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Chapter 1

General Introduction and Summary

Radical reactions have lorgeenattracing a high degree of attention as a strategy for achieving
molecular transformations that are quite different from simple ionic reactidtmyever, due tdéhe
high reactivity of radicaspeciesgatalytic stereocontrol of radical intermediates in theddorming
stepis still a difficult task in organic synthesisRadical ions, on the other hand, are not only highly
reactiveradical species but also have ionic propertiek particular, radical ion species are key
intermediates in photoredox reactiomkich have been rapidly developed in recent years, and it is
possible to produce targeted radical ion species by selecting photocatalysts that match the redox
potential of the substrate.

In this thesis, dcusing on the ionic nature of the radical ioncégs the authordemonstratéhat
radical ion intermediateis photoredox reactionsan be precisely controlledhrough chiral iorpair

formationwith optically active counteriongacilitating stereoselective bond format®mn

1.1. Catalytic Asymmetric Radical Reactions under Non-L ight Conditions

Research on catalytic séecontrol of radical reactions has a short historyhis is due to the fact
that induction of stereoselectivityin radical reactiongs difficult to achievebecause othe high
reactivity of the radical specigeemselvesand that therdbas beemo method tgpromoteradical
reactionsundermild conditionsuntil recently In the following sectionsthe authomwill focus on
reactions in which radical species are involved in the sw@e&rmining step, and introduce

advances in catalytic asymmetric radical reactfons.

1.1.1. Chiral Lewis Acid Coordination in Radical Reactions

Chiral Lewis acid can induce enantioselectivity in the radibandforming step by binding to
prochiral compounds and sterically shieldiagcertain face of a substrate. In 1996, he first
pioneering catalytic enantioselective radical reaction was report8ibibgnd Porter, which was the
conjugate addition of alkyl rachls using a chiral Lewis acithtalyst(Schemel).?® However, they
struggled to suppress the background reaction and re@usteéchiometric chirakourceto achieve
high enantioselectivity Afterward, through modification of the chiral ligand, a similar highly
enantioselective reaction with a catalytic amourd dfiral Lewis acid wasachievedoy Sibi in 1997
(Scheme2).®® These reportdemonstratethat radical reactions, which have been considerés

highly reactivecanbe controlled by calgtic amounts of chiral sourcédsr the first time.
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Schemel. Chiral Lewis AcidPromotedEnantioselective ConjugaRadical Addition
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Scheme2. Chiral Lewis AcidCatalyzedEnantioselective Conjugate Radical Addition

1.1.2. Hydrogen Atom Transfer by Catalytic Amounts of Chiral Reagents
The employmentof optically active atom transfer agents is a simple strateglstwiminatethe
prochiral faces of radical intermediates andbtain stereoslectivity in radicatbond formatios.
The first radical reaction with a catalytic amountaothiral hydrogeratom-transfer agent under
nontlight-irradiatedconditions was introduced by Robeetsal.in 1996(Scheme3).®  In this report,
a moderately enantioselectiveadicalchain hydrosilylation was achieved usirayoptically-active
thiol catalyst3 with di-tert-butyl hyponitrite(TBHN) asa radicalinitiator at 60 °C. Furthermore,
in 1997, Metzgeand co-workers demonstrateeln enant i os el e-bromoesersvieeduct i on

radicathydrogeratom transfeusing50 mol% ofa chiral tin hydride4 (Scheme).*

Ph,Me3_,SiH (1.3 equiv) Me OAcC

H 0,
Me thiol cat. 3 (5 mol%) '\fj(l Aco%
o o TBHN (5 mol%) Ph,Mes_,Si X 0 0 AcO SH

