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Abstract 

This thesis details the applications of a class of chiral-at-metal iridium(III) and rhodium(III) 

complexes for asymmetric catalysis. 

A rhodium-based asymmetric catalyst Δ-RhO is introduced which derives its optical activity from 

octahedral centrochirality. Besides serving as the exclusive source of chirality, the rhodium center 

functions as a Lewis acid to activate α,-unsaturated 2-acyl imidazoles by two point binding and thereby 

catalyzes the asymmetric Michael addition of CH-acidic -dicarbonyl compounds, for which the 

rhodium catalyst is found to be superior to its iridium congener (chapter 3.1). Due to its straightforward 

proline-mediated synthesis, high catalytic activity, and tolerance towards moisture and air, this chiral-

at-rhodium complex has been used as chiral Lewis acid catalyst for many other asymmetric 

transformations in the Meggers group. 

The chiral-at-metal complexes Δ-IrO and Δ-IrS are investigated as highly efficient dual function 

photoredox/chiral Lewis acid catalysts in asymmetric photoactivated reactions. A simple chiral iridium 

complex Δ-IrO is capable of catalyzing the visible light activated α-aminoalkylation of 2-acyl-1-phenyl 

imidazoles, thereby serving as a “2-in-1” catalyst by combining photoinduced oxidation with 

asymmetric alkylation (chapter 3.2). Moreover, its derivative Δ-IrS is successfully utilized to the 

catalytic enantio- and diastereoselective redox coupling of trifluoromethyl ketones with tertiary amines 

to form 1,2-diamino alcohols (chapter 3.3). This single catalyst strategy provides new avenues for the 

synthesis of non-racemic molecules. 

An alternative strategy of merging the chiral Lewis acid Δ-RhS with photoredox catalyst fac-[Ir(ppy)3] 

is well applied to the asymmetric photoredox-mediated C(sp3)-H functionalization. This synthetic 

strategy exploits a radical translocation (1,5-hydrogen transfer) from an oxygen-centered to a carbon-

centered radical with a subsequent stereocontrolled radical addition, affording C-C bond formation 

products with high enantioselectivities (up to 97% ee). Notably, the previously developed dual function 

catalyst Δ-IrS is not applicable for this asymmetric transformation (chapter 3.4). 
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Zusammenfassung 

In der vorliegenden Dissertation wird die Anwendung neuer Iridium(III)- und Rhodium(III)-

Komplexe mit metallzentrierter Chiralität in der asymmetrischen Katalyse erläutert. 

Es wird eine neue Klasse chiraler Rhodium(III)-Komplexe vorgestellt, die ihre optische Aktivität 

ausschließlich durch ihre oktaedrische metallzentrierte Chiralität erhält. Darüber hinaus wirkt das 

Metallzentrum nicht nur exklusiv als Quelle der Chiralität, sondern als reaktives, LEWIS-saures Zentrum. 

Zum Einsatz kommt Δ-RhO bei der Aktivierung von α,β-ungesättigten 2-Acylimidazolen in der 

asymmetrischen Michael-Addition mit CH-aciden β-Dicarbonylen. In dieser Reaktion zeigt Δ-RhO im 

Vergleich zu seinem Δ-IrO-Analogon überlegene Aktivität (Kapitel 3.1). Bedingt durch seine einfache 

Prolin-vermittelte Synthese, seine hohe katalytische Aktivität, die hohe Stabilität an Luft und einer 

Toleranz gegenüber Feuchtigkeit, wird der „chiral-at-metal“ Komplex Δ-RhO in der Arbeitsgruppe 

MEGGERS mittlerweile in einer Vielzahl asymmetrischer Katalysen als chiraler LEWIS-Säure-

Katalysator eingesetzt. 

Weitere Untersuchungen hinsichtlich der Eignung von Δ-IrO und Δ-IrS als bifunktionelle 

Photoredox/LEWIS-Säure Katalysatoren in asymmetrischen, durch Licht aktivierte Reaktionen, wurden 

in den folgenden Projekten durchgeführt. Der einfach gehaltene chirale Iridium(III)-Komplex Δ-IrO ist 

in der Lage, die durch sichtbares Licht aktivierte α-Aminoalkylierung von 2-Acyl-1-phenylimidazol zu 

katalysieren. Dabei fungiert Δ-IrO als "2-in-1"-Katalysator durch die Kombination von 

photoinduzierter Oxidation und asymmetrischer Alkylierung (Kapitel 3.2). Des Weiteren wurde das 

Derivat Δ-IrS erfolgreich für die enantio- und diastereoselektive Redox-Kupplung von 

Trifluormethylketonen mit tertiären Aminen zur Synthese von 1,2-Diaminoalkoholen eingesetzt 

(Kapitel 3.3). Die gezeigte Strategie, einen einzelnen multifunktionellen Katalysator zu verwenden, 

ebnet neue Wege zur Synthese nicht-racemischer Verbindungen.  

Als alternative konnte der chirale LEWIS-Säure-Katalysator Δ-RhS mit dem Photoredox-Katalysator 

fac-[Ir(ppy)3] in der asymmetrischen, photoredox-vermittelten C(sp3)-H Funktionalisierung eingesetzt 

werden. In dieser Strategie wird eine 1,5-Wasserstoff-Verschiebung genutzt, um ein Sauerstoffradikal in 

ein Kohlenstoffradikal zu überführen, welches unter katalysatorkontrollierter C-C-Bindungsknüpfung 
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Produkte mit hohem Enantiomerenüberschuss erzeugt (bis zu 97% ee). Beachtenswert ist, dass der 

analoge bifunktionelle Iridiumkomplex Δ-IrS nicht für diese Reaktion geeignet ist (Kapitel 3.4). 
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Chapter 1: Theoretical Part 

1.1 Introduction 

Asymmetric catalysis is a fundamental methodology in modern chemistry and is particularly 

important in the field of pharmaceuticals, as the different enantiomers or diastereomers of a molecule 

often have different biological activity.1 Thalidomide is a striking example that illustrates the difference 

in which the (R)-enantiomer acts as a sedative in contrast to deformities caused by the (S)-enantiomer 

(Figure 1).2 Therefore, the asymmetric synthesis of enantiomerically pure compounds is under intense 

scrutiny. 

 

Figure 1 Structures of (R)-thalidomide and (S)-thalidomide. 

Photocatalysis has seen growing interest not only in the reactions of small molecules such as H2O 

(water splitting)3 and CO2 (forming solar fuels)4, but also in organic synthesis.5 Particularly, the recent 

progress in this area has been promoted by using visible light as a driving force, providing a number of 

otherwise unachievable modes of molecular transformations.6 

Combining these two aspects, visible light induced 

asymmetric photocatalysis is appreciated as a powerful tool to 

achieve high efficiency and selectivity in asymmetric 

synthesis.7 Whereas asymmetric catalysis is considered as an 

economic strategy to obtain enantiopure compounds, visible 

light can assist in generating highly reactive intermediates under mild conditions and at the same time 

providing an environmentally friendly and sustainable source of energy for activating chemical reactions. 

This chapter will be divided into two parts: 1) summarize some typical examples of asymmetric 

catalysis with octahedral chiral only-at-metal complexes; 2) discuss two systems of visible light 
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activated asymmetric catalysis, namely dual catalyst systems based on the combined use of photoredox 

with chiral catalyst or single chiral catalyst systems.  

1.2 Asymmetric Catalysis with Octahedral Chiral only-at-Metal Complexes 

A crucial role in asymmetric catalysis is the development of efficient chiral catalysts. Octahedral 

chiral only-at-metal complexes are an emerging class of catalysts for catalytic asymmetric synthesis of 

non-racemic compounds.8 For the developed octahedral chiral only-at-metal complexes, the central 

transition metal always serves as a structural anchorpoint and provides metal centrochirality, catalysis 

is mediated through the ligand sphere, thereby merging organocatalysis with transition metal catalysis. 

1.2.1 Octahedral Chiral only-at-Metal Ruthenium(II) and Cobalt(III) Complexes for 

Asymmetric Catalysis 

In 2003, the Fontecave group reported asymmetric oxidation of sulfide with an octahedral 

ruthenium(II) complex Λ-Ru1 in which the ruthenium ion is coordinated by two 2,9-dimethyl-1,10-

phenanthroline ligands and two labile acetonitrile molecules (Figure 2). Despite the low 

enantioselectivity obtained (18% ee), this study reveals the first experimental validation of the concept 

that an octahedral chiral only-at-metal complex has the potential to catalyze enantioselective 

oxidations.9 Later, they reported asymmetric transfer hydrogenation with a dinuclear ruthenium catalyst 

Λ-Ru2, in which the Λ-[Ru(2,2'-bipyridine)2(2,2'-bipyrimidine)]2+ moiety serves as a chiral bidentate 

ligand for a second, catalytically active ruthenium complex. The low enantioselective (26% ee) can be 

rationalized by the large distance between the chiral and catalytic centers.10 

 

Figure 2 Asymmetric catalysis by octahedral chiral-at-metal ruthenium(II) complexes. 
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In 2008, Gladysz and co-workers demonstrated asymmetric conjugate addition with a simple 

octahedral chiral-at-metal Werner complex.11 As shown in Figure 3, the enantiopure chiral-at-metal 

cobalt(III) complex Δ-Co is capable of catalyzing the Michael addition of dimethyl malonate to 

cyclopentenone in CH2Cl2 to afford the adduct in 78% yield, albeit with a low enantioselectivity of just 

33% ee. The chirality induction in this reaction relies on the stereogenic octahedral cobalt center and N-

H bonds (H-bonding donors). 

 

Figure 3 Asymmetric Michael addition by a chiral-at-metal Werner complex. 

1.2.2 Octahedral Chiral only-at-Metal Iridium(III) Complexes for Asymmetric Catalysis 

For the past several years, the Meggers group has successfully designed and synthesized a series of 

octahedral chiral-at-metal iridium(III) complexes for asymmetric catalysis. 

