Asymmetric Palladium(0)-Catalyzed C(sp)-H

Arylation and Natural Product Synthesis

Inauguraldissertation

zur
Erlangung der Wirde eines Doktors der Philosophie
vorgelegt der
PhilosophisckiNaturwissenschaftlichen Fakultat

der Universitat Basel

von
Romain Melot

Aus Frankreich

BASEL, 20

Originaldokument gespeichert auf dem Dokumentenserver der Universitat Basel

edoc.unibas.ch






Genehmigt von der Philosophistlaturwissenschaftlichen Fakultat

auf Antrag von

Prof. Dr. Olivier BAUDOIN

Prof. Dr. NicolaiCRAMER

Basel, derl5. October 2019

Prof. Dr. Martin Spiess






Acknowledgments

First, | would like to thank Prof. Dr. Olivier Baudoiwho gave me the opportunity to join
his research group four yeargowhen he got his positian Basel.l am really thankfufor the
fruitful discussiols that we had togeth@ndfor theknowledgethat Ihavelearned during these
years | am gratefufor the confidenceéhatheplacal in meto condud¢ my research anfibr his

supportwhen | was looking for postdoctoral position.

| also thank Prof. Dr. Nicolai Cramésr accepting to c@&xaminate my thesis and Prof. Dr.

Denis Gillingham for chairing theh.D. defense.

Jetiensaremercietre s membr es du ¢gena0djppeumgnurastejorldque r ej o0
nous étions encore a Lyat qui pour certais, étaent queluesmois, voire annéesa Bale
€galement Tout dbéabord Al exidsrantmorestage denasteypooréaa v o i r
grande humanité epour tous les conseilgjue tu md adenné& professionnellement et
personnellemen 6 esp re que ton tout nouveau poste
meilleura toi etta petite familleMerci Greg pourd bienveillancgeta gentillesse éés précieux
conseils, joai r ar e me n David, ditpatihpbulet dnsgeamét@rnug u 6 a v e
étais toujours la quand un problésegprésentaiau laboratoire et tu avais toujours une solution
pour le résoudre | 0 ai beauc oupPnasrgvallé tasl engemislau éabo’et tt o |
étais toujours prét a aller manger un Maapoés. Merci Titouon a bierprofité ensemble, au
Pasoonabien bu, ejenecomptepdse nombr e de part i esaensetigle.bi | | a
Aller se détendre au bord du Rhind ®t ai t une b &trégaeemeatarterciypaut ® a u
toutes ces di s esessenbleansujetgell®vielowds fa sceermt@our tout
le reste Merci Stéphanietu étais toujourpartantepour sortir et faire quelque chose et on a
bien rigol ®. M epasbeaucdupevihmajs tu daisaigartie de 18 landeEt
merci aux autres membredu groupede Lyon, KeF e n g , Maria et enfin 1
travaillé pour mon premier projet de thése.

Je tiens également a remerciegs collegues de Bale. Merci Damitit boulangerpn a bossé
plus de trois ansdtes a 6tesaulaboeain s 6est bi en anscE@®f on adksb
bien engeulé aussima i s i | noéy av ai.tktqgsaumede ls medlexr pouRta h a n ¢
fin de théseMerci Yannet Dianapourtous les bons momersasut our doéune bi re
et pourvotre convivialité Thank you, Marcus working with youfor one year waseally



enjoyable | will never forget howunfailingly kind youwere with everyonelhank you, Marco,

| hope that couldtransmitto youagood knowledgef the chemistry of our grouguringyour

master and the beginning of ydah.D. | wish you the best for the future and | hope that our
projectwill continue well.Merci Antonin pourtagentillesseet ta bonne humeur,6 aur ai s ai
passeun peu plus de temps a travailvec toi.Thanksto all the othermentbers of the group

Weilong, Nadjg ShuMin, etcandgood luck for the new members, TakeBigania, Anton
andOleksandr

Thanks tothe studentsvho worked with me during their wahlpraktikum or master thesis
Caspar, Anika andMarco. You have donea great job, | hope thdt have beem good

supervisor.