hexane, 60 °C OAc
1: 52%, 23% ee thiol cat. 3
2:65%, 32% ee

3: 72%, 50% ee

n
n
n

Scheme3. Hydrosilylation ofa Lactoneby Catdytic Amount ofa Chiral Thiol



chiral tin hydride 4 o OO Bu

(50 mol%) ’ Sri

o
x N\
,BﬁOMe Et;B (1 equiv) 5 7&0'\"9 H
u Et,0, 78 °C u

0, 0,
93%, 52% ee chiral tin hydride 4

Schemed. CatalyticEnantioselective Hydrogefransferfrom a Chiral Tin Hydrie

1.1.3. Asymmetric M etal Catalysisvia Radical Processes

Titanium has long been used mainly as a sacrificial reducing reagent for epoxides and carbonyl
compounds. In 1999, Gansduerand coeworkers reported an enantioselective carkmambon
bondforming reaction via ring opening ofmeseepoxides using a catalytic amount of
optically-active titanocenés along with zinc(Scheme5).” Moreover, in 1999Nicholas et al.
reported thefirst catalytic asymmetric pinacol coupling reaction of benzaldehwdia a chiral
titanium complexé (Schemes).’

Me Me
cat. 5 (5 mol%) OH %
4 Zn (>1 equiv) Cl, CI
O + X CO,Bu Ti
o collidine*HCI n e NAA b y 3 b o
n= 1 1,4-CgHg CO2'Bu :
( 3) 0
61-68% Ph” T Me Me” | Ph
74-82% ee Me cat. 5 Me

Schemeb. Chiral TitanoceneCatalyzedAsymmetric Radical Additiofrom meseEpoxides

cat. 6 (10 mol%)

o Mn (5 equiv) OH CI‘Ti’CI
TMSCI (2. iv ;
)J\ SCI (2.5 equiv) TBAF Ph)\rph ‘ b
Ph” "H MS 4A THF
THF, t, 24 h reflux, 4 h OH
dr=7:1 cat. 6
60% ee

Schemeb. Chiral Titanium-CatalyzedEnantioselective Pinac@ouplingReaction

In 2008, Fuet al. developedcatalytic eantioselectivalkyl-alkyl Suzuki crosscoupling reaction
via radical intermediates with the strategy of directing grq@zheme?).” In this reaction, the
free radical species generateid the oneelectron reductiorby the nickel complex binds to the
nickel center with the help dhe directing groupin the radical intermediatgesulting in higly
enantioselective coupling reactionsSubsequently, various asymmetric nickatalyzedradicd

reactions utilizinglirecting group were developedmainly bythe Fu group®



Ni(cod), (10 mol%)

ligand 7 (12 mol%) FsC O O CF3
R! KO'Bu (1.2 equiv) R’
ATY T 4 gpBN-R? AT

Br 'BUOH (2 equiv) 2 3
. R
racemic Pr,0, 5 °C-rt . HoN NH;
62-86% ligand 7
40-94% ee

Scheme7. AsymmetricSuzukiCrossCoupling Reactionusingthe Directing Group Strategy

Zhangand ceworkersdemonstrated highlysterecelective radicainediated cyclization afiazo
estersby exploiting a catalytic amount otobalt complex8 which hasa chiral porphyrin ligandh
2015 (Scheme8).” In this asymmetriametalloradicacatalyzed reaction, the radical substitution
reactionbetween benzid radicak generatedy intramolecularmydrogeratom abstractionand the

Co(lll)-alkyl complex yields opticalkactive cyclized produst

Hi.. ‘1 Ar2 Ar? k H
0 Al 1 FO
MeO,C r HN
2 >=N2 cat. 8 (2 mol%) _.QOZMe NH
0,8
o e St e ()
FG = Aryl, Alkenyl 86-99% NH A HN
0= 0
dr = 93:7-97:3 -
78-94% ee H™ a2 Al H
H H

cat. 8
(Ar' = 3,5-Pr,CgH3, Ar? = 4-BuCgH,)

SchemeB. Enantioselective Radicali@ Alkylation Reaction vidvietalloradical Catalysis

1.1.4. Covalent Organocatalyssin Asymmetric Radical Reactions

Organocatalyzed enantioselective radical bfmthing reactions have undergone a major
development with two representative works reported in 206#sty, Sibi et al. reported a
enant i o soxyamimation of aldelydes catalyzed by chiral imidazolidin@iicheme9).*®
SecondaryMacMillan and ceworkersshowed a similar chiral secondary amiecatalyzed highly
enant i o sadylaton df aldefeydegSchemel0).'® The key word in these studies is SOMO
activation. They proposedhat oneelectron oxidation ofin enamine generated froam adehyde
and a chiral amineby a photocatalystiith a sacrificial oxidant produces radical cation species,
which undergothe stereoselective radical boiffiokrming reaction. Later, it was foundthat the
reaction reported bysibi did not proceed through the SOMO activatiorthpay, but through
two-electon enaminecatalysis®® With the above reports as tsigger, study onasymmetric
reactiors that combine stoichiometric amounts of sacrificial exittand enamineatalysis habeen

extensivelycarried out by McMillan group™



cat. 9 (20 mol%)

