Asymmetric Photoredox Catalysiswith
Chiral -at-Rhodium Complexes

A DISSERTATION
In

Chemistry

Presented to the Faculties of Philiggsiversitd Marburg in Partial Fulfillment
of the Requirements for the Degree of Doctor of Science

(Dr. rer. nat.)

Jigjia Ma

Anhui, P. R. China

Marburg/Lahn 20&






Die vorliegende Dissertation entstand in der Zeit v@ctober 2014 bis April 2018 am
Fachbereich Chemie der Philippmiversitt Marburgunter der Betreuung von Herrn Prof.

Dr. Eric Meggers.

Vom Fachbereich Chemie der Philippsiversiét Marburg (Hochschulkennziffer: 1180) als

Dissertation am angenommen.
Erstgutachter: Prof. Dr. Eric Meggers
Zweitgutachter: Prof. Dr.Armin Geyer

weitere Mitglieder Prifungskommission Prof. Dr. J&g Sundermeyer

Tag der nindlichen Pifung: 07.08.2018






Acknowledgements

I t réadly agorgeouslife experienceto pursue mydoctoral degreein the Meggers group at
PhilippsUniversitd Marburg | would like to express my deepest gratitude to ywedy who has
helped andupportedne over the past several years.

My sincere appreciatiogoesfirst andforemost to myadvisor Prof. Meggersfor his constant
encouragement arglipervisionover both my MSc and PID. studiesHe has walked me througH al
the stage®f my scientific researchduring pastevenyears His extensive knowledgand dedication
towards scientificresearch have made a gréapact on me as well as thentire group, thereby
triggering me to pursue a@atademicareer in my future.

Next, | am grateful to Prof. Geyer and Prof. Sundermeyerfor referring this thesis and
participating inthe defensecommittee

I would appreciate all of the swesilloguesin the Meggers anddenreichgroups as well as the
collaboratorsfrom the departm& and otheiinstitutes Thanks a lot to Dr. Lilu Zhand)r. Sabrina
Hdbenreich, Ina PinnschmidtMarcel Hemmingand Andrea Tschirchor their kind help. Thanks a lot
to Xiaodong ShenXiao Zhang, Shipeng Lu&iaogiang HuangJiahui Lin and Lifang Zhador their
sparkng inspirationsand helpful cooperation on my researthanks a lot t?Anthony R. Rosaleand
Prof. Olaf Wiest for the computationalinvestigation on theb-C(sp)- H functionalizationproject
Thanks a lot to Dr. Klaus Harm&adostan Riedeand Michael Marschfor the measurement and
analysis of all the singlerystak. Thanks a lot to Dr. Xiulan Xie for the analysis of NMR spectra.
Thanks a lot to Erik Winterling for translating thbstracinto German versiornlhanks a lot to all of
the former groupmembers Haohua Huo, Chuanyong Wang, Yuzheng, Wei MNethalie Nett Jens
Henker Melanie Helms Rajathees RajaratnanCornelia Rittey Markus Dar, Elisabeth Martin
Francisco F&aro de Assigimo Vdker, Thomas CruchteiTabeaMelanie FabeandBo Zhang for
their kind help.Besides,| really apprecia for the help and company from the other current group
members Qi Zhang Jie Qin Yuqgi Tan Zijun Zhou Sabine DuewelYvonne Grel] Yubiao Hong
Chenhao Zhand@homas MietkeTianjiao Cuj Yuanze TangXingwen ZhengandXin Nie.

At last, | would like to appreciate my lovely families and especially my Wwda Zhangfor their
constantsupport and endless encouragement

All the best wishes for my friends and families!






Publications and Poster Presentations

Publications:;

1. J.Ma, J.Lin, L. Zhaqg K. Harms M. Marsch X. Xie, E. Meggers, Synthesis d&-Substituted
a2-Aminobutyric Acid Derivatives via Enantioselective Photoredox Catalygigew. Chem.
Int. Ed.2018 DOI: 10.1002/anie.201804040

2. J.M& X. Zhang, X. Huang, S. Luo, E. Meggereparation o€hiral-at-Metal Catalysts and
Their Use in Asymmetric Photoredox Chemistry Nat Protoc 2018 13, 605. (Q Equal

contribution)

3. J. Mg X. Xie, E. Meggers,Catalytic Asymmetric Synthesis of Fluoroalkgbntaining
Compounds by ThreEomponent Photoredox ChemistGhem. Eur. J2018 24, 259

4. J. Ma A. R. Rosales, X.Huang, K. Harms, R. Riedel, O. Wiest, E. Meggers,
Visible-Light-Activated Asymmetric b-Ci H Functionalization of AccepteBubstituted
Ketones with 1,2Dicarbonyl Compounds]. Am. Chem. So@017, 139, 17245 (featured in
Synfact2018 0157)

5. J. Mg K. Harms, E. Megger&nantioselectivikhodiumRutheniumPhotoredoxCatalysisen
Routeto Chiral 1,2-AminoalcoholsChem. Commur2016 52, 10183

6. J. Ma X. Shen, K. Harms, E. Meggergxpanding theFamily of bisCyclometalated
Chiral-atMetal Rhodium(iii) Catalysts with éBenzothiazoldDerivative Dalton Trans 2016

45, 8320

Poster Presentatim:

20t h European Symposi um o n,P&tenyVaibeLght-Bdueedi st ry
Catalytic Asymmetrid-C(sp’)i H Activation of AcceptorSubstitutecKetones, #-6™ July 2017,

Cologne Germany.






Abstract

Chiral transition metal catalysts in which the chirality exclusively originates freteraogenic
metal centerwitnessa more recentaidvanceand theirexcellent catalytic performance has been
demonstrated throughapplications into diverse enantioselective transformations, especially
visible-light-activatedphotoredox reactionghis thesideals with the synthesis of neliral-atmetal
rhodium Lewis aidl catalysts and their applications in enantioselective photoredox chemistry.

1) Synthesis o& new member of thdnodiumbasedchiral Lewis acid family, namedRhS, with
exclusiveoctahedral centrochiralityhich features thes -configuration (left-handed propellerand
gpconfiguration (right-handed propellerhas beeraccomplishedBoth enantiomerss - and qpRhS
containtwo cyclometalatingb-tert-butyl-2-phenylbenzothiazotein addition to twoexchangdabile
acetonitriles with a hexafluorophosphate counterjowere synthesizedconvenienly through a
chiralauxiliary-mediated strategyComparedwith the previously developedg / -BhO complexes
bearing correspondingenzoxazolg the s / -BhS have been recognized as betthiral Lewis acid
catalysts due to theigher steric congestion dirtec! by the benzothiazole ligands which thelonger
C- S bonds over @O bonds position the stertaulky tertiary butyl groupsloserto the substrate
coordination sitéchapter 3.1)Subsequent|ythe newlydevelopecthiralat-rhodium Lewis acidsvere
applied to visibldight-activatedasymmetrigphotoredoxcatalysis as discussed in chapters3%

2Y)The chir al -Rh&cembmedaviththedphogoredoxatalystiRu(bpy)](PFs). enabled
the visiblelight-activated redox coupling @f-silylalkyl amines with 2acyl imidazoleso afford, after
desilylation, 1,2amincalcohols in yields of 688% and wih high enantioselectivitie®4i 99% ee).
The reaction is proposed to procedd single electron transfer (SET) between tailylamine
(electron donor) and the rhodiuthelated Zacyl imidazole (electron acceptor), followdwy a
stereocontrolled radiciaadical recombinatiofchapter 3.2).

3) A new and simplec ommer ci al |l y avail abl -dfluopbeozl was e d o x
developedto cooperate with the chir@trhodiumL e wi s  a-®RhSdThis gyrergistic catalytic
system permits an enantioselective threemponent photoreactionto provide the
fluoroalkyl-containingproducts under dual-@© bond formatiorwith high enantioselectivities (up to
98% ee) and modest diastereoselectivities (up to 6:1 dr). Excdibestéreoselectivities (up to >38:1:1
dr) for natural chiral compound derivativegre observed.The photoexcited! , -diflNprobenzil is
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proposed to enable thsingle electron oxidatiorof sodium perfluoroalkyl sulfinatesinder the
generation of correspondinmerfluoroalkylradicalswhich are trapped by electraich vinyl ethes to
deliver a-oxy carbonrcentered radals These nucleophilic radical species arevolved in a
subsequent Rhatalyzedradical conjugate additionith acceptoisubstituted alkengghapter 3.3)

4) The single chiraht-rhodiumLewis acidscatalyzed radical conjugaselditionof a-aminoalkyl
radicalswith acceptorsubstituted alkengsrovided the C- C formation productsn good yields @p to
89%) and with excellent enantioselectivitiesip(to 97% ee) under visiblelight-activated
photocatalysfree conditions The a-amino alkyl radicals are gesrated from simple glycine
derivativesupon single electron reduction triggered by the photoreduddamtzsch esterThis
methodology isrecognizedas a practical and versatile avenue to acdbssrse pharmaceuticdy
demanding chiralb-substituted g-aminobutyric acid analogs, includingreviously unaccessible
derivatives containing fluorinated quaternary stereocenfymthetically valuableapplicationsare
demonstrated by providing straightforward access to the pharmaceuticalslated bioactive
communds §-pregabalin, R)-baclofen, R)-rolipram and §-nebracetanfchapter 3.4).

5) Visible-light-activatedenantioselectivé-C(sp))- H functionalization of 2acyl imidazolesand
2-acylpyridines with 1,2licarbonyl compoundsatalyzed by aingle chiralatrhodium Lewis acid
pRhS derivativewasdevelopedThe G C bondformation products are obtained in high yields (up to
99%) and with excellent stereoselectivities (up to >20:Aardf up to >99% eeExperimental and
computationalstudies support a meatiam in which a photoactivatedRh-enolate intermediate
producedthroughthe coordination of an acceptsubstitutedketone to the central rhodium the
presence of basetransfers a single electron to the -tljzarbonyl compound followed by
deprotonationat b position of initial ketoneand a subsequergtereocontrolled radicaibdical
recombination The chiralatrhodium Lewis acids capable ofserving adual functionas a chiral

catalyst and a photoredox (pre)catafgsiapter 3.5).
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Zusammenfassung

Chirale Ubergangsmetallkatalysatoremelche nur achirale Liganden koordinieren unei denen
die Chiralitd des gesamten Komplexes auf ein stereogenes Metallzentrum zurickgefihrt werden kann
bilden eine neuere Klasse von asymmetrischen Ubergangsmetallkat@ysdhreausgezeichnete
katalytisch@ Féigkeiten wurde durch die Anwendungen in verschiedenen enantioselektiven
Umwandlungen demonstriert, insbesondengch in lichtaktiviertenPhotoredoxreaktionen. Diese
Arbeit  beschdtigt sich mit der Synthese ratiger Rhodiumbasierter chiraler
Lewiss@irekatalysatoren mit ausschliesslich metallzentrierter Chiralitd und deren Anwendimgen
der enantioselektiven Photoredoxchemie.

1) Die Synthese eines neuen Mitglieder Familie Rhodiumbasierte chirale Lewis-Sairen
wurde entwickelt. Der neue Komplex wur@hS genannt Mit einer ausschliesslicloktaedrischen
Zentrochiralitd weist der racemische Kompleine s -Konfiguration (linksdrehendePropeller) und
geKonfiguration (rechtsdrehender Propeller) abife beiden Enantiomee, s - und qgRhS, enthalten
zwei cyclometallierende -gert-Butyl-2-phenylbenzothiazole, zwei austauschlabilen Acetoaitmid
ein Hexafluoophosphatsegenion Sie wurden mit Hilfeeing ChiralesAuxiliar-vermitteltenStrategie
enantiomerenreirsynthetisiert. Im Vergleich zu den zuvor entwickeleftpRhO-Komplexen, die
entsprechende Benzoxazole tragemydens /q@RhS als bessere chirale Lew&iire-Katalysatoren
ermittelt. Dies kann mit einer hiheren sterischen Abschirmung erkldt werden. Durch die im Vergleich
zu den GO-Bindungen im Benzoxazol langeren-&Bindungen der Benzothiazole befinden sich die
tert-Butylgruppen vorRhS néder am ReakbnszentrumKapitel 3.1). Anschliefend wurden die neu
entwickelten chiralen Rhodiwewissauren auf die durch sichtbares Licht aktivierte asymmetrische
Photoredoxkatalyse angewendet, @sin den Kapiteln 3.28.5 beschrieben wurde.

2) Die mitdemPhotoreloxkatalysatofRu(bpy)](PFs). kombiniete chirale LewisSaire s -RhS
ermdlichte die durch sichtbares Licht aktivierte Redoxkupplung \@iSilylalkylaminen mit
2-Acylimidazolen. Nach der Desilylierung wurmdd,2-Aminoalkohole mit Ausbeutevon 69% bis
88% und mit hohen Enantioselektivitden (830% ee)erhalten Es wird vorgeschlagen, dass die
Reaktion (ber einen Einzelelektronentransfer (SET) zwischenal@&itylalkylamin (Elektronendonor)
und dem RhodiurChelat2-Acylimidazol (Elektronenakzeptor) verldf gefolg von einer
stereokontrollierten Radiké&adikalRekombination (Kapitel 3.2).
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3) Ein neuer und kommerziell erhdtlicher Photoreedermittler 4,4°Difluorbenzil wurde
entwickelt. Dieser Vermittlekann mit den chiralen Rhodiurhewis-Saren s /qg@RhS kooperieren.
Dieses synergistische katalytische System ermdlichte eine enantioselektive
Drei-KomponenterPhotoreaktion, um die fluoralkylhaltigen Produkte unter dualeZ-@erknipfung
mit hohen Enantioselektivitden (bis zu 98% ee) und moderaiastéreoselektivitden (bis zu 6: 1 dr)
zu liefern. Ausgezeichnete Diastereoselektivitden (bis zu > 38: 1: 1 dr) fir natiiliche chirale
Verbindungsderivate wurden beobachtdts wird vorgeschlagen, dass das photoangeregte
4,4-Difluorbenzil die Einzeleletkkonenoxidation von Natriumperfluoralkylsulfinaten unter Erzeugung
von entsprechenden Perfluoralkylradikalen ermdglicht, die durch elektronenreiche Vinylether
abgefangen werden, um-Oxy-Kohlenstoffzentrierte Radikale zu liefernDiese nucleophilen
Radikdspezies sind an einer anschlief®nden-KRkalysierten radikalkonjugierten Addition mit
Akzeptorsubstituierten Alkenen beteiligt (Kapitel 3.3).