Merci énormémenaix gensqui ont consacré du temgslarelectureet a lacorrection de
cette thése, Titou, David (petit poulet)enfin merci spécialement Ravid (boulangerpour

sontenps etsa patience devant mon anglais discutable

Merci @ mes amisug ont toujours étéa, Pierick et Aurélien, jenevous aipas beaucoupu
durantcegjuatreanset j 6en sui s d®s ol l@cée: MdllauwneBériénide,o ut e |
Sarah, CyrilleBibi,c 6 est touj ours un pl aiUsdmentionespégates s e r
pour Ludoet Jessiceguand je viens chemus vousm6 a ¢ cat eoiuljloaur s comme s
la famille et jevous enremercie De plus grace a vous je connais le bonhéufetparrain et
tonton par adoption de deux merveillesigetitesfilles.

Merciakxgens gque jsénahemiyymesicollegugdré® UT ~ Gudlsumey - o n ,

Yvain, Simon, Geoffrog Mes colléguesle mastea Lyon, Nicolas,Sofiane Elsa, Ludé

Je voudrais remercier trés chaleureusement ma famille. Merci manmemntoujour$a pour
moi et tum & aasljours soutenyguek que soient mes choix Merci a mon frereNico etsa
femmeFanny,vous étes toujourda pour moiet je ne peux compter tous lesstos et ban
momensq u e | 6 csansemblgMarsi & Maxime et Louis, mes deux merveilleux neveux,
jend ai p aspoudveus dire & quel point je vous ainMerci & mon fréreFredpources
partiesde péchet de d®t ent @i avaCkligauBisoudaanon névewakelvin,
tugrandsbienviteet j 6ai mer ai s avoi r [Eteofs merapapgedreis
apprisatravailler avec toet ane pasoublied 6 0% j. e Vvi ens

Jbai merais r ememaidj er nel wse uke p@Eesquand@dgés ndr e s

Merci a vous touguiavezf or g® | a personne que je suis auj









Asymmetric Palladium(0)-Catalyzed C(sp)-H Arylation and
Natural Product Synthesis
Abstract

Over the last decade§(sp’)-H activation has emerged as awaoful tool for building
structural complexity in a steconomicamannerin this contextpur group developediverse
methodologiesand appliedhemto the synthesis of natural products,dsive molecules and

valuable building blocks.

More recently, our grougas attractedas othergby the development of asymmetric verson
of such reactiondn thisregard the synthesisf enantioenriched indanes througkymmetric
palladiumcatalyzed C(sp-H arylationwas describedsinga chiral binepindigandfor chiral
induction.This workmotivated us to develagtherasymmetric reactiorsnd appy themto the

synthesis of interesting compounds.

In this optic, we firstinvestigatel the use of ahiral anionasan alternativeo theclassic
approach using chiral NHC or phosphorylated ligaddss led tothe development of a new
methodology for the synthesis @fantioenriched indolines.

We therelaboratd a divergenasynmetricsynthesis of three (nor)illudalanes sesquiterpenes
using C(sp)-H arylation as the key stepwhich demonstrate the potential of such
transformatios to access chiral natural products.

Finally, we are actually developing a new methodoldgy the asymmetric C(SpH
arylation of unactivated meglene positions to prepasaluable indanes related to potential
natural product targets.

Keywords: C-H functionalization, GH activation,asymmetriccatalysis, palladium, total

synthesisindolines, inénes
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1. General I ntroduction

1.1.From the Concept of Chirality in Chemistry to Asymmetric
Synthesis

1.1.1.Early History of Chira lity in Chemistry

The history ofchirality in Chemistrybegan inthe nineteenth centurwith the discovery of
the rotation oflinearly polarized lightThe French physicist.B. D. Arago observed in 1811
that quartzaninduce tlis rotation.! Few years latetin 1820, the English astronomer SiiFJ
W. Herschebbserved that quartz cadopt crystalline structurdisat are mirror images of each
other? When linealy polarized lightpasseshroughthose two types of quartan equal amount
of rotationis measuredbut in opposite directian In the meantime in 1815, J. B. Biot
discoveedthat certain liquid and vaporsf organic substanseanrotate the axis of polarized
light as well® This wasfirst observedor oil of turpentine, andghenfor plenty of othediquids

like sugas or tartaric acigolutions

Later,L. Pasteumadea discoveryhich is considered as the foundation of stereochenfistry
Beforehe beganhis experiments on this subject, it walseadywell-known that tartaric acid
was optically active and dextotatoryin solution. Neverthelesgn isomericcompound of
tartaric aciddiscovered during the production of natuattaric acigdland called at that time
paratartaric aciddid notshow the same optical activiti. Pasteur observetthat crystals of
sodium ammonium paratartrgieesent two distinatructureswhich aremirror images of each
other.In solution, hose two types of crystajgresentanequal optical activitybut in opposite
directiors. L. Pasteur proposed thatrtaric acidshouldexist in twochiralforms andconcluded

