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Chapter 1  

 

 

General Introduction and Summary 

 

  Radical reactions have long been attracting a high degree of attention as a strategy for achieving 

molecular transformations that are quite different from simple ionic reactions.  However, due to the 

high reactivity of radical species, catalytic stereocontrol of radical intermediates in the bond-forming 

step is still a difficult task in organic synthesis.  Radical ions, on the other hand, are not only highly 

reactive radical species but also have ionic properties.  In particular, radical ion species are key 

intermediates in photoredox reactions which 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, focusing on the ionic nature of the radical ion species, the author demonstrate that 

radical ion intermediates in photoredox reactions can be precisely controlled through chiral ion-pair 

formation with optically active counterions, facilitating stereoselective bond formations. 

 

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

  Research on catalytic stereocontrol of radical reactions has a short history.  This is due to the fact 

that induction of stereoselectivity in radical reactions is difficult to achieve because of the high 

reactivity of the radical species themselves, and that there has been no method to promote radical 

reactions under mild conditions until recently.  In the following sections, the author will focus on 

reactions in which radical species are involved in the stereo-determining step, and introduce 

advances in catalytic asymmetric radical reactions.
1
 

 

1.1.1. Chiral Lewis Acid Coordination  in Radical Reactions 

  Chiral Lewis acids can induce enantioselectivity in the radical bond-forming step by binding to 

prochiral compounds and sterically shielding a certain face of a substrate.  In 1996, the first 

pioneering catalytic enantioselective radical reaction was reported by Sibi and Porter, which was the 

conjugate addition of alkyl radicals using a chiral Lewis acid catalyst (Scheme 1).
2a

  However, they 

struggled to suppress the background reaction and required a stoichiometric chiral source to achieve 

high enantioselectivity.  Afterward, through modification of the chiral ligand, a similar highly 

enantioselective reaction with a catalytic amount of a chiral Lewis acid was achieved by Sibi in 1997 

(Scheme 2).
2b

  These reports demonstrated that radical reactions, which have been considered to be 

highly reactive, can be controlled by catalytic amounts of chiral sources for the first time. 
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Scheme 1. Chiral Lewis Acid-Promoted Enantioselective Conjugate Radical Addition 

 

 

Scheme 2. Chiral Lewis Acid-Catalyzed Enantioselective Conjugate Radical Addition 

 

1.1.2. Hydrogen Atom Transfer by Catalytic Amounts of Chiral Reagents 

  The employment of optically active atom transfer agents is a simple strategy to discriminate the 

prochiral faces of radical intermediates and obtain stereoselectivity in radical-bond formations.  

The first radical reaction with a catalytic amount of a chiral hydrogen-atom-transfer agent under 

non-light-irradiated conditions was introduced by Roberts et al. in 1996 (Scheme 3).
3
  In this report, 

a moderately enantioselective, radical-chain hydrosilylation was achieved using a optically-active 

thiol catalyst 3 with di-tert-butyl hyponitrite (TBHN) as a radical initiator at 60 °C.  Furthermore, 

in 1997, Metzger and co-workers demonstrated an enantioselective reduction of Ŭ-bromoesters via 

radical-hydrogen-atom transfer using 50 mol% of a chiral tin hydride 4 (Scheme 4).
4
 

 

Scheme 3. Hydrosilylation of a Lactone by Catalytic Amount of a Chiral Thiol 
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Scheme 4. Catalytic Enantioselective Hydrogen-Transfer from a Chiral Tin Hydride 

 

1.1.3. Asymmetric Metal Catalysis via Radical Processes 

  Titanium has long been used mainly as a sacrificial reducing reagent for epoxides and carbonyl 

compounds.  In 1999, Gansäuer and co-workers reported an enantioselective carbon-carbon 

bond-forming reaction via ring opening of meso-epoxides using a catalytic amount of 

optically-active titanocene 5 along with zinc (Scheme 5).
5
  Moreover, in 1999, Nicholas et al. 