4) Unter durch sichtbares Licht aktivierten Photokatalysiagoen Bedingungen lieferte die durch
chirale Rhotum-Lewis-Sdiren katalysierte radikalische Addition vog-Aminoalkylresten mit
Akzeptorsubstituierten Alkenen die-C-Bildungsprodukte in guten Ausbeuten (bis zu 89%) und mit
ausgezeichneten Enantioselektivitden (bis zu 97% ee).ahaninoalkylreste wutlen aus einfachen
Glycinderivaten  bei  der durch den  PhotoreduktaifitantzschEster  ausgeldten
Einzelelektronenreduktion erzeugt. Diese Methode wird als ein praktischer und vielseitiger Weg
angesehen, um Zugang zu verschiedenen pharmazeutisch ansplechshivhlenb-substituierten
gAminobuttersdireAnaloga zu erhalten, einschlie@ich bisher unerreichbarer Derivate, die fluorierte
quartde Stereozentren enthalteéynthetisch wertvolle Anwendungen wurden durch einen einfachen
Zugang zu den Pharmazeutibder verwandten bioaktiven Verbindung&@p-Pregabalin, R)-Baclofen,
(R)-Rolipram und §-Nebracetam (Kapitel 3.4) demonstriert.

5) Eine durchsichtbares Licht aktivierte enantioselektieC(sp)- H-Funktionalisierung von
2-Acylimidazolen und 2Acylpyridinen mit 1,2Dicarbonylverbindungemwurde entwickelt, welche
von einem einzigen chiralen Rhoditllewis-Sare-qgpRhSDerivat katalysiegr wird. Die
C- C-Bindungsbildungsprodukte wurden in hohen Ausbeuten (bis zu 99%) und mit ausgezeichneten
Stereoselektivitd® (bis zu> 20: 1 dr und bis z& 99% ee) erhalten. Experimentelle und theoretische
Untersuchungen stiizened folgenden Mechanismus. Zuetstdet sich einRh+Enolatintermediat

Gegenwart einer Base durch Koordination eines Akzepibstituierten Ketas an das zentrale
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Rhodium. Dasphotoaktivierte RkEnolatintermediat (bertrgt ein einzelnes Elektron auf die
1,2-Dicarbonylverbindung. Nach der Deprotonierunghdosition des anfanglichen Ketorkommt es
zu einerstereokontrollierte Rekombination der beiden Radikal@ie chirale Rhodiurt.ewis-Saire
ist in der Lage, eine doppelte Funktion als chiraler Katalysator und Vattier des

PhotoredoxKatalysatos zu eftlen (Kapitel 3.5).
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Chapter 1. Theoretical Part

Chapter 1: Theoretical Part

1.1 Introduction

Over the pastentury photahemistryhaswitnes®d significantprogress tdead the discovery of
diverse unconventional synthetimethodologiesin organic chemistry In contrast with the
well-established ultraviolet (UV) light mediated photeynthesis the visiblelight-induced
photocatalysis is a more recent advarldglizing visible light, ideally sunlight as driving force
contens thequestfor renewable and clean sources of energgnatern organic synthesis, which in
turn, affordsfruitful synthetic protocolsindersufficiently mild conditions. Remarkably, most of these
unusual protocols areinaccessibleunder thermal control. Among the mechanisticscenarie of
photocatalysis, includingnergy transfer atom transfer and single electron transfer (SET), the
SET-based photoredox catalysis has attracted much attention from the broad organic chemistry

community:

oxidized

center
reducing
[Ru(bpy)s]?* ‘Ru(bpy)>* ™"
_—— "Ru(bpy)al* ; SET
e +0.77 V A _0.81V e- . redox chemistry:
reductive oxidative .
quenching quenching : te
A Q A._
[Ru(bpy)s]* [Ru(bpy)s]**
\ =
. B —>B"
e <« -133V +1.29V e
[Ru(bpy)sl**

Figure 1. Visiblelightinduced photoredox catalytic processsexemplifiedby [Ru(bpy)]**. MLCT
= metalto ligand chargetransfer ISC =intersystem crossingET =single electron transfer

With respect to the term of photoredeeatalysis typically, transition metal conigixes such as the

commonly used Ru(bpy) atsutstoichiometricamouns, uponabsorptiorof a photorat visible region,
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Chapter 1. Theoretical Part

an electron on the ndsonding metatentered orbital (HOMO) could lexcited to the” system of the
ligand framework (LUMO), defined @ metal to ligand charge transfer (MLCTligure 1).
Subsequent intersystem crossing affords a Joreg triplet statephotocatalyst whicltonstitutesan
ideal source o€lectrochemicapotential to promotsingleelectron transfer (SET) events with organic
substratesor other reaction partnerNamely, this excited photocatalyst could eithelonate a
high-energy electron out (termed as oxidative quenching) accept asingle electron (termed as
reductive quenchirjgNeverthelessthe resultedcatalyst at the reduced oxidized state features the
strong thermodynamic drivinfprce backto the originalground state, thereby promoting a second
reversepath SET eventThe overall process would provide radical catiansanionswhich could
directly undergo the chemical bond formations. Alternatively, these intermediatessuipsrguent
transformation afford thermodynamicallyrelatively stablespecies that engage into diverse synthetic
processesOne of the most intesting aspects of the visiblght-induced photoredox catalysis is the
combinationwith asymmetric catalysis. Namely, thierementionedphotogenerated intermediates
could undergo théormation ofcarboncarbonor carbonrheteroatom bondsnder the stereoctnol of

a chiral catalyst The photoredox catalyst and asymmetric catalyst cdelive either from the
identicalor aseparatedource.

However, over the past decades tlievelopmentof highly enantioselective photoreactions
remains as a formidablehallenge mainly due to thehigh reactivity of the photogenerated
intermediates as well as the low activatibarriers of the folowing bond formation processes
Alongside with theenaissancef the photoredox catalysis in the recent years, tremersimeeshas
been achieved using the conventional or emerging catalytical technidque$ollowing section will
highlight representativexample onasymmetrigohotoredox catalysis based on the types of the chiral
catalysts, includingorganocatalyts, transition metal catalys traditional Lewis acid and he

emerging chirahtmetalcatalystgFigure 2).
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Figure 2. Representativghotoredoxand asymmetricatalys$s. The chiralatiridium Lewis acidand
the chiral amine (only in special casespstitutedual functiors of photaedoxXasymmetric catalyst.
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1.2Asymmetric Photaredox Chemistry with Organocatalysts

Organcatalysistriggered the leading invention of thdésible-light-induced enantioselective
photoreodx chemistr andhas beerdemonstrad as one ofhe most powerful architecturésThe

following sectiors will briefly review the orgao-catalyzed photoredox reactions.
1) Covalentinteraction catalyds: chiral amine and N-heterocyclic carbene

Due to the dedicatedork from severaftesearchgroups, the chiral amine has been demonstrated
as one of the most impressive toolptomotethe asymmetric photoredox catalysis. The chiral amine
mediated enamine catalyss could cooperate smoothly with the visitight-induced photoredox
catalysis Alternatively, in some cases, the electrimih enamine intermediate (donor) would interact
with the electrordeficientsubstratgacceptor), thereby affording thensientelectron donor acceptor
(EDA) complex.This colored complex is capable absorbingvisible light, subsequently undergoing
internal single electron exchangéery recent reports reveal that ttlgiral enamine andninium ion
could even getirectly excited under theirradiation with visible light and thertrigger the single
electronreductionbxidation ofsuitablesubstrate, respectively

In 2008, MacMillan and cwvorkers reportedthe first example on intertwining the
visible-light-activated photeedoxcatdysis with asymmetric enamine cataly3idhe enantioselective
a-alkylationof aldehydesvith electrondeficienta-bromocarbonylcompound proceeded efficientlin
the presenceof Ru(bpy}Cl, and chiral imidazolidinone under the irradiation of a housesldV
compactfluorescenamp (CFL)(Figure 3). The methodology was later proved to be of reproducible
and robust by switching from the Rased photoredox catatys the Eosin Y and semiconductdrs

This cooperativephotoredo¥enamine catalysis was furthéemonstrate@ds aversatileapproach
for the a-functionalizationof aldehydes including trifluoromethylativrand cyanoalkylatiofi. Especially,
thea-cyanoalkylatdaldehyds are valuable feedstocks for the synthesis of a&wéshge ofmedicinally
relevant heterocycles and other derivativiesr instance, thenatural product -()-burseherninwas
obtained froman oxonitrile productover four stepsin overall 80% yield and with excellent

stereoselectivity (>30:1 dr, 94% ee)
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Figure 3. a-Alkylation of aldehyde®nabled byualphotoredox/enamine catalysis

A proposed reactiomechanismis outlinedin Figure 3. Accordingly, the eldcophilic radical
species which was generated by single electron redutiaiiateca photoredox catalytic cycle, could
reacted towards an enamine intermediate under the formation- Gf lidnd. The produced
al aminoalkyl radical wadurther converted into ariminium ion by promoting asingle electron

reductionto the photoredo cycle, alternatively to theelectrondeficient bromocompound (chain
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mechanis The iminium ion was hydrolyzed tdeliver the a-alkylated producaccompaniedvith

the regeneration ahe chiral imidazolidinone which would enable a new enantioseleahamine
catalytic cycle.Luo and ceworkers later extended this dual photoredox/enamine catalysis system to
the asymmetrica-alkylation of b-dicarbonyl compoundsto forge the all-carbon quaternary

stereocenters witbxcellentenantioselectivitie$

0 (0]
HJH/X + B EWG —\ En > HJS(\EWG Wr
X R Ar
R alkyl - ; N
, Single chiral enantioenriched H OTMS
aldehydes  bromides  ,,ine catalyst a-alkylated aldehydes [Ar = 3,5-(CF3),-CgHj

selected examples:
NO,

0 0 NO,
H 72
5 md Ph
N02 Me NO

80% yield, 93% ee  95% vyield, 84% ee  89% vyield, 94% ee 93% yield, 86% ee

H N 7 \
I R' X
EWG
co/or/ess R Br _
photoinduced enamine catalysis ’O‘ S \I
colorless based on EDA N EWG
and radical chain mechanism R' Propagation
step

Q
N EWG\
&

EWG R ‘{ET‘ ! ’Q H)\
- % b R
\.’<EWG R

R'= X
| SEWG
chiral radical ion pair Z

Figure 4. Enantioselecctiva-alkylation of aldehydes through photoexcited ERAd radical chain
mechanismEDA = electron donor acper. PET = photoinduced electrdransfer

Subvering the idea on usingooperativecatalysis to trigger the asymmetric photoredox chemistry
Mel chi orreds group reported a unin theuabseneenchany i os e |

phaoredox catalgt, while based on a single chiraecondaryamine catalystThis single catalyst
6
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mediated photoredox reaction gave rise toghantioenriched-alkylated aldehydes, as well with high
efficiency (Figure 4).® The elaborated mechaism investigation revealed that the colorless
electronrich enamine intermediate (donor) interacted with the eledeficient organobronde
compound(acceptor) to deliver an electraimnoracceptor (EDA) complex in the nonpolar solvent.
This colored comlex was capable of absorbing visible light, followed by a single electron transfer
(SET) between the two components to afford radical ion pir. Subsequently, the
organobrornde-based radical anion underwenheterolytic fragmentatioto provide an eleotiphilic
alkyl radical which was interfaced withnewchiral enamme to generate® generatena-aminoalkyl
radical. This electron rich radical species then promoted dhect single electron reduction of
organobroride compoum to providean iminium ion and an electrophilic alkyl radical, whigtocess
was identified as A r a d chaim Imechanism® Upon hydrolysis of the iminium ion, the
enantioenrichea-alkylated aldehydes were affited andaccompaniedvith the regeneration of the chiral
secondary amineThis unusual EDAbased strategy was later applied into #mantioselective

a-alkylation of ketonesvith acinchonabased primary amineatalyst™

Q O R4
JH J\ kcosEt
H H W
1 R . COLEt
R COzEt R
or
COgEt —&n)™ o
R
H b aIk;(/jI Single chiral H | R4
romides amine catalyst “\\kcozEt
1 COoE
aldehydes enantioenriched

o- or y-alkylated aldehydes

oooooooooooooooooooooooooooooooooooooooooooo pecccccccccccccccccccccne

N — LR A
HJ\ 1 H)\ 1 | Ar = 3,5(CF3),CeHs
R R i chiral amine catalyst
ground state excited state

Figure 5. Single chiral amine catalyzed enas@itective photoredox chemistry through the direct
photoexcitatiorof enamineCFL = compact fluorescent lamp

Interestingly, Melchiorre and ceworkers later found theenamineintermediate capable of

photoexcitation by absorbirlgght in the neatJV regionunder theirradiationof 23 W CFL, which

11

then triggered thesingle electron reduadbn of bromomalonate (Figure 5). Mechanistic

investigationgevealedhat the photoexcited enamiservel as a sacrificial initiatoof a radical chain
7
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propagation pathwaesides MacMillan group alsareportedthat a singlechiral primary aminavas
capable of enablinghe asymmetric photoredox chemistry, namely catalyzirggenantioselective
a-amination of aldehydes usin@DN)-N-functionalizedcarbamatesas aminyl radical precursos
(ODN=2,4dinitrophenylsulfonyloxy.*> However, the authors didndiscuss thepossibility of EDA

complex formationthe direct excitation of enamine and thadical chairmechanismn this report.