FeCls (10 mol%) TEMP Q N,'V'e
H : . P
R/\n/ TEMPO (2 equiv)  NaBH, (2 equiv) 0 j)(Me
o) NaNO, (30 mol? t ~_OH Bn™ ™y
5> (30 mol%) r RT N N Me
_%ZLCDMZZ h 50-75% HBF,
' 82-90% ee cat. 9
Scheme9. CatalyticEnantioselectivé}Oxyamination ofAldehydes
(0] Me
cat. 10 (20 mol%) 1 ’
o R? CAN (2 equiv) JJ\/R jg\
1+ . t
R /I\/S'Mea NaHCO3, DME \I/ Bn N Bu
-20°C, 24 h R? CF3CO,H
70-88% cat. 10
87-95% ee

Schemel0. Catalytic AsymmetricU-Allylation of Aldehydesvia SOMO Activation

In 2013, Maruokaet al. reported arasymmetricradical cyclizationreactionof aldehydesusing
chiral organotin hydride.1 asan radicalcatalyst(Schemel1).”® The system utilizes the addition
of the tin radical to the carbonyxygenof the substrate to forrthe organotin alkoxidehavinga
carboradical at itddposition After the cyclization reactionthe intermediary benzylic radical
abstractshydrogen froml1 and the resulting tin alkoxidendergoes protonation with ethanol to
afford the productin moderatestereoselectity, wherethe catalyst is regeneratdgroughredudion
of thetin ethoxideby diphenylsilane

Ar  cat. 11 (10 mol%) OH /|\r Ph
PhZS|H2 (2 equiv) R OO
IS >0 .

AIBN (0.5 equiv) Rr P s’
benzene/EtOH X H
80°C,3h 48-96% OO
dr = 70:30-92:8 Ph
32-53% ee cat. 11

Schemell. Asymmetric RadicalCyclization Catalyzed byOrganotin Hydride

1.2. Asymmetric Radical Reactiors under Photocatalytic Conditions

The usefulness of light in organic chemical reactions has attracted a high degree of attention from
the perspective of green chemistry, as it ogeotvard the employment of solar energy, an ideal
resource. Furthermore, chemical spesideing generatedy energy or electron transfédrom
photocatalystsare usually radical intermediates with opehell electronic structures, which may
lead to new chemical transformations that are not possible in ionic reactidese,the authomill
introduce asymmetric radical reactions under photocatalytic conditions, which have been developing
rapidly in recent year$.



1.2.1. Covalent Organocatalytic Asymmetric Phota eactions

In 2008, MaMillan and Nicewictzr e por t ed t he f i r s4alkyldtionreacidn enant i o
of aliphatic aldehydes using photoredox catalyfRu(bpy}]Cl,, in combination with
imidazolidinone organocataly$2 (Schemel2)."

+

BrﬂdkEWG 15 WEHMF’ o~ octl' ht \N
racemic uorescent lig HOTf
63-93%, dr=5:1 cat. 12

88-99% ee [Ru(bpy)sICl,

o [Ru(bpy);]Cl, (0.5 mol%)
] cat. 12 (20 mol%)
HJ\/R R2 2,6-lutidine (2 equiv) O j
EWG Me ) 'tBu

Schemel2. AsymmetricU-Alkylation of Aldehydesunder PhoteedoxConditions

In 2012, Jangand ceworkersintroduced a system thabmbines iminium catalysis witthe

