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Abstract  

Hydrogen atom transfer (HAT) provides straightforward methods to generate open-shell radical 

intermediates from C-H bonds and offers unique opportunities for green and sustainable synthesis. 

Visible-light-induced C-H functionalization enabled by HAT is an emerging strategy for substrate 

activation in photocatalyzed organic synthesis. In recent years, photoinduced HAT reactions have seen 

substantial development of their versatility, efficiency, and selectivity. However, asymmetric 

photocatalysis via hydrogen atom transfer has rarely been reported. 

In the first section, a visible-light-induced asymmetric rearrangement of 3-(2-formylphenyl)-1-

pyrazol-1-yl-propenones to benzo-[d]cyclopropa[b]pyranones with up to > 99% ee is introduced, which 

is catalyzed by a bis-cyclometalated chiral-at-metal rhodium complex (RhS). Mechanistic experiments 

and DFT calculations support a mechanism whereby the photoexcited catalyst/substrate complex 

generates triplet excited-state species through photoiduced intersystem crossing, which triggers an 

intramolecular hydrogen atom transfer subsequent highly stereocontrolled hetero-DielsïAlder reaction. 

In this reaction scheme, the rhodium catalyst fulfills multiple functions by 1) enabling visible-light 

ˊŸ*́ excitation of the catalyst-bound enone substrate, 2) facilitating the hydrogen atom transfer, and 

3) providing the asymmetric induction for the hetero-DielsïAlder reaction. 

In the second section, a visible light driven deracemization of ketones as a new type of 

deprotonation and asymmetric protonation is demonstrated for the first time, which leads to the 

formation of chiral carbonyl compounds in an efficient way with high yield (up to 97%) and high 

enantioselectivity (up to 97%). This new photoinduced deprotonation process is achieved by single 

electron transfer (SET) and subsequent hydrogen atom transfer. A bis-cyclometalated chiral-at-metal 

rhodium complex (RhInd) is used as the photocatalyst to induce the redox process and is responsible 

for the asymmetric induction, while the amine acts as the single electron reductant, HAT reagent and 

proton source. This conceptually simple light-driven strategy of coupling a photoredox deprotonation 

with a stereocontrolled protonation serves as a blueprint for other deracemizations of ubiquitous 

carbonyl compounds. 
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Zusammenfassung  

Wasserstoffatom-Transfer-Prozesse (HAT, hydrogen atom transfer) bieten n¿tzliche Methoden zur 

Erzeugung offenschaliger Radikalintermediate aus C-H-Bindungen und ermºglichen einzigartige Wege 

f¿r eine effiziente und nachhaltige Synthese. Die durch sichtbares Licht induzierte C-H-

Funktionalisierung, die durch HAT ermºglicht wird, ist eine neuartige Strategie zur Substrataktivierung 

in der photokatalysierten, organischen Synthese. Obwohl die Vielseitigkeit, Effizienz und Selektivitªt 

von photoinduzierten HAT-Reaktionen in den letzten Jahren maÇgeblich weiterentwickelt wurde, konnte 

nur selten ¿ber asymmetrische Photokatalyse durch Wasseratom-Transfer berichtet werden. 

Im ersten Abschnitt wird eine durch sichtbares Licht induzierte, asymmetrische Umlagerung von 

3-(2-Formylphenyl)-1-pyrazol-1-yl-propenonen zu Benzo-[d]cyclopropa[b]pyranonen mit bis zu > 99% 

ee eingef¿hrt, die durch einen bis-cyclometallierten, chiral-at-metal Rhodiumkomplex (RhS) 

katalysiert wird. Mechanistische Experimente und DFT-Rechnungen unterst¿tzen einen Mechanismus, 

bei dem der angeregte Katalysator-/Substrat-Komplex durch photoinduziertes intersystem crossing eine 

Spezies im angeregten Triplett-Zustand erzeugt, die einen intramolekularen Wasserstoffatomtransfer 

und eine anschlieÇende stereokontrollierte Hetero-Diels-Alder Reaktion auslºst. In dieser Reaktion 

erf¿llt der Rhodium-Katalysator mehrere Funktionen: 1) Er ermºglicht die p-p*-Anregung des 

Katalysator-gebundenen Enon-Substrates durch sichtbares Licht; 2) er erleichtert den Wasserstoffatom-

Transfer und 3) er sorgt f¿r die asymmetrische Induktion der Hetero-Diels-Alder Reaktion. 