reported the first catalytic asymmetric pinacol coupling reaction of benzaldehyde with a chiral 

titanium complex 6 (Scheme 6).
6
 

 

Scheme 5. Chiral Titanocene-Catalyzed Asymmetric Radical Addition from meso-Epoxides 

 

 

Scheme 6. Chiral Titanium-Catalyzed Enantioselective Pinacol Coupling Reaction 

 

  In 2008, Fu et al. developed catalytic enantioselective alkyl -alkyl Suzuki cross-coupling reaction 

via radical intermediates with the strategy of directing groups (Scheme 7).
7
  In this reaction, the 

free radical species generated via the one-electron reduction by the nickel complex binds to the 

nickel center with the help of the directing group in the radical intermediate, resulting in highly 

enantioselective coupling reactions.  Subsequently, various asymmetric nickel-catalyzed radical 

reactions utilizing directing groups were developed, mainly by the Fu group.
8
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Scheme 7. Asymmetric Suzuki Cross-Coupling Reaction using the Directing Group Strategy 

 

  Zhang and co-workers demonstrated a highly stereoselective radical-mediated cyclization of diazo 

esters by exploiting a catalytic amount of cobalt complex 8 which has a chiral porphyrin ligand in 

2015 (Scheme 8).
9
  In this asymmetric metalloradical-catalyzed reaction, the radical substitution 

reaction between benzylic radicals generated by intramolecular hydrogen-atom abstraction and the 

Co(III )-alkyl complex yields optically-active cyclized products. 

 

Scheme 8. Enantioselective Radical CïH Alkylation Reaction via Metalloradical Catalysis 

 

1.1.4. Covalent Organocatalysis in Asymmetric Radical Reactions 

  Organocatalyzed enantioselective radical bond-forming reactions have undergone a major 

development with two representative works reported in 2007.  Firstly, Sibi et al. reported an 

enantioselective Ŭ-oxyamination of aldehydes catalyzed by chiral imidazolidinone 9 (Scheme 9).
10a

  

Secondary, MacMillan and co-workers showed a similar chiral secondary amine 10-catalyzed highly 

enantioselective Ŭ-allylation of aldehydes (Scheme 10).
10b

  The key word in these studies is SOMO 

activation.  They proposed that one-electron oxidation of an enamine generated from an aldehyde 

and a chiral amine by a photocatalyst with a sacrificial oxidant produces radical cation species, 

which undergo the stereoselective radical bond-forming reaction.  Later, it was found that the 

reaction reported by Sibi did not proceed through the SOMO activation pathway, but through 

two-electron enamine catalysis.
11

  With the above reports as a trigger, study on asymmetric 

reactions that combine stoichiometric amounts of sacrificial oxidants and enamine catalysis has been 

extensively carried out by MacMillan group.
12
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Scheme 9. Catalytic Enantioselective Ŭ-Oxyamination of Aldehydes 

 

 

Scheme 10. Catalytic Asymmetric Ŭ-Allylation of Aldehydes via SOMO Activation 

 

  In 2013, Maruoka et al. reported an asymmetric radical cyclization reaction of aldehydes using 

chiral organotin hydride 11 as an radical catalyst (Scheme 11).
13

  The system utilizes the addition 

of the tin radical to the carbonyl oxygen of the substrate to form the organotin alkoxide having a 

carboradical at its Ŭ-position.  After the cyclization reaction, the intermediary benzylic radical 

abstracts hydrogen from 11 and the resulting tin alkoxide undergoes protonation with ethanol to 

afford the product in moderate stereoselectivity, where the catalyst is regenerated through reduction 

of the tin ethoxide by diphenylsilane. 