thatparatartaric acid ian equimolar mixture #reof

J H.van 6t °ahktloJf A Le Bef,in 1874, proposed thateloptical activityof organic
compoundsnay be linkedto a terahedal geometryof carbon atoms. Indeed the 4 atoms
linked to a carbomre different theobtaired tetrahedron can exist iwo differentstructurs,
mirror images of each otherLater, A. Wernersimilarly proposed an octahedi@rangement
for metal complexeshowingoptical activity’

Since these important discoverighe chemistry communitydisclosed thatmolecular
chirality plays a key rolein science and technologfwo enantiomers @an have extremely

different propertiedjke flavor or odor for examplelue to chiral recognitiaf® Unfortunately,
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General Introduction

these differencesanas well transforna useful duginto a terrible poisoA? 2 In regard of the
importance otchiral moleculesthe field of asymmetric synthedmsbecome a fundamental
topic in research and chemidtsve now been workingntensively since decademn the

development oéffective ways to control stereochemistry.
1.1.2.Asymmetric Synthesis

Since the beginning of thdwentieth century researcherfave developedmany smart
strategies tasolate orprepare enantioenriched compoundke first ore, introduced byi.
Pasteuyis the isolation of enantioenriched crystals from a racemic mittlités method is
called spontaneous resolutioBesidesheimportant reults that tis method gave ithe early
ageof asymmetric chemistryhis type of resolutioms only possibldor a reducd number of
compaunds Later,chemists found that resolution of racensagealso possible by formation of
ionic or covalenbond with anenantiopure substancasuallyan abundanhatural molecule.
The formed diastereomeric mixturean then be separated via crystallization or
chromatography, arttieintroducecbond cleaved tceleasehe enantioenriched produ@This
method is still broadly usemhdconvenienbn large scale for separatibg crystallization but
not general* More recentlya lot of effortshave beemadeto directly separatenantiomers
by chromatographysing a chiral sttionary phase. Titiis now the method of choice ftime
anaysis of enantiomeric mixtusd® However,the separation oEnantiomers via thisvay is

generallylimited to small amourstof material.

A more synth#c approactior thepreparation of enantioenriched composiodnsissin the
use ofnaturaly abundantchiral moleculegchiral pool)and further modificatiogivia known
synthetic method¥. This strategy proved to heseful butcannotbe appliedto everysynthetic
problem Hence,chemiss developed methdologiesusing chiral reagents or chiral auxiles
as newways to prepare enantioenriched compoufidihese synthetic toolfiave bemme
highly popularand are now part of tHenowledge that every synthetic chemist shcwdddle.
Neverthelessnajordrawbacks osuch methods atbe stochiometric use a chiral molecule
or the additionakteps required fanstallation and remat of anauxiliary. For thesereasos,
organic chemists tued their attentionto asymmetric catalysis aan alternative to other
methods.Theoretically asymmetric catalysiss anideal solution for synthesizing optici}

active compoundby chirality multiplication using small amowwf homemade catalyst”!®

18



General Introduction

1.2. Asymmetric Catalysis
1.2.1.Fundamentals

Catalysiconsissin increasing the rate of a reactiopaddition of a small amount of catalyst
regenerated in the end of the reaction witmatlification of theoverallstandardsibbs energ.
In asymmetric catalysishe objective is to tune carefullychiralcatalyst tanduceanenergy
differentiationin diastereomeritransition state(prochiral substrateatalystcomplex)(Figure
1.1, left). This differentiation isnducedby the combination of both an ideareedimensional
arrangementand a suitable kinetic. The enantioselectivity of a catalyzed reaction is
exponentially relatedo thefree energyof activation differencecpd®’) (Figure 1.1, right).
Besides careful control of the enantietermining stepthe catayst mustbe well-designed to

allow all otherstepsof the catalytic cyclg®?°

Energy
~

TSx

o

at-78°C

@Y (kcal.mof?)
ol

Plot based on

at 25°C
41 e.r. = dP®RD

at 100°C

Pr Ps

. - 50 60 70 80 90 100
Reaction coordinate enantiomeric ratio (e.r.

