONG %t OWEWG 2 2
1 o) OH
©

H

Scheme2. The mechanism of [2,3)ittig rearrangement.
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The rearrangement startsom the deprotonation ofanallyl ether and usually strong
bases are employe(Gcheme?). The formednegative chargés commonlystabilizedby
anelectronwithdrawing groug® Therearrangemenproceeds via concertedsix-electron,
five-membered pericyclicenvelopelike transition state, which leads to the cleavage
of a carbonoxygen bond and to the formation i new carboncarbon bond.3?
The [2,3Jrearranged product is formedafter protonation of the intermediate.
Depending orthe substituents othe substrate products bearingip to two stereogenic
centers can be formedConsiderindhese useful propertieq2,3]-Wittig rearrangement
has been foundo be us€ul in the synthesis of complex molecul¥s'

It appearsthat [2,3}Wittig rearrangement wasdescribedfor the first time in 1949 by
Georg Wittig whilgperformingatransformationon allyl fluorenyl etherla (Schemes).1?
However, a the product2a can be potentially formed via both the [1,2]- and
[2,3]-rearrangementpathways, the actual mechanisrof the reaction wasunclear until
further investigationsby Cast and Stevens in 1960n this study, the authors used
substratelb with an additional methyl group, which provided clear evidence that the
reaction proceeds through the [2Plathway.

R

0)\/
il Strong base HO il i/ R
1 2

a:R=H

b: R =Me

Scheme8. [2,3]-Wittig rearrangement othe allyl fluorenyl etherda and 1b.

1.2 Asymmetric [2,3}Wittig rearrangement

The development of asymmetric react®imasalwaysplayed an importantole in organic
synthesisdue to their wide applicability forthe synthesis of natural products and
pharmaceuticals. The present chapter focuses on the methods that generat
enantioenriched produat from achiral substratge, which are achieved by using chiral
reagents such as chiral auxiliary groups, bases, ligands or catdiy$tse development
of the enantioselective versioraf [2,3}Wittig rearrangement started ithe 1980s. For
decades, [2,3WVittig rearrangement was carried ouinder strong basic conditions and
the chirality was introduced bghiral reagents useith stoichiometric amouns. Nakaiand
co-workers reported the first examples of asymmetric [2;8Yittig rearrangement
applying enantiomerically enrichedbxazolins and amides ashiral auxiliaies 4
The use ofhe chiral auxiliarjhasprovento be a reliable methodince the, although
the scope is limited tocarbonylcontaining substrates onlyn this casé Also, the
attachment and the removal of the auxiliagdd additional steps to the reaction
sequenceTheMarshallresearch grougprovidedthe first exampleof a chiral basenduced
enantioselectivearearrangementand appliedit for the synthesisof the natural pioduct
(+)aristolactone!”*8Thisapproach is useful fosubstratedacking carbonyl functionality
and asymmetric productsire obtainedby stereoselective metkltion of an allylether®
The frst exampleof the use of chiral ligands forearrangement wagpublished by
Nakai®® It took a surprisingly long timeor the loadings of chiral ligand to decrease
from a stoichiometric b a catalytic amoun£®?? Theemploymentof chiral catalgts is a
relatively new approack At the time ourgroupstarted to investigate the asymmetric

12



organocatalytic version of [2,3)ittig rearrangementpnly oneorganocataytic example
had beenpublished in the literaturé* The followingsectionswill give a overview of
organo and metalcatalyticasymmetriomethodsdeveloped so far.

1.2.1 Asymmetric organocatalytic [2,3yVittig rearrangement

In 2006, the Gaunt research grougported the first organocatalytic[2,3]-Wittig
rearrangement. The rearrangement is catalyzed ébgecondary amine under mild
reaction conditions withouthe use of a strong bas¢Schemes).?*