Im zweiten Abschnitt wird erstmals eine durch sichtbares Licht induzierte Deracemisierung von 

Ketonen ¿ber eine neue Art von Deprotonierung und anschlieÇender asymmetrischer Reprotonierung 

gezeigt, die eine effiziente Synthese von chiralen Carbonyl-Verbindungen mit hoher Ausbeute (bis zu 

97%) und hoher Enantioselektivitªt (bis zu 97%) ermºglicht. Dieser neuartige, photoinduzierte 

Deprotonierungs-Prozess wird durch eine Ein-Elektron-¦bertragung (SET, single electron transfer) und 

anschlieÇenden Wasserstoffatom-Transfer erreicht. Ein bis-cyclometallierter chiral-at-metal 

Rhodiumkomplex (RhInd) dient als Photokatalysator zur Induktion des Redoxprozesses und ist f¿r die 

asymmetrische Induktion verantwortlich, wªhrend das Amin als Ein-Elektron-Reduktionsmittel, HAT-

Reagenz und Protonenquelle fungiert. Dieses simple licht-induzierte Konzept der Kombination einer 

Photoredox-Deprotonierung mit einer stereokontrollierten Protonierung dient als Blaupause f¿r andere 

Deracemisierungen von allgegenwªrtigen Carbonyl-Verbindungen. 
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Chapter 1: Theoretical Part 

1.1 Introduction 

In the past few years, there has been a resurgence of interest in visible-light photocatalysis, owing 

to its great potential for engineering chemical reactions under mild conditions. The visible-light-

absorbing species (photocatalysts) can selectively be excited by visible light irradiation undergo single 

electron transfer or transfer their excited state energy to the substrate or reagent (Figure1, right). The 

commonly employed photocatalysts are metal complexes or organic dyes that allow visible light as the 

irradiation source, making this type of catalysis more advantageous than using a harmful high-intensity 

light source to trigger the photoreaction reactants directly. After the photocatalyst is excited by visible 

light, the lowest singlet excited state can undergo an intersystem crossing to the long-lived triplet state, 

depending on the nature of the photocatalyst. These ground state compounds are poor oxidants and poor 

reductants, but upon excitation, the photocatalysts become strong oxidants and strong reductants in their 

excited state (Figure 1, left). As a result, this excited triplet-state photocatalyst can achieve single 

electron transfer (SET) through reductive quenching or oxidative quenching pathways, resulting in 

various radical ions or radicals. On the other hand, the excited triplet photocatalyst can also be quenched 

through energy transfer events (ET), generating relatively unstable triplet state substrates. The 

quenching pathway may vary for the same catalyst depending on the valence energies of the catalysts 

and the reactants (Figure 1, right).1  

 

Figure 1. Photocatalysts possible quenching pathways. ISC = intersystem crossing. 
 

It is well known that selective functionalization of the unactivated CïH bond is a continuous pursuit 

of synthetic organic chemists. Visible-light-mediated CïH activation has recently emerged as a powerful 

tool for the functionalization of CïH bonds. Hydrogen atom transfer (HAT) is a chemical transformation 

consisting of the concerted transfer of a proton and an electron from one to another in a single kinetic 

step.2 Significantly, hydrogen atom transfer provides a versatile strategy for the activation of the 

substrate in photocatalyzed organic synthesis. Visible-light-induced catalysis combined with hydrogen 

atom transfer can serve as a unique tool for achieving new bond formation.3 Several methods operating 

via photoinduced intermolecular HAT3a,3c or intramolecular HAT3b,3d have been extensively reported 
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over the past few years. In these reactions, an excited photocatalyst is responsible for activating the 

reaction partners (leading to the formation of reactive intermediates) and then reverting to its original 

form, ready to start a new cycle.  