O Ar
0 RR? A e
‘. R
+ — —>» H “
, Single chiral enantioenriched
I -
elas slanes  amine catalyst g aikylated aldehydes
T F 1rt re[ _F i £
FI, \r F/,' FI/
| | "o e
IN N _|.+—> N
1 r2l [-Tms*
f " sﬁ T | L
P | [Ph B B [

-------------------------------------------------------------------------

0]
E

: 0 o)
Ar +, Ph NTs
H OTDS: Ph o pr” x Ph “u, ~SPh

87% vyield, 88% ee 52% yield, 94% ee 73% vyield, 90% ee

Figure 6. b-Alkylation of aldehydes through photoexcited iminium intermediateenabled bysingle
chiral amine catalysTMS = rimethylsilyl. TDS = thexykdimethylsilyl.

Later, inspired bythe oberation thatthe iminium ionis capable of absorbing visible light and
triggers photochemical events in the biological systdfre | ¢ h i o r repoéied thg utilizatipn of
this chemical process to enable the enantioselebtiakkylation of enals with thesilanes in high
yields and good enantioselectivitieFiqure 6)."* There are two key issues in this chemical
transformation1) the iminium ion absorbing the visible light while the individual reaction parioer
and 2) the highxidation potential of thegphotoexcitedminium ion. A single electron transferred from
the silaneto thephotoexcited iminium ionafter desilylation, affording two radical species. These two

radicals recombined, thereby providing the chirallkylatedaldehydes.
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Figure 7. Enantioselective radical conjugate addition reactgoabled by duaphotoredox/enamine
catalysis[Ir] = Ir[dF(CFs)ppyl(dtbbpyPFs.

Using the dual catalysis strategylelchiore and ceworkers disclosedanother interesting
photoreactiorto accomplishthe construction of often challengirajl-carbonquaternarystereocaters
(Figure 7). The plotogenerateci-aminoalkyl radical reacted wards theiminium ion which was
produced by condensation of chiral amine catalystfandiisubstituted cyclic enoné he following
stereocontrolledadical conjugate additioorovided the €C formation products containing aarbon
quaternarystereocenters in good enantioselectivities @86 ee)The key to success for this reaction
is tailored design of the chiral amine catalyst, thereby the introduced-estive carbazolyl being
capable of triggering the rapidtramolecularsingle electron transfer (SET) between the eleeticn
carbazolanoiety and the shotived a-iminyl radicalcation.This electrorrelay process prevented the
highly reactivea-iminyl radical cation to undergo thendesiredradicale | i mi n &dssiam)n ( b
therefore giving back to theel aminoalkyl radical and thieninium ion.

Turning back to the cooperativenamindphotoredox catalysis Ma ¢ Mi 4 ¢raumfarther
extended this strategy to enable th€(sp)- H activation ofaldehydesand ketones, however, only
providing one example df-arylation products with unsatisfactory enantioselectivity (50% ee) using a
cinchonabased primary amineatalyst® As outlined inFigure 8, this reaction schemnwas built
within the redox coupling between the cyclohexanone and thdidydnobenzeneAccordingly the
cyclohexanone, upon condensation with the chiral amine catalyst, affandedamine intermediate.
This electrorrich intermediate would exchange single electron with electrondeficient
1,4-dicyanobenzenanolecular which process was mediated by alectron shuttle, photoexcited
fac-Ir(ppy)s. A subsequentnique stereocontrolled radie@dicalcouplingprovided the corresponding
b-aryl ketone withthe enantioselectivity of 50% e&oupling reagent scope of this photoinduced

b-functionalization protocol was further extended to the ket6nesone¥ and imine&. However,
9
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all of thecorrespondingz- C formation products with these reagents were obtamedcemic form.
Overall, theb-functionalization of saturated carbonyl compounds using dual photoredox/enamine

catalysisstill remains as a formidabtshallenge. Tie invention of rw catalytictechnique would lead

to the solution of this puzzle.
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Uj + A N
r N — WG .
(7T Jewo - \ / e
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CN g BH O\fo
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\ il O\E’X QN’X CN /
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1 H — /'\_/
5ne” CN
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CN

Figure 8. b-Arylation of the aldehydes and ketonesabled by dugbhotoredox/enamine catalys[f] =
fac-Ir(ppy)s.

While the chiralaminebased dual asymmetric photoredox catalysias established,the
Ma ¢ Mi |gloapriiired to investigai triple catalysis system containing an additidmalrogen
atomtransfer (HAT) catalytic cycleThis triple catalysis schem@ovidedthe a-alkylated aldehydes

with good outcomehrough thetrapping of3" € enamnyl radical cationintermediategising simple

olefins(Figure 9)."
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Figure 9. a-Alkylation of aldehydegnabledoy triple photoredox/enamiElAT catalyss.
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Figure 10. Proposednechanisnior triple photoredox/enamifElAT catalysis.

The proposednechanisms outline inFigure 10. Accordingly,condensation athe chiral amine
catalystand an aldehyde substrate would deliver an electobnenamine intermediate, which could
quench the visiblight-excited iridiumbased photocatalyst by single electron reductoom which

process an electrophili® € enamiryl radical cationintermediatealong with a reductive 'Irspecies
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were generatedlhis 3" € enaminyl radicalcation intermediateadded rapidly to the simple olefin
under the €C formation within the chirabnvironmentdirected by the amine catalyst toafl a
second alkyl radicalThe producednucleophilicradical was supposed #bstracta hydrogen atom
form athiophenolconstitutingan acidic and weak-$ (BDE = 78 kcal mdt). Subsequently, the
target enantienrichedaldehyde product was liberated frahe iminium ion by hydroxylation and the
chiral amine catalyst waegeneratedvhich would trigger a new catalytic cyclgvhile the thiyl
radical was reduced by the above mentionédpecies followed byprotonationto produce the HAT
catalyst thiopherlias well as the ground stateblased photoredox catalyst.

In 2012, a dual photoredox/chirdll-heterocyclic carbene (NHC) catalysprotocol was
demonstrated by Rowsjroup to enable the enantioselectibacylation of tertiary amine@Figure
11).° The photoredox catalyst Ru(bp§), in combination with the externatoichiometric amount of
oxidantmdinitrobenzenent-DNB) would provide the iminium ion from thiertiary amine under the
double single electron oxitdan. Meanwhile, the condensation of chiNtheterocyclic carbene (NHC)
catalyst with the aldehydes afforded the nucleophilic Breslow intermediate which could intercept with
forementioned iminium ion, upon elimination of NHC, thereby producing the dhaatino ketons.

This photoredox scheme constituted a net oxidatienhanismusingm-DNB as terminal oxidant.

(-
LONE e ()

[Ru] (1 mol%) NHC 51-94% yield, 61-92% ee
[
m-DNB (1.2 eq.) (5 molf%) f
blue LEDs

Ot

N~ ) thermal N‘Rz
‘:/\‘ R contrg‘ Hol
Nar HO R1
Breslow intermediate

selected examples:

8:»_N Br O%Me ©\J\i\/

NHC catalyst
72% yield, 62% ee 91% vyield, 92% ee
Figure 11. AsymmetricU-acylation of tertiary aminesnabled by dugphotoredox/NHQzatalysis. [Ru]
= Ru(bpy}Cl,. NHC =N-heterocyclic carbene
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2) Non-covalentinteraction catalyds: chiral Bransted acid,thiourea and ammoniumion

The chiral Bransted acid has been recognized as another powerful architecture for
enantioselective coopéiee photocatalysisin 2013,Knowles grouf demonstrated the pioneering
contribution to this field As shown inFigure 12, the enantioselectivéntramolecularreductive
coupling of ketones and hydrazomveas demostrated by using cooperatiphotoredoiBransted acid
catalysis to provide thesyn 1,2-amino alcoholsin high yields 45 96%) and with excellent

enantioselectivities/(7- 95% eg.

|Ph3
o NMe2 HO NHNMe2
Arln
oS O
o’ OH
ketone/hydrazone 45-96% yield
77-95% ee 5 S|Ph3

\/

ol
A:'"O NHNMez Ho/ \O l
/N\
H

enantioselective
CPA ctalysis
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0)

|
HE o—h-0
H

o=

o o)
AI’ Ar
N, — =N
g NMey U™ NMe,

Figure 12. Enantoselective synthesis afyn1,2-amino alcoholghroughdual photoredoBrensted
acid catalysis CPA = chiral phosphoric acidPCET = protoncoupled electron transfeflr] =
[Ir(ppy).(dtbbpy)]Pk. HE = Hantzsch ester

Mechanistically the chiral phosphariacid (CPA) asociated with thdetone moiety through
hydrogenbonding interactionThis adductaccepteda single electron from the highly reducing [ir]
species which was generated from the reductigeenching of photoredox catalyst
[Ir(ppy)2(dtbbpy)]Pk. The single electromeductionwas in concert with the proton transfer from the
CPA to theoxygenanion of the produced ketyl radicathich process was defined psotoncoupled
electron transfer (PCETT he following stereocontrolled-@ formation single electrorreductionof

the nitrogercentered radical and the CPA catalyst release would provide the sgrgkf2-amino
13
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alcohols

Very recently, Jiang? and ceworkers reported that a chiral phosphoric acid (CPA) and a
photoactivateddicyanopyrazinalerived chromophore (DPZ)lual catalgis system could enable a
radical conjugate additieprotonation process betweelN-ar y | gl yci-ramched wi t h
2-vinylpyridines and inylquinolines(Figure 13). This reactioraffordedarangeof ¢ h i rteatiary U
azaarenesvith high yields (up to 97%) and excelleahantioselectivitiegup to >99%), and ewve
applied to a twestep synthesis ainenantiomerically pure pharmaceuti¢g)-pheniraminewith high

efficiency (76% yield and 91% ee).

H R
Ar\ “COOH + )\(/\[ ™ _‘ . ArHN/\)\mN;[ &)
>

. 2-vinylpyridines & enantioenriched
N-aryl glycines . - .
2-vinylquinolines a-tertiary azaarenes
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N @
PhHN/\)\(j PhHN/\)\E;@ H H S
=
PhHN PhHN
87% yield, 94% ee 69% yield, 93% ee
Ar 75% yield, 98% ee 75% yield, 93% ee
7\
e MeO s CN
G OH s I = PMP\ N\ > Moy
MeO \ —> |
Ar Z Me
Ar = 2-CF3CgH4 or DPZ (R)-pheniramine
2-naphthyl ! 76% yield, 91% ee

Figure 13. Radicalconjugateaddition-enantioselectivgorotonationby dual photoredoBrensted acid
catalysis.

Intrigued by the versatile spread Nfheterocycles includingyridines andquinolines in the
enantioenriched bioactive molecules,Phipps group® developed an alternative strategy of
CPA/photoredox catalysis for the involvement of these heterocycles in the enantioselective
Minisci-type reaction by providinga-heterocyclic amines with high yields and excellent

enantioselectivitiesHjgure 14).
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Figure 14. Enantioselectivinisci-type reactiorthroughdual photoredoBrensted acictatalysis

The proposed reactianechanisms shown inFigure 15. Accordingly, the chiralphosphoricacd
(CPA) could bind to théN-heteroarenes by hydrogeonding interaction thus providing the SOMO
activation.And the formed conjugate ion of CPA woukmain to associate with the pyridinium cation
through electrostatic and hydrogen bonding interactiegswell incorporaté the incoming of the
photogeneratedi aminoalkyl radical The following radical conjugate addition proceeded smoothly
under the CPAlirected chiral environment, and most importantly, gfesphatepromoting the
deprotonatiorat thea-postion of amino radical cation to render the radicahjugateaddition step
irreversible. While the resulting €C formation radical intermediate promoted a single electron to the

photoredoxcycle and followed byleprotonatiorio deliver the target chiral-heterocyclic amines.
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Figure 15. Proposedmechanisnfor dual photoredoBrensted acidcatalysispromotedMinisci-type
reaction.

The Bransted acid catalytswould cooperate very well with the phatdox catalyst, and as well
trigger the asymmetric catalysis in the absence of any photocatalyst, thuitelyg the substrate
which was capable of interacting with some other reactive compounds to affercific
electrondonoracceptor (EDA) complexA related report wadisclosedby Jiangs group, in which the
benzil and amine substrates would deliver an EDA complex which was amendable to be excited by
visible light* With a single electron transferring from donor to acceptor, a ketyl radical woufdibo
to a chiralBransted acid catalyts after hydrogenation and protonation, afforded the enantioenriched
alcoholin high efficiency.

Besideschiral phosphoric acgl(CPAs), chiral arylaminophosphoniusals werealsointroduced
into asymmetric photocatgdis. For example, Ooi and -@eorkers reported eemarkablecooperative
catalysis of chiral arylaminophosphonium ions anthdsedphotacatalyss for achieving ahighly
enantioselectiveedox coupling of N-arylaminomethanes witN-sulfonyl imines” The phdoredox
catalytic cycle could bémitated by both the reducti® and theoxidative quenchingevent$®. As
shown in Figure 16, the photoexcited (Hl)-based photocatalystsdue to their intrinsic
electrochemical properties could be quenched byNtaeylaminomethanefeductive genching or
the N-sulfonyl imines(oxidative quenching) to afford the Ir(ll) and Ir(IV)speces These species

would further trigger single electron transfer events, thereby producingdbkiral radical anionor
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amino radical cations. Nevertheless, the charglaminophosphoniunsalt would interact with the
produced theprochiral radical anies to give the chiral ion pair€oncurrently the a-amino alkyl
radicals were formed upon the deprotonation/desilylation of the corresponding amino radical cations.
Afterwards, the cross coupling reactions between the above two radicals proceeded einder th
stereocontrolof the chiral arylaminophosphoniumEnantioenrichedl,2-diamine derivative were
obtained in high yields (6®0% for reductive quenching and-B%% for oxidative quenching) and

with high enantioselectivities86- 98% ee for reductive quenchg and78- 97% ee for oxidative

quenching)
_Ms R 1 . .
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Figure 16. Dual photoredoXrensted acidcatalysis promoted enantioselectivaredox coupling of
N-arylaminomethanes witN-sulfonyl imines
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In 2014, Stefhenson and Jacobsen reportedseajuential photoredox (I step) and chiral
anionbonding (2% step) catalytic approach to trigger the enantioseledtivgkaiyama Mannich
reaction”® As shown inFigure 17, initially, the photoinduced naixidation catalysis with CGlas
terminal oxidant afforded the racemia-chloroamines;subsequentlyupon switching the reaction
conditions as well as adding the chiral thiourea catalyst and the silyl enol ethenatit®enriched
b-amino estersvere obtained in good yields (142%) and with high enantioselectivities {8B% ee).
The chiral thiourea was proposedftesm the counterion pair betweentidnded chloride anion and

the iminium cation, thereby providing teeereocontrolinder G C formationprocess.