 

Scheme 11. Asymmetric Radical Cyclization Catalyzed by Organotin Hydride 

 

1.2. Asymmetric Radical Reactions 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 orients toward the employment of solar energy, an ideal 

resource.  Furthermore, chemical species being generated by energy or electron transfer from 

photocatalysts are usually radical intermediates with open-shell electronic structures, which may 

lead to new chemical transformations that are not possible in ionic reactions.  Here, the author will 

introduce asymmetric radical reactions under photocatalytic conditions, which have been developing 

rapidly in recent years.
14

 

 



6 

 

1.2.1. Covalent Organocatalytic Asymmetric Photoreactions 

  In 2008, MacMillan and Nicewictz reported the first direct enantioselective Ŭ-alkylation reaction 

of aliphatic aldehydes using photoredox catalyst, [Ru(bpy)3]Cl2, in combination with 

imidazolidinone organocatalyst 12 (Scheme 12).
15

 

 

Scheme 12. Asymmetric Ŭ-Alkylation of Aldehydes under Photoredox Conditions 

 

  In 2012, Jang and co-workers introduced a system that combines iminium catalysis with the 

SOMO activation strategy, which was proposed by MacMillan in 2007,
10b

 into asymmetric radical 

reactions under photoredox conditions (Scheme 13).
16a

  Furthermore, in 2017, a chiral secondary 

amine- and photoinduced SOMO-catalyzed Ŭ-alkylation reaction of aldehydes was reported by 

MacMillan et al., and it relies on a multi-catalytic system consisting of an organocatalyst 14, an 

iridium photocatalyst, and a hydrogen atom transfer (HAT) catalyst (Scheme 14).
16b

  In these 

systems, the 3ˊ-enaminyl radical being produced by the photooxidation of the enamine is trapped by 

TEMPO or an olefin coupling partner, respectively, and facilitates stereoselective radical bond 

formations. 

 

Scheme 13. Asymmetric Tandem Michael Addition/Oxyamination of Enals via Photo-SOMO Activation 

 

Scheme 14. Asymmetric Ŭ-Alkylation Reaction of Aldehydes via Photo-SOMO Activation 
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  While the previously described reports by MacMillan and co-workers employ enamine or iminium 

species in the ground state,
15,16b

 Melchiorre et al. found that certain iminium and enamine species 

can undergo photoexcitation to promote single electron transfer and generate free radical 

intermediates via formation of an electron donor-acceptor (EDA) complex.  In the system reported 

in 2013, electron transfer is facilitated by light absorption of an EDA complex between an 

electron-deficient alkyl halide and an electron-rich chiral enamine intermediate (Scheme 15).
17

  In 

2017, the same group also reported the enantioselective ɓ-alkylation of enals by radical species, in 

which an electron-deficient chiral iminium ion can act as a potent single-electron oxidant upon direct 

excitation by light irradiation (Scheme 16).
18

 

 

Scheme 15. Asymmetric Photochemical Ŭ-Alkylation of Aldehydes via an EDA Complex 

 

 

Scheme 16. Catalytic Asymmetric ɓ-Alkylation of Enals through Excitation of Iminium Ions 

 

  As an asymmetric radical reaction using other covalent organocatalyst, an optically active thiyl 

radical-catalyzed stereoselective cyclization should be mentioned.  In 2014, Maruoka and 

co-workers reported a highly diastereo- and enantioselective radical cycloaddition reaction 

exploiting a precisely designed chiral thiol 17 as a precatalyst (Scheme 17).
19

  Although the 

reaction system does not associate with photocatalysis, they use light energy to generate a radical 

species that is served as an initiator. 

 

Scheme 17. Chiral Thiyl Radical-Catalyzed Asymmetric Cycloaddition Reaction 
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1.2.2. Chiral Lewis Acid Coordination in Photoreactions 

  Chiral Lewis acid-catalyzed asymmetric control of radical reactions has also been performed 

under photoreaction conditions.  In 2010, Bach et al. reported an enantioselective intramolecular 

[2+2] photocycloaddition using AlBr3-activated oxazaborolidine 18 as a chiral Lewis acid catalyst 

(Scheme 18).
20

  However, due to the high energy light irradiation, the background reaction could 

not be suppressed and a substoichiometric amount of catalyst was required for attaining a highly 

enantioselective reaction. 