SOMO activationstrategy which wasproposed $ MacMillan in 2007%°

into asymmetriaadical
reactions undephotoredox conditiongSchemel3).'® Furthermorejn 2017,a chiral secondary
amine and photoinduced SOM® a t a | -glkylatidn rdaction of aldehydes was reporteuy
MacMillan et al, andit relies on a multcatalytic system consisting of amganocatalysii4, an
iridium photocatalystand a hydrogen atom transfer (HAT) catalyst (Schdd#)e®® In these
systems,i e -eBaminyl radicabeingproduced i the photooxidation athe enaminds trapped by

TEMPO or an olefin coupling partnerespectively,and facilitates stereoselective radical bond

formatiors.
o PC (0.04 mol%)/TiO,
cat. 13 (20 mol%)
HJ\/\A adamantanecarboxylic acid EtOZCYCOZEt
r (30 mol%) :

. . OHC\_/\Ar
E10,C._COEt TEMPO (2 equiv) :
MeCN, rt TEMP/O

8 W white fluorescent 53-80%
90-99% ee

Scheme B. AsymmetricTandem Michaehddition/Oxyamination oEnalsvia PhoteSOMO Activation

PC (1 mol%)
o) cat. 14 (20 mol%) o)
. thiol (10 mol%) Ar  50-94%
H r DME. 10 °C H 83-93% ee
R blue LEDs R
Me
~ SH
Ar' Bu Bu
Me | <N PR N Ar
= [Bu H OTMS
cat. 14 ‘Bu
(Ar' = 3,5-(CF3)2CgH3) thiol

Schemel4. AsymmetricUAIkylation Reactionof Aldehydesvia PhoteSOMO Activation



While the previously described repoiby MacMillan and ceworkersemployenamine or iminium
species in the ground stdtd®® Melchiorreet al. found that certain iminium and enamine species
can undergo photoexcitation to promote single electron transfer and generate free radical
intermediatewia formation of arelectron doneaccepto(EDA) complex In the system reported
in 2013 electron trasfer is facilitated by lightabsorptionof an EDA complex between an
electrondeficient alkyl halide and an electroich chiral enamine intermediatSchemel5).!” In
2017,thesamegrou@ | so report ed tatkgatioe of&mals byogalieal specitisi ve b
which anelectrondeficient chiral iminium ion can act apotentsingleelectronoxidant upordirect

excitation by light irradiatioiSchemel6).'®

o cat. 15 (20 mol%) o s
J\ ~ 2,6-lutidine (1 equiv) J\ﬁ Ar
+ R
H Br” "EWG MTBE, 25 °C H EWG E H Ar
R 23 W CFL R OTMS
70-96% cat. 15
83-94% ee (Ar = 3,5-(CF3),CgH3)

Schemel5. AsymmetricPh o t 0 ¢ h eAtkylatian bf Aldehydessia an EDA Complex

9 CF3
o cat. 16 (20 mSIA)) o) F F ; E
TFA (40 mol%) oF
H + R7OTMS H A 3
| MeCN, rt N Ar
Ar single LED (420 nm) 5.~ »~R H OTDs
46-93% cat. 16 FaC™ . CF3
68-94% ee

Schemel6. CatalyticAsymmetrich-Alkylation of EnalsthroughExcitation ofIminium lons

As anasymmetric radical reaction using other covalent organocatalyst, an optically active thiyl
radicalcatalyzed stereoselective cyclizatiorshould be mentioned. In 2014, Maruokand
co-workers reported a highly diastereo and enantioselective radical cyclalittbn reaction
exploing a precisely designed chiral thid7 as aprecatalyst(Schene 17).*° Although the
reaction systendoes not associate wifhhotocatalyis, they use light energy to generateadical

specieghatis serveal as annitiator.

cat. 17 (3 mol%)

R’ R BPO (6 mol%) =~ R
2 + Y R2
:)><R Raj\ toluene, 0 °C, 2 h R®

ultraviolet lamp R*
73-99%
dr = 34:66->95:5 cat. 17
51-93% ee R = 10-"Bu-9-anthryl,

