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In this thesis, the relative configuration of racemates is represented by straight lines (bold or 

hashed). The absolute configuration of enantiomerically pure or enriched compounds is 

represented by wedge-shaped lines (bold or hashed) 
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Introduction 

Light is the origin of all life on earth. Without light, there would be no photosynthesis, no 

conversion of solar energy to chemical energy performed in green plants. This seemingly simple 

process affects our daily life by maintaining the oxygen level in earth’s atmosphere and is 

necessary for our food production. From a molecular perspective, the process of photosynthesis 

always begins when energy in the form of light is absorbed by enzymes that contain chlorophyll. 

These natural occurring pigments enjoyed keen interest from scientists in the early decades of 

the 20th century and peaked in 1915, when Richard Willstätter was awarded the Nobel prize for 

his studies on the structure of plant pigments including chlorophyll.[1,2] Investigations, among 

others, Hans Fischer and later Ian Fleming, revealed the structural composition of chlorophyll 

and reported a metal complex bearing a magnesium central atom and a highly functionalized 

porphyrinogen ligand structure.[3,4] The unique structure of the chlorophyll molecules provides 

the ability to absorb photons of light. Within the pigment molecules, the absorbed light energy 

excites electrons to higher states which will then trigger a variety of chemical processes such 

as the reduction of NADP to NADPH, the synthesis of carbohydrate molecules as chemical 

energy storage, and the splitting of water to produce oxygen.[5] Chlorophyll can be described as 

a photosensitizer responsible for light harvesting and energy conversion in the plant cells. 

 

Figure 1: Processes inside a plant cell triggered by sunlight excitation involving water splitting, CO2 conversion to 

carbohydrates, and electron transfer processes based on textbook depictions. 
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As there is a rapidly growing demand for more ‘green’ energy resources in today’s society, one 

promising approach now is to use the principle of artificial photosynthesis in modern chemical 

industry and to thereby overcome the need for fossil fuels. The aim would be to generate solar 

fuels via artificial photosynthesis similar to natural photosynthesis. This would simultaneously 

solve the problem of CO2 pollution and establish the idea to use the power of sunlight for 

chemical transformations. Nature provides examples for light-harvesting, electron transfer 

reactions or the machinery for solar energy conversion, which are optimized during millions of 

years.[6] Light can be considered as an ideal reagent for environmentally friendly, ‘green’ 

chemical synthesis; unlike many conventional reagents, light is non-toxic, generates no waste, 

and can be obtained from renewable sources. 

Gicomo Ciamician, an Italian chemist from Bologna already anticipated a major revolution in 

the chemical industry in 1912. He envisioned future chemical plants without fossil fuels such 

as coal or oil, but with implementation of nature’s inventions to harvest the energy provided by 

the sun by technical photochemistry devices.[7] He was the pioneer of artificial photosynthesis 

and the father of modern photochemistry. The increasing number of publications concerning 

photochemistry underlines that Ciamician had a crucial impact on today’s chemical society and 

the realization of this concept.  

A fundamental obstacle which limits the application of artificial photochemical reactions is the 

inability of most organic molecules to absorb light in the visible wavelength region.[8] 

Photochemical activation often utilizes artificial UV light of higher energy, which is not 

abundant in the visible light solar spectrum. Nature has developed highly complex light 

harvesting systems to utilize the distinct wavelength regions. In order to overcome this 

impediment of most organic molecules and to perform photochemical reactions under visible 

light conditions, the use of strongly absorbing transition metal complexes as light harvesting 

compounds was investigated.[9–11] Ru(bpy)3
2+, the best-known and most extensively studied 

representative of this kind of transition metal complexes is capable of transferring energy to an 

appropriate organic molecule or serving as a reductant after excitation with visible light.[10,12–

16] Generally, ruthenium or iridium polypyridyl complexes were extensively applied in artificial 

photosynthesis reactions, converting solar energy either directly into electricity or using the 

electrochemical potential of the excited states in water splitting or CO2 reduction, organic light-

emitting diodes or dye-sensitized solar cells.[15,17–19] In the early 2000s, only a few examples 

were known for applications of transition metal complexes used as photosensitizers in 

synthetical organic chemistry.[20,21] The utilization of photosensitizers such as the already 

mentioned transition metal polypyridyl complexes or fully organic dyes, together with visible 
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light radiation, marked the breakthrough for photoredox chemistry in synthetic organic 

chemistry. Starting around 2008, the number of publications on photoredox chemistry increased 

drastically as depicted in Figure 2. 

 

Figure 2: Number of publications per year. Orange: using the keyword “photocatalysis”, Blue: using the keyword 

“photoredox”. Scifinder search conducted 22.05.2019. 

Outstanding solutions for different synthetic problems using visible light photoredox catalysis, 

were independently reported by MacMillan, Yoon and Stephenson. They are regarded as the 

main initiators who started the avalanche of the, nowadays integral, chemical research field of 

photoredox catalysis.[22–24] 
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Concept behind photoredox chemistry 

In general, the concept of photoredox chemistry is based on the ability of a metal complex or 

an organic dye to participate in a single-electron transfer (SET) reaction with an appropriate 

organic molecule upon excitation with visible light.[25–30] Prior to 2008, the term to describe this 

process was photoinduced electron transfer. Especially in terms of ‘green’ chemistry, the use 

of photoredox catalysts under mild reaction conditions (use of visible light and at ambient 

temperature) offers an attractive alternative to more traditional systems, e.g. samarium diiodide 

in organic reduction reactions.[31]  