0 R? o RS o R®
o ~R® X \/_\
RAK/ \)\/ Cat. 1 (20 mol%) R1W . R1W
_ ~at 1{ecbmolve) |
3 MeOH OH R? 4 OH R? N |
R' = alkyl -15°C -rt, 24-72 h 14 examples

yield 55 - 96%

R?, R® = H, Ar, vinyl
dr1:1-7:1

Schemet.DA | 8 SNB 2 4 8t S Oliydraiyketchady 1 KSaAra 2F n

The [2,3]-Wittig rearrangement was conducted aiphatic cinnamyloxyketone3
using 20 mol% pyrroliding as a catalyst. Screening experiments provideuseful
information for understanding the reactiomechanismWhen methanol was used as
solvent,full conversion wasbtainedsignificantly faster anthe diastereoselectivityvas
reversed andmprovedcompaledto usingother solventsit wasproposedthat methanol
is coordinatedto the ether oxygeratom through a hydrogen bondavhich stabilize the
formed negative chargeacceleraing the rearrangement up to 50 timefster and
synisomer is favored oveanti-isomer. Additional experimentprovided evidencethat
the rearrangement proceeds via enamirie formation and isnot basemediated
The proposedcatalytic cycleof the organocatalytic[2,3]-Wittig rearrangementis
depicted below (Scheme 5). The condensation of the pyrroliding with the
cinnamyloxyketon@a resultsin the formationof the iminium ion whichis convertedto
enamine5. The rearrangemenbf the enamine5 presumablyproceed via the syn
transition state §ynTS)andis followed byhydrolysisi 2 NB f Shydrdykeioke8a
and the catalyst.

O Ph

*/O\/\/Ph

/ \/ MeO-H
o
OQ
%

/ )K/O\/\/Ph

\AJ o

Schemeés. Proposed catalytic cycle of organocataljf¢3]-Wittig rearrangementAdapted from
Ref. 2 with permission from John Wiley and Sons.
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After the development of the abovmentioned diastereoselective methodology,
Gaunt et al. continued ther investigation of an enantioselectiveearrangement,
catalyzed by a chiral ammll (Schemeb). The process was challengjrand the authors
couldonly provide onexample wherdhe rearranged productb formed in 60%e. This
reaction represent the first example of asymmetric organocatalytic [2VBittig
rearrangementThis conceptually new method laid the foundation foe development
of asymmetriccatalytic [2,3]Wittig rearrangement.

o Cat. Il (20 mol%) O Ph(4-CFy) E>‘\
Ph(4-CF F
Ph/\)§0\/\/ (4-CF3) MeOH PhA)H/k/ N N
3b it, 5 days 4b OH H" Q

yield 75%
dr2:1
ee 60%

Schemeé. B/ | yiiA2a5t SO0h@bxyketdnglh KS&aAra 2F h

Interestingly, itwas almost a deade before the next article &out asymmetric
organocatalytic [2,3Wittig rearrangement was publishedn 2015, he Denmark
group reported the first enantioselectivephasetransfer-catalyzedapproachfor the
rearrangementof cyclic allyloxycarbonyl compound$ (Scheme7).2> The reaction
proceeds via the formation of achiral ammonium enolateintermediate under
liquid-liquid phasetransfer conditions Despite an enormous amount oWork,
the rearranged -hydroxyketona 7 were obtainedin only moderateenanticselectivities
(eeup to 54%) The aithors proposedthat the low selectivitywascausal by aracemic
backgroundreaction Since thescope of asymmeic PTGmediated intramolecular
reactionsremainssmall the work of the Denmark grouphas great value in terms of
expanding the methodology

(o] 2 R2
JK(O\/\/Rz Cat. 11l (10 mol%) ? R R/
R! X _— R1%
“...R'" 6 R? Toluene “_R'OH 7
5 M aq. KOH

R'= £ conversion up to 100%
@i% @i) s c ee up to 54%
N
G

R?=H,Me P

Schemé’. Ehantioselective synthesss F-hyldroxyketones.

Simultaneously, our research group worked on the developmentydrogen
bond-mediated [2,3]Wittig rearrangement 6 oxindole derivatives 8 (Scheme8).?
The3-cinnamyloxyaindoles8 underwentrearrangementsmoothlyin the presence oé
bifunctional squaramidelV. 3-hydroxyoxindoles9 were obtained in excellent
enantiameric puritiesfor both diastereaners. Despitethe low diastereaneric ratio,
the diastereomerswere chromatographically separablen silica gel providing a
advantagefor the further applicatiors of this methodology.

14



R3’\/\
22 examples

o
N Cat. IV (20 mol %) yield up to 95%
R'-— O —— ﬁO drup to 2.7:1
Z N DCE, 60 °C ee up to 94%/97%

8 R2 5-48 h

R' = H, Hal, OMe, OCF3, NO,
R? = H, Me, iPr, Bn, 4-MeBn

R® = Ar, CH=CHPh

O|v

CF3

L

Schemes. Ehantioselective synthesis offydroxy 3substituted oxindoles.