 

Scheme 18. Chiral Lewis Acid-Catalyzed Intramolecular [2+2] Photocycloaddition Reaction 

 

In 2014, Yoon et al. combined the chiral Lewis acid-coordination strategy with photocatalysis to 

achieve an highly enantioselective radical cycloaddition reaction under mild conditions (Scheme 

19).
21

  Racemic background reaction was suppressed because the coordination of the Lewis acid to 

the substrate significantly accelerated a one-electron transfer from the photocatalyst. 

 

Scheme 19. Asymmetric Intramolecular [2+2] Photocycloaddition Reaction using Visible Light 

 

  A new strategy for enantioselective photoredox catalysis was reported by Meggers in 2014 

(Scheme 20).
22

  A chiral-at-metal iridium complex 20 simultaneously acted as a photoredox 

catalyst and a chiral Lewis acid. 
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Scheme 20. Photocatalytic Ŭ-Alkylation of 2-Acyl Imidazoles using Chiral Iridium Complexes 

 

1.2.3. Asymmetric Photocatalysis using Non-Covalent Interactions 

1.2.3.1. Hydrogen-Bonding Templates in Asymmetric Photocatalysis 

  In 2005, Bach and co-workers demonstrated the first practical enantioselective photocatalytic 

reaction using organocatalyst 21 that was served as both a photosensitizer and a chiral 

hydrogen-bonding template (Scheme 21).
23a

  Furthermore, the same group reported an 

enantioselective intramolecular [2+2] photocycloaddition catalyzed by an improved-chiral 

hydrogen-bonding organophotosensitizer 22 in 2009, which was promoted via an energy-transfer 

mechanism under ultraviolet irradiation (Scheme 22).
23b

  These reports led to the active study of 

highly stereoselective photocatalytic reactions using various chiral hydrogen-bonding template 

catalysts.
24

 

 

Scheme 21. Catalytic Enantioselective Photoreaction using Hydrogen-Bonding Templates 

 

 

Scheme 22. Chiral Hydrogen-Bonding Templates-Catalyzed Asymmetric Photocycloaddition 

 

1.2.3.2. Asymmetric Phase-Transfer Catalysis in Photoreactions 

  Chiral cations such as cinchona alkaloids-derived ammonium ions have been widely used for 

controlling anionic intermediates and their most prominent function is catalytic activity under 
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phase-transfer conditions.
25

  In 2015, Melchiorre et al. demonstrated that chiral cationic 

phase-transfer catalyst 25 was effective in controlling an enantioselective radical perfluoroalkylation 

of ɓ-ketoesters (Scheme 23).
26

  Proposed reaction mechanism was that an enolate ion paired with 

the cinchonine-derived ammonium ion 25 forms an electron donor-acceptor complex with 

perfluoroalkyl iodide and subsequent white LED irradiation causes a one-electron transfer to 

produce the perfluoroalkyl radical, which reacts with another chiral ammonium enolate to furnish 

enantiomerically enriched products.
27

 

 

Scheme 23. Photo-Organocatalytic Asymmetric Perfluoroalkylation of Cyclic ɓ-Ketoesters 

 

1.2.3.3. Chiral Brønsted Acid Catalysis in Asymmetric Photoreactions 

In 2013, the first example of asymmetric photocatalysis combined with a chiral Brønsted acid was 

reported by Knowles and co-workers as an enantioselective aza-pinacol coupling reaction (Scheme 

24).
28

  This highly stereoselective intramolecular cyclization of a ketone and a hydrazone functional 

groups has been attained by exploiting the hydrogen-bonding interaction between the chiral 

phosphate ion of 26 and the ketyl radical intermediate generated via a concerted proton-coupled 

electron transfer (PCET) . 