In contrast to the variety of literature-known examples using Ru(bpy)3
2+ as photocatalyst in 

organic transformations there is no “all-time-use” photocatalyst. The ideal photocatalyst for a 

specific reaction is determined by the kinetics and thermodynamics of the desired organic 

reaction system.[27,32] In the following chapter Ru(bpy)3
2+ is employed as a model system to 

explain the photophysical properties required as well as the mechanistical fundamentals of 

transition metal photoredox chemistry. It has to be noted that the following description could 

be applied to most transition metal polypyridyl complexes.[32] 

The mechanism of photoinduced electron transfer in iridium or ruthenium based transition 

metal polypyridyl complexes, as well as in earth-abundant photocatalysts (based on e.g. 

copper), is discussed in further in-depth analysis. Complexes of second and third row d6 

transition metal ions such as Ru(II), Re(I) or Ir(III), have low spin ground states (S = 0) when 

coordinated to ligands with a strong ligand field (e.g. 2,2’-bipyridine, carbon monoxide).[33] 

Polypyridyl scaffolds and their derivatives are established ligands in these complexes, and they 

are characterized by their σ donor orbitals at the nitrogen atoms as well as π donor and π* 

acceptor orbitals, which are delocalized in the aromatic ring system.[29,33,34] The photocatalytic 

process can be divided into three key steps: light absorption, MLCT (metal-to-ligand charge 

transfer) and the quenching process (electron transfer) (all processes are depicted in a Jablonski 

diagram[35] in Figure 4). In the first step, upon irradiation and light absorption, three different 

electronic transitions are possible. The excitation of an electron is assigned to a ligand-centered 

transition (πL → πL*; LC).[36] The second are transitions, most likely due to ligand-field 

transitions within the d-orbital manifold of the metal (d-d transition; MC = metal centered) 

(Figure 4 left) .[32] The contribution of those transitions to the excited state population are still 

under debate, since no distinct assignment is possible due to the overlap with ligand-centered 

and MLCT (metal to ligand charge transfer) transitions in the electronic spectra. On the other 

hand metal-to-ligand charge transfer events are known to be involved in the formation of the 
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excited state and describe the excitation of an electron from a d-orbital (t2g-orbital) of the metal 

to the low lying π* orbitals of the polypyridyl ligand framework (PC* 1MLCTn).
[25,27,32,33,37] 

This electronic transition is responsible for the enhanced redox activity of the excited state. 

After relaxation to the lowest spin-allowed singlet state (PC* 1MLCT1), intersystem crossing 

(ISC) occurs, which seems to be accelerated in the presence of a heavy metal atom in the 

complex (spin-orbit coupling).[14]  

Internal conversion (IC) leads to the formation of a long-lived triplet excited state (PC* 3MLCT) 

(Figure 4 right).[38] As a result, fluorescence or non-radiative relaxation from the singlet state 

(PC* 1MLCT1) are minor deactivation modes. Since the excited state properties depend on the 

energy level of the π* orbital, it is possible to fine-tune the photophysical properties of the 

catalyst by modifications of the ligands.[10,18,27,32,33,37] 

 

Figure 3: Left: simplified molecular orbital diagram for an octahedral complex with π-acceptor ligands; LC: ligand-centered 

transition, MC: metal-centered ligand-field transition, MLCT: metal-centered ligand charge transfer. Right: simplified 

Jablonski diagram; PC: photocatalyst, IC: internal conversion, ISC: intersystem crossing. 

The energetically lowest lying triplet state (PC* 3MLCT1) can subsequently interact with other 

molecules that themselves are not able to absorb visible light, if the half-life of the photoexcited 

state is long enough to undergo bimolecular chemical reactions.[32,37] Consequently, a 

quenching process of the excited state via electron transfer in an oxidative or reductive manner 

takes place.  

A general mechanistic picture that describes the reductive and oxidative quenching cycle is 

depicted in Figure 5. In the term of ‘reductive quenching’, the photocatalyst reacts as an oxidant 

[E1/2 (RuII*/RuI) = + 0.77 vs. SCE] from the triplet hypersurface by transferring an electron 

from the respective substrate or donor molecule into the t2g-orbital of the metal complex. 
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Energetically the redox potential of donor molecules must be lower than the excited state redox 

potential of the photocatalyst to enable a SET. The resulting reduced Ru(I) complex, which is 

a strong reductant in the ground state [E1/2 (RuII/RuI) = −1.33 vs. SCE], transfers this electron 

to an appropriate substrate or acceptor molecule; the ground state of the photocatalyst is thereby 

restored.  

The ‘oxidative quenching’ pathway includes the donation of an electron from the excited 

photocatalyst to a substrate (oxidative quencher). Hence, the excited photocatalyst acts as a 

strong reductant [E1/2 (RuIII/RuII*) = −0.81 vs. SCE]. In this case, the redox potential of a 

suitable electron acceptors must be more positive than the excited state potential of the 

photocatalyst. The resulting Ru(III) complex, which is a strong oxidant [E1/2 (RuIII/RuII) = + 

1.29 vs. SCE] in the ground state reacts with a sacrificial donor such as triethylamine to furnish 

the photocatalyst back in the ground state.[25,27,32,37]  

 

Figure 4: Photoredox catalysis with visible light: oxidative and reductive quenching cycles, A = electron acceptor, D = electron 

donor.  