(1 mol%) X
CCl, (oxidant) RAL
R—(\:CI * ;\TBS CH3CN, blue LEDs, 16 h = . N\Ar
7 N Y B
“Ar OMe @) solvent switch to MTBE Me0,C”~
N-aryl sily! added silyl ether enantioenriched B-amino esters
tetrahydroisoquinolines enol ethers 60 °C, 16 h
chiral thiourea (20 mol%) 11-72% yield, 42-99% ee
Occ, - A,
NS
HoH
HCCI NS -
’ i OTBS TBSCI
R-- = N echiral thiourea| = | \N;Ar OMe
Z SAr R_\
racemic Cl - -
: selected examples: Cl
2101, CO., €01, COLL
\n/\N

S
\ M802C MGOZC MeOzC

chiral thiourea 72% yield, 95% ee 58% yield, 92% ee  62% yield, 99% ee

Figure 17. Enantioselectivéviukaiyama Mannich reactiothrough sequentialphotoredoxand chiral
anionbonding catalgis.

Interestingly, a chiral phase transfer catalyaT¢) was demonstrated to be applicable in the
asymmetric photoredox catalysis in the absence of photocatalyst, thereby permitting the
enantioselectivperfluoroalkylation of cyclidh-ketoestergFigure 18).*” This reaction was proposed
to proceed through a visiblght-activated electromlonoracceptor (EDA) complex which was

formed between a PTF&abilizedenolate intermediate and therfluoroalkyl iodide
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(0] 0]
0] ‘ 3 R
R1_: ~ + Rf_l @ R1_| = 15 f 2
— OR2 > CO,R

perfluoroalkyl up to 71% yield
B-ketoesters iodides up to 96% ee

= 2
photoexcited ' O chiral phase
EDA complex : transfer catalyst

Figure 18. Single chiralphase transfer catalyst (PTE&habledenantioselectiveerfluoroalkylation of
cyclic b-ketoesters

Just recently, Lu& group reported a single organic chiral ion pair catalyst was capable of
promoting enantioselectivant-Markovnikov hydroetherification of alkenols high yields and with
moderate enantioselectivitiesunder visiblelight-activated photoredox conditiongFigure 19).%
Mechanistically a chiral ion pair acridiniunphotoredox catalysget excited upon irradiation of the
visible light and then reductively quenched by the alkermedeneratethe organophotoredox catalyst
as well as produce a catioadical intermediate Concurrently the chiralphosphatéon exchanged
from the excited photocatalyst to the catralical intermediate The followup deprotonation and
C- O formation would b under the control of the chirphosphateon. While the G O formation
radical species abstracted a hydrogen atom from2thhenylmalononitrile the enantioenriched
substitutedetrahydrofuran was obtained with high yield and moderate enantiosele@&gty though
this chiral ion pair catalyst designfentecy, the reaction outcome remains as the unsatisfactory stage.

Soon after,Ni ¢ e wgroup éeported a similatrategyto trigger the enantioselectiveation
radical DielsAlder reactiorby employing a single chiral ion pair catalyst comprised gdyailium salt

and achiral N-triflyl phosphoramide aniarHowever, the reaction outcome is as vetliggish®
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Ar
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Figure 19. Enantioselectiveant-Markovnikov hydroetherification of alkenolghrough single chiral
ion pair catalyst

1.3 Asymmetric Photoredox Chemistrywith Transition Metal Catalysts

0 [Ir(dFCF3ppy),(dtbbpy)]PFg (2 mol%) Y
X NiClyeglyme (2 mol% (¢
R! | iClyeglyme (2 mol%) ’ [l )
OH + X > RUANX ~ 45-84% yield
NHBoc Br R2  TBAI, Cs,CO;, DME/toluene, r.t. NHB R2 82-93% ee
. . | halid Blue LEDs oc
o-amino acids aryl halides enantioenriched
CN benzylic amines

®®
&

By (22mol%) Yy
R \///—\ R._NHBoc
N:,\l/\Ar

Nrr,, . nAr : o
#( SNiQ ;
(N I X (Nf”I\X

NHBoc

Figure 20. EnantioselectivedecarboxylativeCsp’- Cspf crosscoupling reaction enablel by dial
photoredoxdickel catalysis

In 2016, F& and MacMilladg groups reported the mergf synergisticphotoredox and nickel
catalysis to accomplish the enantioselectidecarboxylative Csp- Cspf crosscoupling, thereby
providing an efficient access to valuatdkiral benzylic amine® As shown inFigure 20, the

abundant -fngnedcils and &yl Halides coupled under the cooperation of chiral nickel
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catalysis and tbased photoredox catalysis to produce th€ @rmation products with good reaction
outcome (484% yield and 8B3% ee). Accordingly, the:amino acid undergoes a walbtablished
visible-light-activated decarboxylation to afford ataminoalkyl radical; concurrently, theickel
catalyst would react towards the aryl halidegioe a Ni(ll}-aryl complex, which interfaced the
a-aminoalkyl radicalThe resultingdiorganonickel(lll) adducthen undergoes a reductive elimination
process under the induction of the chiral environment directed dgmécorrinlike ligand thereby
producing the targdtenzylic amines

Later in 2017Rov i s & a n douixepoited ansaltegnativdual photoredoxiickel catalysis
scheme though the similar strategy FEigure 21).*' The cyclic meseanhydrides underwent
enantioselective desymmetrization with thenzyl trifluoroboratesinder thecoopeation of chiral
nickel catalysis andorgano photoredox catalysigo provide trans keto-acids as major isomer
(6:1- >20:1) in high enantioselectivities (381% ee) and good yields (@0%).Within this protocol,
the Ni(0) catalyst first reacted with tlaehydridethrough oxidative addition under a stereocontrolled
fashion to afford a Ni(ll) complex. Subsequently, this Ni(ll) species would intercept with the benzylic
radical generated bgxidative organo photoredox catalysis to deliver the Ni(lll) compM#th the
following reductive elimination the target productrans keto-acid was obtained and the nickel

catalysis was regenerated.

Q 0
H 4CzIPN (2 mol%) O COOH
"R Ni(COD), (5 mol%) Ar z 6:1->20:1
Ar"BFK  + R > Y R 36-94% ee
benzyl 4 H dioxane, r.t., Blue LEDs R 34-90% yield

trifluoroborates meso-succinic enantioenriched
anhydrides trans keto-acids
N A
@ o\’><ro NC CN
S/h ) o g\
v PR 6 mol%) 7 N O
Q. R o' R

\ 4CzIPN n»—
Arb@ \// (N’,'Nl WR z . (N/, R
N"\io J

Figure 21. Enantioselective desymmetrization of cyclic meseanhyohdes enablel by dual
photoredoxdickel catalysis

With respect to the single transition metal mediated photoredox chenkistignd ceworkers
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introduced an elegant catalytic strategy by using single copper catalysis to promote toeugpbsg
betweenracemictertiary alkyl chloride electrophiles with aminés forge quaternary stereocenters
with high yields and excellent enantioselectivitiggg(re 22).3* This report represents the first
exampleinvolving the asymmetric baseatal catalysis with visibKight-induced photoredox catalysis
employing a singlén situ assembled chiral catalysthe proposed reactiaomechanisnis outlined in
Figure 22. Accordingly,a coppefl)-aminecomplexget excited undethe irradiation of visible light,
subsequently transferred a single electron taatkg chlorideunder the formation of an alkyl radical
and a Cu(ll) speciesThe nucleophilic Cu(ll) complex would reattiwardsthe electrophilic alkyl
radical under théormation of G N bondthrough arouter or innersphere pathwagfterwards, a Cu(l)
intermediatevas generated and then trapped by the amines to trigger a catalyticTéyodanployed

simple CuCl salt and the phosphine ligand highlighted this work gigntfy.

0O N—, ——yd o
a% i
. HN — —
et 71 @*LN
=X A—. R1R2 ..

R3 Single chiral R3

racemic . enantioenriched
. amines Cu catalyst : :
alkyl chlorides a-amino amides

excitation ‘ P—Ph

O chiral
. ligand

[LaCu'(]

SET, cl

Figure 22. Enantioselectiveerosscoupling ofracemictertiary alkyl chloride with aminesenabled by
visible-light-activated single copper catalysis
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1.4 Asymmetric Photoredox Chemistrywith Traditional Lewis Acid Catalysts

Yoons groupcontributel pioneering efforts on merging enantioselective Lewis acid catalysis
with photocatalysis for quite a lot of chemical transformations, including photocycloadtitiamd
radical conjugate addimn.® For example,Yoon showcased the highly enantioselective [2+2]
photocycloadditionof enones through a dual photoredox/Lewis acid catalysis strifiégyre 23).

This protocol provided the corresponding noacmic cyclobutanes with moderate
diastereoselectivitiefl.5:1 to 9:1 dr) and excellent enantioselectivities B840 ee)Interestingly, an
imine-based chiral ligand and aorrespondingreduced amindased one provided the reverse
configuration at théd postion of produced cyclobutaneshe key aspect of this reaction scheme was
the Eubased Lewis acid, upon coordination to the endeereasedhe reductivepotentialof which,
thereby renderingt amendable to be reduced under-Baisedphotoredoxconditiors. This elegant

reaction design has suppressed theatalyzed background reactions completely.

o0 Q
-
Ar SR
@)OH\ _©5;H QNH /%:lﬂ

(5 mOc!%) 20 mol% nBU R‘]\\
R1 EU(OTf); (10 mol%) 34.72% yield

ligand-mediated configuration
2.5:1 t0 9:1 dr, 86-93% ee

Pr.NEt. MeCN switch on products
0 2NEL
visible light O o
R? R2
' O Y g
OH R
(30 mol% nBu 49 80% yield
..................................................................... 1.5:1t04.5:1 dr, 84-97% ee
[Euls
i it
[Eu] PrNEt
| —— m [Ru]' 2
R R
/PrZNEt
[Eul\, [Eul\, [Ru]”
(@] (0] e~ ke 0
Ar R% —[Eu] N VLW X /
- P — [Ru]"
Rf\ R™ R R’
o)

Figure 23. Enantioselectiv§2+2] cycloadditionenabled by dual photoredox/Lewis acid catalysis.

Later in 2015, Yoon reported kighly enantioselective radical conjugate addition reaction

between the-amino alkyl radical and thilichael acceptor(Figure 24).>* The Ru-based photoredox
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catalysis wasemployedto permit thegenerationof the nucleophilica-amino alkyl radical species
from a-silylalkyl amines which subsequently addto theenone, whilethe asymmetric Lewis acid

catalys providedgoodstereocontrobverthis radicalconjugateaddition process.

\
Sc(OTf)3 (15 mol%) 1 52
R P ligand (20 mol%) '? R0 0
) Rz’\)LN TBACI (30 mol% N N \J
Ar’N\/TMS + [‘\1 l‘\l
(2 mol%) z,
Et’ Me Me visible light B-substituted Et” & Me! 'BU ligand “Bu
chiral GABA analogue
selected examples: 7 '0)
Me Me Me O O M 2
\ e Ph O 0 Me (0] 0
i i
Ph/ \)\)L,\‘lﬁ N\)\/u\l\‘j Ph/N\)\)LN Ph/N N
N N \ \
MeCl Et” Me Me Et/N Me Et/N Me
87% yield, 93% ee 96% yield, 93% ee 74% yield, 93% ee Me 83% yield, 91% ee Me

Figure 24. Enantioselectiveadical conjugate addition reactieabled by dal photeedoXLewisacid
catalysis

On the other hand, dse metal Lewis acidvas also applicable in the enantioselective
photochemistry, even constituted the dual role of photoredox and asymmetric c&alygtand
co-workers discloseda unique asymmetric photoredexenarioby using the simple NiDBFOX
catalyst Figure 25).% This single nickel catalyst system, upon visilidgt-excitation, was capable of
initiating single electron transfer (SET) events frarsilyl alkylamines andconcurrentlyactivating
the a,b-unsaturated carbonyl cqmounds with bidentateoordination interaction. The followup
radical conjugate additiorof the a-amino alkyl radical to the MNdbound enone proceeded
enantioselectively under the chierdvironmentrranged by the DBFOX ligandlotably similar with
Melchiorre and Yoor@s work on theenantioselectiveadical conjugate addition reactiatiscussed
above, the herein produced m@temic CC formation products were also recognized as the
analogus of pharmaceuticallyimportant b-substituted chiral g-aminobutyric acids (GABAS).
However, the limited amine substrate scope on aryl versions hamperedctiassto the freeor

generally protectedminomoiety;therefore théransformatiorto chiral GABAs cad be realized.
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0 R1 Fi{Z
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Figure 25. Enantioselective radical conjugate addition reaction enablethble Ni-based Lewis acid
catalystunder visiblelight-activated photoredox conditions.
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1.5Asymmetric Photaredox Chemistry with Chiral -at-Metal Lewis Acid Catalysts

. c
“1+PFg 1+ PFg
X tBu tBu X

N ~

N ,Me Me\C\ N

/”'1 \\\N ’ \\NI’I, I \\\\\
IMi=-.
l \ C”/N/ I
Me” Ny
exclusive
A A stereocenter
IrS/0: X =S/0
Features: RhO: X=0

B Exclusive metal-centered chirality (structural function)
B Substrate activation by coordination (catalytic function)
| Optional activation by visible light (photoredox function)

Figure 26. Structure of chiralatmetal iridium and rhodiurhewis acid catalyst

Meggersgroup recently introduced rrew class othiralat-metal Lewis acid (Figure 26) which
comprised the functions of photoactivation, substrate activation and asymmetric induction in one
catalyst,and was demonstrated to bapable of enabling versatile visiklght-activatedphotoredox
reactions.