1.2 Photoinduced Intermolecular HAT Reactions 

Upon absorption of light, the activation of CïH bonds through photoinduced intermolecular HAT 

can occur according to four different kinds of reactivity. The first family of reactions is direct HAT 

catalysis, in which the excited state of the photocatalyst (PC*) directly abstracts a hydrogen atom from 

the RïH substrate. The second family of reactions involves indirect HAT catalysis, where PC* can be 

utilized to generate thermal hydrogen atom abstractor by interaction with a purposely added co-catalyst 

YïW(H), by three different mechanisms. The first pathway is to take advantage of the intrinsic capability 

of excited states to act as oxidants or reductants. Accordingly, PC* can promote a single-electron-

transfer step (SET), thus converting YïW into the corresponding radical ion. On the one hand, the radical 

cation YïWĿ+ is formed in the case of reductive quenching of the photocatalyst. On the other hand, PC* 

can undergo an oxidative quenching to produce the radical anion YïWĿï. This intermediate might 

directly abstract a hydrogen atom from the substrate RïH or might undergo the loss of a charged moiety 

(W+ or Wï) to give a hydrogen abstractor species YĿ. An alternative option involves an energy-transfer 

step (ET) between PC* and YïW. The resulting excited species YïW* then undergoes the homolytic 

cleavage of a labile bond, again generating a thermal hydrogen abstractor (YĿ) prone to activate RïH 

through HAT. Finally, PC* can promote a PCET with an additive YïH, also involving a suitable base 

(Bï). As a result, radical YĿ is formed, and is in turn able to promote the desired HAT step (Figure 2).3a 

 
Figure 2. Substrate activation through photoinduced intermolecular HAT promoted through a direct or 

indirect photocatalytic approach. 
 

The following section will highlight representative examples on the activation of R-H bonds 

through photoinduced intermolecular HAT. Some common HAT reagents were applied in these 

photocatalytic HAT reactions. Figure 3 (left) shows some of the direct HAT photocatalysts used in direct 

HAT catalysis, and Figure 3 (right) shows some of the indirect HAT reagents used in indirect HAT 

catalysis. 
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Figure 3. Representative direct HAT photocatalysts and representative indirect HAT reagents. 
 

1.2.1 Direct Photoinduced HAT Catalysis 

Upon excitation with light, carbonyl compounds can undergo rapid and efficient intersystem 

crossing. As a result, carbonyl compounds are often used as photocatalysts for photoinduced direct HAT 

chemistry. The capability of triplet aromatic ketones to abstract a hydrogen atom has been known since 

the birth of photochemistry. In 2015, Inoue group reported an interesting enantioselective radical 

alkynylation reaction carried out in the presence of benzophenone and and chiral ethynyl sulfoximine 

under irradiation with a medium-pressure lamp. In this reaction, the C(sp3)ïH bond in a protected amine 

was alkynylated with good enantiomeric excess. The chirality in the sulfoximine was efficiently 

transmitted to the alkyne products, while the chiral sulfonylimine acted as a traceless chiral auxiliary 

group. The stereochemical output was interpreted based on the preferential formation of the transition 

state, in which the hydrogen bonding between HN=S and HNBoc was stronger than that between O=S 

and HNBoc, resulting in a favored transition state and gave the S configuration as the primary product 

Figure 4).4 
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Figure 4. Photoinduced enantioselective alkynylation of C(sp3)ïH bonds, TBS = tert-butyldimethylsilyl. 
 

In 2018, Martin and coworkers designed a catalytic platform that employs a synergistic 

combination of nickel and diaryl ketone for the cross-coupling of unactivated C(sp3)ïH bonds with aryl 

or alkyl bromides under visible light irradiation, in which the triplet diaryl excited ketones act as both 

direct HAT and SET catalysts. Mechanistically, the carbon radical would be generated upon HAT from 

the triplet excited species along with the formation of a ketyl radical. Concurrently, oxidative addition 

of low-valent Ni(0) into the aryl or alkyl halides would produce an electrophilic nickel(II) complex. The 

Ni(II) complex captures the alkyl radical rapidly and might afford a discrete Ni(III) species, which would 

deliver the targeted CīH functionalization product and the Ni(I) intermediate through reductive 

elimination. Finally, the two catalytic cycles could be interfaced under basic conditions by a final SET 

from the ketyl radical to the Ni(I) intermediate, thus recovering both the diaryl ketone and the Ni(0) 

catalysts (Figure 5).5 
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Figure 5. sp3 CïH arylation and alkylation enabled by the synergy of triplet excited ketones and nickel 

catalysts. 