The excited state of the photocatalyst has a vacancy in a predominantely metal-centred orbital 

and a high-energy electron in a ligand-centred orbital, which implies that the photocatalyst 

simultaneously has oxidizing and reducing properties. Accordingly, an energetically higher 

excited state will therefore increase the redox strength of the photocatalyst, regardless of 

whether it acts as an oxidizing or reducing agent. Redox strength can be explained with how 

easily an electron can be transferred to the respective acceptors or donors. Increasing electron 

density at the metal centre through ligand design in general, therefore increases the reductive 

power of the complex and on the other hand reduces the oxidative power of the photocatalyst. 



7 

 

Also, the modulation of the ligand design or the change of symmetry at the ligand and the 

complex structure have a great impact on the photophysical and redox properties of the 

photocatalyst.[10,18,37]  

Some relevant representatives of iridium or ruthenium polypyridyl photoredox catalysts with 

different ligand structures and photophysical and redox properties are depicted in Figure 6. 

Further photophysical and redox properties of the depicted catalysts are noted in the 

literature.[37,39–41] 

 

Figure 5: Common ruthenium or iridium based polypyridyl photocatalysts and effect of ligand on their ground state redox 

potential. All depicted potentials vs saturated calomel electrode (SCE). bpy: 2,2’bipyridine, pz: pyrazole, bpm: 2,2’-

bipyrimidine, dmppy: 4-methyl-2-(4-methylphenyl)pyridine, dtbbpy: 4,4’-di-tert-butyl-2,2’-dipyridyl, ppy: 2-phenylpyridine, 

(dF)(CF3)ppy: 2-(2’,4’difluorophenyl)-5-(trifluoromethyl)pyridine. Based on Tucker et al..[37] 
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Photoredox catalysis with ruthenium or iridium based polypyridyl 

complexes 

The reactive intermediates primarily formed in photoredox reactions, obtained by either 

oxidative or reductive quenching, are radical ions. Their further transformations are very 

valuable due to their Umpolung character. However, radical ions mostly undergo a subsequent 

chemical transformation to either radicals (loss of e.g. proton) or ions (ensuing electron transfer) 

quite fast. These secondarily formed radicals or ions are often key intermediates in subsequent 

chemical reactions. Photoredox reactions can be distinguished concerning different reaction 

pathways e.g. oxidative and reductive quenching. In the following section the pathways are 

displayed by one of each major breakthrough example reported in literature. Additionally, the 

topics of redoxneutral and dual photoredox (organophotoredox and metallaphotoredox) 

catalysis are elaborated due to the high importance and perspective in organic synthesis. 

Net reductive reactions 

A sacrificial electron donor is necessary to serve as the stoichiometric reductant, if the reaction 

follows the reductive quenching pathway. In 1981, the group of Pac published an example 

utilizing 1-benzyl-1,4-dihydronicotinamide (BNAH) as stoichiometric reductant mimicking the 

biological reductant 1,4-dihydronicotinamide adenine dinucleotide (NADH). It was applied in 

a Ru(bpy)3
2+ catalyzed reduction of electron poor alkenes mediated by visible light 

irradiation.[42] Besides previous reports on photoredox catalysis, the selective dehalogenation 

reaction published by the Stephenson group in 2009 is considered to be one of the major 

breakthrough reactions for photoredox chemistry.[24] Scheme 1 depicts Stephenson’s 

photoredox reductive dehalogenation as an explanatory example for all reactions that follow 

the reductive quenching cycle.  
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Scheme 1: Reductive dehalogenation using visible light photoredox chemistry, Ru(bpy)3
2+ as photocatalyst and an amine as 

the hydrogen atom source. Top: general reaction equation. Bottom left: mechanistic background; bottom right: selected 

products.[24] 

The reaction follows the reductive quenching pathway. The excited Ru(bpy)3
2+

 

[E1/2 (RuII*/RuI) = + 0.77 V vs. SCE] is quenched by SET from the stoichiometrically employed 

tertiary amine Hünig’s base (i-Pr2NEt) [Eox (i-Pr2NEt+•/ i-Pr2NEt) = + 0.60 V vs. SCE].[43] The 

aminium radical cation and the Ru(I) species Ru(bpy)3
+ are generated, the latter species may 

reduce the α-chloroester to the corresponding α-carbonyl radical. After the single-electron 

oxidation of the amine, the bond strength of the α-C-H bond is significantly weakened, and the 

hydrogen atom can be transferred to the α-carbonyl radical, furnishing the dehalogenated 

product and an iminium ion. The addition of formic acid or a Hantzsch ester supports the 

hydrogen abstraction by a preformed ammonium formate complex. Deuterium labelling 

experiments proved, that the amine is most likely the cofactor which is delivering the hydrogen 

atom to the α-carbonyl radical. A huge advantage of this methodology is the superior 

chemoselectivity and the non-toxicity compared to traditional radical chemistry. The limitation 

of this dehalogenation protocol, namely the necessity of activated halides as substrates, was 

overcome by the utilization of photocatalysts with excited state oxidation potentials such as fac-

Ir(ppy)3 [E1/2 (Ir
IV/Ir*III) = − 1.73 V vs. SCE].[44] Besides this major breakthrough, different 

functional group manipulations are possible, e.g. dehalogenation of vic-dibromides using 

NADPH or viologen in combination with photoredox catalysis.[45,46] Another early example for 

an application of net reductive photoredox catalysis is the reductive cleavage of sulfonium and 

sulfonyl groups by 1,4-dihydropyridines as sacrificial electron donors.[20,47] The reduction of 

nitrogen containing functional groups was accomplished by the groups of Hirao and Liu. They 

were able to reduce nitrobenzenes to aniline derivatives utilizing Ru(bpy)3
2+ as photocatalyst 
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and hydrazine as stoichiometric reductant and succeeded in the reduction of azides to amines 

using a catalytic system comprising Ru(bpy)3
2+, Hünig’s base and Hantzsch ester.[48,49] 

 

Scheme 2: Cascade photoredox cyclization reaction using NEt3 as stoichiometric reductant.[50] 

All reaction types mentioned above enable only a single functional group modification. 