In 2014,the former graup membes Haohua Huo andiaodong Shen reported a unique catalytic
schemein which the chial-atIr Lewis acids -IrS/Ir O could integrate asymmetric catalysis with
photoredoxcatalysis® Mechanistic investigations revealed thia¢ tchiral iridium(lll) compex upon
coordinating to a -Acyl imidazole delives an in situ assembled photoactivepecies(enolate
intermediateFigure 27) with theassistancef a weak base. This photoactigaolatespeciescanbe
activatedby visible light and promotes a single electron transfer (SET) to the elecieficient
organobrormm compoundsunder the release @orrespondingelectrophilic carbortentered radicals.
Theiridium enolate intermediate does not only serve as the photeagiicies but also consitutes a
key intermediate in the catalytic cycle by reacting witbgeneratecklectrophilic radicals to provide
the C- C formation products after protonation and liberation from the nuealer High catalytic
reactivity of the clral-at-Ir catalysts -IrS was observed by obtaining tlealkylation products with
up to quantitativeyield and 99% ee. However, thaitially developed relatebenzoxazole catalyst
s-IrO showed inferior enantioselectivity. Subsequently the benzothiazole catalyss-IrS was

successfullyemployedfor enantioselectivea-trichloromethylations of -acyl imidazoles and-acyl
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pyridines with excellent rantioselectivitiesof up to >99% eé’ Herein the relatecbenzoxazole
catalysts -IrO againprovidedinferior results compared with-IrS. This observatiorwasattributedto

a decreased sterghielding of the catalytic site due tbe shorter GO bond in the benzoxazole
moietiescompared tdhe G S bond of benzothiazolewhich leads to less steric hindrance of the two

tert-butyl groyps®
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I Rz electrophlllc R R®
N ‘\/ radical
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B key intermediate of catalytic cycle
B jn situ assembled "photoredox catalyst"

selected examples:

0 CN 0
A-IFS: 1.5 h, 100% yield, 99% ee N\\Hk,ccb A-IFS: 77% yield, 99.7% ee
</ H A-IrO: 3.0 h, 97% yield, 95% ee <\/ : A-IrO: 13% yield, 93% ee
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2

Figure 27. Enantioselective photoredox reacti@rsabled byisgle chiratatlr Lewis acid catalyss.

In this discussed photoredox chemistBigre 27) the visible-light-excitedin situ assenbled
photoactive species waxidatively quenched, whereas in further investigagjoour former group
memberChuanyong Wang disclosedcomplementaryeductive quenching schenfgigure 28). For
instance, the {based Lewis acidg -Ir O was found to be capke of catalyzing the enantioselective
redox coupling reaction &-acyl imidazoleswith a-silyl alkylamines under net oxidative photoredox
conditions® A further redox neutral examptiemonstrate a uniquestereocontrdéd radicatradical
recombinationreaction schemé® Accordingly the photoactivatediridium-bound trifluoromethyl
ketone could permita single electron oxidation from a tertiary amine under ftmmation of an
iridium-bound ketyl radical and aamino radical cationwhich undego fast a-deprdonation to
produce ana-aminoalkyl radical The following radicatradical crossoupling between the

a-aminoalkyl radical and the ketyhdical proceed smoothly to accesg,2-amino alcoholsafter
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proton transfer, in aenantie and diastereoselectiy@ applicable) fashiowith up to 99% ee and
10:1 dr.However, a strong electremithdrawing group Ck which apparentignhancs the oxidative

potentialof thein situassembled photoactive species, was essential fdrahisformation

S/Q’l‘BU i
S : Mg , PHR

0 i N = ' + r“ + PP I{l
A-IrS ' — N—Ph! -H 2| H Nal A ~53
Nj)l\ H l, I \\N\ ' N 1% /R \WA-/ R
X" CFy —— | AN . SR CFs, RVON \ z

N |r\0/ CF3 \_//
“Ph N : h
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S tBu : 91-99% ee
________________________ : 4:1-10:1 dr
photoactivated oxidant
selected examples: Me Me Br;
F HPh o)
3¢ 0 ! F3C, OH F3G, OH F3é_|,,, N
<\‘: “Ph N\\,/Q/N N\\,/Q/N Ph,
NN, <\/N <\,N OO N N
Ph *Ph OMe Ph %,
60% yield, 98% ee 71% vyield, 97% ee 61% yield, 95% ee 97% yield, 10:1, 98% ee

Figure 28. Single chiralatIr Lewis acid catalyst s-IrS mediated asymmetric radicaladical
crosscoupling reactions under photoredox conditions

With respect to the Rhased asymmetriphotoredoxcatalysis,the famer group membewei
Yuan found that thehiralatrhodium(lll) catalysts -RhO was capable aissembling photoactivated
oxidant Rh-1) in situ, thereby promoting highly enantioselectiverossdehydrogenativeoupling
(CDC) reactiorf* As shown irFigure 29, the tertiary amineyponundergoing twice single electron
oxidation through Ribased photoredox catalydisthe presencef air, deliveredaniminium ion. This
electrophilicintermediate would intercept witthe rhodiurrenolate specieRp-11), followed by the
catalyst releasaffording b-amino carbonylcompounds in good yields (#8.%) and withexcellent
enantioselectivities (797% ee).Soon laterKang and ceworkers reported that @-RhO derivative
could trigger the enantioselective radical conjugate addition reaction to prgeaichéno carbonyl
compoundsFigure 29).** The reactioris supposed to biaitiated by the coordination of the enone
to the Rhbased Lewis acid and the resulting add&ti-(V) is photoexcitecandthen promotesingle

electron oxidation of the tertiary amin€he produceda-aminoalkyl radicalthen react with the
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Rh-bound enoneRh-1V), thus giving rise to the @ formaton productRh-V. Upon the late stage
electron/proton transfer and catalyst release, glaenino carbonyl compounds were obtained in
moderate diastereoselectivities2@8 to 93:7 dr and excellentenantioselectivitie$90->99% eg¢.
However, a different mehanism can be envisionedccordingly, he single electron exchange
between the tertiary amine and the exciddlV might afford an a-aminoalkyl radicabccompanied
with a Rh-bound enol radicalfollowed by a stereocontrolled radigaldical recombinatia Possibly,

theradicatradicalrecombinatiorpathwayandthe radical conjugate additionechanisntompete with

each other
aM 1 [Rh] (2-5 mol%) j‘j\/\
eggers: R o -5 mol% "
/’{‘ + g ——— X7 N 35:81% yield
X 0O,, blue LEDs R Ar 79-97% ee
X = 2-benzimidazolyl )
* +[Rh] 2-imidazolyl, N-acylpyrazole 1+ PFg
[Rh]§o H+ : 0 {Bu
tW|ce SET - _[Rh] ¢ R
[Rh]“ : N
T g [Rhi~o : _Me
\ R I | 1 ! //'/ \\\N 4
R’ Rh ] NS SR : Rh
| > :2 | ' | \N\
A /"}'l R Ar ! \\C\
r Rh-llI ; N Me

i R O@—tBu
b) Kang: O [Rh] (2 mol%) x A :

—_— E . =
N‘R1 + Rz’\)J\X " : Megg.ers_. R=H
blue LEDs + Kang: R= 3,5-(CF3),CgH3
. X = 2-imidazoly!
Rh '
R0 once SET +Rh] 54-96% yield
N A R2 52:48 to 93:7 dr
[Rhl~0 90->99% ee
Rh-IV 7]
N Z “R? | =
Rh-IV
N >

O

Figure 29. a) Eantioselectivecrossdehydrogenativeoupling (CDC) reaction mediated by single
chiralatrhodium complexs -RhQO; b) enantioselectiveradical conjugate addition reactianediated
by singles -RhO derivative

In addtion the former group membeXiaodong Shen found that the Rased Lewis acid
(pRhO) was also apable of triggering visibiight-induced photoredox catalysithrough an
oxidative quenchingpathway which complemented the forementiorestlictivequenchingscenarid™
As shavn in Figure 30, the enantioselectiva-amination of 2acyl imidazolesvas accomplishetly

using (ODN)-N-functionalized carbamates (ODN=2dinitrophenylsulfonyloxy¥ under the

chiralatRh Lewis acid catalyzed photoredox conditiombe G N bond formation products were
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obtained with high yields (529%) and excellent enantioselectivities-8826).

2
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[Rhl<o R? ODN,, .R?

2-acyl [F?h]\o 1 [R’h]\o R2
imidazole N R
A-RhO > \ enantl?slelectlve N\ COZMe
NAr catalysis NAF R1
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Rh-l Rh-llI . chaln
-" transfer
product [Rh]\O R2 /
COzMe . Rh-I1"*
substrate NAr R1 /

Rh-lI

\\jh-u*

Figure 30. Single chiralat-Rh Lewis acidcatalystmediatecenantioselective photoredoxaion. ODN
= 2,4-dinitrophenylsulfonyloxy

Mechanistically the chiralatRh complex @RhO) is supposed taoordinate to the?-acyl
imidazole and upondeprotonationdelivess a Rhstabilizedenolateintermediate Rh-11). Under the
irradiation of 24 W blue LEDs (455 nm), this intermediatesgaiotoexcited andtonstitutes an
electron (re)itiator, thereby promoting a single electron to {@N)-N-functionalizedcarbamate
(ODN = 2,4dinitrophenylsulfonyloxy. After fragmentation, a highly electrophilic aminyl radigsl
producedandsubsequently reaxtith the intermediat&kh-1l . The G N bond formationis under the
control of the chiral environment directbgl octahedratoordinationgeometry.This process provided
the Rhbound ketyl radical intermediatdlg-111) which is a highly reductive agent, thereby being
capable of transferg a sirgle electron to the photoredox cycle to regenerate the ground state rhodium
complex.Alternative, the intermediat®b-11 1) could directly promote the single electmaductionof

the substratéODN)-N-functionalizedcarbamatgthereby furnishing the congeof fichain transfes*
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Notably, the relatedongeneir O could not catalyze this transformation at @his observation could
be traced back to the higher ligaexchange kinetics of the Rfased Lewis acid than thedased one,

which was crucial to niah the highlyreactiveaminyl radicals.
1.6 Conclusiors

Visible-light-induced catalytic enantioselectiyghotochemistryhas beenat the forefront b
chemical research over the past decade. Chemists from the lygrhdtis chemistry community
provided corsideralte contributions on the&evelopmentof diverse elegant protocolsVithin these
emergng catalytic tools, organocatalysiss dominant.The leading breakthrough was achieved by
using a cooperative strategy with dual enamine andphotoredox catalysis to promote the
enantioselectiva-functionalization of ketones and aldehyd8smetimesmechanisticallythe single
chiral aminecancomprise the dual role of asymmetric induction and photoactivation upon interaction
with the substrates.dnpatibility of chiral Bransted acid with asymmetrigphotoredox catalysis was
demonstratedby stereocontrolled transformat®rof carbonyl derivativesand azearenes.The
generality of other techniquedor organecatalyzed asymmetric photoredox chemistry, including
N-hetepcyclic carbene catalysiBydrogenbonding catalysiand so on, is still quite narrow and needs
to be further extended.

Transition metal catalysis as one of the most powerful tools to fergntioselective
photoreactionsshowcase its potential by peritiing the stereocontrolled formation of C/N bonds
in several caseg\nother interesting chiral catalyst architecture isttiaeitional Lewis acid.Recent
publications reveal that the metal salsociatedvith the chiral ligands could promote asymretr
photoredox catalysis with or withoutsgparategbhotoredox catalyst, to trigger a variety of chemical
transformations

The Meggersgroup introduced a class of unusual chiriinetal Lewis acid catalysts in which
the chirality originates exclusive frothe stereogenic metal cent@hesechiralat-metal complexes
have already been demonstrated as quite useful catalytic tools to promote diverse enantioselective
photaeactionghroughintegratingthe dual functions of photoredox and asymmetric cailyjsereby

leadingto novel asymmetric photoreactions
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Chiral transition metal complexes play a prominent role as catalysts for the asymmetric synthesis
of nonracemic compoundS.The required chirality typically origates from chiral monroor
multidentate ligands within the coordination sphere of the metal cat&pstal transition metal
catalysts in which the chirality exclusively originates fromtereogenienetal centewitnessa more
recent developmengspecidy by the contribution fromthe Meggers research grodpWith the
elaboratecfforts of the former group membéfgohua Huo, Xiaodong Shen and Chuanyong Wang
new family of chiralatmetal iridium (dubbedrO?® and IrS* and rhodium (dubbe®hO®) Lewis

add catalystavereintroduced Table 1).

Table 1. Structures of chiraht-metal Lewis acid.