The proposed transition statefor the [2,3}Wittig rearrangement of 3-
cinnamyloxyoxindol@ is depicted belowFigure?2). It isassumed thathe initial stepis
the deprotonation of the starting compouridy a tertiary amine moiety of the catalyst
IV. Two regions of theformed enohte can beactivated through hydrogen bonds;
the squaramidemoiety coordinateshe oxygen atom of the ether fragment arttle
negatively charged oxygen is coordinatedtly quaternary ammonium ion. Depending
on which face thettack occursat, different diastereomer®a are formed Insufficient
stereodifferentiation between the twdransition states is themain causeof a low
diastereomericratio. Also, it was proposed that the™ -~ A y (i S dabldplay ary a
important role in the stabilization of therdnsition state.This work represemstthe first
example ohighlyenantioselective hydrogeibond-mediated[2,3]-Wittig rearrangement.

)/attack to attac to
Re-face Si-face

unlike (S,R) like (S,S)
(major diastereoisomer) (minor diastereoisomer)

9a 9a

Figure2. Proposed transition state fahe [2,3}Wittig rearrangement.

In 2016 the Jacobsemesearch groupdemonstratedan efficientsynergistic iorinding
strategy for the [2,3]Wittig rearrangementof h-allyloxycarbonyl compoundsl0.2”
Thedual catalyst system consistsf a chiral thioureaV and a BiDXsted base cacatalyst

15



(Scheme). A BiDsted base GEQ together with a di-tert-butyl malonateinitiate the
reaction sequenceby substrate 10 deprotonation and the formation of a cesium
enolate ion pair.The structural motifs ofthe thiourea catalystV play several roles

in the organization ofthe transition state structure The thiourea fragmentis a
hydrogenbond donor and coordinates the enolized anionic starting material
through noncovalent interactionsAdditionally, the aryl groups of the catalyst
participate in the cation stabilization. Together, these interactions determine the
transition state of the stereoselective rearrangement. The developed methodology
LINE @ Aliyd@dRymialonated 1in excellent enantiomeric purities and yields.

[ Bk
Cat. V (10 mol%)
R? Cs,C0O3 (10 mol%) N '\\l o
CH,(CO,tBu), (1 eq) — L
R10,c._0._J R g [ =1 @3- { tang | —> _R'02C
o motif 0 RZ O motif R OZC
R102C 10 Cyclohexane, 10 or 23 Sl M1 OH R?
6-60 h, N, !
R3 20 examples
R" = Me, Et, tBu L _ yield 24-99%
R2=H, Me ee 71-93%

R3 = Me, CF3 Ar

gy Q

Schemed. 2 y i K § dhjdioxyghaondted 1 and the proposed transition state.

~ 86 S i lal. investigated the [2,3}Wittig rearrangement © aliphatic
cinnamyloxyketone4?2 catalyzed by a primary aminél (Schemel0).28 The concept of
this work is analogous work previously published bgauntet al.,, i.e.the same reaction
conditions and similar calgsts were applied for the rearrangemertt The authors
provided several newd dzo & G NJ G Sa O2 Ynaik ans tReh -hydlroxikietogsi Q a
13 were obtained ilrmoderateenantiomeric purities and yields

(0] [e) RZ
RAK/O\/\/RZ Cat. VI (20 mol%) R1W NHy
o
12 MeOH, rt OH 13 ©/V\}
R' = alkyl 4 days
5 4 examples
R®=Ar yield 25-65%
drupto4:1

ee 48-60%

Schemel0. 2 ¥ (i K S ahjdéoxyRe®ned 3.