Furthermore, the utilization of radicals generated via photoredox catalysis in chemical reactions 

exhibits a great potential for building up molecular complexity. Stephenson successfully 

exploited the reactivity of the intermediary generated radical in a cascade cyclization reaction 

(Scheme 2).[51] Analogous to the reductive dehalogenation, the ruthenium complex undergoes 

the reductive quenching cycle to generate the Ru(I) complex, which then reduces the alkyl 

halide to the reactive alkyl radicals. In a cyclization reaction, this radical adds to a tethered 

alkene or alkyne linker. Lastly, the hydrogen is abstracted, most likely from the amine, and 

furnishes the product. This protocol can also be applied in the cyclization of indoles or 

pyrroles[52] or in a cascade reaction resulting in a tricyclic product as shown in Scheme 2.[51] 

Net oxidative reactions 

In a net oxidative photoredox reaction, stoichiometric amounts of an electron acceptor as the 

oxidant are necessary to close the catalytic cycle. Most of the previously described photoredox 

catalyzed reactions utilized a tertiary amine such as Hünig’s base or triethylamine (NEt3) as a 

reductive quencher. After oxidation, the corresponding trialkylammonium radical proved to be 

easily oxidizable to the iminium (scheme 3, blue) ion, which can further be attacked by 

nucleophiles.[24] Another possible pathway originates from the loss of a proton and consecutive 

generation of the reactive α-aminoalkyl radical (scheme 3, red). This radical can add to different 

electron deficient alkenes (Michael acceptors).[53–55] An explanatory catalytic cycle and the two 

generated key intermediates [α-aminoalkyl radical (red) and iminium ion (blue)] are depicted 

in scheme 3.  



11 

 

 

Scheme 3: Example for an oxidative photoredox catalytic cycle; Generation of a dialkylarylammonium radical and subsequent 

formation of either the α-aminoalkyl radical and addition to Michael acceptors (top) or the generation of iminium ions and the 

addition of various nucleophiles such as nitromethane, indoles, phosphates, enols (bottom right). PC: ruthenium or iridium 

based photocatalyst; [Ox]: O2, BrCCl3, (NH4)2S2O8. 

Early work on the single-electron oxidation pathway was performed by Cano-Yelo and 

Deronzier who examined the photoredox catalysed oxidation of benzylic alcohols to the 

corresponding aldehydes starting from aryldiazonium salts.[56] Based on the evidence for the 

two key intermediates, after amine oxidation, several research groups focused on the 

modulation of the tertiary amine scaffolds. The Stephenson group reported a first example, 

employing photoredox conditions with the Ir(ppy)2(dtbbpy)PF6 catalyst in 2010. They 

investigated an oxidative aza-Henry reaction between nitroalkenes and tetrahydroisoquinolines 

(THIQ).[57] In this reaction, the iminium ion is generated by a two electron oxidation and loss 

of the hydrogen atom of the tertiary amine substrate, which then reacts e.g. with nitromethane 

as a nucleophile. After the SET, the Ir(II) species is reoxidized by an electron transfer from 

ambient oxygen or other external oxidants such as bromotrichloromethane (BrCCl3)
[50] or 

ammoniumpersulfate [(NH4)2S2O8]
[58] and the photoredox cycle is closed. Shortly after the 

work of Stephenson, the modification of the THIQ scaffold with different other nucleophiles 

was tested by other groups. Some examples are depicted in scheme 3.[59–65] 
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As previously mentioned, the generation of the α-aminoalkyl radical from the respective tertiary 

amine is also possible by the abstraction of a proton from the trialkylammonium radical. The 

access to α-aminoalkyl radicals by photoinduced single-electron oxidation of amines was 

already established in previous reports.[66–68] One of the first examples for a transition metal 

photoredox catalyzed reaction to α-aminoalkyl radicals and the subsequent addition to Michael 

acceptors such as methyl vinyl ketones was reported by the group of Reiser.[53] Here, both 

Ru(bpy)2Cl2 and [Ir(ppy)2(dtbbpy)]PF6 proved to be suitable for the reaction. However, it was 

demonstrated that the addition of Brønsted acids accelerates the carbon-carbon bond formation 

step, increasing the yield from 60% to 90%.[55] 

 

Scheme 4: Mechanistic proposal of the oxidative photoredox catalyzed cleavage of PMB ethers. 

The iridium catalyzed oxidative photoredox deprotection of para-methoxybenzylethers (PMB) 

is another achievement of the Stephenson group.[50] After photoexcitation, the iridium 

photocatalyst Ir[df(CF3)ppy]2(dtbbpy)PF6 [dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-

trifluoromethylpyridine], with a redox potential in the excited state of [E1/2 (Ir
IV/Ir*III) = − 0.89 

V vs. SCE] is able to transfer an electron to BrCCl3. In addition, the resulting Ir(IV) species, as 

a strong oxidant [E1/2 (Ir
IV/IrIII) = + 1.68 V vs. SCE] performs the single-electron oxidation of 

electron-rich arenes. After hydrogen abstraction from the radical cation an oxocarbenium ion is 

generated and the final deprotected adduct is produced by subsequent hydrolysis. The full 

mechanistic proposal is depicted in scheme 4. 