“J+PFg | +PFg"
XQtBu tBuQX i 6
| //C’Me Me\C\\ |
//,,II “\\\N (d S "'I, “\\\\\
:M‘\ ., \ - .
I \N - _ N/ | S .
<C. c= *
N Me Me” N :
X\%;>7t8u tBu—<;§/x exclusive
stereocenter
A A
Entry Complex M X Remarks
1 L- andD-IrO Ir O ref.3
2 L-andD-IrS Ir S ref. 4
3 L- andD-RhO Rh O ref.5
4 L- andD-RhS Rh S unknown

These C,-symmetrical complexes contain two cyclometalatinigrs-butyl-2-phenybenzoxazote
or the analogous benzothiazoles, in addition to lable acetonitrile ligands. Theyclometalating
ligands create a propelleype geometry with lefhanded Ii enantiomer) and rigHtanded D
enantiomer) screw sense. Importantly, a lkepectof the overall catalyst desigis the strongly
s-donating phenyl ligands, which create a strbggnd field going along with a high ligand activation

energy thereby rendering the doigclometalated propeller unit configurationally inert (important for
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retaining the catalystés c¢hir altiansgffect of thdphehyl a't
ligands labilize the coordinated acetonitrile ligands (important for catalydeygersand several
othergroupsdemonstrated over the pastveral yearshat these bisyclometalated iridium(lll) and
rhodium(lll) complexes and derivatives theraog very versatile catalysts for a variety of asymmetric
transformations, ranging from enolate chemistry and conjugate additions to asymmetric transfer
hydrogenationd? An especially interesting aspect of this class of catalysts is their ability to becom

activated by visible lightherebycatalying asymmetric photoreactiofis.
1) Expanding the family of chiral-at-metal Lewis acid catalyss

In previousinvestigatios on the catalyticactivity of these chiraatmetal Lewis acids, two
interestingobservatbns are noticeable Firstly, the Rhbased Lewis acidRhO) often show higher
catalytic activity than the dbased onel(© ) which can be rationalized with more rapid ligand
exchangekinetics of the rhodium complex Secondly,the IrS comprising thecyclometalating
benzothiazole ligands often displays higher asymmetric induction thbarimxazoleongeneirO
which can be explainedith animprovedsteric congestion diréed by the benzothiazaein which
thelonger G S bonds over @0 arranges the sterbulky tertiary butyl groupgloserto thesubstrate
coordination site’ Thereforejt would be highly desirable to accease other type of Rbased Lewis

acid catalyst containing the benzothiazole ligahtbpedRhS).

2) Discovering novel visiblelight-induced asymmetric transformations

Visible-light-induced asymmetric photoredox catalysis has bdemonstrateé as a powerful
synthetic tool to accessnantioenrichednolecules. However, discovery of novel antioselective
photoreactions is mainly hampered by the development of new chiral catalysts which could get
photoexcited directly upon interaction witubstratesor cooperateharmoniouslywith an external
achiral photocatalystTherefore, the otheggoal d this thesisis to make use ofthe chiralatrhodium
complexRhS for discoveringnew methodologs in the field ofasymmetric phot@dox chemistry.

The potential higher turn@er frequencies oRhS comparedto IrS should bean advantage for
reactions involing shortlived photogeneratedntermediates. The to be expected Iéagorable
photophysical properties dRhS compared tolrS will be compensated by complementimgth

suitable photoactive specjethus furnishing the concept ébsymmetriccooperativephotoredox
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catalysi® as demonstratedlso by other group$. Overall, a new chiraht-metal Lewis acid catalyst

mightlead to the discovery of some unconventional new photoreactions.
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3.1 Synthesis ofthe NewChiral -at-Rh Lewis Acid CatalystL/D-RhS

3.1.1Synthetic Design

Chiral-atmetal transition metal complexes devoid of any lighaded chirality ar¢raditionally
resolved into their enantiomers by crystallizing salts with chiral counterions so that theitiéeent
solubility of the diastereomeric salts can be exploltédowever, in order to nosolely rely on
unpredictable solubility differences of diastereomeric sattgr researchgroup developed a
chirakauxiliary-mediated strategywhich was initialy used for the asymmetric synthesis of chiral
ruthenium complexésand later appliedhto the synthesis of enantiopure chiagimetaliridium and

rhodium complexecluding the metal templatdrganocatalystd and Lewis acids

a) synthetic strategy for chiral-at-Ir "organocatalysts" and Lewis acids

N N ' ;
1 selected chiral-at-Ir catalysts:
FN ’\ —>CI”//,| ‘\“\O C///, I \\\N E
G |I 2l |l - Sy@ /ir\N H* : —I+ PFe
[, = :
| /| G | i-N- Sl\’s i,l
\_.N N N OH iPr
1 iPf A-(S)-3 A-catalyst N
N - resolution with stereospecmc i, l ‘\\\N’
| N/// regular chromatography = substitution
Ir
/ B
NS . C
L[!l \\ = O”I" ‘\\ — ! N/ll, \\\\C
5 TS
Ir- based
racemic complexes N : A- IrO X=0
A- (S) -3 A-catalyst * A-IrS: X= S
b) synthetic strategy for chiral-at-Rh Lewis acid A—-RhO
( N .
F N PP H
_» Ca, Rh ‘O\/O Cu, l*/N/ ' T+ PFg
O‘ | \ H* C’F\’Ih\N\\ 5 OQtBU
(N N N7 TCOH \_, G NS\ : ©/L\N Me
H : _c”
C,,,,%B‘\\\CI,, ‘%B’C L-proline A-(S)-5 A-RhO P, | NP
N~ Yy, resolution by ,:> stereospecific !
C\_' cl j washing substitution \N\\\C
N , N N : N “Me
OO, .
| 3 ""'Rh.‘x\“c purification method O@tBu
N \C_> inaccessible
\ . A-RhO
H N/
A-(S)-5

Figure 31. Syntheticstrategies for chirghtmetaliridium and rhodiuncatalysts.

With respect to the synthesiss ahown inFigure 31a, the racemic Hased complexes or 2,
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which were prepared fromyclometalatingeaction ofirClxH ,O andcorrespondindigands, reaced
towards the chiral auxiliargalicylthiazolineto provide a mixture of twodiastereomeric complexes
s-(9-3 and (9-3. These twodiastereocisomer were then resolved by the regular silica gel
chromatographyfollowed by stereospecific substiioh under the acidic conditions to deliver the
target enantiopure complexdsis synthetic protocol has provided very efficient access/ariaty of
metattemplatel forganocatalysté and the chirahtiridium Lewis acid catalystsL{D-IrO and
L/DIrS)* ¢. However, in the later research on the resolution ob&ed complexe Chuanyong
Wang found that the most frequently ustdazoline and oxazolindbased chiral auxiliaries in
Meggerslab could@ deliver any stablediastereomeric complexeshich were suitable for the
resolutionor purificationon thestandardsilica gel chromatography C. Wang next turned to another
type ofnaturaly abundantwuxiliary, enantiopureé-amino acidsAs shown inFigure 31b, introducing
the L-proline to therhodiumcenterafforded twodiastereomerichodium prolinatocomplexed. -(S)-5
andD-(9)-5, whichagain showedimited stability on the columohromatographyHowever,thesetwo
complexes displayed distinct solubility in the mixed solvent ob@HELO, thereby thansoluble
L-(9-5 was isolated byvashingout the solubleD-(9-5. The following acidinducedstereospecific
substitution affordedthe enantiopure chiratrhodium Lewis acid L-RhO. The opposite
configurational catalyst D-RhO was obtained through the-folinemediated synthetic roufeA
drawback of this method needito be pointed out is that the soluble diasteresnipr(S)-5 and
L-(R)-5) carfi be obtained in sufficient purity due to the inaccessfaldfication method inthe
Meggerdab.

Intrigued by these established synthetic sgiatefor chiratatmetal iridium and rhodium
complexesthe author of thighesis decided tmvestigatethe synthesif the potentially highly active

catalystd./D-RhS using theforementionedthiralauxiliary-mediated synthetiprotocol
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3.12 Synthess andCharacterization

&COZ /\N

S
\
N tBu C/, 1, \\O\/ O ) O//, \\\C
2.0 equiv) L -proline
RhCls-xH,0 — C’ | \N:> SE
1) EtO(CHg)QOH/HQO K2CO3
(3:1), reflux A-(S)- 7
2) %%F:’EG CHSCN +no squb|I|ty distinction
¢ not stable on column chromatography
53% vyield

1 other tested amino acids:

CH,OH CH, NH, NH,
: COOH
COOH H,N”>COOH B~ “COOH Ph

L-serine L-valine L-phenylalanine (§)-3-amino-3-

phenylpropionic aC|d

Figure 32 Attempts on esolution ofrac-RhS using enantiopure amino acids.

In line with C. Wandgs work on theauxiliary-mediated synthesisf chiralatrhodium catalysts
L/D-RhO, the enantiopuré_-proline should be the first choice folL/D-RhS. The synthesis statl
with rhodium trichloride hydrate whictvas first converted intoac-RhS (1.70 g 53%yield, data from
Xiaogiang Huanp by reaction with 2 equiwf 5-tert-butyl-2-phenylbenzothiazol®, followed by
treatment with2.0 equiv. of AgPkE in MeCN (igure 33). Therac-RhS was then reacted with the
L-proline to provide a mixture aiastereomeriégsomersL-(9-7 and D-(§-7. Unfortunately, these
two complexes didi show any applicable solubility distinction in a range of screened solvents or the
combination thereof, ands wellwere not stable on the stand column chromatograioyeover,
screening other natural or unnatural amino adided lead to any resolution of the corresponding
diastereomers

After running into a stone walbn using enantiopure amino acids as chiral auxiliatiesauthor
of this thesis decided tturn back to the oxazoline mediated stratddgon analyzing reasasrof the
instability of oxazolinecoordinatedrhodiumcomplexedn C. Wangs researchthecleavageof Rh- O
ionic bond under acidic conditions should be thHeey aspect Taking this into account, a
monofluorinated salicyloxazolineSE-8° was introduced in which th#uorine would decreasethe
basicity of theoxygen thereforemost likelyhampering theleavageof Rh O ionic bondunder acidic
conditions, especiallypon interaction with thsilica gel on columnchromatographyThe realization
of this proposal waacmmplishedas outlinedin Figure.> ** Accordingly, he rac-RhS was reacted

with the auxiliary(9)-8 to afford diastereomer& -(S-9 and D-(S)-9, which unexpectedlydisgayed
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completely distinct solubility ifetOH (Figure 34). More gratifyingly, both isomers were stable on the
silica gel chromatographyas expected.Overal, combining the washing with silica gel
chromatographystraegies, therac-RhS got readily resolved into pure diastereomers(S)-9 (44%
yield) andD-(S)-9 (46% vyield. Configurations were assigned based on the crystal structuré3)f9

as shown irFigure 35. Following stereospecific substitutions acetonitrileprovidedstraightforward
access tdhe enantiopure chiratrhodiumLewis acidsL -RhS and D-RhS (90% yield and >99:1 er

for eachong.

( N 1) TFA, MeCN, r.t.
44% yield G, | O 2) NH4PFg
—> RA —

R A-RhS
v
o ™ | = 90% yield
\j NG\ L >99:1 er
N '/,Ph Ph
) A-(S)-9
OH (S)-8 ¢ distinct solubility
K2CO3 +stable on column chromatography
EtOH, 70 °C
N\ 1) TFA, MeCN, rt.
2) NH,PF
O, | wC 2) NHsPFe A-RhS
racemic 46% yield <N | NC 90% yield
O N >99:1 er
Ph
A-(S)-9

Figure 33.Chiralauxiliary-mediated symte si s of enantanodRef i cally pure

Figure 34. Reaction system after first time centrifugation (left) and after washing by EtOH for another
three more times (right).
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Figure 35. Crystal structure of the auxiliary compléx(S)-9. ORTEP drawing with 50% thermal
ellipsoids.

CD spectra of the complexds- and D-RhS are shown inFigure 36 and confirm their
mirror-imaged struatres. HPLC performed on chiral stationary phase validate the high enantiomeric
purity of the individual enantiomerg=igure 37). For the D-enantiomer an e.r. of 99.9:0.1 was

determined, while peak tailing prevemisd accurate validation of theenantiomer and was estimated

as>99:1e.r.
120 L
80 —
G40
£
=
o
O -40
-80 —
'120 T I T I T I T I
250 300 350 400 450

I (nm)

Figure 36. CD spectra of - andD-RhSrecorded in CKOH:CH,CI, (4:1).
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Figure 37. HPLC traces of racemit,- andD-RhS. HPLC conditions: Daicel Chiralpak 1B, 25046
mm, column temp. = 25 €abs = 254 nm, flow rate = 0.6 mL/min, solvent A = 0.1% aqueous TFA,
solvent B = MeCN, gradient = 40% to 50% B in 180 min.

3.1.3Evaluation of Catalytic Activity of s-RhS

Re face blocked

X Michael addition 0O Me O Q (

0O
N\j)l\/ﬁMe 0“0 [RhI(1mol%) N N e
—_— W=
<\’N‘Me t AN &W lN}x

e} r.t. Fi ~—
A-RhS: 99% vyield, 93% ee (R) N nuc/eophl/e
A-RhO: 99% yield, 85% ee (S) (ref. 7) s{MB attack

Si face blocked

0 e Photoredox reaction (o e 5
N Ph A Rh] (2 mol% ' : 7
S OMe [Rh] (2 mol%) N N OMe
" Yy wr Y A
Ny \_N__Ph O : =N-oTol
oTol  O,N NO, 2,6-lutidine, r.t. “oTol : . lh‘\N
] *~— -
blue LEDs : ~o bPh
A-Rhs: 96% y|e|d, >995% ee (R) E ’,\l e[ectrophlle
A-RhO: 96% yield, 97% ee (S) (ref. 10) ; S@tBu attack

Figure 38. Comparison of catalytiactivity of L -RhS andD-RhO.

Preliminary investigatioron thecatalytic performance of the newly prepared cham&thodium
Lewis acidsL/D-RhS is outline n Figure 38. Accordingly the enantioselectivilichael addition
reaction of Meldrurés acid and zacyl imidazole catalyzed by ti2RhO provided the G C formation
product S configuration) in 99% yield and 85% eeotalucted byC. Wang)® However, using the
L-RhS instead,an increased enantioselectivity (93% ee wWittonfiguration) was obtained with
unchangedyield (99%). Another comparisonwas demonstraté using a phot@dox reaction.The

42



Chapter 3. Results and Discussion

D-RhO catalyed asymmetrica-amination of 2acyl imidazole under photoredox conditions provided
the targetC- N product in excellenenantioselectivity97% ee)" while the L-RhS gave an even
better stereocontrol (>99.5% depnducted byiaodongSher).