1.2.2 Asymmetricmetal-catalyzed[2,3]-Wittig rearrangement

In 2017, ouresearchgroup reported a calciumcatalytic approachfor the asymmetric
[2,3]-Wittig rearrangement otinnamybxy-1,3-dicarbonyl compound$4 (Schemel 1).2°

The catalytic system consistsaaicium salt as a strong Lewis a&idia chiral IndaPybox
ligand VIl derivedfrom pyridine and oxazoline group# sub-stoichiometric amount of
imidazolewas usedas aBrDiZ%ted base to deprotonate the starting materiad. It is

assumed that the reaction stis with the formation of al:1 complexbetween the

16



Inda-Pyboxligand VIl and Ca(NTd)2, which wasalso confirmed by NMR and ESVS
experiments The diral alciumcomplexcoordinatesto the enolizedsubstrate14 and
the model depicted below isformed after the removal of the second
trifluoromethanesulfonimide group from calciumh-Hydroxymalonates 15 were
synthesizedn high enantioselectivities and yiedd 1 the best of our knowledggthis is
the first example of d_ewis aciecatalyzed asymmetrif2,3]-Wittig rearrangement

_ ° —
NTf,
P@

f AN §N 5

L VI/Ca(NTf,), (1:1, 5 mol%) _ N/, __: R'oC R
R1OC._ O R? Imidazole (5 mol%) Ca?* RIOC =

Y —_—
R,0C 14 2-propanol, 60 °C, 24 h % 0./ ~OMe OH 15
R'=OMe, OBn, Me yield up to 97%
R% = Ar MeO, ee up to 85%

Schemell S y i K § dhjdéoxythalondted 5 anda proposed model of complexation.

In 2018, the Feng research group developed the asymmetric [2,3]-Wittig
rearrangementof propargyloxindolesl16 catalyzed by a chiral nickebmplex(Scheme
12).30Thecomplex of a chiral ligandlll andNi(OTf} coordinaesthe substratel6, while
triethylamine is used for deprotonationChiral 3hydroxy 3substituted oxindoles
bearing allenyl group4d7 were obtainedwith excellent enatiomeric purities and in
superior yields. Also, a successful example atiral amplificationwas demonstrated.
Thechiral liganaVvlill with an ee of 15% was sufficient taccess product$7 with eeup
to 92% Thiswork is agreat expansiorof organocatalytic methodseported previously
andrepresents thdirst example othe asymmetriccatalytic [2,3]Wittig rearrangement
of propargy! ethers.

— R3
Rs//\o L VIINi(OTH), S 1 HO, L
(1:1, 5 mol%) O RE= g o,
N - ’ L'Ng { R N x
R O ——Mm——— ko % z -~ RM— o
N EtsN (1.2 eq) e N Z N
16 R?  EtOAc, 35°C,36h R? 17 R?
R' = H, Hal, Me, OMe, OCF yield up to 99%
R?=H, Me, iPr, Bn ee up to 99%
R3 = Ar, Me, cyclohexyl
O=" N\/\\%O
V)
N_ .,/ ©

/\’

Bn
Vil

Schemel2. Synthesis of-Bydroxy 3substituted oxindoles bearing alleny! grous
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Two years laterfFerg et al. describeda methodolbgy wherean efficient kinetic
resolution of racemic propargybxy malonates 18 was achieved via [2,3}Wittig
rearrangement(Scheme13a).3! The catalytic system consists of a chiral ligdXd
and Ni(llysalt forming a complexwhich is responsible for the recognition of
Renantiomer of the enolized substrate 18a over another and rearrangingit to
Rproduct 19a. The Senantiomer of the substratel8a staysintact due to the steric
hindrance betweerthe benzyl groumf the substrateand the ligandSchemel3b).

The authors alsdemonstratedan example where thé&S-enantiomer of the substrate
18 was reoveredand converted toa product(S-19 using the opposite enantiomer of
the ligandIX Thus, it is possible to synthesize both enantiomers of the prod@ifetith
excellentenantiomeric purity.The reported methodafforded h -hydroxymalonatesl9
with excellent enantioselectivitieand in high yieldsconsidering the highest possible
yield of the methodology.An application of the methodologyor the synthesisof the
basic skeletorof cryptoresinol32 was alsodemonstratedand will be discusseih the
following chapter(Schemel9).

+
a) R3  LIX/Ni(CIO ), 6H,0 .0 ‘@ OR' v B
Z 1:1, 10 mol? L'Ni 2
R0,c_0._ _F ( mol%) \o COR’ L R'0,C N \(/RZ
R10,C R? EtsN (1.2 eq) (R}19 OH |
(+)-18 EtOAc, 50 °C, 1-7 days X
R3 yield up to 48%

ee up to 99%

R'! = Me, Et, tBu
2 ; +
R3 = Me, iPr, nBu, Bn @ ® P R3
R®=Ar o= NN o R10,C o\/
S T3

N_ /O N, R'0,C R? H
(S)-18

Ph

AN

Me0,C.__O

MeO,C Bn
(+)-18a

disfavored — (S)-19a favored — (R)-19a

Scheme 13. a) Kinetic resolution of racemic propargyl ethet8 and the synthesis of
h-hydroxymalonates bearing allenyl group@

b) Proposed catalytic model faBa. Adapted from Ref. Bwith permissionfrom the American
Chemical Sodig.