Redox neutral reactions 

In contrast to the previously described reactions following the oxidative or reductive pathways, 

where a stoichiometric amount of an electron donor or acceptor is necessary to close the 

catalytic cycle, in a redox neutral photoredox reaction, the substrate itself undergoes both a 

single-electron oxidation and a single-electron reduction. The earliest example for a redox 

neutral reaction is the Pschorr reaction, investigated by Cano-Yelo and Deronzier. They 

established an intramolecular coupling of aryldiazonium salts with unsubstituted arenes.[21,69] 

One of the first examples for modern visible light catalysed photoredox chemistry was reported 

by the group of Yoon in 2008,[22] with the first example for a [2+2] photocycloaddition under 
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visible light photoredox conditions. Herein, Ru(bpy)3
2+ as the photocatalyst initiates the 

photocyclization of bis(enones) to cyclobutene adducts. For the first reduction step of the 

excited photocatalyst, Hünig’s base needs to be present to undergo reductive quenching. The 

addition of a Lewis acid is essential for the activation of the enone towards the electron 

reduction by Ru(bpy)3
+. The [2+2] photocycloadditon of the lithium-bound radical anion results 

a ketyl radical which is further oxidized to the cyclobutene photoproduct. This oxidation may 

conceivably be performed by either the excited state of the photocatalyst [*Ru(bpy)3
2+], the 

amine or a second Lewis acid-activated substrate molecule. To recapture the individual steps of 

a redox neutral reaction: the substrate itself does not change its oxidation state. On the one hand 

it accepts an electron, undergoes bond rearrangement and then donates an electron to an electron 

acceptor to turn over the catalytic cycle (scheme 5). 

 

Scheme 5: Redox neutral photoredox enone [2+2] photocycloadditon established by Yoon. Bottom: Explanatory mechanistical 

proposal for this type of photocycloadditon reactions.  

Besides his first encounter with this kind of photoredox catalysed photocycloadditions, Yoon 

also established [2+2] photocycloadditons of electron-rich bis(styrenes),[70] an intermolecular 

[2+2] photocycloaddition reaction,[71] and Diels-Alder reactions[72,73] following the same 

mechanistical pathways. 
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Scheme 6: Reaction of α-silylamines with α,β-unsaturated compounds. Bottom: mechanistic proposal for generation of β-

aminoalkyl radical and subsequent reaction with electron poor alkenes. PC: photocatalyst. 

The group of Nishibayashi succeeded in the synthetic application of α-aminoalkyl radicals 

generated from tertiary α-silylamines and their subsequent addition to α,β-unsaturated carbonyl 

compounds.[74] The α-aminoalkyl radicals are generated under photoredox conditions by 

dissociation of the C-Si bond. The SET from the excited state of the photocatalyst to the 

α-silylamine initiates this process. After the addition of the α-aminoalkyl radical to the Michael 

system, a SET from the photocatalyst reduces the ketyl radical, thereby closing the catalytic 

cycle. The trimethylsilyl (TMS) cation captures the enol and the silyl enol ether is hydrolyzed 

to the respective photoproduct. The strategy, to exploit the properties of the TMS cation as a 

‘super proton’ and simultaneously good leaving group, consequentially giving easy access to 

carbon centered nucleophilic radicals, was applied by several other research groups.[67,75–78] 

Photoredox catalysis offers a mild alternative for the generation of radical intermediates from 

carboxylic acids. This method can be employed for the radically initiated decarboxylation of α-

amino acids and α-oxo acids.[79,80] The generated radical intermediates generated can undergo 

coupling reactions to cyano-substituted aromatic compounds as shown by MacMillan.[81] 

Further functional groups which readily leave the substrate molecule upon SET and generating 

carbon centered radicals are discussed later.  
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Dual catalysis 

The term ‘dual catalysis’ describes a catalytic system with two intertwining catalytic cycles. 

With regard to photoredox catalysis, one catalytic cycle is visible light mediated. The second 

cycle can include organocatalysis or transition metal catalysis. In dual catalytic systems, the 

characteristic of photoredox catalysis, having both an oxidant and a reductant present 

significantly enhances the turnover of the interdependent catalytic cycles. The modulation of 

the oxidation states of transiently generated intermediates is highly dependent on this ability. 

First, the field of photoredox catalysis combined with organocatalysis is described.  

Organocatalysis 

So far only a few examples of photoredox catalysis induced enantioselective bond formation 

reactions are reported. One of the first reports on enantioselective photoredox reactions is dated 

back to the MacMillan group in 2008. They accomplished the merger between photoredox 

catalysis with enamine organocatalysis to perform enantioselective α-alkylation of 

aldehydes.[23] In enamine catalysis, the α-position of a carbonyl compound is activated for 

further electrophilic functionalisation by the formation of an enamine with a secondary amine. 

The secondary amine such as an imidazolidinone serves as chiral catalyst to induce 

enantioselectivity.[82,83] In the reaction of MacMillan, Ru(bpy)3
2+ was employed as 

photocatalyst, a chiral imidazolidinone is used as chiral secondary amine in catalytic amounts 

and electron deficient alkyl bromides and alkyl aldehydes were used as substrates (scheme 7). 
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Scheme 7: Dual catalysis approach of Nicewicz and MacMillan using a chiral imidazolidinone organocatalyst in an asymmetric 

α-alkylation od aldehydes under photoredox condition. 