Theimprove catalytic activity oRhS overRhO is attributed tohigher steric congestion dirtec
by the benzothizole ligands which thdonger G S bonds over Q0 bonds, arranged the stebiaglky
tertiary butyl group<loserto the exchngelabile acetonitrileligands. As outline irFigure 39, the
suwperimposed crystal structures lofRhS and mirrorimagedD-RhO (contributed by Dr. K. Harn)s
not only confirnedthe assigned metakntered configation ofL-RhS but also reveald differences
in how two tert-butyl groups flank the coordination site around the two acetonitrile ligands. In
comparison witrRhO, thetert-butyl groups ofRhS are in closer proximity to the labile acetonitriles
as quantifid by a 0.9 A shorter intramolecular distance between quaternary carbons of the two
tert-butyl groups inRhS (10.5 A) overRhO (11.4 A). This is consistent and analogous with a

comparison of the related benzooxazole agmizbthiazole iridium complexés.

Figure 39. Superimposed crystal structure lofRhS (grey) with invertedD-RhO (green). Fitted are
the central metal together with the mdialind atoms. Atoms are displayed as 50% thermal ellipsoids.
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3.1.4Conclusiors

Herein the gnthesis of new chiralatmetal benzothiazole complex s / -BhS has been
accomplished, which expands the family ofis-cyclometalated rhodium(lll) complexes for
applications inrasymmetric catalysis. Comparadth the previously reportetdlenzoxazole comples
s | -BhO, the benzothiazole ligands gn/ -BhS provide a higher steric congestion around the labile
acetonitril e | i ga-RhiSsssuperioreasymmeyic catalgstApplgations ofpthe
new chiral Lewis acid catalysto other interestingaggymmetric photoredoxtransformationsvould be

presentedn the following chapters
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Chapter 3. Results and Discussion

3.2 Cooperative Rhodium/Ruthenium Asymmetric Photoredox Catalysis to Access

Chiral 1,2-Aminoalcohols

3.2.1 ResearclBackground and Reaction Design

Photoinduced Enantioselective Radical Conjugate Addition

a) Yoon's work using dual catalysts:

Sc(OTf)3 (15 mol%) :
. 0O o ligand (20 mol%) R'" R o o o
R AN TBACI (30 mol%) NAN : ,
N._TMs + R N —  » Ar N S’N
Arr \ N A
Et'N Me (2 mol%) Me Bu Ilgand 7 Bu
Me visible light Me
33-96% yleld

85-96% ee
b) H. Huo's initial attempt using single catalyst:

5 +PFy
Ph ! /@’tBEI 6
i Phe, o~ A-Ir0 Naph I N
Ph /"l ‘\\\\‘

N 14 W CFL </

"
MeOH N
10 (1.0 equiv) 11 (1.5 equiv) € (:C’L Nsc
: 2 "Me
A-IrO (20 mol%): 43% yield, 37% ee : o
A-IrO (100 mol%): 16% yield, 85% ee ; tBu
: A-IrO

Figure 40. Photoinduced atalytic enantioselective radical conjugate additignYoon and the former
groupmemberH. Huo.

The catalytic enantioselective radical conjugate addition reaction was a formidabmggal
whenthe author of tlis thesisstarted to pursue his doctoral degree in Meggers group.c@hibe
attributed mainly to the strong uncontrollable background reaction which resfittm the high
reactivity of the involved alkyl radicals A limited number ofexample existed Sibi and ceworkers
disclosedthat the magnesium bisoxazoline complex (5% mol) as chiral Lewis acid was capable of
catalyzing radical conjugate addition of isopropyl radical to an oxazolidinone cinnamate with good
outcome (92% yiel and 90% ey Recent | y, Yo on 6 sdugl photargdoxiLens adidt e d
catalysis could promote the highly enantioselective radical conjugate addititarahoalkyl radicals
t o -udsatbrated carbonyl ogounds(Figure 40a).® With respect to the research tbie Meggers
group,H. Huo found that th@reviouslydeveloped single chiratiridium Lewis acids -IrO with a
loading of 20 mol%could catalyze a similar transformation to provide th€€Gormationproduct12
in 43% vyield and with inferioenantioselectivityf 37% eeunder photoredox conditiong/hile using

stoichiometricamount of -IrO (100 mol%), a satisfactory enantioselectivity was obtained (85% ee).
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Chapter 3. Results and Discussion

a) redesign of Michael acceptor:

(0] PC (0]
N\W)J\A — N\j/u\) possible E to Z
¢ - N\

N N isomerization
N E10 J N Z10
O Ph
redesign N y Vij decreased eletrophilicity
Q\’N “ no potential E to Z isomerization
Me 13
b) attempt to enantioselective radical conjugate addtion:
O Ph O Ph, /—NPh,
N Ns 1,4-addition
<\’N. Catalyst <\/N.
Me ;3°  systemAorB Me 14
+ - 5 TMS, LI/
OMACIMeCN (14 PhoaN— o Ph 1,2-addition >I< P 7
™s NN eCh (1:4) N s S o ¥

) 23W CFL Q\’ . _ 1 \\ /

Ph N. T o
.................................................. o Nl ]
H -
i A: A-RhO (4 mol%) —— 14 (n.d.) ! oA /\__ il
: 15 (n.d.) ; 7 >\,\\/

{ B: A-RhO (4 mol%) > 14 (nd) E 4

( .
Ru(bpy)s(PFe)2 (1 mol%) 15 (60% yield, 93% ee):

L SRRSO USSR S S U SR U a

Figure 41. a) Substrateedesign b) attempt to enantioselective radical conjugate additiah.= not
detectedPC = photocatalyst

Intrigued by these results, especially the work of H. Hhe,author of tis thesis decided to
furtherinvestigatethe potential of photoinduced enantioselectadical conjugate additienby using
the chiralatmetal catalysts developed tine Meggers groupConsideringthatthe stronguncatalyzed
background reaction was the key challengeyat reasonale to introducea redesigned Michael
acceptor withlower reactivity which should béeneficial to decrease the background or other
undesired side reactions. Moreover, with respect to the employed substi@die H. Huds initial
attempt a photoinducedsbmerization reaction df to Z was possibfe and these two isomers would
deliver the products witbppositeabsoluteconfigurations undeg -IrO catalyzed conditiong={gure
41a). The overall result was thdiminution of the enantioselectivity ofhe target G C formation
product. Taking thesaspectsinto account, a newyclohexenebased Michael accegr 13 was
introduced, which contained two substituents atttlvarbon therefore decreasing its electrophilicity.
And thecyclic configuration afforded the alkene withdaandZ isomerization.

As discussedn chapter 1.5, the chiratrhodium complexXRhO which provide high turnover

frequency over IrO/S in ligand exchange processes showed excellent catalytic activity for
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Chapter 3. Results and Discussion

photoinducedenantioselectivea-amination reaction® Inspired by thisobservation the newly
designedU ,-umsaturated carbonyl compouf@ was subjected to a reaction with thesilyl alkyl
aminellin thepresencef s -RhO (4 mol%) under théradiationof 23 W CFL.Disappointingly no
target GC formation product 14 was obsered. However, upon the additi of an established
photoredox catalyst Ru(bpyiPFs). (1 mol%) to the reaction, unexpecteddy 1,2-addition product
was isolated athesilyl ether15in 60% yield and 93% ee, whereas no-dglitonwasobservedThe
structure ofl5identified aschird 1,2-aminoalcohobnaloguevas confirmed by -ray crystallography
Even though the initially designedadical conjugateaddition was not accomplished, the herein
obtainedl,2-aminoalcoholnalogue 15) was found to be structurally related to fireducs reported
by C. Wang adgliscussedn chapter 1.5in which the ketone substrates was limiteccéonpounds

c ont aiORigoups’ Dhe athor of this thesis therwonderedif it is possible to use the herein
unexpectediual catalyss strategyto expand thdimited substrate scope f C. Wa togliys wor k

and arylsubstituteletoneqFigure 42).

C. Wang's work:
single catalyst

— R' R3O0
e[ e ey w«(
A Fsc)l\[) R JRS&Q v

l/m/ted scope
to trifluoromethyl ketone

dual catalysts Me3S|\

This study:
[Rh] R' R30SiMe
chiral [Rh] & PC R1 3

SiMe; + R3JJ\( %\( J RZN\A(J

R3 = a/kyl, aryl 2? stereocontro/led
radical-radical recombination

Figure 42. Catalytic enantioselectiv&/nthesisf 1,2-aminodcohol under photoredox conditionBC
= photoredox catalyst.

47
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3.2.2 Initial Experiments and Reaction Development

O Ph
SO mals
Me 13
*
A-RhO (4 mol%) > <\/N\
Ru(bpy)s(PF 1 mol% Me
s PN (bpy)s(PFe): ( °) 15 (60% yield, 93% ee)
|
R DMAC/MeCN (1:4)
23W CFL /MS
PhO Me
<’W)I\Ph </j/K/
16a Me

17 (68% yleld 41% ee)
Figure 43. Photoinducedenantioselectiveedox coupling reactionsingthe generdketonel6a

The investigation on expanding the scope of photoinduced redox coupling restatieawith
the acceptorsubstituted ketond6a As outlined inFigure 43, the chiralatmetal rhodiurdbased
Lewis acil L-RhO® together with the established pheatalyst[Ru(bpy)]** (Rubpyy catalyzedthe
reaction ofléawi t h -sitylalleyl atdine to providehe G C formationproduct17 in good yield of
68% and decreased enantioselectivity of 4¥th this promising result using tlieeneraketonel6a
the author of tls thesis moved to the dedicategtimizationand the resultis shown inTable 2.
Accordingly removing the trimethylsilyl (TMS) group with TBAF ahead of the workup increased the
yield of the corresponding alcoht®ato 73% (entry 2). The enantioselectivity of thminoalcohol
coupling product was then stepwise improved by increasing the steric bulk of the substituent at the
imidazole nitrogen (R entries 35), with the best result obtained for gBenylphenyl substituent,
reaching 93% ee. Importantlgeplacing he rhodiumcatalyst with the analogous iridium congener
L-IrO ° abolished product formation, both in the presence or absence of an additionakfathpso
(entries 6 and 7)This canprobably be traced back &odifferent spin localization/delocalizatiom the
iridium ketyl intermediate. Finally the newly developed secongeneration chirahtmetal
rhodiumbased Lewis acid L-RhS, ™ in which the benzoxazole ligands are replaced with
benzothiazoles, provided in combination with [Ru(BPy}he best resultwith 76% yield and 95% ee
for the reactiorléd + 18a - 19d (entry 8). Control experiments confirm that this reaction requires
both visible light and the ruthenium photdalyst(entries 9 and 10). Furthermore, the TMS group

appeas crucial for this reactivasa related aminel@b) devoid of any silyl group suppressed praduc
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formation completely (entryl}.

Results and Discussion

Table 2. Reaction development and control experiments.

Me N ;
I R2_° N ~ ! ,Me
</\’/ILPh + Ph/Nv —_— \\N Ph E ", ‘\\\N’
Rubpy w1 '
R ' | \
; 16a: R1 Me 18a:R?=SiMe; 17:R'=Me, R®=SiMe; !
}16b:R'=Ph  18b:R?=H 19a:R1=Me, R =H ! Bu
i 16¢: R" = o-Tol 19b: R' = Ph,R®=H

i 16d: R! = (2-Ph)Ph

EARhSM Rh,X =S

19c:R'=o-Tol, R®=H !
i A-RhO:M =Rh, X=0

19d: R! = (2-Ph)Ph, R® =

................................................................ 4 AIrO:M=1Ir,X=0
entry  cat PC hf  cpdl6  cpdl8 t(h) vyield (%) ee (%f

1 L-RhO Rubpy yes 16a 18a 14 68 (17) 41
2 L-RhO Rubpy vyes 16a 18a 14 73 (19a) 41
3 L-RhO Rubpy yes 16b 18a 14 74 (1%) 82
4 L-RhO Rubpy vyes 16¢ 18a 14 73 (19%) 88
5 L-RhO Rubpy yes 16d 18a 14 72 (19d) 93
6 L-IrO Rubpy  vyes 16d 18a 24 50 (19d) 0]

7 L-IrO none yes 16d 18a 24 43 (19d) 3

8 L-RhS Rubpy vyes 16d 18a 5 76 (19d) 95
9 L-RhS Rubpy none 16d 18a 20 n.r. n.d.
10 L-RhS none yes 16d 18a 20 n.r. n.d.
11 L-RhS Rubpy yes 16d 18b 20 n.r. n.d.

®Reaction conditions: To a mixturef 16a-d (0.1 mmol), [Ru] (1.0 mol% or none), a
catalyst (4 mol% or none) in MeCN/DMAC (4:1) (1ml) was added the arb8aeb (0.15
mmol). The reaction mixture was stirred at r.t. under nitrogen and, except for el
irradiated with a 23 W CFL. Afterwds, the solvent was evaporated to dryness and the r
was redissolved in THF, then treated with TBAF (0.5 mmol). The TBAF addition was o

for entry 1.°Rubpy =

[Ru(bpy)](PF)2.23 W CFL. YIsolated yields. n.r.

no reactic

*Determined by HPLGon chiral stationary phase. n.d. = not determirfe@. = photoedox

catalyst.
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3.2.3 Substrate Scope

Having obtained the optimized reaction conditions the substrate scope with respect to
Utrimethylsilyalkyl amines Figure 44) was nextinvestigated. Acoordingly, both the parand
metamethylatedN-p h e n y | mo i -silylamines dffordechthe individual productsi®e-f) in
good vyields (81-82%) and with excellent enantioselectivitig®7-98%). A benzyl substituid
Usilylamine also exhibited good toleraniog providing19g in 78% yield and with 93% edlotably,
the reaction betweeB-acyl imidazoleand the 1,2,3,4etrahydroquinoline derivative provided the
1,2-amino alcohol 19%) with a satisfactory resul{70% yeld and 95% ee)Gratifyingly, the
N,Nd i a esijylamiriés have been applied into this chemistry successiéily ), despite a relatively
longer reaction time was necessary when the {fie(tb ut y1 ) phenyl-siylaminb st i t ut

involved.