1.2.3Summary of asymmetri§2,3]-Wittig rearrangement

Forfour decades, ltemists havavitnessedattemptsat the development ohew efficient
asymmetricmethods to conduc{2,3]-Wittig rearrangementThe eported asymmetric
catalyticreactionshave several advantagesmpared to previouapproachesReactions
can be carried ouin an operationally simple setyjas they do notrequire completely
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anhydrous conditionsr low reaction temperaturesMoreover, stoichiometricamounts

of strongbases such amBuLiand LDA or chiral auxiliariesd ligandsare notrequired

However, the substrate scop the reported exampleis ratherlimited and there is still
room forimprovement.

1.3 The applications ohsymmetric[2,3]-Wittig rearrangement in
natural product synthesis

The[2,3]-Wittig rearrangement has foundide use in total synthesfer several reasons
This transformationis known for its abilityto construct quaternarnstereccenters thus
making it possiblego introduce chirality intoa molecule Also,alcohol and alkene
functionalities are good starting poistfor further transformations® There are
numerous examples of applications of the [2yBjttig rearrangement in natural product
synthesisAn asymmetric transmission scommonly used proceswhere strong bases
are employedvithout the use ofanyother chirality-inducingreagens. Thechirality ofa
substrate is completely and spécally trangerred to two newly formed chiral centers
andaproduct isobtainedwith the sameenantiomeric excess as the starting compodind.
One of the firsiapplicatiors of this methodology waslescribedfor the stereocontrolled
synthesis ofsteroid side chams, which are valuable precursorsfor several steroids
(Scheme 14).32 However, the number of asymmetric [2,3]-Wittig rearrangement
methods starting from achiral substragés limited. The followingsectionsgive a short
overview d the synthesis of natural producendintermediatesemploying asymmetric
[2,3]-Wittig rearrangement.

OH

Q&B e )
HO
/ — o .
/———SiMes 1) nBuLi
e} —_—

2) TBAF

Schemel4. Synthesis okteroid side chains via [2;8Yittig rearrangement.

1.3.1Theuseof chiral bases

One of thefirst applicationsof asymmetric [2,3Wittig rearrangementfor natural
productsynthesis wamentionedin theprevious chapte(Schemel5).17:1833n 1987 the
Marshallgroup developeda methodfor the asymmetricsynthesis of(+)aristolactone
22, which is a member of thgermacanolideclass okesquiterpenes’ The [2,3]Wittig
rearranggement of a 13membered propargylic allyl ethex0in the presence of a chiral
lithium amide X provided the rearranged product21 in good yield andmoderate
selectivity Theobtainedhomoallylalcohol21 wasconvertedto (+)aristolactone22 over
four stepsin 8%yield.
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(31 eq 4 steps /L
/\
THF
21

-70 > -15°C

45 min, N, yield 82% (+)-aristolactone
ee 70%

yield 8% over 4 steps

Schemélb. Total synthesis of (4gristolactone22.

1.3.2Theuseof chiralligands

Nakaiet al.investigated an enantioselective [2;@]ittig rearrangementvhich proceeds
through the formation of achiral boron ester enolateand its possible applicatior?4.
Generated in situ from BBend a bissulfonamide controller ligand (L*thiral boron
reagentXlcreatesan enolate terminus with the substrate arfecilitates rearrangement
smoothly to provideh-hydroxyester 25 in very high enantioselectivity and good
diastereoselectivity $chemel6). The authors claimed that this approaglasthe first
example of an enantioselective [2;8]ittig rearrangement of the ester enolate
The applicability of the methodology was demonstrated for theynthesis of
(epi)brefeldin C intermediate26 starting with a commercially available este23.
Brefeldin C is a fungal metabolite and a biosynthetic precursor of brefeldirhigh is
known for its antibacterial properties. The intermediéé wasobtainedover 12 steps
with atotal yield of 4% showing excellent selectivities in the rearrangement step. Thus,
the developed method showed its potential in natural product synthesis.