The reaction is initiated by a reductive quench of the excited *Ru(bpy)3
2+ by a sacrificial 

enamine molecule, providing the strong reductant Ru(bpy)3
+. Single-electron transfer to the 

alkyl bromide induces fragmentation to a bromide and an electron deficient radical. The chiral 

enamine is generated by the condensation of the aldehyde with the chiral imidazolidinone. The 

following addition of the photogenerated electrophilic radical to the enamine occurs in a stereo-

controlled fashion and proceeds exclusively from the Si face. SET between the α-amino radical 

and the excited *Ru(bpy)3
2+ furnishes the iminium ion and the strongly reducing Ru(bpy)3

+. 

Hydrolysis of the iminium ion releases the product and regenerates the organocatalyst. The 

mechanistic proposal was supported with Stern-Volmer studies.[23]After these initial results 

several other asymmetric α-functionalizations were investigated e.g. trifluoromethylation, 

benzylation, cyanoalkylation and amination.[84–87] 

Besides this example of photoredox dual catalysis using a covalent organocatalytic activation 

mode, there are several other reports for non-covalent interactions between transiently formed 

intermediates and an organocatalyst. Ooi reported an enantioselective Brønsted acid mediated 

photoredox catalyzed reaction,[88] the group of Knowles established the proton-coupled electron 

transfer (PCET) mediated radical generation under visible light irradiation utilizing a dual 

photoredox hydrogen bonding catalyst system,[89] and Nicewicz showed the broad applicability 
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of hydrogen atom transfer (HAT) catalysts in synthetically valuable photoredox-catalyzed 

organic transformations.[90–94] For Lewis acid catalyzed photoredox reactions vide supra. 

Transition metal catalysis 

Transition metal catalysis has become a prominent synthetically useful tool, whose absence in 

organic transformations can no longer be imagined. The achievements in this field are 

acknowledged by the Nobel award for Heck, Suzuki and Negishi.[95] The development of novel 

organometallic transformations necessitates the transition metal centre to change its oxidation 

state to the one required in the organic transformation. The merger of transition metal catalysis 

with visible light photoredox catalysis creates opportunities for the innovative design of new 

synthetic transformations. In recent years, this particular field of transition metal photoredox 

dual catalysis received outstanding attention from synthetic chemists. First reports concerning 

C-H arylations with aryldiazonium salts employing a photoredox palladium catalyst system 

demonstrated the great potential of this synergistic catalysis.[96–98] Molander, MacMillan and 

Doyle independently provided easy solutions for synthetic problems either inaccessible or 

significantly challenging using traditional transition metal catalysis.[99,100] They accomplished 

the merger of nickel and photoredox catalysis in a photoactivated cross-coupling reaction. 

While using different radical precursors, both examples share the same mechanistical 

background depicted in scheme 8.  

 

Scheme 8: Dual photoredox C(sp3)-C(sp3) cross-coupling employing nickel as transition metal and a carboxylic acid as radical 

precursor. 
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In the depicted reaction the first steps include the oxidation of the carboxylic acid, employed 

here as a radical precursor. As described by Molander, Fensterbank or Nishibayashi it is also 

possible to use either organoborates,[100] organosilicates,[101,102] or 1,4-dihydropyridines[103] as 

radical precursors.[104] Doyle even employed unprotected amines or furanes as radical 

precursors in a photoredox cross-coupling reaction.[105–107] The excited state of the Ir(III) 

catalyst oxidizes the radical precursor, generating a nucleophilic radical coupling partner by 

releasing CO2. After oxidative addition of the Ni(0) catalyst into an aryl halide bond a Ni(II)-

aryl species is formed. Subsequent addition of the carbon centred radical to the Ni(II)-aryl 

species results in a Ni(III) complex. Reductive elimination delivers the product. Last, the two 

intercepting cycles are closed by a SET from the Ir(II) species to the Ni(I) complex. After the 

first success Ni/Ir dual photoredox catalysis knew no boundaries in substrates and facilitated 

synthetical organic chemistry. Nearly every thinkable cross-coupling is currently accessible 

through this synergistic approach.[108–113] 

Besides nickel in photoredox dual catalysis, the use of other transition metals such as copper, 

gold or cobalt was also established.[114] One of the first examples for copper in 

metallaphotoredox catalysis provided a mild and efficient catalyst system for cross-coupling 

between boronic acids and perfluoroalkyl iodides.[115] The introduction of trifluoromethyl 

groups into complex molecule scaffolds such as biologically active compounds is highly 

desirable because of the enhanced metabolic stability of fluorinated molecules. The MacMillan 

group focused on Cu/Ir photoredox dual catalysis in C-N cross-coupling reaction of carboxylic 

acids with nitrogen nucleophiles.[116] Gold photoredox dual catalysis is best represented by the 

groups of Toste and Glorius. Both reported synthetical protocols for arylative functionalization 

which typically require harsh oxidants. The broad range of gold-mediated functionalization of 

π-unsaturated substrates includes alkyne arylation,[117] phosphonate arylation,[118] ring 

expansion arylation[119] or a new approach for a Meyer-Schuster rearrangement[120]. Cobalt 

catalysts, which are commonly used in water splitting reaction or hydrogen evolution reaction 

were successfully applied in mild cross-coupling hydrogen evolution reactions catalyzed by a 

cobalt photoredox catalyst system. The cobaloxime catalyst was employed in a dual catalysis 

producing benzothiazoles and hydrogen gas as the only byproduct,[121] or in a dehydrogenative 

decarboxyolefination of carboxylic acids[122].  
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Earth abundant photocatalysts 

As previously stated, the transition metal complexes most commonly used in photocatalysis are 

prominently based on precious and rare earth metals such as iridium or ruthenium. These metals 

are often rather expensive or impose significant environmental footprints due to their scarce 

occurrence in the earth’s crust (see Figure 7).[123] In recent years the interest in photoactive 

complexes utilizing less traditional but more earth abundant and cheaper first-row transition 

metals has grown rapidly.  