In 2013, the Meggers group reported a chiral-at-metal iridium(III) complex Λ-Ir1 for the highly 

efficient catalytic asymmetric transfer hydrogenation of β,β-disubstituted nitroalkenes (Figure 4).12 The 

design of the substitutionally inert biscyclometalated iridium complex Λ-Ir1 was inspired by the non-

covalent organocatalyst thiourea.13 While the pyrazole moiety acts as a double H-bonding donor for the 

nitroalkene, a hydroxy group serves as a H-bonding acceptor for the Hantzsch ester (Figure 5). Notably, 

although the iridium complex relies only on the formation of three hydrogen bonds, it exceeds the 

performance of most organocatalysts with respect to enantioselectivitities (up to 99% ee) and catalyst 

loadings (down to 0.1 mol%). This work is of great significance as it reveals the potential of octahedral 

metal complexes as chiral scaffolds for the design of high-performance asymmetric catalysts. 
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Figure 4 Asymmetric transfer hydrogenation catalyzed by a chiral-at-metal iridium(III) complex. 

 
Figure 5 Proposed transition state of Λ-Ir1 in asymmetric transfer hydrogenation. 

This non-covalent metal-templated complex was further applied to a more challenging transformation, 

namely enantioselective Friedel-Crafts alkylation of indoles to β,β-disubstituted nitroolefins. By using 

1 mol% of Λ-Ir2, all-carbon quaternary centers can be created in high enantioselectivities of up to 98% 

ee (Figure 6). Since the iridium catalyst functions completely as a H-bonding catalyst, the high reactivity 

and enantioselectivity of Λ-Ir2 are superior to the performance of Λ-Ir1 (70% ee with 5 mol% catalyst 

loading) which can be rationalized by the H-bonding affinity of the carboxamide (-CONEt2, Λ-Ir2) over 

the hydroxyl group (-OH, Λ-Ir1) in combination with the preferred conformation of the amide group, 

thereby placing the amide oxygen in an ideal position for H-bonding with the indole nucleophile. 

Notably, tested thiourea organocatalysts only provided very low enantioselectivities for this challenging 

formation.14 

 
Figure 6 Asymmetric Friedel-Crafts alkylation catalyzed by a chiral-at-metal iridium(III) complex. 
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Inert octahedral metal complexes are general, powerful templates for the efficient design of 

bifunctional catalysts. The developed octahedral 3-aminopyrazolato iridium(III) complexes Λ-Ir3 and 

Λ-Ir4 as chiral Brønsted base catalysts are suitable for highly effective asymmetric sulfa-Michael 

addition and aza-Henry reactions, permitting catalyst loadings down to 0.02 and 0.25 mol%, respectively 

(Figure 7). The observed high reactivity and stereoselectivity can be rationalized by the bifunctional 

mode of action in which the iridium catalyst, after the initial proton transfer, controls a ternary complex 

through defined H-bonding interactions (Figure 8).15  

 

Figure 7 Asymmetric sulfa-Michael and aza-Henry reactions catalyzed by chiral Brønsted base catalysts. 

 

Figure 8 Proposed ternary complex for the asymmetric sulfa-Michael addition catalyzed by Λ-Ir3. 

Asymmetric enamine/H-bonding dual activation catalyst is presented as another successful example 

for the power for a metal-templated design of ‘‘organocatalyst’’ (Figure 9). An octahedral chiral-at-

metal complex Λ-Ir5 catalyzes the enantioselective α-amination of aldehydes with high 

enantioselectivies of up to 97% ee and catalyst loadings down to 0.1 mol%. Mechanistically, this highly 

efficient chiral iridium complex can be rationalized by a dual activation catalysis which converts the 

aldehyde into a nucleophilic enamine, while at the same time activating the azodicarboxylate 

electrophile through H-bonding with one OH-group (Figure 10).16 Notably, Λ-Ir5 constitutes one of the 

most efficient catalysts for the enantioselective α-amination of aldehydes to date.  
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Figure 9 Asymmetric catalysis by enamine/H-bonding dual activation chiral-at-metal Iridium(III) 

catalyst. 

 

Figure 10 Proposed enamine/H-bonding mechanism model of the asymmetric α-amination catalyzed by 

iridium complex Λ-Ir5. 

Having demonstrated several remarkable asymmetric transformations directed by the ligand sphere 

of the stereogenic iridium center, the Meggers group further modified the metal-templated system to 

Lewis acid catalysts. In 2014, the Meggers group introduced a substitutionally labile chiral-at-metal 

iridium(III) complex Λ-IrO. As shown in Figure 11, the catalytic activity investigation demonstrated 

that the chiral complex Λ-IrO can effectively catalyze the enantioselective Friedel-Crafts addition of 

indoles to α,β-unsaturated 2-acyl imidazoles with high yields (75-99%) and excellent 

enantioselectivities (90-98% ee) at low catalyst loadings (0.25-2 mol%).17 

 
Figure 11 Asymmetric Friedel-Crafts reaction by a simple chiral-at-metal Lewis acid catalyst. 

The iridium complex Λ-IrO serves as a chiral Lewis acid by activating α,β-unsaturated 2-acyl 

imidazoles through bidentate N,O-coordination. Despite its substitutional lability, the metal-centered 

chirality is maintained throughout the catalysis. A proposed model for the asymmetric induction in the 
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course of the indole addition by using Λ-IrO as catalyst is shown in Figure 12 and demonstrates that Re 

face of the alkene is sterically shielded effectively by one tert-butyl group, and the Si face is leaving 

open for the approach of nucleophile. This novel class of reactive chiral-at-metal complexes has been 

proven to be of high value for a variety of asymmetric transformations in the Meggers group.18 

 

Figure 12 Proposed reaction model of enantioselective Friedel-Crafts addition with Λ-IrO.  
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1.3 Asymmetric Photocatalysis Activated by Visible Light 

In homogeneous photocatalysis, photoredox catalysis employs small quantities of a light-sensitive 

compound (photocatalyst) that, when excited by light, can mediate the transfer of electron or energy 

between chemical compounds.18 Desired features of common photocatalysts are as follows: 1) 

photostability; 2) long excited-state lifetime; 3) strong absorption in the visible region; 4) high reduction 

or oxidation potential to achieve electron transfer to substrates. Alongside organic dyes and inorganic 

semiconductors, the most widely-applied and effective photocatalysts are coordinatively saturated 

transition-metal-pyridyl complexes which are outlined in Figure 13.19 

 

Figure 13 The common classic transition metal photocatalysts (vs. SCE). 

1.3.1 Dual Catalyst Systems in Asymmetric Photoredox Catalysis 

The combination of visible light redox catalysts with chiral catalysts has enabled a number of highly 

enantioselective photoinduced reactions. The following section summarized some representative 

catalytic asymmetric transformations utilizing dual photoredox organocatalysis or transition-metal 

catalysis. 

1) Dual photoredox organocatalysis: covalent interactions 

In 2008, MacMillan’s group reported the first example of the combination of visible light induced 

photoredox catalysis and asymmetric organocatalysis.20 Accordingly, the reaction of aldehydes with 

bromo diethylmalonates or phenacyl bromides in the presence of [Ru(bpy)3]Cl2, chiral imidazolidinone 

and 15 W compact fluorescent lamp (CFL) afforded α-alkylation products with highly 

enantioselectivities of up to 99% ee (Figure 14). The generality of this dual photoredox organocatalytic 

protocol was demonstrated by further investigating the enantioselective α-trifluoromethylation21 and α-

benzylation of aldehydes.22 
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A mechanism for this transformation combining an enamine catalytic cycle and a photoredox catalytic 

cycle is shown in Figure 14. It is generally accepted that a photoredox catalytic cycle results in the 

reductive, heterolytic cleavage of the benzyl bromide or phenacyl bromide to afford electron deficient 

carbon radical which rapidly added to the electron rich double bond of chiral intermediate enamine in a 

stereocontrolled fashion. The generated α-aminoalkyl radical is oxidized to iminium ion via single 

electron transfer (SET). The iminium ion intermediate is further hydrolyzed to form the α-alkylation 

product, and thereby regenerate the amine catalyst for a new catalytic cycle. It is most likely that product-

forming step would be chain-propagating reduction of the alkyl electrophile substrates by the 

intermediate α-amino radical.23 

 

Figure 14 Enantioselective α-functionalization of aldehydes via dual photoredox enamine catalysis.  

Following MacMillan’s initial work, several other research groups have merged enamine catalysis 

with photocatalysis. For example, Zeiter, König, and Pericàs revealed that transition metal 

photocatalysts could be replaced by organic dyes and inorganic semiconductors in this asymmetric 

photoredox enamine catalysis system.24 Luo and co-workers extended this strategy and applied to the 

enantioselective α-alkylation of β-ketocarbonyls by merging photoredox catalysis with chiral primary 

amine catalysis (Figure 15).25 The reactions enable the creation of all-carbon stereocenters with excellent 

enantioselectivities (up to 99% ee) and a broad substrate scope (28 examples). The author proposed that 
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the high asymmetric induction can be rationalized by a hydrogen bond in the transition state between 

the protonated tertiary amine (N-H as hydrogen bond donor) of the intermediate enamine and the 

intermediate phenacyl radical (C=O as hydrogen bond accepter). 

 

Figure 15 Asymmetric α-photoalkylation of -ketocarbonyls with a combination of chiral primary 

amine and photoredox catalyst. 

Recently, Melchiorre and co-workers reported an excellent work about the enantioselective radical 

conjugate addition to β,β-disubstituted cyclic enones driven by UV light (365 nm) or visible light.26 The 

outlined visible light activated iminium dual catalysis platform enables challenging quaternary carbon 

stereocenters to be constructed in a highly enantioselective manner (Figure 16). The critical to their 

success is the design of a chiral organic catalyst, containing a redox-active carbazole moiety, which 

drives the formation of iminium ion intermediates and the stereoselective trapping of photogenerated 

carbon-centred radicals. The key step in the catalytic transformation is the rapid intramolecular electron 

transfer between the electron-rich carbazole and the α-iminyl radical cation, thereby forging the 

corresponding enamine and avoiding the undesired β-scission event. 