Ar = 4-CF3CGH4

Schemel?. Chiral Thiyl RadicalCatalyzed Asymmetric Cycloaddition Reaction



1.2.2.Chiral Lewis Acid Coordination in Photoreactions

Chiral Lewis acidcatalyzed asymmetric control of radical reactions has also pedarmed
under photoreaction conditionsin 2010, Bachet al. reported an enantioselective intramolecular
[2+2] photocycloaddition using\IBr ;-activatedoxazaborolidinel8 as a chiral Lewis acid catalyst
(Schene 18).°° However, due to the high energy light irradiation, the background reaumtidd
not be suppressed andsabstoichiometri@amount of catalyswas required forattaininga highly

enantioselectiveeaction

X H
cat. 18 (X mol%)
A
CH,Cly, -75°C, 5 h H
o~ o hv (366 nm) o o

X =50: 84%, 82% ee
X =20: 82%, 54% ee

cat. 18

Schemel8. Chiral Lewis Acid-CatalyedIntramoleculaf2+2] Photocycloaddition Reaction

In 2014, Yoonret al. combinedthe chiral Lewisacid-coordinationstrategywith photocatalysis to
achieve arhighly enantioselectiveadical cycloadditia reaction under milc¢onditiors (Schene
19).2* Racemic backgrountkactionwas suppressed because the coordination of the Lewis acid to

the substratsignificantly accelerated oneelectron transfer from the photocatalyst.

[Ru(bpy)3]Cls (5 mol%) ipr
o) o Eu(OTf); (10 mol%) o O
+ ligand 19a (20 mol%) Ar/S:' A X N/kffN
Ar 2 - )
| | R PrNEt (2 equiv) _ o OO
R MeCN, 20 °C, 15 h R by
23 W CFL 34-71% ligand 19a
dr=2.5:1-7:1
86-93% ee
[Ru(bpy)3]Cl; (5 mol%) i
0 o Eu(OTf)3 (10 mol%) o o Br
+ ligand 19b (20 mol%) Arv\Rz N/k”/N
Ar 2 -
| | R iPrNEL (2 equiv) _ OHH 0 o
R MeCN, rt, 14 h RT H"\le
u
23 W CFL 49-80% ligand 19b
dr=1.5:1-4.5:1
84-95% ee

Schemel9. Asymmetriclntramoleculaf2+2] Photocycloaddition Reactiarsing Visible Light

A new strategy for enantioselective photoredox cawlysas reported by Meggeis 2014
(Schene 20).*2 A chirakatmetal iridium complex 20 simultaneously acteds a photoredox

catalyst and a chiral Lewis acid.



(0] cat. 20 (2 mol%) O
R! NayHPO, (1.1 equiv) N
N\ + Br/\EW N\ T EWG 14, | \\NCMG S)
G .
\_N : \ - | PFé
‘R2

MeOH/THF (4:1) N 1 N
40°C,1.5-36 h "R2 R | "NCMe
14 W white light _N
84-100% S .
90-99% ee Bu
cat. 20

Scheme20. Photocatalytid>Alkylation of 2-Acyl ImidazolesusingChiral Iridium Complexes

1.23. Asymmetric Photocatalysis usingNon-Covalent Interactions
1.23.1. Hydrogen-Bonding Templates inAsymmetric Photocatalysis

In 2005, Bachand ceworkers demonstrated the firgiractical enantioselective photocatalytic
reaction using organocatalystl that was servel as both a photosensitizer and a chiral

23a

hydrogenbonding template (Schene 21). Furthermore, the same group reported an

enantioselective intramolecular [2+2] photocycloadditicatalyzed by an improvechiral
hydroga-bonding organophotosensitiz22 in 2009 which waspromotedvia an energytransfer

23b

mechanisnunderultraviolet irradiation(Schene 22). These reports led to the active study of

highly stereoselective photocatalytic reactions using various chiral hydbogeimg template

catalysts?*
Q cat. 21 (30 mol%)
0 _O

toluene
-60°C,1h

hv(>300 nm)

0,
64% cat. 21 0

70% ee

Scheme21l. CatalyticEnantioselectivé’hotaeaction usindlydrogerBonding Templates

0N cat22
N (10 mol%)
_—
PhCF,
” 0 -25°C,1h
hv (366 nm)