 
    In 2019, Gong and coworkers demonstrated a photoinduced asymmetric C(sp3)ïH 

functionalization of benzylic, allylic hydrocarbons and unactivated alkanes by using the dual a direct 

HAT photocatalyst (5,7,12,14-pentacenetetrone) with a tunable chiral catalyst of metal (BOX-M where 

M = Cu or Co and BOX = chiral bisoxazoline) under blue-light irradiation (Figure 6).6 The authors 

proposed that the excited 5,7,12,14-pentacenetetrone abstracts a hydrogen atom from the unactivated 

C(sp3)ïH bond, generating the carbon radical and semiquinone-type radical. At the same time, the imine 

substrate coordinates with the chiral metal catalyst to give the intermediate, followed by a SET with the 

semiquinone-type radical to close the photocatalytic cycle and give the metal-stabilized carbon radical. 

Subsequently, the intermediate complex was obtained by cross-coupling. Finally, protonation and ligand 

substitution give the product with regeneration of the coordinated imine. 
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Figure 6. Proposed mechanism for selective C(sp3)ïH functionalization. 

 
Eosin Y is a metal-free and readily available organic dye, which is a well-known organic 

photocatalyst for visible-light-driven SET-based transformations. However, inspired by the structural 

features of eosin Y, the groups of Wang7 and Wu8 have recently made a breakthrough in discovering new 

activation modes of photoexcited eosin Y in 2018. They found that excited neutral eosin Y can serve as 

a direct hydrogen atom transfer (HAT) catalyst. After the excited neutral eosin Y abstracts a hydrogen 

atom, the photocatalytic cycle subsequently proceeds through a reverse hydrogen atom transfer (RHAT) 

to one of the intermediates generated in the reaction. In 2020, Wu and co-workers expanded their CïH 

functionalization protocol using neutral eosin Y as a direct HAT photocatalyst on radical Smiles 

rearrangement. The final product was obtained by visible light direct HAT photocatalysis, 1,4-addition, 

Smiles rearrangement, 5-endo-trig cyclization and reverse hydrogen atom transfer processes. (Figure 

7). 
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Figure 7. A radical Smiles rearrangement promoted by neutral eosin Y. 

 
Organofluorine compounds are an important class of molecules that are widely used in various 

fields. However, the formation of CïF bonds is commonly associated with large kinetic barriers. In 2016, 

Sorensen and coworkers reported a novel photocatalytic system for CïH fluorination of the unactivated 

alkanes, which employed UO2(NO3)2Ŀ6H2O as a direct HAT photocatalyst to promote C(sp3)ïH bond 

fluorination reaction under visible light irradiation.9 Upon absorption of light, [UO2]2+* abstracted a 

hydrogen atom to generate an alkyl radical, which then interaction with electrophilic fluorinating reagent 

N-fluorobenzenesulfonimide (NFSI) to form the desired CīF bond. The radical of NFSI returns the 

photoreduced HAT catalyst to regenerate the catalyst to undergo further reaction (Figure 8).  
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Figure 8. The fluorination of unactivated C(sp3)ïH by UO2 2+ and NFSI. 
 

In 2019, Li and co-workers reported an interesting metal-free photoinduced HAT Minisci reaction, 

which is carried out simply by visible light irradiation of diacetyl in the presence of TFA (Figure 9).10 

Diacetyl is a cheap, visible-light-sensitive ketone that absorbs in the 380ī460 nm region. The authors 

propose that diacetyl acts as a direct HAT photosensitizer, which is competent at performing HAT on 

certain ethers possessing easily cleavable Ŭ-CīH bonds. A plausible mechanism was proposed in which 

excited diacetyl abstracts a hydrogen atom from the ether to generate the alkyl radical, which 

successfully coupled with the electron-deficient heteroarenes to give a neutral radical intermediate. Then 

the neutral radical intermediate is oxidized by ketyl radical with an accompanied proton transfer, giving 

the Minisci product together with acetoin as the byproduct. 
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Figure 9. Diacetyl as a direct HAT photosensitizer in Minisci alkylation. 
 

1.2.2 Indirect Photoinduced HAT Catalysis 

1.2.2.1 N-Centered Abstractors 

In recent years, a series of pioneering and groundbreaking discovery in photoredox C(sp3) īH HAT-

type functionalization were reported by MacMillan group. In 2015, Macmillan and co-workers were 

successfully developed a strategy for the selective alkylation of Ŭ-hydroxy CīH bonds with Michael 

acceptors (Figure 10).11 In this reaction, both a quinuclidine HAT catalyst and a phosphate hydrogen 

bonding catalyst are required to achieve selective functionalization of Ŭ-hydroxy CīH bonds. 