 

Figure 16 Asymmetric radical conjugate addition by photoredox iminium dual catalysis. 
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In 2012, the Rovis group identified a productive dual catalysis mode which enables the catalytic 

asymmetric α-acylation of tertiary amines.27 Through the powerful combination of chiral N-heterocyclic 

carbene (NHC) catalyst and photoredox catalyst [Ru(bpy)3]Cl2, the α-acylation products could be 

produced in high yields (up to 94% yield) with high enantioselectivies (up to 92% ee). Mechanistically, 

single-electron oxidation of a tertiary amine followed by hydrogen atom abstraction results in the 

formation of iminium ion. Meanwhile, interaction of a chiral NHC catalyst with an aldehyde generates 

the nucleophilic Breslow-type complex. The chiral Breslow intermediate intercepts the newly formed 

iminium ion, thereby forming the non-racemic α-amino ketone product. The stoichiometric amount of 

oxidant m-dinitrobenzene (m-DNB) are needed for this asymmetric transformation (Figure 17). 

 

Figure 17 Asymmetric α-acylation of tertiary amines by photoredox carbene dual catalysis. 

2) Dual photoredox organocatalysis: noncovalent interactions 

In 2013, the Knowles group reported a photoinduced proton-coupled electron transfer (PCET) 

protocol for the asymmetric reductive coupling of ketones and hydrazones.28 Accordingly, the exposure 

of ɛ-hydrazino arylketones to blue light in the presence of [Ir(ppy)2(dtbbpy)]PF6, the chiral phosphoric 

acid, and Hantzsch ester (HE) provided the syn 1,2-amino alcohols with 45-96% yield and 77-95% ee 

(Figure 18). Mechanistically, photoactivated [IrIII]* accepts an electron from Hantzsch ester to generate 

[IrIII]• ‾. The phosphoric acid forms a H-bonding with the aryl ketone, followed by an electron transfer 
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from the [IrIII]• ‾ to the aryl ketone in concert with proton transfer from the Brønsted acid to the oxygen 

of the formed ketyl radical. The enantioselective radical cyclization is based on the H-bonding between 

the chiral phosphate anion and the OH-group of the ketyl. Hantzsch ester acts as a terminal reduction 

agent in the catalytic cycle.  

 

Figure 18 Enantioselective aza-pinacol cyclizations by a chiral phosphoric acid catalyst and a 

photoredox catalyst. 

In 2014, Stephenson and Jacobsen reported a sequential two-step asymmetric Mukaiyama Mannich 

reaction.29 With the employment of a chiral thiourea H-bonding catalyst combined with a photoredox 

catalyst [Ru(bpy)3]Cl2 under the irradiation of blue LEDs, single-electron oxidation of N-aryl 

tetrahydroisoquinolines followed by nucleophilic addition with silyl enol ethers afforded α-alkylated 

products in 11-72% yields and 42-99% ee (Figure 19). In the first step, 1-chlorinated products are 

generated from 1,2,3,4-tetrahydroisoquinolines by photooxidation with stoichiometric oxidant carbon 

tetrachloride. In the second step, the addition of the chiral thiourea results in the formation of an 

intermediate contact ion pair (a H-bonded chloride anion and the iminium ion), which enantioselectively 

reacts with the silyl enol ether to provide the non-racemic compounds with moderate to high 

enantioselectivities. 
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Figure 19 Asymmetric α-acylation of tertiary amines by photoredox hydrogen bonding dual catalysis. 

Recently, the Ooi group developed a redox neutral, highly enantioselective α-coupling of N-

arylaminomethanes with N-sulfonyl imines under visible light irradiation. By using chiral 

arylaminophosphonium ion and iridium complex [Ir(ppy)2(Me2Phen)]BAr (Ar = 3,5-(CF3)2C6H3) as co-

catalyst, the coupling products were achieved with 60-90% yields and 85-98% ee.30 In their proposed 

mechanism (Figure 20), photoexcited iridium catalyst is reductively quenched by N-arylamine. The 

thereby generated [IrII] serves as a strong reducing agent and transfers a single electron to imine under 

formation of a prochiral radical anion. The chiral aminophosphonium ion (H-bonding donor) undergoes 

counterion exchange with the prochiral radical anion to form a chiral ion pair, thereby reacting with 

deprotonated α-aminoalkyl radical to afford the coupling product. The critical success factor is that 

chiral ion controls the enantiofacial approach of the oxidatively generated α-aminoalkyl radical.  

 

Figure 20 Enantioselective radical coupling reaction with chiral arylaminophosphonium ion catalyst 

and iridium photoredox catalyst. 
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3) Dual photoredox transition-metal catalysis: Lewis acid catalyst 

In 2014, the Yoon group developed a dual catalysis strategy in asymmetric [2+2] photocycloadditions 

of α,β-unsaturated ketones to the corresponding cyclobutanes.31 Employing 1 mol% of [Ru(bpy)3]Cl2 

and 10 mol% Eu(OTf)3 with 20 mo% of dipeptide-derived chiral ligand led to form the 1,2-trans-

cycloadducts with high enantioselectivities of up to 97% ee. Interestingly, by simply switching to 

saturated dipeptide ligand, the 1,2-cis-cycloadducts were generated as the major products (Figure 21). 

Mechanistically, the crucial step is the single-electron reduction of a chiral Lewis acid coordinated aryl 

enone to generated radical anion. The intermediate radical anion can react with another Michael acceptor 

to form a chiral Lewis acid mediated radical which subsequently undergoes intermolecular cyclization. 

In this protocol, the requirement of the Lewis acid catalyst for both reactivity and stereoselectivity 

prevents undesired background reaction. And recently, the author extended this strategy for the 

asymmetric [3+2] photocycloaddition of aryl cyclopropyl ketones, which enables the enantiocontrolled 

construction of densely substituted cyclopentane structures not synthetically accessible using other 

catalytic methods.32  

 
Figure 21 Enantioselective [2+2] photocycloadditions with a photoredox catalyst and a 

stereocontrolling Lewis acid. 

The principle of cooperative Lewis acid-photoredox catalysis was further applied to the asymmetric 

Giese addition of photogenerated α-amino radicals to Michael acceptors by Yoon’s group.33 Chiral 

pybox ligand and relay auxiliary are two key points for achieving the radical addition products with high 
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levels of enantiocontrol (up to 96% ee). Notably, the Lewis acid here is not directly involved in the 

photoinduced electron transfer step. Rather, the chiral Lewis acids control the rate and selectivity of a 

step independent of the photoredox process itself (Figure 22). 

 

Figure 22 Enantioselective radical addition with cooperative Lewis acid-photoredox catalysis. 

4) Dual photoredox transition-metal catalysis: Nickel catalyst 

In 2016, MacMillan and Fu performed an elegant work of the enantioselective decarboxylative 

C(sp3)-C(sp2) cross-coupling reaction of α-amino acids with aryl halides by interfacing photoredox and 

nickel catalysis.34 This method is very practical and useful because non-racemic benzylic amine products 

can be formed by using low-cost α-amino acids as radical precursors (Figure 23). Mechanistically, 

photocatalyst-mediated oxidation and decarboxylation of an α-amino acid produce a prochiral α-amino 

radical. Meanwhile, activation of an aryl halide via oxidative addition lead to a chiral Ni(II)-aryl 

complex, which intercept the newly generated α-amino radical. The resulting diorganonickel(III) adduct 

then undergoes reductive elimination to achieve the C-C bond formation. The presence of a chiral ligand 

induces enantioselectivity and the last reductive elimination of diorganonickel(III) intermediate is 

proposed as the stereocontrol step.  

 

Figure 23 Enantioselective C(sp3)-C(sp2) cross-coupling reaction by interfacing photoredox and nickel 

catalysis.  
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1.3.2 Single Catalyst Systems in Asymmetric Photoredox Catalysis 

1) Organocatalysis with electron donor-acceptor (EDA) complex 

Melchiorre’s group demonstrated that the synthetic potential of chiral enamines is not limited to the 

ground-state domain (enamines as nucleophlies or SOMO activation)35, but can be further expanded by 

exploiting their photochemical activity. In 2013, Melchiorre and co-workers reported visible light 

induced asymmetric α-alkylation of aldehydes with electron deficient benzyl bromides and phenacyl 

bromides in the presence of the chiral secondary amine (Figure 24, pathway a).36 Although the 

compounds used in the reaction system do not contain any photoactive unit, they guide the 

photoactivation of the substrate by inducing the in-situ formed chiral electron donor-acceptor (EDA) 

complex. The EDA complex is able to absorb visible light and triggers a single electron transfer (SET) 

from the enamine to the organobromide substrate. In addition, quantum yield measurements established 

that a radical chain propagation mechanism is operative. 

Interestingly, the recent mechanistic studies from the Melchiorre group show another radical initiation 

pathway (Figure 24, pathway b) that the chiral enamine can directly reach an electronically excited state 

upon light absorption and then act as an effective photoinitiator to induce carbon-centered radical 

formation by reduction of the bromomalonate through SET process.37  

 

Figure 24 Visible light induced asymmetric α-alkylation of aldehydes via radical initiation step and 

chain process. 
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2) Organocatalysis with hydrogen bonding catalyst 

The Bach group recently reported an organocatalyst for enantioselective intramolecular [2+2]-

photocycloaddition reactions induced by visible light.38 By using the enantiopure thioxanthone as single 

catalyst, the intramolecular cycloaddition products were achieved with good yields (79-95%) and high 

enantioselectivities (87-94% ee).  

With respect to the organocatalyst, it is based on a 1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-one 

scaffold connected to a thioxanthone chromophore via an oxazole moiety. The mechanistic model 

assumes the binding of the 4-substituted chinolones to the catalyst through a double H-bonding as 

depicted in Figure 25. The thioxanthone not only serves as the light-absorbing molecule and transfers 

the energy to the chinolone, but also provides the asymmetric induction by allowing the attack of the 

double bond only from one prochiral face, thereby affording the cycloaddition product in an 

enantioselective fashion. The author mentioned that the enantiopure thioxanthone catalyst can be 

recovered in high yields after the reaction which demonstrate that visible light induced catalyst 

decomposition is not severe. 