90%, 23:24 = 78:22
23: 92% ee/24: 90% ee cat. 22

Scheme22. Chiral HydrogenBonding Template€atalyzed AsymmetriPhotocycloaddition

1.23.2. Asymmetric PhaseTransfer Catalysisin Photoreactions
Chiral cationssuch ascinchona alkaloidslerived ammonium ionshave beerwidely usedfor

controling anionic intermediates and their most prominent functiorcaalytic activity under



phasetransfer conditions® In 2015, Melchiorre et al. demonstrated thathiral cationic
phasetransfer catalys?5 was effective in controllingn enantioselective raditperfluoroalkylation
o f -kefmesters(Schene 23).%° Proposed reaction mechanism was #ratenolate ion paired with
the cinchoninederived ammonium ion 25 forms an electron donecceptor complex with
perfluoroalkyl iodideand sibsequent white LED irradiation causes a -eletron transfer to
producethe perfluoroalkyl radical, which reacts with anothehiral ammoniumenolate tofurnish

enantiomerically efichedproducs.?’

cat. 25 (20 mol%) 1

R o R 0
X Cs,CO3 (2 equiv) X CO,R?
2 + Re—| ———————>
| COR P PhCICeF s (2:1) | =
25°C, 64 h F

- white LEDs 38-71% Br
(R = perfluoroalkyl group) 78-96% ee !
cat. 25

Scheme23. PhoteOrganocatalyticAsymmetricPerfluoroalkylation ofCy ¢ | -Ketoedbers

1.23.3. Chiral Brgnsted Acid Catalysisin Asymmetric Photoreactions

In 2013 the first example chsymmetrigohotocatalysis combined with a chiral Brgnsted acid was
reported by Knowlesind ceworkersas an enantioselective agimacol coupling reactiofScheme
24)8  This highly stereoselective intramolecular cyclizatiba ketone and a hydrazone functional
groups has been attagd by exploiting the hydrogehonding interaction betweethe chiral
phosphatdon of 26 and the ketyl radical intermediate generatée a concerted protowoupled

electron transfer (PCET) .

PC (2 mol%)0
o cs:z.l_216“(15oen;3:vﬁ;) Ar, piNMe:
ArWN NMe, 1,4-dioxane HO—I\/(\}
(n=1.2) blug LEDs 45.96%

77-95% ee

SiPh,
O EtO,C CO,Et
Sew
% ~Bu OO O “OH
SiPhg HEH

PC cat. 26
Scheme24. Catdytic Asymmetric Aza-PinacolCyclizationvia a PCET Process

Ooi et al.establiskeda highly stereoselectiveynthesis of P-diamines via redoxeutral coupling
of N-arylaminomethanesand N-Ms aromatic aldimines with the cooperation ofa iridium
photocatalyst ané chiral ionic Brgnsted acid cataly7 under whiteLEDs irradiation in 2015
(Schene 25).*® The enantiedetermining step is proposed to be a raeiaeical coupling reaction

10



betweenthe n e u t -anairio methyl radical and the radical anionof the iminerecognized bythe
cationic chiral phosphonium saltlt was later demonstrated that a complementary electron transfer,
the catalytic cycle initiated by oxidative quenching of the excited photosensiiaga)so feasible,
suggesting that the order of the redox events is not criticalthier highly enantioselective

coupling®®

R! cat. 27 (4 mol%) N

NMs _ PC(1mol%) _ MS\NH N l®_
IrZ

|

N

“R2
Ar” H ( R toluene rt, 8 h N
H visible light
63-90% g Mo
85-97% ee

Scheme25.Asy mmet r i ¢ N Arg@aminpmethanegitrolrhines

In 2018, Phippsind co-workers reporteda catalytic asymmetridinisci-type radical addition of
N-a ¢ y-amindhlkyl radicals generated from the correspondidpxactive esterso pyridines and
quinolines by fusion of photocatalyst and chiral Bregnsted acid catal@st(Schene 26).°* At
about the same time, photcc at al yti ¢ stereoselective-arinadi c al CC
alkyl radicals derived fronN-a r y | ami n o -ketoadicdls gereratdd by eakectron
reduction ofCtbromo ketons was reportethy Jiangand ceworkers (Scheme27)3®  With these
reports as a turning poing, lot of asymmetric radical reactions combining chiral phasighacid

catalysts and photosensitizers have been repdrted.