Figure 1.1. Lefti simplifiedprofile of anasymmetric catalysl reaction(one step)Righti free energyf
activationas afunction oftheenantiomeric ratio at different temperatures

Relatively tooverall activationbarriersor individual bondenerges?* the valuesof g @’
necessary to achieve high enantioselectivaressmal(Figure 1.1, right). Nevertheless, such
differertiations are difficult to achieveand requirea preciseidentification of the involved

interactions.

Despitethe fact that manpeautiful examples agnantioselectiveeactionscan be foundn
bio- or orgarocatalysisthis introduction will be focused on metahsedasymmetric catalysis
for the sake of carnisenessThe use of aatalystbased on theombirmation of a metalith
chiral ligandsconstitutea powerful strateg Indeed the flexibility of such systemis broad.
The range ofavailablemetak with their different properties combinedith the variety of
possible chiral ligandsallows a considerablenumber of possibilities. This explairs the

popularity of this field sincéhe middle of thetwentieth century.
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General Introduction

1.2.2.Major Contribution s

Despite early examples of asymmetriathegsof polymersby Natta inthesixties, the first
example osymmetric organometallic catalysiasthe cyclopropanation of alkenes described
by H. Nozaki, R. Noyori et al.in 196622 Although only low enantioselectivityvas achieved
(6% eg using aSalencopper catalystSchemel.l), this result initiated further investigation
in this field. Sincethis decadethe area of asymmetric cataly$ias never stqgedgrowing
(Figure 1.2).

CO.Et 1.5 (1 mol%)
Ph/\ + f _>Ph/A + “‘A

N, ““CO,Et  Ph ““C0O,Et
11 12 13 1.4

major minor
Ph 6% ee 10% ee

Schemel.1l. Seminal worlon coppefcatalyzed asymmetric cyclopropanation

[N
N
o
o

Publications
[
o
o
o

800 A

600 -

400 4

200 A

0 4
1960 1970 1980 1990 2000 2010 yeqrs

Figure 1.2. ScFinder® resulss for asymmetric catalysis publicatiors per year

Asymmetric hydrogenatioms certainly one of thesubjectsthat impaoctd the mostthis
domain thanks to theextensive work oR. Noyori, W. S. Knowles,H. Kaganand otherg3
Indeed,the developmenbf Cx-symmetricaldiphosphindigands like DIOP (Schemel.2b),
which was introduced by Kagaff was a great advancemeand inspirationto induce
effectivdy enantioselectivityThis early age of asymmetric hydrogenatomtminatedin 1975
with the famous Monsanto process fedbpa?® Knowlesdevelopedhe hydrogenation dof.9
with rhodiumandDIPAMP with excellent enantioselectiyi{Schemel.2a). This was the first

industrialapplication ofasymmetric synthesiandthe first milestonen this field

Another major contributaio the popularity of asymmetrimethodologiess K. B.Sharpless

His work on thefunctionalization of olefins is now part of the classics in enantioselective

20



General Introduction

synthesis.In 1980, he developedhe asymmetric epoxidation of allylic alcoBolusing a
combination otitanium aml tartrateestes.?® This method proved to deoadly applicablend
predictable with a simple modelespite anon-obvious enantiodetermining dititanium
transitionstate Moreover, enantioselectivelihydroxylatiorf’” and amindydroxylatiort® are

alsoimportantpars of his legacy targarnc chemistry

(a) o

MeO I Ac,0 MeO - C02H Rh,,_ CO,H
+ AcHN" CoH —> AHA A
(o
AcO

HO
1.6 1.7 1.8 1.9 1.10

H;0*
@ Q w@ |
Ol ! Pap HO COH
LGN S A AT K

1.1

112 113 1.14 145 (L)-DOPA
28% ee (R)-PAMP (R)-CAMP (R,R)-DIPAMP
SM : cat* 58% ee 90% ee 95% ee
3000:1 SM : cat* SM : cat* SM : cat*
3000:1 3000:1 20000:1

b,
"’ e
° PPh; Q PPh, Q
>< Fe PPh = / P P
0", _-PPh; : Ph,P  PPh, PPh, CK
@Pphz OO

1.16 1.17 1.18 1.19 1.20
(R,R)-DIOP (R,S)-BPPFA (S,S)-Chiraphos (R)-BINAP (S,S)-Me-DuPhos
Kagan - 1971 Kumada - 1976 Bosnich - 1977 Noyori - 1980 Burk - 1991

Schemel.2. (a) Synthesis of IDOPA by Knowles and Misanta (b) Examples of other diphosphine ligands.