 

Figure 25 Photoinduced asymmetric [2+2] intramolecular cycloaddition via energy transfer process. 
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3) Metal catalysis: chiral-at-metal iridium(III) complex 

In 2014, the Meggers group reported a highly efficient chiral-at-metal iridium Λ-IrS for the visible 

light induced enantioselective α-alkylation of 2-acyl imidazoles.39 As shown in Figure 26, under visible 

light irradiation, 2 mol% of iridium catalyst Λ-IrS is able to catalyze the reaction between 2-aryl 

imidazoles and electron deficient benzyl bromides in high yields (up to 100% yield) and with high 

enantioselectivities (up to 99% ee). 

Mechanistically, the catalysis is initiated by the coordination of 2-acyl imidazole to the iridium 

catalyst, followed by deprotonation to form the iridium enolate complex. The subsequent addition of the 

reductively generated electrophilic carbon radical to form the ketyl radical intermediate. Oxidation of 

the ketyl radical to the carbonyl group by single electron transfer (SET) provides the iridium-coordinated 

product, which is subsequently released. The SET process either regenerates the iridium photoredox 

catalyst or leads to the reduction of another organobromide substrate, thereby initiating a chain process. 

Proposed key intermediate is the iridium enolate complex, which not only provides the crucial 

asymmetric induction but also serves as the in-situ generated active photoredox catalyst. 

 

Figure 26 Enantioselective α-alkylation of 2-acyl imidazoles with a single chiral-at-metal iridium 

catalyst. PC = photoredox catalyst. 
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4) Metal catalysis: chiral copper(I) complex 

Very recently, the Fu group described a copper-based chiral catalyst derived from commercially 

available components can achieve asymmetric C-N cross-coupling reactions of racemic tertiary alkyl 

chlorides with high enantioselectivities of up to 99% ee (Figure 27).40 In this method, an in-situ formed 

chiral cooper(I) complex in which cooper cation is coordinated with two chiral phosphine ligands and 

one monoanionic carbazolide is responsible for the photocatalysis and the enantioselective C-N bond 

construction.  

Mechanistically, the first step is the binding of the nucleophile to copper to form a copper-nucleophile 

complex. Irradiation of the copper-nucleophile complex leads to an excited-state copper adduct which 

then engages in electron transfer with the alkyl halide to generate an alkyl radical. Then, C-N bond 

formation between the nucleophile and the alkyl radical occurs through an inner sphere pathway 

involving a copper-nucleophile complex. This work is of great significance because it stands at a 

previously unexplored intersection of asymmetric synthesis, catalysis with earth-abundant metals, 

visible light induced processes, and cross-coupling reactions of alkyl electrophiles, each of them 

represents an important current theme in organic synthesis. 

 

Figure 27 Enantioselective C-N cross-coupling with an in-situ chiral copper catalyst.  
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1.4 Conclusions 

Octahedral chiral-at-metal complexes have developed not only because of their importance in 

fundamental stereochemistry but also because of their application as asymmetric catalysts in organic 

synthesis. 

In above examples of asymmetric catalysis, several inert octahedral transition-metal complexes are 

presented as chiral templates, in which the transition metal serves as a structural center, whereas catalytic 

transformation is mediated through the organic ligand sphere. Among them, chiral-at-metal iridium 

complexes developed by the Meggers group exhibited impressive properties, achieving high 

enantioselectivities with low catalyst loadings. Remarkably, a chiral Lewis acid iridium catalyst should 

be of high practical value since it provides an excellent substrate scope for the highly enantioselective 

Friedel-Crafts addition of indoles to α,β-unsaturated 2-acyl imidazoles at low catalyst loadings. This 

high performance indicates the value of a direct chirality transfer from the chiral metal center to the 

coordinated substrate. 

Under irradation with visible light, highly enantioselective transformations could be achieved by 

merging photocatalyst with chiral catalyst or using a single catalyst. A variety of reaction types are 

developed via photoinduced electron transfer or energy transfer processes. The highly reactive 

intermediates, directed asymmetric induction and the tolerance of the reaction conditions to a wide range 

of functional groups enable the application of these reactions to the synthesis of various enantiopure 

compounds. The encouraging work from the Meggers group, a single chiral-at-metal iridium complex 

catalyzed the visible light activated asymmetric α-alkylation, provide new opportunities to realize 

different kinds of enantioselective photoredox catalysis with single chiral-at-metal complexes. 
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Chapter 2: Aim of the Work 

1) Synthesis and catalytic activity of chiral rhodium Lewis acid catalyst 

The inert octahedral chiral-at-iridium complexes provide ideal environments to induce asymmetry. 

However, efforts to exploit highly desirable features of chiral-at-rhodium complexes have met with great 

challenges, mainly due to limited methods to synthesize enantiopure rhodium complexes.1 

The Meggers group has recently introduced a substitutionally labile yet configurational stable chiral-

at-metal iridium Lewis acid catalyst. The iridium center serves as a dual function of activating a substrate 

through bidentate coordination and at the same time provides the asymmetric induction.2 In this work, 

we wish to accomplish the first isostructural synthesis of chiral-at-metal rhodium(III) complex, and 

subsequently, we would like to search for different reactions for the comparison of the catalytic 

properties of the homologous chiral iridium and rhodium Lewis acid catalysts. Stability and the potential 

racemization of such rhodium complex should be considered. 

2) Development of visible light induced asymmetric photoredox catalysis with chiral-at-

metal complexes  

General solutions for interfacing visible light induced photoredox chemistry and asymmetric catalysis 

with single catalysts are highly desirable. The Meggers group has recently reported a single chiral-at-

metal iridium complex catalyzed the visible light induced asymmetric α-alkylation of 2-acyl 

imidazoles.3 Several useful information can be obtained: 1) the chiral-at-metal iridium complex can 

serve as “2-in-1” catalyst by combining photoinduced reduction with asymmetric alkylation; 2) the 

chiral catalyst can not be dissociated or racemized under visible light irradiation; 3) highly effective 

asymmetric induction can be mediated by the propeller-like C2-symmetrical ligand sphere. All these 

informations potentially provide opportunities for reaction design by having a closer control over the 

entire reaction path. 

The aim of this research part is the development of new and efficient visible light mediated 

asymmetric reactions with newly developed chiral-at-metal iridium or rhodium complexes. For instance, 

the activation of α-C(sp3)-H bond of tertiary amines represents an important organic synthesis process. 

Although oxidation of amines into iminium ions or α-aminoalkyl radicals via photoinduced electron 
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transfer has been extensively studied,4 only a few asymmetric methodologies are available. Whether the 

oxidation potentials of such chiral-at-metal iridium complexes are positive for activing α-C(sp3)-H 

bonds need further investigation. 
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Chapter 3: Results and Discussion 

3.1 Asymmetric Lewis Acid Catalysis Directed by Octahedral Rhodium 

Centrochirality 

3.1.1 Catalyst Design 

Chiral Lewis acid catalysts play a significant role in asymmetric catalysis because many reactions are 

amenable to Lewis acid activation.1 Recently, the Meggers group has developed a chiral-at-metal 

iridium(III) complex (Δ-IrO)2 as a novel type of chiral Lewis acid catalyst in which the metal center is 

cyclometalated by two achiral bidentate ligands in a propeller type fashion and thereby provides the sole 

source of chirality. Herein, we wish to synthesize an octahydral chiral-at-metal rhodium(III) complex. 

The designed structure of Δ-RhO, like its congener Δ-IrO, consists of two cyclometalating 

benzoxazoles and two coordinated acetonitrile ligands. We hope the rhodium center can also serve as 

the source of centrochirality and Lewis acidity in the catalytic asymmetric reactions (Figure 28).  

 
Figure 28 Catalyst design for the chiral-at metal rhodium complex. 

3.1.2 Catalyst Synthesis 

The study was started by developing a synthesis of the complex Δ-RhO. The methodology was 

developed by the Meggers group.3 Accordingly, RhCl3 hydrate was reacted with tert-butyl-2-

phenylbenzoxazole (1) in a mixture of 2-ethoxyethanol and water under reflux to provide the rhodium 

dimer complex rac-2 (Scheme 1). The subsequent reaction with D-proline afforded the prolinato-

rhodium complexes -(R)-3 and -(R)-3 as a mixture of diastereomers, and -(R)-3 is isolable in a 

straightforward fashion in a yield of 40% with high purity by just washing the mixture of diastereomers 
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with CH2Cl2/Et2O. Exposure of -(R)-3 to NH4PF6 in acetonitrile at 50 ºC for 12 h resulted in a 

substitution of D-proline by two acetonitrile ligands under complete retention of configuration to afford 

-RhO in a yield of 90%. Notably, -RhO is air stable, moisture tolerant and can be purified by standard 

flash silica gel chromatography. The mirror-imaged complex -RhO is accessible in an analogous 

fashion by using the chiral auxiliary L-proline instead.  

 

Scheme 1 Proline-mediated synthesis of the enantiomerically pure rhodium(III) complexes -RhO and 

-RhO. 

It is worth noting that the prolinato-rhodium complexes -(R)-3 and -(R)-3 can not be separated by 

chromatography due to a limited stability of the complexes. The isolation of -(R)-3 or its enantiomer 

Λ-(S)-3 is based on the different solubilities of the diastereomers in solutions. Whereas Λ-(R)-3 is very 

soluble in a mixture of CH2Cl2/Et2O, its diastereomer -(R)-3 is insoluble. Thus, -(R)-3 could be 

obtained by washing with CH2Cl2/Et2O (for details, see experimental part). The structure of -(R)-3 is 

demonstrated by single crystal X-ray crystallography (Figure 29).4 Notably, other tested auxiliaries5 did 

not provide rhodium auxiliary complexes with distinct solubilities and were not stable enough for a 

resolution via silica gel chromatography. Chiral proline here serves as a cheap and readily available 

powerful chiral auxiliary for the synthesis of enantiopure rhodium complexes. This method provides 

opportunity for the large-scale synthesis of enantiomerically pure transition metal complexes. 
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Figure 29 Crystal structure of -(R)-3. Hydrogen atoms are omitted for clarity. ORTEP drawing with 

50% probability thermal ellipsoids. 