X1 (1.3 eq) OH
o 6steps EtsN (1.5 eq) L*,B0O 'j 5 steps
p—— /.,COZMe E—— q /_;_< CO,Me ——
CO,Me o DCM o OMe
3 24 -50°C,2h 25
yield 54%
ee 98%
OH
H OH H (0] |:| QH 0
S S s 5 = (0] B Z 0
X R
™S 7 Z
26 : H
4-epibrefeldin C (+)-brefeldin C

yield 4% over 12 steps

Schemel6. Formalsynthesis of (epi)brefeldin. C

In 2003, the Tsubukiresearch groupreported an enantioselective [2,3)Vittig
rearrangement whichmakes it possibléo constructnew stereogenic centerst the
second and thirgosition of furanocyclic diterpenes kallolide and pinnatin Acheme
17).3% Kallolide A hasinti-inflammatory propertiesand pinnatin Aexhibits anti-tumor
activity. [2,3}Wittig rearrangement was investigated dB-(and @)-cyclic furfurylethers
27, whichwere treated withtBulLi in the presence of chiral bis(oxazoline) ligaxts
The homoallyl alcohol28a and 28b formed in 61%ee and 93%ee, respectively.
Although, he final synthesis of kallolide A and pinnatin was not reported inthe
publication the publishedwork expands thesynthetic methodology of asymmetric
furanocyclic diterpenes.
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L Xllb (1.5 eq) X L Xlla (1.5 eq)
20H  (BuLi (6.6 eq) fBuLi (6.6 eq)

-— B ———
3"1,[/ Hexane, -78 °C Hexane, -78 °C
1h, Ar 1h, Ar
(E)-27a
28b, from (Z)-27b (2)-27b 28a, from (E)-27a
yield 19% yield 32%
ee 93% ee 61%

N N

R R
Xlla: R = jPr
Xlib: R" = tBu

T

O pinnatin A o kallolide A

Schemel?. Synthes of kallolide A and pinnatin A intermedia®

The Maezakiresearch group has published sevemlccessfulexamples of the
[2,3]-Wittig rearrangement of allyl benzyl ethdrsthe presence o chiral bis(oxazoline)
ligand X111223637 Promising results encouraged the authors to test the capability of the
methodology forthe total synthesisof (+)}eupomatilone 1, 2 and 55¢hemel8).38:39
Eupomatilones31 belong to a lignan group and are found the Australian shrub
Eupomatia bennettii[2,3}Wittig rearrangement was applied to introduce chirality into
the lactone fragment. Despite the use of highly substituted benzyl etl?9s
the rearrangemenproceededsmoothly and the homoallyl alcohd®® were obtained in
high yields and selectivitiehe final product81 were obtained oveffive or sixsteps
with overall yield of 250%.

TIPSO = L XIIl (1 eq)
OR’ nBuLi (5 eq)

2 steps
iS¢ W= =
R% O OR? Hexane:Et,0 (4:1)
-78 °C, 2-8 h, Ar
RYO OMe
RS
29a: R' = R?=R3=R* = Me, R® = OMe 30a: yield 98%, ee 89%
29b: R' = R?= Me, R¥R* = CH,, R®=H 30b: yield 74%, ee 91%

29¢: R/R? = CHy, R% = R* = Me, R® = OMe 30c: yield 54%, ee 88%

OMe OMe OMe
31a: (+)-eupomatilone 2 31b: (+)-eupomatilone 5 31c: (+)-eupomatilone 1
ee 89% ee 91% ee 88%

Schemel8. Total synthesis of eupomatilones 1, 2 and 5.
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In 202Q Fenget al. demonstrated a rear exampleof an asymmetric catalytic
[2,3]-Wittig rearrangemento accesghe 2,5dihydrofuran structural motithat can be
found in several natural product®.In this publication, the asymmetrigynthesis othe
basic keleton of cryptoresinol32 is presented(Schemel9). Qryptoresinolis atype of
norlignan,which has been used intraditional medicine*® Therearrangement product
19a was obtained by a kinetic resolution of propargyloxy malonatei8a and was
discussed in the previous chapt@chemel3). The2,5dihydrofuranderivative32 was
synthesized over three steps from the propargyloxy malonatedl8a in total yield
of 21% and excellent eantiomeric purity Despitethe moderate diastereoselectity,
the diastereomersvere chromatographically separable.