The developmentin 198, of BINAP (Scheme1.2b) by R. Noyorf® is also another
breakthrough in this history. The combination of this ligand witheniun gave impressive
results in thehydrogenation of unsaturated subssateich asalkenes or carbonyls.
Additionally, BINAP with rhodium allowed the effectivasomerizationof allyl amines to
enamina. For instance, ik found an industrial application in tieynthesis of {-menthol
(Schemel.3), known aghe Takasago proceg$>

Li, NEt, )\/\)\/\ [Rh((S)-BINAP)]* )\/\/'\/\
)\/\/”\/ NEt, NEt, =

1.21 1.22 123 -

1.24
(-)-menthol

OH

Schemel.3. Takasago process ftheindustrial synthesis of-menthol

Therearemany otherexcellent chemists who contributed to thatoriety of this field and
that should be cited her&s examples, B. M. Trost, E. N. Jacobsen, H. Yamamoto, M.

Shibasaki, D. MacMillanor A. Pfaliz and hs work onthe development of neligandclasses
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such assemicorirs, bisoxazolinesor PHOX3132 All the work done bythose giantsof
asymmetric catalysisonstitutedsolid foundationsand an inspirationfor our conempaary

research.
1.3.Metal-Catalyzed C-H Bond Functionalization

1.3.1.Generalities

Thedirectfunctionalization of @GH bondsis one of the longtanding objectivein organic
synthesislindeed,C-H bondsare themost commorbondsfound inorganic materia Direct
functionalization of this type of bonds would avoid classical functional growgmipulatiors
andbring to more atoreconomical process Mostreactions developed in organic synthesis
take advantagef polarized or polarizableeactivebonds.In contrastaliphaticor aromaticC-
H bonds aréntrinsically stabledue totheir low polarizationand strongd-bond character®
Nevertheless, the cleavage of such bomdslkanes or arenes commoty used since
thousands ofyears to generate energy \@ambustion.Even in organic synthesis;adical
cleavage carbene insertion anetalation withstrongly basic reagentsve beenknown for a
long time.Thus,the challenge ithe development of reactions for& bondfunctionalization
is to conduct thisypeof transformatios selectively Theselectivity ofthepreviousy enounced
transformatios can be predictethanksto electronic or steriéactors However, selectivity
becomes &hallengewhena nonreactiveC-H bondmustbe functionalizedpreferentiallyto
anothemor when multiple reactive €l bonds are preser@nesolution found tesolvethisissue
was to use a preinstakd functional group to selectivelygeneratea reactive specge This
reactive speci@will then reactwith a close GH bond for further functionalizatiotf *¢ This
strategy was usefbr radical shift and carbene intramoleculaHOnsertion Moreover,such
methodswere successfullyapplied in total synthesi®3 Over the time, ratatcatalyss has
emergedas an elegargolution andtoolbox for C-H functionalization Different reactiviies
were observed arfdrther developetb promoteawide range of transformatia?®

1.3.2.Classification

Metalcatalyzed @H functionalization can be divided tm five major groups 1) C-H
oxidation;2) C-H insertion 3) G-H oxidative addition; 4L-H activation 5) G-bond metathesis
The firsttwo involve anoutersphere coordination mechaniswithout formation ofacarbon
metal bondput only via coordinatiorof the oxo-metal orcatbenoid/nitrenoiemetal species.

The lasthreeimply an innersphere coordination mechanism, with formatioa oarboAmetal
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bond generated via direct oxidative adutitiC-H activationor G-bond metathesié€Scheme
1.4) 3940

[m]

active
species
formation

X M] [M]=X

L
A7t K=K

m]

C-H oxidative addition
C-H activation C-H insertion

o-bond metathesis C-H oxidation

Inner-sphere coordination mechanism Outer-sphere coordination mechanism

Schemel.4. Different groupf metal catalyzed <€l functionalization

Thesedifferent types of C-H functionalizationpossessheir ownparticularities, advantage
and drawbackdue todistinct mechanisma and related interactiontn the next part, we will
discusgthe application of these different strategiesasymmetricC(sp’)-H functionalization
Moreover we will focus onenantioselective metahtalyzed C(sp)-H functionalization
reactions in whichthe generatedstereocenteresuls from the C(sp’)-H bond cleavage
exclusively Therefore diastereoselective reactmn C(sp)-H functionalization and
enantioselective reactismelying onanother enantialeterminng stepwill not be discussed