Interestingly, tetra-n-butylammonium phosphate act as a key additive to make the alcohol Ŭ-CïH more 

hydridic, via formation of a hydrogen bond between the phosphate acceptor and the hydroxyl group of 

the alcohol. As a result, the highly electrophilic nitrogen radical cation formed via single electron 

oxidation of quinuclidine can readily abstract the activated Ŭ- alcohol CīH bond to form a carbon radical. 

The resultant carbon radical is highly nucleophilic and is readily trapped by electron-deficient alkenes, 

Subsequent single electron reduction and cyclization affords the lactone product. 
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Figure 10. Photoinduced CïH alkylation of alcohols. 
 

The photoinduced indirect HAT process could also be merged with transition metal-catalyzed cross-

coupling reactions. In 2016, Macmillan and co-workers developed a unique coupling of Ŭ-amino, Ŭ-

ether, and benzylic CïH bonds with aryl halides using a combination of an Ir photocatalyst, 3-

acetoxyquinuclidine, and an Ni complex (Figure 11).12 In this catalytic system, a stoichiometric amount 

of 3-acetoxyquinuclidine was utilized as the HAT catalyst to generate the carbon radicals. The 

photoexcited *Ir(III) catalyst were quenched by 3-acetoxyquinuclidine to generate an amino radical 

cation, which to accomplish hydrogen atom abstraction from a diverse range of substrates. Given the 

reactive carbon-centered radicals, subsequently entered the nickel catalytic cycle and reacted with the 

Ni(II) complexes, which were generated from oxidative addition of Ni(0) to the aryl bromide. After 

reductive elimination provide the cross-coupled product. A final SET between Ni(I) and reduced 

photocatalyst closes these two catalytic cycles. 
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Figure 11. Photoinduced CïH arylation through photoredox, quinuclidine, and nickel catalysis. 
 

Amides and sulfonamides can serve as source of N-centred radicals for hydrogen atom transfer. 

Typically, these compounds are conveniently deprotonated by weak bases and the resulting anions can 

be oxidized by the excited photocatalysts. In 2016, the Knowles group13 demonstrated that the NïH 

bond in amides can be activated through proton-coupled electron transfer mechanism involving an 

excited photocatalyst and a base (tetrabutylammonium dibutyl phosphate) to give the corresponding 

nitrogen-centered radical. The nitrogen-centered radical can act as a hydrogen abstractor to generate the 

carbon-centered radicals in alkanes, ethers, and protected amines. and ensuing addition onto electron-

poor olefin. The authors propose a catalytic cycle wherein the phosphate base associate to the NïH bond 

of N-ethyl-4-methoxybenz-amide via hydrogen bonding. Upon excitation with light, oxidation of this 

hydrogen-bond complex by the excited photocatalyst would result in formal homolysis of the strong Nï

H bond via concerted PCET to give a neutral amidyl radical. Amidyl radical was in turn able to abstract 

a hydrogen atom from the substrates to give carbon-centered radicals and then trapping by an electron-

deficient olefin partner to furnish a new CïC bond and an Ŭ-carbonyl radical. The electron transfer from 

the reduced Ir(II) to this electrophilic radical will generate an enolate anion, which is subsequently 

protonation by phosphoric acid to give the final product and return both catalysts to their active forms 

(Figure 12). 
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Figure 12. CïH activation in alkanes through the action of photogenerated amidyl radical. 
 

In 2018, Kanai and co-workers demonstrated that sulfonamides can function as novel HAT catalysts 

applicable to allylic or benzylic CïH arylations (Figure 13).14 The authors propose that the deprotonated 

sulfonamide could be readily oxidized by the excited photocatalyst to afford the sulfonamidyl radical 

behaving as a hydrogen atom transfer (HAT) agent. The alkyl radical intermediate is then generated by 

the HAT process, which reacted with the reduced radical anion of the starting 1,4-dicyanobenzene to 

afford the desired CïH arylation product after the elimination of a cyanide ion.  














































































































































































































































































































































































































































































































































































































