 

Figure 6: Abundance in earth’s crust of relevant chemical elements used in photoactive transition complexes. Values are given 

in mass percent.[123]  

Mechanistic fundamentals 

As mentioned in previous sections, the photophysical properties determine the photochemistry 

of six-coordinated metal complexes with low-spin 4d6 and 5d6 electron configuration such as 

ruthenium or iridium. These metal complexes exhibit lifetimes in a microsecond time range, 

which favors the application in photoreactions. The sufficiently large energy gap between the 

electronic ground state and, the lowest lying excited state, as well as the association of 

molecular distortions with electronic excitation, plays a key role for photoactive compounds 

with long-lived excited states. Precious metal complexes display more favorable photophysics 

with regard to chemical applications due to their strong ligand field splitting energy and 

consequently long triplet 3MLCT lifetimes.[124,125] In contrast, first row transition metal 

complexes show exceptionally short charge-transfer lifetimes, which can be attributed to 

nonradiative deactivation modes through the low-lying ligand-field excited states.[126] For 

Fe(bpy)3
2+, a d6 homologue of Ru(bpy)3

2+ (τ = 0.63 μs), a short 3MLCT lifetime of τ = 100 fs 

has been observed.[127]  
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Figure 7: Schematic representation of the electronic structure in d6 transition metal complexes e.g. Ir(III) or Fe(II) with 

corresponding lifetimes of excited MLCT states. Based on a report of Doyle.[107] 

For first row transition metal complexes, the non-emissive triplet metal-centered state (3MC) 

and the emissive state (3MLCT) are closer in energy relative to each other and less energetic 

compared to those of third row metal complexes (see Figure 8). As soon as a metal complex 

exhibits a 3MC state which lies lower in energy than the 3MLCT states, no luminescence is 

observed due to rapid non-emissive deactivation and poor photostability of the complexes.[34] 

For heavy atoms such as 4d or 5d transition metals, an efficient intersystem crossing enhances 

the population of the emissive 3MLCT and the subsequent slow radiative and nonradiative 

relaxation.[128] Nevertheless, earth-abundant metal complexes have gained attention in the field 

of photochemistry. Cu(I), Cr(III) or Fe(II) complexes are well-known examples of the 

field.[34,128] In the following sections, groundbraking examples of photoactive first row 

transition metal complexes are discussed. The complexes displayed, exhibit unique 

photophysical and ground state properties e.g. excited state lifetimes, reactivity in photoredox 

transformations or exceptional redox properties.  

d10 transition metal compounds 

An attractive alternative to d6 second and third row transition metals [Ru(II), Ir(III)] in 

photoactive complexes is represented by first row metal complexes incorporating a d10 electron 

configuration. The main advantage of these complexes is the lack of low-lying metal centered 

d-d transition states which could easily tend to non-emissive relaxation via thermal equilibration 

or energy transfer.[129] One of the most extensively studied complexes are compounds 

coordinated to Cu(I), Ni(0) or Zn(II).[34,128,130] However, due to the limited number of emissive 

and photo and benchstable Ni(0) compounds,[126] and the fact, that metal-centered redox 

processes at Zn(II) central atoms are quite uncommon,[34] Cu(I) complexes with redox-active 

ligands remain one of the largest subsets of earth-abundant photocatalysts and are therefore 
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discussed in detail. Luminescent zink complexes are mentioned in reviews.[34,128] The most 

common oxidation states for copper in solution are +1 and +2. However, Cu(II) complexes 

exhibit a d9  electron configuration and therefore have a relatively distinct metal-centered 

absorption which will deactivate in an ultrafast non-radiative fashion. Already in the 1970, 

McMillin investigated homoleptic Cu(I)-bisphenanthrolines as promising candidates for 

applications in photochemistry e.g. light emitting devices.[131–134] Heteroleptic tri- or 

tetracoordinated complexes bearing a diimine and an additional mono or bisphosphine ligand 

showed promising photophysical properties as well.[135] Besides those examples several other 

approaches towards photoactive Cu(I) complexes are reported.[34,128] Here, only Cu(I) 

compounds coordinated by phenanthroline or phosphine ligands, as depicted in Figure 9, will 

be discussed.  

 

Figure 8: Main representatives for Cu(I) photocatalysts bearing ligand scaffolds with different substituents. Left: homoleptic 

bisphenanthroline based; right: heteroleptic Cu(I) diamine bisphosphine complexes. 

Cu(I) complexes coordinated by diimine ligands are in fact the only examples for first row 

transition metal compounds with photophysical properties comparable to those of Ru(bpy)3
2+. 