1.4. Asymmetric Metal-Catalyzed GH Functionalization

1.4.1.Generalities

In asymmetric catalyzed C@EpgH functionalizationthe generation of chiral censaran be
divided irto threecategorie$*?First, the desymmetrization @(sp’)-H bonds located on two
enantiotopic carbonsgn this casethe obtained stereocentecigatedn an adjacent positicio
the activated site&Secondlythe desymmetrization dfietwo enantiotopic hydrogestomsof a
methylene positionwith generation of the chiral center direclijthe activated siteThe last
one consiss in the resolution of a racemimixture. This third categorycontainsonly few
exampleghatcan bedivided in three subcategorids the cae of re kinetic resolutiononly
oneenantiomenf the racemic starting materialfisnctionalizedand the other enantiomean
berecovereanantioenriched and unchang8econdly, paallel kinetic resolution, where both
enantiomers reatd form two different enantioenriched prodyasdfinally, dynamic kinetic

resolution,where the racemic mixture is transformectdy one enantiomeAt the time this
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mantuscript was written and tthe best of our knowledgherewas no reported example of
dynamic kinetic resolutionorresponding to the criteria of this introduct{@chemel.5).

H\)\/H C-H functionalization H\)*\/X Desymmetrization of C-H bonds
A A on enantiotopic carbons
R? R?
R" " C.H functionalizati R!
)\ - functlonafization ){ Desymmetrization of enantiotopic C-H bonds
H”: > H HT 2 x on methylene positions
R? R?
R! . R! R! R!
H C-H functionalization Kinetic
Rr3%: H iwp3 R3": g3 Resolution
R? : R? R? R?
racemic mixture
. R! R'
C-H functionalization Parallel
J:*\/X + Y\):\ Kinetic
R¥ = YR®  Resolution
R R
1
C-H functionalization R Dynamic
J:*\/X Kinetic
R® ';2 Resolution

Schemel.5. Different categories aisymmetric C(sP-H functionalizatiorreactions

1.4.2.C(sp?)-H Oxidation

C-H oxidationis a biomimetic approach for-B functionalization Indeed this strategy is
directly inspired frormaturaly occuring metalloenzymethat catalyze €4 oxidation There
aremany examples of metalloenzymedsle tooxidize C-H bonds with an impressive level of
cheme and enantioselectivitfSchemel.6).*¥4° Thus, it is notsurprisingthat chemistsook

the opportunityto reproduceghose propertie® build new synthetic toof¥.

; H

Cyt P450 BM-3 A& : HG

yt P45 - & H
)\/Hs\ . Rieske Oxygenase T)\«(‘
: N
1.26 :
. H,0 M 0
' Asp:. ' 4OwpzO
0,, NADPH : .
2 : His” | \OZ/\COZ' 0, 1.29
H His HO
BiH/H\ : 1.28 Hal
~ U‘ﬁ“
1.27 : N
83% ee : I S
: 1.30
Cys P4H
Cys= s H,0 o
S~p,-His Hisn.., | w0, 132H
N - \°>_As" 0,, NADH

H
1.33

92% ee

Schemel.6. Examples o€-H oxidation bymetalloengmes
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C-H oxidation occus via an ougr-sphere mechanisecomposed ofwo major stepsFirst, a
hydrogen atom transféHAT) to a metaloxo complexproceed to form a radical pairThen
after a fast O-relinding, the oxidized product is formednantioselectivity in this process
comesfrom both step. Besides the enantioselectivity of the first HAT step, the ratifetime,
and the enantioselectivity of the rebound may have a determining efiettte overall
stereoselectivity of the reactioimdeed, depending on the nature of the radical intermediate,
racemizatiorcan occur prior to reboundir{chemel.7a). Moreover,in this type of systes)
the necessity to usestrong oxidantapable to oxidizaliphatic GH bond inducesthe riskof
possible overoxidation. For this reasasymmetric GH oxidation ofenantiotopic protosiof a
methylene positioms more challenging thatlesymmetrizationindeed, in desymmetrizatipn
overoxidation wuld lead to the correspondingarbonyl with an adacent stereocenter
untouchedSchemel.7b).