\ 1
Sy” Ph R’ A-RhS 4 A-RhS (4 mol%) \}/k/
] 0
<\/N N [ <,

+ R2 \/S|Me3
[Ru(bpy)s](PFe),
Ph 18 (1 mol%) Ph

16q  (1-50r3.0equiv) afterwards: TBAF 19¢.]

19e, hv for 5 h 19f, hvfor10h 199, hv for 10 h

80% vyield, 98% ee 81% vyield, 97% ee 78% yield, 93% ee
Me tBu
Ph OH
' Y@ o Y@ o
19h, hv for15h
70% yield, 95% ee 19|, hv for 5 h 19], hv for 30 h
85% yield, 91% ee 69% yield, 93% ee

C

Figure44.Substrat e scopsiylalwiamhesr espect t o

Next, the substrat scope with respect tedtyl imidazols was evaluated-igure 45 reveals that
both aromatic as well as aliphatic substituents at the acyl group are tolerated, providing the respective
1,2-amino alcohold %-sin 70-88% yield and with enantioselectivities af-99% ee With respetto
substituents in the aromatic moiety, methyl groggrsductsl9k and19) and a phenyl group (product

19q) provide excellent enantioselectivities 0f-98% ee. An acetoxy substituent also afforded the
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product19p with high yield and high enantioselectivity. However, more strongly electron withdrawing
or electron accepting substituents lead to inferior results. For example, while a chloro substituent still
provides the produd9m with high yield (88%) and satisfactory enantioselectivity (93% ee), a methyl

ester or methoxy group ipara-position provided thgroducts19n and 19 only with 5% ee and

86% ee , respectively.

0} o ) (23 W) R OH Me
<\N:\,)LR Me  ARhS A-RNS (4 mol%%) &j/k/ “Ar
N + Ar’NvSIMe3
_ [Ru(bpy);](PFg),

Ph 18 (3.0 equiv) (1 mol%) Ph

16 afterwards: TBAF 19k-s

Cl
OHMe 7 OHMe 7 OHMe

j/k/ N\WA/N‘Ph N\WA/N‘Ph

<, <\/N\ \_N
Ar “Ar

19k, hv for5h 191, hvfor5h 19m, hvfor5h

75% yield, 98% ee 80% yield, 97% ee 88% yield, 93% ee
MeO,C, MeQ AcQ

@OHMG ©OHMG @OHMG

L T

19n, hvfor5h 190, hvfor15h 19p, hvfor15h
79% yield, 54% ee  71% yield, 86% ee 80% yield, 96% ee
Ph

@ OHMe Et_ OHMe
Q/“ OA/ ks O/g Cf

19q, hvfor15h 19r, hvfor5h 19s, hvfor15h
70% vyield, 96% ee  88% yield, 97% ee  86% yield, 99% ee

Figure 45. Substrate scope with respect tad/l imidazoles.
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3.24 Mechanistic Study

R1
/—L 8/I{I\Ar + TMS*
1

1

R
| |
A NATMS | N TS
OTMS
Ar
SET ot \
[Rh]\IO/TMS (™
“[Rup?* [Rul CD)\RZ
\ SET TMS* + substrate
[Ru]?*

+ enantioselective
[Rh]\O/TMS [Rh] catalysis [F\'Ih]\o -TMS

JAr
N\
R2 R1
ARh]\O/TMS /
R']
N

8/ “Ar
stereocontrolled

radical-radical recombination

Figure 46. Proposed mechanism for the observed silyl effect in the wvikghle activated Rh/Ru dual
catalysis. SET = single electron transfer.

A proposed mechanism isillustrated in Figure 46. Accordingly, visibe light activated
[Ru(bpy)]®" (Evz °™ = +0.77 V vs SCE irMeCN) oxidizes in a weklestablished mechasm the
a-silylmethylamine(E, = ~041 V vs SCE inMeCN) to the corresponding radical cation, which
subsequently undergoes a rapid desilylatiop oo v i daminomethylWadical® Notably, arelated
N,N-dimethyl anilineconstitutes a nch higher oxidativeotential g, = ~0.75V vs SCE inMeCN)
compared with tha-silylmethylamine™

To take into account the observsityl effect, the released trirtigylsilyl group ispropose to be
captur@ by the rhodiuncoordinated zacyl imidazole (intermediaté) to afford the very electron
deficient silylated intermediatél. This is followed by a electron transfer from the reduced
photocatalystto regeneratehe catalystin the ground state and provide a rhodium coordinated,
silylated ketyl (intermediatdll ), which then undergoes a radicatlical recombiation with the
U-aminomethyl radical to form the rhodisooordinated €C coupling product (intermediate/).

Replacement of the produdt9) by a new substratd §) will then initiate a new catalytic cycle. Thus,
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in this mechanism, Rbpy);(PR;). serves asllightact i vat ed el ectr eiylallgglhut t | e
amine (electron donor) and thea2yl imidazole (electron acceptor), followed by a radiedlical
coupling, in which the stereochemistry is controlled by the chirabdium Lewis acidFigure 47

shows a crystal structure of a derivative of intermediatend the structure of the proposed

intermediatdll which can rationalize the observ8aonfiguration of the products.

Ta
P X | N Re face blocked
9 \ RO Als N (2 Ph)Ph
& ot S . AR R®

[ ""\“\, ‘O
{ ,/\j\ Mg NMesSi \
\ < V. 1
'-( < .. 8\ R
intermediate | intermediate Il

Figure 47. Crydal structure of a derivativeatermediatd and the proposed structure of intermediate
[Il with the indicated stereocontrolled radicatlical recombination.

Mechanistic experiments are shownFigure 48. Control experimentsemonstrate that the silyl
group, although crucial for observing the ©coupling product with a-acyl imidazole, is actually
not required for t h e -amincmndthylc radicalsiccoodingly,i tietadicalme d i at
species gnerated from both-silylmethylaminel8a andthe dimethyl aminel8b are trapped bwan
electron deficient alkent give the produc20in comparable yieldHigure 48a). Additionally, in the
presence of the photatex catalysiRu(bpy)s(PFs). (1 mol%), reaction of tha-silylmethylaminel8a
with the 2acyl imidazolel6a provides the redox coupling product silyl ether with 30% vyield, while
the dimethyl amine affords no product under the same condittégsré 48b). Moreover,an amine
substrate 18¢ with the more bulky bis(cyclopropyl)methylsilyl group afforded only 7% yield of the
aminoalcohal Overall, heseexperiments support the mechanistic picture that the trimethydsiyip
exerts an important role as an additional Lewis "&tidto activate the rhodiurnoordinated Zacyl
imidazole and facilitates a reduction by lowering the ligaedtered LUMO, whereas the related
di(cyclopropyl}ymethlysilyl group is too bulky to intact with tte rhodiumcoordinated substratnd
the N,N-dimethyl aniline cari deliver a second Lewis acid in the reaction system even though
undergoing smooth single electron oxidation.
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a) radical trapping experiments: EtO,C,

0 - Me Ph Me

|
Me BlO:C - Me  pi6c N CO,Et
Nx Ph | trapping reagent
<\/ + N _X — >

N, PR t02C 20 COzEt
Me , [Ru(bpy)s](PFe)2 . EEo
X = SiMej (183) (1 mol%) with 18a: 55%
16a X = H (18b) with 18b: 50%
b) control experiments without [Rh]:
(0] Ph. OX

Me [Ru(bpy)s](PFé)2
N\W)kph N ’11 x (1 mol%) N\j)k/NMePh
—_——
<\,N\ PR <\/N\
Me X = SiMe; (18a) 6 Me 17
16a X = H (183b) with 18a: 30%

with 18c: none

c) control experiments using 18c:
&,

o " 1) A-RhO (4 mol%) Ph OH
N\j)Lph [° | RupyIPFe) (1 moe) No A AP
<\,N * Ph’vi > <\,N
“2-Ph(Ph) 2) TBAF, Hy0 “2-Ph(Ph)
16d X = SiMe, (18a) 19d
Me with 18a: 76% yield, 95% ee
X = -§—S:—<| (18¢) with 18¢: 7% yield, 79% ee

Figure 48. Mechanistic experiments.

3.25 Conclusiors

A visible-light-driven enantioselective radicatradical crossoupling was discovered by
cooperativitybetween a rhodiurbased chiral Lewis acid and a ruthenium phedax catalystand in
which a trimethylsilylgroup appead to play a crucial role as an situ released Lewis acidlhis
protocol expands the substrate scope to a rbuchderscheme compared with the previous work by
C. Wang. In this way synthesizedliverse nonracemicl,2-aminoalcohols represent r@ductive

Umpolung of the carbonyl reactivity triggered by a photoinduced electron tr&hsfer.
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3.3 Synthesis of FluoroalkytContaining Compounds through Enantioselective

Three-Component Photaedox Reaction

3.3.1 ResearchBackground and Reaction Design

a) H. Huo and C. Wang's work R2/5F3K 0O R?

' ZJJ\/'\R1
A-RhS (4 mol%)

[Acr-Mes]CIO, (2 mol%) UP to 97% yield

Q or[irf] (2 mol%) ~ UPto99%ee
ZJJ\/\R1

A-RhS (8 mol%) 0 R
[Ir2] (1 mol%), HE (1.5 equiv)

A 3 AoH
R4 QO R3 R4
3 up to 85% yield
R\,?\_X\/\o’N up to 97% ee
H c-H o}
activation X=0orS
: PET R~ i
H - Z "EWG R .
: (A—LG ‘[ Aa N \l/\EWGE
: A :
: nucleophilic :
e radical e :
b) proposal for this study
PET P
‘_'-G 0(\ 7 EDG
Z EDG

B = EWG electrophilic

radical
radical cascade

—~ R ewe R
H EWG
EDG .s/\H\/
EDG

nucleophilic +three-component reaction
radical ¢ dual C-C formation

Figure 49. a) H. Huo and C. Waifg work on photoinduced radical conjugaigdition reaction; b)
proposal for this study. PC = photoredox catalyst. [Iri{eF(CF)ppy):(bpy)PF. [Ir2] = fac-Ir(ppy)s.
PET = photoinduced electron transfer. EWG = electron withdrawing group. EDG = electron donating

group.

In 2016, the former groupmember H. Huo accomplished the visiblelight-induced
enantioselective radical conjugaddition of organotrifuoroboratesand acceptorsubstituted alkenes
by using thecooperativecatalysis of chiraht-rhodium Lewis acid.-RhS and establisheghotoredox

catalysts(Figure 49a)." C. Wang further extended this elegant metiogy to thefunctionalization

of C(sp)- H bonds through intramolecular5 hydrogen atom transfét,5HAT).? Both of these two
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reaction schemes provided the@formation products with excelleehantioselectivitiegup to 99%
and 97% ee, respectivelyy lsuppressing the often prevailimgcemic background reaction, which
typically nee@dto becounterbalanced with high catalyst loadingéth respect to the mechanism, a
nucleophilic radical is thought to beypically produceduponthe release of a leang group triggered
by photoinduced electron transfer (PEThis radical speciesis the supposed t@add to the
rhodiumbound acceptorsubstituted alkene® provide the €C formation products in a catalytic
enantioselective fashiorinspired by tis mechaistic scenarig the author of tlis thesis became
interestedn the development ahethod for generating nucleophilic radical&s illustrated inFigure
49, a radical cascade pathway vmisposedor the generatin of a nucleophilic radicalAccordingly,
this new design started with the production of an electrophdlitical under photoredoxconditions,
which was subsequently trapped doyelectronrich olefin to deliverthe nucleophilic radical species.
This spedes is an equivalent of intermediat& in the previous work and would then add to the
Michael acceptor under the stereocontrokiu# chiralatrhodium Lewis acidcatalyst Overall, this
newly proposed radical cascade scheme would triggeatalytic asymnetric three component
photoredox reaction which provides thenracemicdual G C formation products in highlgfficient
fashion

On the other handthe author of tlis thesis was also quitmterestedin the discovery of new
photoredox catalysts or medias which are simple and readily available. In 201#e Li group
reported apractical photochemical method for thieifluoromethylationof unactivated arenes and
heteroarenes using acetone (Blfivation) and diacetyl (visiblight activation) as simplphotoredox
initiators or mediatord In particular diacetyl as a simple commercially availabheaterialis very
appealing for visibldight-inducedsingle electron transfeiSET) but the requirement to use it as a
cosolvent poses a significant drawbadle aithor of ths thesis then envisoned that some other
Udiketones® with improved photoredox propertiewould be appliable to the forementioned

threecomponent photoredox reactiaha subtoichiometricamount
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Figure 50. @) Previous work and this study on visiight-induced threecompment fluoroalkylation
reactionsb) Reaction desigbased on asymmetric Lewis acigtalysisn combination witha-diketone
organophotoredoghemistryPET =photoinduced electron transfer. SET = single electron transfer.

While turning to the photoredox reaction using three or multiple components, the
visible-light-induced threecomponent fluoroalkylations have witnessed increasing popularity because
perfluoraalkyl radicals can be generated conveniently under photoredox conditions and are then used
in the context ofmulticomponent reactiondViCRsY’ for the efficient synthesis of organofluorine
compounds® For example, Akita and coworkers introduced an elegaweetomponent
oxytrifluoromethylation under photoredox conditions to efficiently difunctionaliz€ @ouble bonds
in a regioselective fashioh.Magnier and Masson further extended this approach to the more
challenged oxypeffluoroalkylation by using S-perfluoroalkyl sulfilimino iminiums as versatile
fluorinated radical sourc®.In all these casesthe reactions are initiated by the generation of

perfluoroalkyl radicals through photoinduced electron transfer (PET), followed by their addition to
58





























































































































































































































































































































































































































































































































































































































































































































































