Thus, following this convenient proline-mediated synthesis, Λ- and Δ-RhO can be obtained in a non-

racemic fashion as verified by CD-spectroscopy (Figure 30). HPLC on a chiral stationary phase 

demonstrates that the chiral-at-rhodium complexes are virtually enantiopure (Figure 31). Furthermore, 

time dependent stability tests by 1H NMR and HPLC confirm that the relative and absolute metal-

centered configuration is completely retained in solution over many days (for details, see experimental 

part).  

 

Figure 30 CD spectra (0.2 mM in CH3OH) of - and -RhO. 
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Figure 31 Chiral HPLC traces demonstrating the enantiopurity of synthesized - and -RhO. HPLC 

conditions: Daicel Chiralpak IB (250 × 4.6 mm), flow rate = 0.6 mL/min, 0.1% aq. TFA with MeCN as 

eluent (30% to 41% in 60 min). 

A structure of -RhO was obtained by single crystal X-ray diffraction and verifies the -configuration 

at the rhodium center (Figure 32, left). As expected, affected by the lanthanide contraction, the period 5 

transition metal complex -RhO and its period 6 congener -IrO (Figure 32, right) possess almost 

identical structures. For example, the lengths of the bonds between the transition metals and the 

cyclometalating benzoxazoles differ just in the range of 0.009 and 0.022 Å. However, the bonds to the 

coordinated acetonitrile ligands are notably longer in -RhO compared to -IrO by 0.041–0.043 Å, 

thereby indicating more exchange labile acetonitrile ligands in -RhO. 

 

Figure 32 Crystal structures of -RhO (left) and -IrO (right). The hexafluorophosphate counteranion 

and hydrogen atoms are omitted for clarity. Selected bond lengths (Å): N1-Rh1 = 2.056(2), N20-Rh1 = 

2.044(2), N39-Rh1 = 2.142(3), N42-Rh1 = 2.155(3); N1-Ir1 = 2.054(9), N20-Ir1 = 2.044(6), N39-Ir1 = 

2.111(6), N42-Ir1 = 2.100(9). 
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3.1.3 Catalytic Reactions  

With the novel Lewis acid catalyst -RhO in hand, we next searched for different reactions for the 

comparison of the homologous catalysts -IrO and -RhO. Preliminary works of the following 

asymmetric conjugate additions by using -IrO as catalyst were explored by Haohua Huo (a former 

Ph.D. student in the Meggers group). 

1) Asymmetric Friedel-Crafts alkylation 

First reaction is the enantioselective Friedel-Crafts addition of indoles to α,β-unsaturated 2-acyl 

imidazoles which is effectively catalyzed by -IrO.2 As shown in Figure 33, although 1 mol% -RhO 

catalyzes the addition of indole to α,β-unsaturated 2-acyl imidazole 4a affording the Friedel-Crafts 

product (R)-5a with 94% yield and respectable 95% ee after 40 h, reaction time, yield, and 

enantioselectivity can not quite match the performance of the homolog -IrO (96% yield and 96% ee 

after 20 h).  

 

Figure 33 Asymmetric Friedel-Crafts alkylation catalyzed by -IrO and -RhO. 

2) Asymmetric addition of malononitrile 

Next, the Michael addition of 2-acyl imidazoles 4a with malononitrile was investigated. As shown in 

Table 1, the addition of malononitrile to 4a catalyzed by 1 mol% -RhO in THF at room temperature 

afforded the adduct (R)-5b with a significantly higher ee value of 88% (entry 2) compared to 70% using 

-IrO (entry 1). After a brief survey of reaction conditions (entries 3-8), THF (0.5 M) and malononitrile 

(1.2 eq.) are favorable to get a high enantioselectivity of 92% ee (entry 8). It is worth noting that the 

rhodium catalyst is tolerant towards moisture and air, and the presence of 1 mol% H2O and air 

atmosphere did neither affect the yield nor the enantioselectivity (entries 9 and 10). Upon the best 

conditions (entry 8), the addition of malononitrile to substrate 4b catalyzed by -RhO afforded the 

product (R)-5c with 91% yield and 95% ee after 28 h, reaction time, yield, and enantioselectivity are 

superior to the performance of the homolog -IrO (entries 11 and 12). 
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Table 1 Asymmetric addition of malononitrile.a 

 

entry catalystb substrate solventc malononitrile t (h) yield (%)d ee(%)e 

1 Δ-IrO 4a THF (1 M) 3.0 eq. 16 99 70 

2 Δ-RhO 4a THF (1 M) 3.0 eq. 16 98 88 

3 Δ-RhO 4a DCM (1 M) 3.0 eq. 16 96 87 

4 Δ-RhO 4a MeOH (1 M) 3.0 eq. 16 97 83 

5 Δ-RhO 4a THF (0.5 M) 3.0 eq. 16 97 91 

6 Δ-RhO 4a THF (0.25 M) 3.0 eq. 16 97 91 

7 Δ-RhO 4a THF (0.5 M) 2.0 eq. 16 96 91 

8 Δ-RhO 4a THF (0.5 M) 1.2 eq. 16 96 92 

9f Δ-RhO 4a THF (0.5 M) 1.2 eq. 16 96 92 

10g Δ-RhO 4a THF (0.5 M) 1.2 eq. 16 96 92 

11 Δ-RhO 4b THF (0.5 M) 1.2 eq. 28 91 95 

12 Δ-IrO 4b THF (0.5 M) 1.2 eq. 96 40 88 

a Reaction conditons: 2-acyl imidazole 4a or 4b (0.20 mmol), malononitrile (0.24 mmol or 0.40 mmol 

or 0.60 mmol) in solvent with catalyst -IrO or -RhO (1 mol%) under nitrogen atmosphere at room 

temperature. b Catalyst loadings in brackets given in mol%. c Concentration of solvents are given in 

brackets. d Isolated yields. e Enantioselectivities were determined by HPLC analysis. f under air. g with 

1% H2O. 

3) Asymmetric addition of Meldrum’s acid 

Meldrum’s acid is widely used as a nucleophile in organic synthesis due to its adequate acidity (pKa 

= 4.83).6 As shown in Table 2, by using -RhO (1 mol%) as catalyst, the Michael addition of Meldrum’s 

acid with 2-acyl imidazole 4a provided the expected product (R)-5d with 85% ee compared to just 68% 

ee with -IrO (entries 1 and 2). The enantioselectivity for the -RhO catalyzed reaction can be further 

improved significantly by either reducing the temperature to 5 ºC (entry 4, 94% ee) or increasing the 

catalyst loading to 2 mol% (entry 5, 95% ee), as both ways can inhibit the background reaction 

efficiently (entry 3). 
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Table 2 Asymmetric addition of Meldrum’s acid.a 

 

entry catalystb T (ºC) t (h) yield (%)c ee (%)d 

1 Δ-IrO (1 mol%) 25 16 99 68 

2 Δ-RhO (1 mol%) 25 16 99 85 

3 none 25 16 8.5 n.d. 

4 Δ-RhO (1 mol%) 5 16 97 94 

5 Δ-RhO (2 mol%) 25 6 96 95 

a Reaction conditons: 2-acyl imidazole 4a (0.20 mmol), Meldrum’s acid (0.60 mmol) in THF (0.2 mL) 

with catalyst -IrO or -RhO under nitrogen atmosphere at room temperature. b Catalyst loadings in 

brackets given in mol%. c Isolated yields. d Enantioselectivities were determined by HPLC analysis. n.d. 

= not determined. 

4) Asymmetric addition of β-ketoesters 

Interestingly, -RhO (1 mol%) is even capable of catalyzing the formation of an all-carbon 

quaternary stereocenter (Table 3). The reaction of tert-butyl 2-oxocyclopentane-1-carboxylate with acyl 

imidazole 4a yields 5e with 99% ee and 4:1 dr (entry 1). Under the same conditions, -IrO displays 

inferior performance with 97% ee and 3:1 dr and a low yield of just 41%. -RhO (1 mol%) also 

catalyzes the addition of 2,3-dihydro-1-oxo-1H-indene-2-carboxylic acid tert-butyl ester to acyl 

imidazole 4a providing the adduct 5f in 92% yield with 96% ee and 14:1 dr. -IrO performs similar for 

this transformation although the catalysis rate is somewhat sluggish and requires an elongated reaction 

time (72 h) for a complete conversion (entry 2). 
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Table 3 Asymmetric addition of β-ketoesters.a 

 

entry β-ketoester  product catalystb t (h) yield (%)c ee (%)d 

1 
 

 

-IrO (1 mol%) 

-RhO (1 mol%) 

96 

48 

41 

83 

97 (3:1 dr) 

99 (4:1 dr) 

2 

 
 

-IrO (1 mol%) 

-RhO (1 mol%) 

 

72 

20 

 

89 

92 

 

97 (10:1 dr) 

96 (14:1 dr) 

 

a Reaction conditons: 2-acyl imidazole 4a (0.20 mmol), β-ketoester (0.40 mmol) in THF (0.4 mL) with 

catalyst -IrO or -RhO under nitrogen atmosphere at room temperature. b Catalyst loadings in 

brackets given in mol%. c Isolated yields. d Enantioselectivities were determined by HPLC analysis; 

diastereoselectivities were determined by 1H NMR analysis of the crude products. 

5) Asymmetric cascade reactions 

Asymmetric cascade sequences provide an ecologically and economically desirable approach to 

organic synthesis.7 Taking into account that the asymmetric additions of α,β-unsaturated 2-acyl 

imidazoles are efficiently catalyzed by the iridium and rhodium complexes, and this class of catalysts 

exhibits impressive catalytic activity in the asymmetric α-amination of 2-acyl imidazoles through 

enolate activation mode (Liang-A. Chen’s work, a former Ph.D. student in the Meggers group)8, we 

were wondering if the cascade reaction could be realized which combine two intermolecular and 

stereoselective steps involving a Michael addition/amination pathway (Figure 34).  