Ph L IX/Ni(ClOy4),* 6H,0 MeO,C, :\
MeO.C. o, F (1:1, 10 mol%) MeO,C—y o _Bn  2steps
2 OH Y p—
MeO,C  Bn EtsN (1.2 eq) 19a
(£)-18a EtOAc, 50 °C, 6 days yield 48%
ee 96%
OH

Bn,,

A\
O o [@G

O~ N\/\\\N (0]
CH,OH — ) 3 R

NSO oy, N
32 O o~ ~CHzOH R H H R
yield 21% over 3 steps HO IX R =24,6-PrsCgH,

dr1:1.6 cryptoresinol
ee 92%/97%

Schemel9. Asymmetric synthesis of thmasic skeletoof cryptoresinoB2.

1.3.3Theuseof chiral auxiliary groups

TheEndergesearch groufnave remrted severalsuccessful examples tife [2,3]-Wittig
rearrangement ofthiral SAERydrazonessynthesized from allyloxy ketones anbiral
auxiliaries*<* Theauthors continued their studgf the total synthesis of{-oudemansin
A, which exhibits strong antifungal activity® In a subsequentpublication the formal
synthesis of (+fonagenin was investigatedvhich hasshown its activity asan
immunomodulator andas an anti-tumor agent#® The synhesis of botharget molecules
started with the preparation of achiral SAEP hydrazorg from Weinreb amide33,
followed by [2,3]-rearrangementfor chirality insertion (Scheme 20). Despite the
excellentyield of the rearrangement, the main drawbacks of the methodgloare
attachment and cleavage @f chiral auxiliarythat add two extra steps to the reaction
sequence.(-)-Oudemansin A37a was obtained over 10 stepand the precursor of
(+)}conagenin 37b over 12 steps, with overall yields of 120% and in excellent
enantiomeric purites
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Et Et
Et Et

Meo/[f Meo/lf.
/3 1. LDA (2.5 eq) /3

o N/N THF: DMPU (5:1) N/N

2 steps -78°C,22h H
\/\/O\)LN/O\ pr— \/\/OQkH —_— X . H
33 \ 34 2. NH,CI 35 OH

/ oo

-0 H :
3 steps M 7 steps \/\/CN 5 steps Meow Ph
OH=— 5
MeO,C OMe

D oR —>

OBn OBn 36a: R = Me

OI;L) OH . ° 37b 36b: R = Bn 37a: (-)-oudemansin A
-conagenin
yield 19% over 12 steps yield 20% over 10 steps
ee 91% ee > 98%

Scheme?0. Total synthesis df)-oudemansin B7aand formal synthesis of (€pnagenin.

In 2009, Let al. developed a approachfor the synthesi®f unsaturated lactoned0
from an ester 38 bearing a chiral auxiliary:he methodologywas appliedfor the total
synthesis of+)-eldanolide41 (Scheme21).#” (+}Eldanolideis an attractant pheromone
producedby a male African sugastem borer. The reactionsequence stad with the
[2,3]-Wittig rearrangemenbf the ester38, leading to the formatiorof alithium alkoxide
39. The chiral auxiliarys then cleavedupon hydrolysisand the formed intermediate
cyclizesto an unsaturated lactondO. (+)}-Eldanolidet1 wasfurther obtainedin two steps
from the unsaturated lactonelOin very high enatiomeric purity.

Scheme2l. Total synthesis of (+¢ldanolide4 1.

1.3.4Summary of the applicationsf asymmetric [2,3]Wittig rearrangement in
natural product synthesis

Several asymmetrimethodshave been applied fahe synthesi®f natural products, e.g
the use of biral bases, ligands and auxiliary groupgtprisingly, th@umber of examples
is rather limited, especially considerirfzpw longasymmetric methods have beersed.
Despite that asymmetric rearrangemeritas beensuccessfullappliedfor several types
of substrates: cyclic, aliphatic and highly substituted onéence [2,3}Wittig
rearrangement has proveto be avaluablemethod for chirality insertionto complex
organic moleculesSo farorganocatalytic methodeavenot beenusedin total synthesis
and, thus research @ asymmetricorganocatalyic methodsis highlyimportant.
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