(a) r 1#

1 1 1
R *LM=0 ~ R i
)\ | mo k_,k - )\
H R M " 22 H Rebound  HO” )M
”epimerization
| R’
LM—-0] k,}\ — /*\
H R2 H Rebound HO R2 H
(b)
R! “LM=0 R I o
LM=0
L, e A e
H 52 H H 52 OH  destruction R!” “R?
R R of chirality
R! R R!
‘LM=0 N “LM=0 .
H\):\/H - H\J:\/OH - H\):\éo
R2 R2 R2

Schemel.7. (a) General mechanism of-8 oxidation. (b)Overoxidation issue in asymmetrickCoxidation

Selectivity of GH oxidation is contrdéd by the HAT procesanddepend onmany factos.
Moreover structuralproperties play a key role due to radical stabilizatibmwever,selectivity
also deperslon other electronic effectsaand interactionssuch as torsional and ZX¢axial
strains, as well as on the solvent and Lewis acid.t/s&d

The firstexample ofdesymmetrization vi&C-H oxidation was reported by. Katsukiin
1998%° C-H oxidation of tetrahydifuran andetrahydropyran derivativesas reported using
mol% of Mn-salen complet.34andiodosobenzene asochiometrioxidantin chlorobenzene
at -30°C. The orrespondingenantioenriched lactols were isolated4ir61% vyield with82-

90% ee(Schemel.8). Only small amounts obveroxidizedlactoneswere observegrobably
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dueto steric comgestion inthe adjacent positin. T. Katsuki thenappliedthis methodology to
pyrolidineswith abroader scop#’

OH H
134 : . ():\/ 134
m PhIO, Cg¢HsCI O:/\ PhIO, cGHsm ):\/0 : PhIO, CgHsCI O:/\
: 1.39

138 1 36 ; 138 : 1.40
59% yield, 82% ee 41% yield, 89% ee 1 61% yield, 90% ee

Schemel.8. Desymmetrimg C-H oxidation using Mrsalencomplex

Different methodologiesvere developed fathe desymmetrization of indargerivativesto
form the corresponding enantioenriched indanone produis enantioselectiveC-H
overoxidatiorf® For example,Nam and $in prepared enantioenrichegpiroindanong using
catalyst 1.43 with hydrogen peroxide as stochiometric oxidant presence of 2;2
dimethylbutanoic acidDMBA) (Scheme 1.9). This report presentsa highly site and

enantioselective ¢ oxidationunder mild conditionanda low catalystoading®?

(o}
1.43 (0.5 mol%) O :
_— R1 ’ RZ 1
L e e’ /
n DCM/MeCN, -30°C //\\

TfO OTf

1.41 1.42
n=1o0r2 34-94% yield :
67-98% ee H 1.43

Schemel.9. Synthesis adpirocyclic indanones via enantioselectiveH®xidation

Besides other examples adsymmetrization]. Grovesa pioneer irthe field ofasymmetric
C-H oxidation describé the enantioselectivdunctionalization of enantiotopic methylenes
protons His first repors werepublishedn 1989and 199@and present the oxidation loénzylic
positiors using chiral iron pgrhyrin catalyst 1.44%2 Despite moderate yield and
enantioselectivies, a relevant study was done witleuterated ethylbenzemedicating that
HAT is the enantiodetermining step of this proq&shemel.10). Moreover a strong isotope

effectof 6.4 wasaccompanieavith ahigher racemizationateof theunfavored radical.
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1.44 +_0 H
E—
PhlO, DCM - (D)JH Me o
CNgS 1.47
(R)-1.45 mixture of enantiomers
o 1.46 mixture of diasteroisomers

separated by GC and

1.44 analyzed by mass spectroscopy
to determine the amount of each
PhlO, DCM " .
enantiomers formed during

C-H oxidation

Schemel.10. C-H oxidation d enantiopure deuteriusabeled ethylbenzenand analysigspectroscopy, each
enantiomer)

Since tlis discovery asymmetric €H oxidation of benzylic positiahhas beerextensively
studied bydifferent groups. For example, T. Bach desdtitexently the enantioselectivelC
oxidation of 3,4dihydroquinolones using a Mn porphyrin complex. In this case, the
incorporation of a chiral templatable to interact via Hionding with the substraten the
porphyrin ligand was deterniirg to achieve high enantioselectiviiSchemel.11).>3

R1

F H
o Cof's : 1.48 (2 mol%)

HproR
O:;éwyro-s
N N
. H’ '~
CeFs & EEEs—— g b
NH : HN R2  PhlO, DCM S0 ?\
é : R? Mn
: [