 

Figure 34 Reaction design of the asymmetric cascade reaction. 
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The asymmetric cascade strategy was first examined by the mixture of α,β-unsaturated 2-acyl 

imidazole 4a, malononitrile and diethyl azodicarboxylate in isopropanol with rac-IrO as catalyst, to our 

disappointment, only Michael addition product 5b was observed (Table 4, entry 1). Encouragingly, by 

using rac-RhO (2 mol%) as catalyst (entry 2), the desired product 6 was provided with 40% yield 

(mixture of two diastereoisomers). After a brief screen of solvents, a high yield of 82% and 

diastereoselectivity of 4:1 dr can be achieved (entry 4). The enantioselectivity of the major 

diastereoisomer was observed as 92% ee when Δ-RhO was used as chiral catalyst (entry 5).  

Table 4 Asymmetric cascade reaction.a 

 

entry solventb catalyst (2 mol%) yield (%)c ee (%)d 

1 iPrOH (2 M)  rac-IrO 0 n.d. 

2 iPrOH (2 M)  rac-RhO 40 n.d. 

3 CH2Cl2 (1 M) rac-RhO 48 n.d. 

4 THF (1 M)  rac-RhO 83 n.d. 

5 THF (1 M)  Δ-RhO 82 92 (dr 4:1)e 

a Reaction conditons: 2-acyl imidazole 4a (0.2 mmol), malononitrile (0.24 mmol) and (E)-dibenzyl 

diazene-1,2-dicarboxylate (0.4 mmol) in solvent with catalyst -IrO or -RhO under nitrogen 

atmosphere at room temperature. b Concentration of solvents are given in brackets. c Isolated yields. d 

Enantioselectivities were determined by HPLC analysis. e Diastereoselectivity was determined by the 

isolated yield of each isomer. n.d. = not determined. 

The above described alkene alkylation and amination processes afford straightforward access to the 

product 6 which have two adjacent stereogenic centers with high enantioselectivty. However, the 

substrate scope of this catalytic tandem reaction is narrow. For example, only the Michael addition 

product (step 1) was afforded when replacing malononitrile to indole or switching diethyl 

azodicarboxylate to imine electrophile (Scheme 2). It is probably because either the intermediate enolate 

complexes are difficult to generate or the in-situ formed enolate complexes could not efficiently attack 

to other electron deficient double bonds. 
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Scheme 2 Some limitations for asymmetric cascade reaction. 

3.1.4 Mechanistic Investigations 

1) Proposed mechanism and reaction model 

A plausible mechanism of asymmetric conjugate additions is outlined in Figure 34. -RhO, 

analogous to -IrO, apparently serves as a chiral Lewis acid which coordinates in a bidentate fashion 

to the α,-unsaturated 2-acyl imidazole, forming intermediate rhodium complex I. The activated double 

bond in complex I could be attacked by the nucleophile, thereby forging the intermediate enolate 

complex II. After protonation, the rhodium coordinated product III is subsequently released the product 

upon coordination to a new substrate molecule, thereby starting a new catalytic cycle. 

In the stereocontrol model, -RhO coordinates in two-point fashion to the α,-unsaturated acyl 

imidazole, thereby shielding Si prochiral face of the alkene and raising its electrophilicity, so that an 

asymmetric induction is provided in the course of the addition of the deprotonated carbon nucleophiles 

to the prochiral -carbon (Figure 35). 1H NMR spectra recorded in CD2Cl2 at room temperature after 

the addition of substrate 4a to catalyst Δ-RhO support the fast bidentate coordination of 4a to the 

rhodium complex (see experimental part). The mode of reaction is also supported by a crystal structure 

of RhO-I, which was obtained upon mixing of the racemic rhodium catalyst with an α,-unsaturated 2-

acyl imidazole substrate 4b at room temperature, confirming the anticipated two-point coordination of 

the acyl imidazole to the rhodium center upon replacement of the two labile acetonitrile ligands (Figure 

36).  
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Figure 35 Proposed mechanism for Δ-RhO catalyzed asymmetric additions and reaction model for the 

asymmetric induction in the transition state in which one face of the alkene is shielded by the C2-

symmetrical ligand sphere. 

 
Figure 36 Crystal structure of substrate-coordinated rhodium intermediate complex RhO-I. Hydrogen 

atoms and the hexafluorophosphate counteranion are omitted for clarity. ORTEP drawing with 50% 

probability thermal ellipsoids. 

2) The acetonitrile exchange experiments 

It is quite intriguing that the congeners Δ-RhO and Δ-IrO differ in their catalytic performance despite 

their isostructural nature, with the iridium catalyst being superior for the asymmetric Friedel-Crafts 

reaction, whereas the rhodium congener providing higher turnover frequencies and, in most cases, 

higher enantioselectivities for the shown Michael additions of β-dicarbonyl compounds. 1H NMR 

experiments of -RhO/-IrO with bipyridine reveal that the acetonitrile exchange rates are much faster 

in -RhO compared to -IrO which is consistent with longer coordinative bonds of the metal-

coordinated acetonitrile ligands in -RhO compared to -IrO (Figure 37).  
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Figure 37 The acetonitrile exchange experiments of -RhO and -IrO in the presence of bipyridine. 

It is therefore plausible that the superior catalytic activity of the more coordinatively labile -RhO 

over the more inert -IrO for the Michael additions with -dicarbonyl compounds is due to substrate 

coordination and/or release being the rate limiting steps in the catalytic cycle, while it is the nucleophile 

addition step for the Friedel-Crafts reaction in which the aromaticity of the pyrrole ring is lost temporary 

in the course of the addition. The observed higher turnover frequencies for the rhodium-catalyzed 

Michael additions may also contribute to the observed higher enantioselectivities since a higher turnover 

frequency suppresses the undesired, uncatalyzed background reaction.10  

  



Chapter 3: Results and Discussion 

37 

 

3.1.5 Conclusions 

In conclusion, the first example of an asymmetric catalyst which derives both its optical activity and 

Lewis acidity from an octahedral rhodium stereocenter was developed. This novel, configurationally 

surprisingly stable chiral Lewis acid is conceptually very simple, as it just contains achiral mono- and 

bidentate ligands, and it can be accessed conveniently in an enantiomerically pure fashion through a 

proline-mediated synthesis. Interestingly, although isostructural to its iridium congener, the two 

homologs differ significantly in their catalytic Lewis acid activity, with the rhodium complex 

demonstrating advantages as catalyst for the Michael addition of CH-acidic β-dicarbonyl compounds to 

α,β-unsaturated 2-acyl imidazoles and the cascade reaction of α,β-unsaturated 2-acyl imidazole with 

malononitrile and diethyl azodicarboxylate. The superiority of the rhodium catalyst over its iridium 

congener can in large parts be attributed to a significantly higher lability of the two accessible rhodium 

coordination sites which allow higher turnover frequencies and turnover numbers.  
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3.2 Merger of Visible Light Induced Oxidation and Enantioselective 

Alkylation with Chiral Iridium Catalyst 

3.2.1 Reaction design 

The development of methods for fundamental functionalizations, as well as protocols for the 

construction of chiral molecules is an ongoing challenge. Recently, the Meggers group reported for the 

first time that a single chiral-at-metal complex Δ-IrS can serve as an effective catalyst for the visible 

light induced enantioselective α-alkylation of 2-acyl imidazoles with electron deficient benzyl bromides 

and phenacyl bromides under reductive activation.1 We were wondering whether this class of chiral 

iridium catalysts could also be capable of catalyzing asymmetric photoredox processes which instead 

proceed through oxidative chemistry. As shown in Figure 38, the designed reaction of the electrophilic 

iminium ion with the nucleophilic iridium enolate complex might produce a non-racemic compound. 

We hypothesized the intermediate iridium enolate complex could provide the crucial asymmetric 

induction as well as serve as the active photocatalytic species.  

 
Figure 38 Reaction design for photoactivated asymmetric catalysis with chiral iridium(III) Lewis acids. 
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3.2.2 Initial Experiments and Reaction Optimization 

The initial experiments were inspired by Stephenson and co-workers, who utilized the oxidation of 

N-phenyl tetrahydroisoquinolines with bromotrichloromethane (BrCCl3) to generate the iminium ion 

under photoredox conditions.2 This study was started by investigating the reaction of 2-acyl imidazole 

7a'' with dimethylaniline (Eox ≈ +0.78 V vs. SCE)3 and carbon tetrabromide (CBr4) under visible light 

irradiation. In the presence of the previously developed dual function photoredox/chiral Lewis acid 

catalyst Δ-IrO (3 mol%), the expected C-C bond formation product 8 was obtained in 34% yield after 

irradiation of 16 h (Figure 39). However, racemization was observed in the course of the reaction. The 

enantioselectivity of product 8 was dropped dramatically from 96% to 0% ee during the reaction time 

from 1 h to 16 h. Control experiment in the absence of iridium catalyst showed that about 10% of rac-8 

was observed after 16 h of the reaction. As the product 8 is stable in the solution, the observed 

racemization phenomenon might be explained by the reversibility of this Mannich reaction.4  

 

Figure 39 Asymmetric photoactivated α-aminoalkylation of 2-acyl imidazole7a'' with dimethylaniline. 

To get non-racemic product under mild conditions, we next used α-silylamines (Eox ≈ +0.44 V vs. 