 

Scheme 24. Catalytic Asymmetric Aza-Pinacol Cyclization via a PCET Process 

 

  Ooi et al. established a highly stereoselective synthesis of 1,2-diamines via redox-neutral coupling 

of N-arylaminomethanes and N-Ms aromatic aldimines with the cooperation of a iridium 

photocatalyst and a chiral ionic Brønsted acid catalyst 27 under white LEDs irradiation in 2015 

(Scheme 25).
29a

  The enantio-determining step is proposed to be a radical-radical coupling reaction 
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between the neutral Ŭ-amino methyl radical and the radical anion of the imine recognized by the 

cationic chiral phosphonium salt.  It was later demonstrated that a complementary electron transfer, 

the catalytic cycle initiated by oxidative quenching of the excited photosensitizer, was also feasible, 

suggesting that the order of the redox events is not critical for this highly enantioselective 

coupling.
29b

 

 

Scheme 25. Asymmetric Ŭ Coupling of N Arylaminomethanes with Imines 

 

  In 2018, Phipps and co-workers reported a catalytic asymmetric Minisci-type radical addition of 

N-acyl Ŭ-amino alkyl radicals generated from the corresponding redox-active esters to pyridines and 

quinolines by fusion of a photocatalyst and chiral Brønsted acid catalysts 28 (Scheme 26).
30a

  At 

about the same time, a photocatalytic stereoselective radical coupling reaction between Ŭ-amino 

alkyl radicals derived from N-aryl amino acids and Ŭ-ketoradicals generated by one-electron 

reduction of Ŭ-bromo ketones was reported by Jiang and co-workers (Scheme 27).
30b

  With these 

reports as a turning point, a lot of asymmetric radical reactions combining chiral phosphoric acid 

catalysts and photosensitizers have been reported.
31

 

 

Scheme 26. Catalytic Asymmetric Minisci-Type Radical Addition under Photoredox Conditions 
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Scheme 27. Catalytic Enantioselective Photoredox Radical Coupling Reaction 

 

1.2.3.4. Asymmetric Photoreactions using Chiral Anionic Catalysts 

  The first application of chiral anionic catalysts being aimed at the control of cationic radical 

intermediates under photocatalytic reaction condition was reported by Luo et al. in 2017 (Scheme 

28).
32

  They developed a moderately enantioselective intramolecular hydroetherification reaction 

using a chiral ion-pair photocatalyst 30 that consists of an acridinium ion as a photosensitizer and a 

chiral phosphate ion.  In 2018, Nicewicz and co-workers demonstrated that a chiral N-triflyl 

phosphoramide anion and a pyrillium oxide salt could be used as an ion-paired photosensitizer 31 to 

induce moderate enantioselectivity in the Diels-Alder reaction via radical cation intermediates under 

visible light irradiation conditions (Scheme 29).
33

 

 

Scheme 28. Asymmetric Hydroetherification using Chiral Ion-Pair Photoredox Organocatalyst 
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Scheme 29. Radical-Cation Diels-Alder Reaction Catalyzed by Chiral Pyrilium-N-triflyl 

Phosphoramide Salt 

 

  On the other hand, Knowles and co-workers showed that a distonic radical cation of indole 

derivatives generated via PCET could be precisely controlled by a chiral phosphate ion to afford 

chiral indoline derivatives in highly enantioselective manner (Scheme 30).
34

 

 

Scheme 30. Catalytic Control of Indole Radical Cations under Photoredox Conditions 

 

  In 2020, the author developed a highly stereoselective [3+2] radical photocycloaddition of a 

cyclopropyl urea and Ŭ-alkyl styrenes by using photocatalytically-active chiral ion pair 33 consisting 

of Ir(dFCF3ppy)2(dtbbpy)
+
 and a chiral borate (Scheme 31).

35a
  The key of the high 

enantioselectivity was proposed to be the directing group strategy for controlling a distonic radical 

cation intermediate through formation of hydrogen-bonding complex of the substrate and the chiral 

borate ion.  Subsequently, asymmetric synthesis of 5-membered alicyclic ɓ-amino acids under the 

similar photocatalytic system was also established by the same group in 2021 (Scheme 32).
35b

  

These reports indicate that the control of distonic radical-cation intermediates by chiral anions under 

photocatalytic reaction conditions is a practical methodology. 