: N \
CeFs : 1.49 1.50 : ol
148 : 19-68% yield :
’ : 87-99% ee :

Schemel.11. Asymmetric €H oxidation of 3,4dihydroquinolones

W\

Kinetic resolution isinderrepresented in this fielfhefirst reportwas published by Z. Gross
in 1999 Resolution otertiary alkanes was examinedisingchiral Ru porphyrin complex.53

and 2,6dichloropyridineN-oxide. However, moderate enantiomeric excess wbserved’
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Me 1.53 OH
=, L
ph1)5\1R pcePNo PR\ Me
. benzene/HCI 1.52
44-50% yield
2-28% ee

Schemel.12. Kinetic resolution of ddanesvia C-H oxidation

1.4.3.C(sp?)-H Insertion

AsymmetricC-H insertionis an importanfield in enantioselective €l functionalizatiorr®
7 As for C-H oxidation C-H insertionalso proceedsvia an outeisphere mechanismifter
formation of a metal carbenoid or nitreno@H insertionoccus via a 3-centes transitior
state(Schemel.13a). Due tothe formation of gartial positive charge on the actiedtsite
during GH insertion, this type of transformatios occurs preferatially at carbocation
stabiliang positions However, steric interacti@playacrucialrole as well andhore accessible
C-H bonds are more prone to rea@chemel.13b).

(a)

1
. R [T ki 2 EWG\N,H
H LM ' R H
R?2 ¢hL 1 R *
RZ‘/‘ R * R"“
R®/H — H_ ! - . H
Ao 1Y 4
) 3% R’
4 ) R H
R Ra‘}\H R4 for
R* nitrene
(b)
o ﬁoc H H
-~ O & OO Y X
’e::::’e 26000 24000 2700 1700 1.0 0.66 0.078 0.011
(c)
EWG EWG EWG
R' R2? M=< M=< M=<
Y A H EWG EDG
N, R Q Q.«\Rz
LM ——— m=( CSEDE ptor ptor/accept ptor/donor
N2 2 R? more electrophili il
RZ (/) \W------ philic stabilized
more reactive more selective
(d) .
nitrene
precursor EWG nitrene _ typically EWG-NH, + Phl(OR), via iminoiodane
L'M —— precursor but also azides, N-tosylcarbamates...

Schemel.13. (a) C-H insertion mechanisngb) Relative rate of reactivity in GH insertionwith Riy(DOSP).
(c) Metal carbenoids formatioh type of carbenoidqd) Metal nitrenoids formation

In intramolecular cases, formation ofntembered ringis favoredfor carbenoid and
carbamatenitrenoids, whereas6-membered ring are preferentially formedor sulfamate
nitrenoids. The nature of the employed carbene precussatso determiimg for the observed

reactivityandthe corresponding metal carbenotds be divided ito threegroups: 1acceptor;
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2) acceptofacceptor; 3) acceptor/donor. Acceptor reterelectron withdrawing grougand,
in contrary, donor referto electrondonating grosp Acceptos amplify the electrophilic
characterand the reactivity of carbenoid, whereas donoss stabilize carbemids and improve
their selectivity (Schemel.13c). In the case of carbendadavith two differentsubstituentsup
to two stereocenterarecreated during €1 insertion Therdore, diasteremeric mixture are
formed.Due tothe additionadiastereoselectivitissuesthe outcome of such transformat®n
is more difficult to contralA well-designedcatalystis required to force thapproach of the
substratefrom one selected face of the carbenaidd to control the regioselectivity?®
Neverthelesghis particularityallows theformation of a stereocentezven in the case &@-H

insertion irio a norprochiralposition

In 1990,M. McKervey was the first to repoan enantioselective-8 insertion usinghe
prolinatedirhodium complexRh(S-BSP) (Schemel.14).%° Only onereactionwasdescribed
with high yield and moderateenantioselectivity (90%12% e¢. Nevertheless, this result

broughtinterest for asymmetric carbenoidHCinsertion.

o
N
2 H o Rnys-Bsp),
—_—
DCM
o
tl?en h_laO_H Me
(epimerization)
1.54 1.55
90% yield
~12% ee

wSO,Ph
PhO,S

Schemel.14. First example oAsymmetric carbenoid-E& insertion

Schemel.15. Selected examples of dirhodium catayst carbenoid GH insertion.
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