NHE) as precursors. The silyl group in α-silylamines not only serves as a redox handle to facilitate a 

single electron oxidation, but also results in a subsequent rapid cleavage of the C-Si bond under release 

of α-aminoalkyl radicals, which then be involved in iminium chemistry after further oxidation.4 Thus, 

the reaction of 2-acyl imidazole 7a'' and N,N-diphenyl-N-(trimethylsilyl)methylamine 9a was carried 

out in the presence of the enantiomerically pure iridium complex Λ-IrO (2 mol%), while exposed to air 

(Scheme 3). Encouragingly, irradiation with visible light in form of a standard 12 W energy saving 

household lamp for 20 h afforded the expected product 10a'' in 34% yield and 91% ee. However, the 

reaction is not straightforward and the intermediate α-aminoalkyl radical can either form a dimer 11 via 

homocoupling or be oxidized to form amide 12 in the presence of oxygen.2 The isolated side products, 

on the other hand, provide good evidence in support of a radical pathway of the reaction.  
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Scheme 3 Asymmetric photoactivated α-aminoalkylation of 2-acyl imidazole 7a'' with α-silylamine 9a. 

Improved results were obtained after the modification of the 2-acyl imidazole substrate (Table 5). 

Accordingly, replacing the N-methyl imidazole moiety (7a'') with N-isopropyl imidazole (7a') provided 

the aminoalkylation product 10a' with an increased yield of 48% and 90% ee after 20 h of irradiation 

(entries 1 and 2). However, the best results were obtained with the N-phenyl imidazole substrate 7a, 

giving 92% yield and 97% ee after just 6.5 h of photolysis (entry 3). Notably, excess α-silylamine 9a is 

crucial for high yield of the product (entries 4 and 5). Control experiments in the absence of catalyst (no 

reaction) or performed in the dark (very sluggish and incomplete reaction after an elongated reaction 

time of 48 h) reveal that it is the combination out of chiral iridium complex -IrO and visible light that 

is required for an efficient reaction (entries 6 and 7). It is also worth noting that the catalyst -IrS,1 

which was found superior for the reported asymmetric photo-reductive C-C bond formation, turned out 

to be inferior for the here investigated photo-oxidative activation (entry 8 compared to entry 3). 
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Table 5 Optimization of the enantioselective photoactivated α-aminoalkylation of 2-acyl imidazoles.a 

 

entry substrate catalyst 

(2.0 mol%) 

hb ratio of 7 and 9a 

ratio 

t (h) yield (%)c ee (%)d 

1e 7a'' -IrO yes 1:3 20 34 91 

2 7a' -IrO yes 1:3 20 48 90 

3 7a -IrO yes 1:3 6.5 92 97 

4 7a -IrO yes 1:2 20 71 97 

5 7a -IrO yes 2:1 20 49 97 

6 7a none yes 1:3 20 0 n.d. 

7 7a -IrO no 1:3 48 18 94 

8 7a -IrS yes 1:3 20 51 97 

a Reaction conditions: Reactions performed in CH2Cl2 (0.5 mL) with 2-acyl imidazole (0.2 or 0.4 mmol) 

and α-silylamine 9a (0.2 or 0.4 or 0.6 mmol) in the presence of catalyst (2 mol% or none) at room 

temperature under an atmosphere of air. b 12 W white light energy saving lamp. c Isolated yield. d 

Determined by chiral HPLC analysis. e Shown for comparison. n.d. = not determined. 

3.2.3 Substrate Scope 

After the optimized conditions were identified, the scope of the asymmetric photoinduced α-

aminoalkylation with catalyst -IrO was then tested. Figure 40 shows that the reaction of a variety of 

2-acyl imidazoles with N,N-diaryl-N-(trimethylsilyl)methylamines in the presence of -IrO (2-4 mol%) 

and under air while illuminating with visible light provided the expected alkylation products in 61-93% 

yields and with excellent enantioselectivities of 90-98% ee. The 2-acyl-N-phenyl imidazole substrates 

tolerate steric (products 10b and 10c), electron donating (product 10d) and electron accepting (product 

10e) substituents in the phenyl moiety, and it can be replaced by the heteroaromatic thiophene (product 

10f). Furthermore, a 2-propionic imidazole (product 10g) as well as a 2-butyric imidazole (product 10h) 

were aminoalkylated in the α-postion of the carbonyl group with high enantioselectivities, although an 

increased catalyst loading of 4 mol% and more active silymethylamine are required to achieve 
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satisfactory results. With respect to silymethylamines, different substituents are tolerated in the phenyl 

groups (10i-k), and one phenyl can be replaced by a naphthyl group (10l).  

 

Figure 40 Substrate scope of the asymmetric photoinduced α-aminoalkylation. a Catalyst loading of 4 

mol%. 

Unfortunately, the application of this α-aminoalkylation technology to other substrates did not 

succeed (Figure 41). The α-silyl and the two aryl groups are required for this transformation. When one 

aryl group was replaced by aliphatic group (methyl, isopropyl or n-butyl group), both the yields and 

enantioselectivities dropped dramatically. Without α-silyl group or one aryl group was replaced by 

electron-withdrawing group (-COOMe), the expected product was not observed under the standard 

conditions. However, with additional 1.2 equivalent of oxidant CBr4, the C-C bond formation product 

was obtained, albeit in a low yield. These results support that the α-silyl and two aryl groups are crucial 
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for reducing the oxidation potential of amines.4 

 

Figure 41 Some limitations of the substrate scope with respect to silymethylamines. n.d. = not 

determined. 
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3.2.4 Plausible Mechanism  

A plausible mechanism in which photoredox catalysis intertwines with asymmetric catalysis is 

outlined in Figure 42. Herein, the catalytic cycle is initiated upon coordination of the 2-acyl imidazole 

substrate 7 to the iridium complex Δ-IrO in a bidentate fashion under release of the two labile 

monodentate acetonitrile ligands to provide the substrate coordinated intermediate A. The subsequent 

reversible deprotonation in α-position of the carbonyl group affords the nucleophilic iridium enolate 

intermediate B. Meanwhile, an electrophilic iminium ion is generated by an iridium-photoinduced 

oxidation of the α-silylamine 9 with oxygen serving as the terminal oxidant according to the generally 

accepted photoredox catalysis cycle.5 The reaction of the iminium ion with the iridium enolate complex 

B occurs in a stereocontrolled fashion dictated by the metal-centered chirality and provides the iridium 

coordinated product C, which is subsequently released the product 10 upon coordination to a new 

substrate molecule 7, thereby initiating a new catalytic cycle. A series of investigations have been 

executed to verify the proposed mechanism in the following section. 

 

Figure 42 Plausible mechanism for the photoinduced asymmetric catalysis. PC = iridium photoredox 

catalyst, most likely intermediates A and C. [O] = oxidant in form of molecular oxygen and superoxide 

anion. 
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3.2.5 Mechanistic Investigations 

1) Crystal structure analysis 

The catalytic cycle was firstly investigated by verifying the involvement of the proposed iridium 

intermediate A and enolate intermediate B. Accordingly, upon reaction of an excess substrate 7a with 

racemic /-IrO we could isolate the proposed intermediate A and subsequent deprotonation generated 

intermediate enolate B (Ar = Ph). A crystal structure of enolate intermediate B is shown in Figure 43 

and reveals that a -configuration at the iridium center shields the Si-face of the α-enolate carbon and 

directs the addition of the electrophile to the Re-face, thereby being consistent with the observed S-

configuration of the alkylation product when using the catalyst with -configuration at the metal. 

 

Figure 43 Crystal structure of the proposed complex B (left) and proposed model for the asymmetric 

photoinduced α-aminoalkylation (right). 

2) Evaluating the Catalytic Activities of Complexes A and B 

It is safe to assume that at the beginning of the reaction, due to the bidentate nature of the 2-acyl 

imidazole substrate and a high substrate/catalyst ratio of 50, all iridium catalyst will be captured by the 

imidazole substrate, while an equilibrium may exist between the cationic intermediate A and the 

deprotonated enolate intermediate B.6 The involvement of the enolate complex B as a photoredox 

catalyst in this reaction was excluded based on a simple experiment which is outlined in Figure 44. The 

replacement of -IrO with the enolate complex B showed that it was not capable of catalyzing the 

photoinduced reaction at all, whereas on the other hand the cationic intermediate A displayed almost the 

same catalytic activity compared to -IrO. Thus, the substrate-coordinated intermediate A must be the 
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active photoredox catalyst at the beginning of the reaction, probably complemented later by the related 

product-coordinated intermediate C.  

 

Figure 44 Evaluating the catalytic activities of complexes A and B. 

3) Control experiments 

Enolate chemistry 

The involvement of an enolate complex B in the catalytic cycle is further supported by a reaction of 

7a with the electrophile dibenzyl diazodicarboxylate catalyzed by -IrO which afforded the α-

amination product 13 in 87% yield and 89% ee, apparently through the intermediate formation of a 

nucleophilic iridium enolate complex (Scheme 4). Thus, -IrO is capable of catalyzing enolate 

chemistry as has been recently also demonstrated for a related iridium and rhodium complex7 and the 

observed enantioselective C-C bond formation can be explained with the stereoselective reaction 

between the chiral iridium enolate B and an intermediate iminium ion. 

 

Scheme 4 The control experiment with dibenzyl diazodicarboxylate. 

Iminium chemistry 

The formation of the electrophile through chemical oxidation replacing the photoinduced oxidation 

also provides the desired C-C bond formation product in an enantioselective fashion as shown for the 

oxidant tBuOOH (Scheme 5). The oxidative formation of the iminium ion intermediate starting from 

the oxidation of α-silylamine along the pathway of photoinduced single electron oxidation with a 

photoredox catalyst, followed by rapid desilylation, and further oxidation by air is well established8 and 

consistent with the observation that the absence of air completely suppresses the formation of the desired 

product.9 
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Scheme 5 The control experiments with tBuOOH in the dark or without air. 