cat. 28a or 28b
NHA
. o o R (5 mol%) N ¢
N \j et PC (1 mol%) \j/LRz
" -+ —_ — >
AN ,;]/\;\/ N-0 NHAc 1,4-dioxane AN ,;]/\;\/
7 R? r, 14 h 7 R!
o blue LEDs 60-98%
R 84-97% ee
F | A CF3
;9 = Bu .
F Ilr/N‘ ) O O cat.28a:R="Pr
E <N PFs
N. S Bu o “OH cat. 28b: R =Cy
9
FoSN"cr,
PC

Scheme26. CatalyticAsymmetricMinisci-Type Radical Addition under Photoredox Conditions
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DPZ (0.5 mol%)

0 s cat. 29 (10 mol%) o R®
; Br . )R\ NaHCO3 (3 equiv) 1”\/?\ 46-86%
R HO,C N Ms3A bvME  R' YT TNHAr 78-96% ee
R? H 0°C,60h

blue LEDs

Bu
cat. 29

Scheme27. Catalytic Enantioselectiv€hotoredoxRadicalCoupling Reaction

1.23.4. Asymmetric Photoreactionsusing Chiral Anionic Catalysts

The first application of chiral anionic catalydteing aimed athe control of cationic radical
intermediates under photocatalytic reaction condition was reported bgtlaloin 2017 (Scheme
28).3 They developed a moderately enantioseleciiteamolecular hydroetherification reaction
using a chiral iofpair photocatalst 30 that consists ofan acridinium ionasa photosensitizeanda
chiral phosphate ion. In 2018, Nicewicz and ceworkers demonstrated thaa chiral N-triflyl
phosphoramide anion ampyrillium oxide salt ould be used aanion-paired photosensitizeB1 to
induce moderate enantioselectivity in the Diglder reaction via radical cation intermediatesler
visible light irradiationconditiors (Schene 29).%®

cat. 30 (5 mol%) )
R’ R2 R? PhCH(CN), (1 equiv) R

w rR2N-O  R' 50889
R! OH DCE, -25 °C-rt , 264%ee
24-48 h R
blue LEDs cl
Mes
X
®_
b
Me

cat. 30 (in situ generation)

Scheme28. Asymmetric Hydroetherificatiorusing Giral lon-Pair PhotoredoxOrganocatalyst
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toluene

SR H R SiPh,
N\[r cat. 31 (3.5 mol%) ‘O PMP
- o\ //O X
| - P

I ) |
~20°C, 72 h H : o NTF O
PMP blue LEDs PMP ‘O o PMP" 0" PMP
(X =0, NTs) 10-72% SiPhs
dr =5:1-10:1
0-50% ee cat. 31 (PMP = 4-MeOCq4H,)

Scheme 29. RadicalCation Diels-Alder Reaction Catalyzed by Chiral Pyrilium-N-triflyl
PhospheamideSalt

On the other handKnowles and ceworkers showed thata distonicradical cation of indole
derivativesgeneratedszia PCET could be preciselycontrolled bya chiral phosphate ioto afford

chiral indoline derivatives in highly enantioselective mar{Beheme30).3*

Scheme30. Catalytic Control oindole Radical Cationsnder Photoredox Conditions

In 2020, the authordevelopeda highly stereoselectivi8+2] radical photocycloadditionof a
cyclopropyl urea antralkyl styrenedy using photocatalyticaligctive chiral ion paiB3 consisting
of Ir(dFCRppy)(dtbbpy) and a chiral borate Schene 31).** The key of the high
enantioselectivity was proposed to be the directing group strateggritnoling a dstonic radical
cation intermediatéhrough formation of hydrogelmonding compleof the substrate antthe chiral
borate ion Subsequentlyasymmetricsynthesis of Bmemberedd i c¢ y -anhino acidsunderthe
similar photocatalyticsystem was alsestablishecby the same groufn 2021 (Schene 32).%°
These reports indicate that the controtiistonicradicatcation intermediates by chirahions under

photocatalytic reaction conditions is a practical methodology.
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