4) The replacement of iridium catalyst -IrO with a dual catalyst system 

Next, the requirement for a photoredox process was verified. We thereby exploited the circumstance 

that, in contrast to biscyclometalated iridium complexes which are well established photoredox catalyst, 

there are few cases for the analogous rhodium complex -RhO.10 The replacement of iridium in catalyst 

-IrO with rhodium -RhO therefore allows us to dissect the catalytic and photoredox activity of -

IrO. Accordingly, the reaction of imidazole 7a with amine 9a in the presence of -RhO (2 mol%) under 

irradiation with visible light provided the C-C bond formation product 10a only in very low yield (6% 

after an elongated reaction time, compare entries 1 and 2 of Table 6). Revealingly, when combined -

RhO with the established photoredox catalyst [Ir(ppy)2(dtbbpy)]PF6 (1.0 mol%)11 or 

[Ru(bpy)3]Cl2∙6H2O (0.5 mol%),12 the reaction provided the product 10a with good conversions and 

high enantioselectivities. Consistent with our proposed mechanism, neither the Lewis acid catalyst -

RhO (entry 2) nor photocatalyst (entries 3 and 4) alone are capable of catalyzing the asymmetric 

photoreaction, apparently because asymmetric enolate catalysis and photoinduced amine oxidation have 

to proceed hand in hand, which can be achieved with a dual catalyst system (entries 5 and 6) or even 

more efficiently with the single catalyst -IrO. It is also worth noting that the weaker photooxidant but 

highly efficient singlet oxygen sensitizer meso-tetraphenylpropyhrin (TPP)13 provides only a reduced 

yield of 30% after an elongated reaction time (entry 7), thereby supporting the notion that singlet oxygen 

does not have a major contribution to the observed oxidation of the α-silylamines in this reaction scheme.  
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Table 6 Single versus dual catalysis for the photoactivated α-aminoalkylation of 2-acyl imidazoles.a 

 

entry catalyst t (h) conv.(%)b ee (%)c 

1d -IrO (2.0 mol%) 6.5 quant. 97 

2 -RhO (2.0 mol%) 16 6 n.d. 

3 [Ir(ppy)2(dtbbpy)]PF6 (1.0 mol%) 16 0 n.d. 

4 [Ru(bpy)3]Cl2∙6H2O (0.5 mol%) 16 0 n.d. 

5 -RhO (2.0 mol%) + [Ir(ppy)2(dtbbpy)]PF6 (1.0 mol%)  24 84 94 

6 -RhO (2.0 mol%) + [Ru(bpy)3]Cl2∙6H2O (0.5 mol%)  24 72 94 

7 -RhO (2.0 mol%) + TPPe (0.5 mol%) 24 30 90 

a Reaction conditions: Reactions performed in CH2Cl2 (0.5 mL) with 2-acyl imidazole 7a (0.2 mmol) 

and α-silylamine 9a (0.6 mmol) at room temperature under an atmosphere of air while illuminating with 

a 12 W white light energy saving lamp. b Determined by 1H NMR.  c Determined by chiral HPLC 

analysis; d Shown for comparison. e meso-Tetraphenylporphyrin. n.d. = not determined. 

5) UV/Vis-absorption spectra  

The absorbance spectra of the substrate 7a coordinated iridium complex A (Ar = Ph) and catalyst rac-

IrO were measured in solution of CH2Cl2. As shown in Figure 45, the intermediate A absorbs visible 

light with a longer wavelength absorbance band in the visible region (max,abs = 398 nm) compared to 

catalyst rac-IrO (max,abs = 375 nm). 

 
Figure 45 UV/Vis-absorbance spectra of intermediate complex A and racemic catalyst Δ/Λ-IrO. 

Measured as solution in CH2Cl2. a.u. = absorbance units. 
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6) Luminescence quenching experiments 

In order to further verify the potential photoredox catalyst involving in the photoredox cycle, rac-IrO 

and intermediate A and [Ir(ppy)2(dtbbpy)]PF6 were selected to perform the luminescence quenching 

experiments with quencher 9a (Figure 46). Notably, [Ir(ppy)2(dtbbpy)]PF6 is a photoredox catalyst that 

has been used for the photo-oxidative cleavage of C-Si bond.5e The iridium complex A 

photoluminescence (max,em = 516 and 552 nm) is efficiently quenched by the α-silylamine 9a in a dose 

dependent fashion as shown with a Stern-Volmer plot compared to catalyst rac-IrO and 

[Ir(ppy)2(dtbbpy)]PF6, which can be explained by a quenching of the excited state of A through electron 

transfer from the electron donor 9a. 

 
Figure 46 Stern-Volmer plots. I0 and I = luminescence intensities in the absence and presence of the 

indicated concentrations of the α-silylamine 9a, respectively. All experiments were performed in CH2Cl2. 

7) Cyclic voltammetry measurements 

The cyclic voltammetry was tested by Philipp Röse, a graduate student in Prof. Hilt group (Department 

of Chemistry, University of Marburg). From the DPV in combination with the emission spectrum 

(Figure 47), the excited state reduction potential (E*red = Ered + E00) of complex A (Ar = Ph) can be 

estimated according to the Rehm-Weller approximation, with the E00 transition energy calculated from 

the luminescence peak (max,em = 516 nm, 2.403 eV) and Ered from DPV measurements (0.98 V vs. 

Ag/AgCl): E*red =  +1.4 V vs. Ag/AgCl in THF. 



Chapter 3: Results and Discussion 

51 

 

 

Figure 47 Cyclic voltammograms (CV) and differential pulse voltammograms (DPV) of the complex 

A and the reference iridium complex [Ir(ppy)2(dtbbpy)]PF6 in THF containing 0.1 M nBu4NBF4. 

3.2.6 Conclusions  

In conclusion, a visible light activated asymmetric aerobic α-aminoalkylation of 2-acyl imidazoles 

has been developed. From the perspective of the catalyst, it is intriguing that the metal center is capable 

of serving multiple functions at the same time: it constitutes the exclusive center of chirality, the 

catalytically active Lewis acid center, and additionally functions as the key component of the photoredox 

catalyst that is formed in situ. From the perspective of the catalytic reaction, the photo-oxidative 

activation and net oxidation of the here featured asymmetric catalysis complements our previous work 

on a redox neutral reaction in which the photoactivation occurred in a reductive fashion. It is fascinating 

that the metal-centered configuration (the exclusive source of chirality in the catalyst) retains throughout 

the catalysis, considering the oxidative conditions and the exposure to light. This conceptionally simple 

reaction scheme may provide new avenues for the green synthesis of non-racemic molecules. 

  

DPVCV

CV DPV
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3.3 Asymmetric Radical-Radical Cross-Coupling through Visible Light 

Activated Iridium Catalysis 

3.3.1 Reaction Design 

A single chiral-at-metal iridium complex Δ-IrO has been proven to be very efficient dual function 

catalyst in visible light induced enantioselective α-aminoalkylation of 2-acyl imidazoles with 

silymethylamines (chapter 3.2).1 Despite its novelty, one may criticize that it is not atom economical 

reaction as a trimethylsilyl (TMS) group is released during the formation of α-aminoalkylation product. 

In this case, commercially available or easily prepared tertiary amines are more favorable as reducing 

agents in photoredox chemistry. Compared with the well established iminium ion, the application of α-

aminoalkyl radical to asymmetric coupling reaction or nucleophilic addition under photoredox 

conditions still remains challenging (Figure 48).2 

 

Figure 48 Two possible pathways for α-C(sp3)-H bond functionalization of tertiary amines by 

photoredox catalysis. 

On the other hand, the enantioselective radical-radical cross-coupling reaction, which is used as a 

powerful tool for asymmetric transformations, still remains in its infancy when compared with other 

highly developed reactions.3 Normally, in order to control the selective bond formation, a persistent 

radical and a transient radical should be engaged in the radical-radical cross-coupling reaction according 

to the persistent radical effect.4 Therefore, we envisioned that it is possible to transfer the reactive ketyl 

radical to a persistent one by stabilizing it through coordination to the chiral iridium Lewis acid catalyst 

after protonation. Then, once a transient carbon-centered radical is added, a selective radical-radical 

cross-coupling reaction could be achieved. Herein, we designed a catalytic and asymmetric process that 

closely interlocks a visible light activated single electron transfer between two substrates with the 

stereocontrolled radical-radical cross-coupling of an intermediate radical pair, namely the 
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enantioselective redox coupling of ketones with tertiary amines to 1,2-diaminoalcohols (Figure 49). A 

big challenge is whether the α-amino radical and ketyl radical could be simultaneously generated in a 

single photoredox catalytic cycle.  

 

Figure 49 Linking (photoinduced) single electron transfer between a donor substrate and an acceptor 

substrate to asymmetric radical-radical recombination with a single iridium catalyst. 

3.3.2 Initial Experiments and Reaction Optimization  

The study was started by investigating the reaction of 2-acetyl imidazole 14a' with tertiary amine 15a 

under photoredox conditions (Table 7). In the presence of the previously developed dual function 

photoredox/chiral Lewis acid catalyst Δ-IrO1 (3 mol%) under irradiation with a 23 W compact 

fluorescent lamp (CFL), the desired product 16a' was not observed (entry 1). Encouragingly, using 

instead the more electron-deficient trifluoroacetyl imidazole 14a provided the coupling product 16a with 

69% yield and 95% ee (entry 2). Replacing the solvent CH2Cl2 with CHCl3 improved the yield to 75%, 

albeit under the cost of slightly reduced enantioselectivity (entry 3). The reaction is very sensitive to 

solvent effect and other tested solvents did not provide satisfactory results (entries 4-6). With the catalyst 

-IrS instead of -IrO, yields and enantioselectivities could be further enhanced (entries 7 and 8). In 

CHCl3, 82% yield and excellent 98.6% ee were observed. Effects of N-substitutions on the 2-acyl 

imidazoles were also investigated (entries 9-11) and the best results were still obtained with the N-phenyl 

imidazole substrate 14a. Control experiments in the absence of the catalyst or in the dark demonstrate 

that this reaction crucially depends on the presence of the iridium catalyst and light, otherwise no traces 

of product were monitored (entries 12 and 13). It is also worth noting that no C-C coupling product is 

formed when using the common photoredox catalyst [Ru(bpy)3]Cl2∙6H2O or [Ir(ppy)2(dtbbpy)]PF6 or a 

dual catalyst system combining [Ir(ppy)2(dtbbpy)]PF6 and -RhO (entries 14-16).5  

 




















































































































































































































































































































































































































































































