The UV/Vis absorption is usually observed between λ = 350-650 nm with relatively high 

extinction coefficients (ε = 103-104 M−1 cm−1). In a homoleptic Cu(I) complex, substitution at 

the 2- and 9- position of the phenanthroline ligand increases the lifetime of the MLCT excited 

state to τ = 1 ns – 10 μs . Heteroleptic Cu(I) complexes bearing a substituted phenanthroline 

and an additional POP ligand [(POP) = bis[2-(diphenylphosphino)phenyl]ether] exhibit 

increased lifetimes in the range τ = 1 μs.[136] The advantages of the mixed-ligand POP 

complexes are the donor phosphine ligands and the angle of coordination of these to the metal 

center. Thereby, the charge-transfer excited state is elevated to higher energies which, increases 

the excited state lifetime.[136] 

The emission of copper(I) complexes originates from a complex synergy of phosphorescence 

and thermally activated delayed fluorescence (TADF).[135,137] The main cause is the smaller 

spin-orbit coupling compared to 2nd and 3rd row transition metals. TADF is enhanced by the 

insignificantly small singlet-triplet energy gap and therefore a facile thermally activated reverse 
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intersystem crossing (rISC). As a consequence, less energy is lost through intersystem 

crossing.[34] Copper(I) exhibits a d10 electron configuration and therefore generally prefers a 

tetrahedron-like (D2d) coordination sphere in the ground state (S0). In bisdiimine coordinated 

complexes, both ligands are attached perpendicular to each other. In contrast to that, Cu(II) 

features a d9 configuration and is situated generally in a Jahn-Teller distorted geometry with 

five or six coordination sites.[130] As soon as the Cu(I) complex is excited, the lowest 3MLCT 

state is populated and consequently, the oxidation state of the central metal changes from +1 to 

+2. As previously mentioned, Cu(II) generally adopts a more ‘flattened’ coordination geometry 

leading to a ligand distortion. This flattening in the excited MLCT state results in a new open, 

fifth coordination site which can be attacked by nucleophiles e.g. solvent molecules. As a 

consequence, the lifetime of the excited state is shortened. The modulation of the ligand 

structure and the installation of bulky substituents such as phenyl or alkyl groups prevents this 

ligand distortion upon light excitation.[129,130,137–140] Besides the application of photoactive 

copper complexes in organic light-emitting devices (OLED)[135] or in the solar energy 

conversion of water splitting generating hydrogen,[141] those complexes are nowadays 

extensively utilized in synthetic organic photoredox catalysis. Sauvage et al. reported in 1987 

one of the first example employing the Cu(dap)2Cl [dap = 2,9-bis(para-anisyl)-1,10-

phenantroline] complex in a visible light driven transformation of nitrobenzyl bromides to 

either photodimerization products or the oxidized nitrobenzylaldehydes (Scheme 9).[142]  

 

Scheme 9: Pioneering report of Sauvage et al. employing Cu(dap)2Cl visible light driven dimerization or oxidation of 

nitrobenzyl bromides. 

After excitation, the copper catalyst is a strong reductant [E1/2 (CuII/Cu*I) = − 1.43 V vs. SCE]. 

Only fac-Ir(ppy)3 exhibits a stronger reducing power [E1/2 (Ir
IV/Ir*III) = − 1.73 V vs. SCE]. The 

copper complex in its excited state transfers one electron to the benzyl bromide, leading to the 

formation of a benzylic radical. Depending on the reaction conditions and whether oxygen is 

present, a formal dimerization without oxygen or an oxidation to the corresponding 

benzaldehyde compounds proceeds. To close the catalytic cycle, stoichiometric reductant 

(triethylamine) is added and the Cu(dap)2
+ ground state is regenerated. After nearly 25 years 
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the utilization of this complex was further elaborated by the group of Reiser in a visible light 

mediated atom transfer radical addition (ATRA) as well as allylation reactions.[143] Other 

examples for Cu(dap)2
+ catalysed ATRA reactions include reactions between electron-deficient 

benzyl halides and electron rich styrenes or silyl enol ethers,[144] 

trifluoromethylchlorosulfonylation of alkenes[145] or azidination of styrenes-type double 

bonds[146]. Photoredox reactions with copper photosensitizers following the reductive 

quenching pathway are relatively scarce due to the low redox potential of the excited state, e.g. 

for Cu(dap)2
+ [E1/2 (Cu*II/CuI) = + 0.62 V vs. SCE]. Nevertheless, the group of Evano reported 

a copper-catalyzed visible light induced radical domino cyclization of ynamides and 

cyanamides in several natural products syntheses.[147] The radical cascade reaction is depicted 

in Scheme 10.  

 

Scheme 10: Copper catalyzed visible light induced radical cascade reaction. 

Here, the catalysis follows, the reductive quenching cycle. The first step is the reduction of the 

photoexcited copper complex with a tertiary amine which generates a Cu(0) species. In a SET 

from the Cu(0) species to the substrate, the domino reaction is initiated by the cleaving of the 

halide ion, which regenerates the photocatalyst to the Cu(I) compelx. Radical addition to the 

ynamide forms the first five-membered ring. Subsequent radical addition from the iminyl 

radical to the arene through a 6-endo-trig process results in the desired tetracyclic core structure. 

Finally, the product is generated by rearomatization.[147] For other examples of copper 

complexes in photoredox chemistry see reports and reviews on earth-abundant photoactive 

metal complexes.[32,34,128,140,148–151] 
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Chromium in visible light catalysis 

Octahedral chromium(III) complexes with a 3d3 electron configuration exhibit low-lying d-d 

transition states with a spin-flip character. For d3 metal complexes a spin flip occurs in the 

excited state from a quartet [(t2g)
2(eg)

1 4T2] to a duplet [(t2g)
3 2E] state during the intersystem 

crossing process. The large energy gap between quartet and duplet prevents reverse ISC 

resulting in exclusive population of the low energetic duplet state.[152] This is favorable for a 

small molecular distortion and consequently leads to interesting photophysical properties. Two 

representatives for Cr(III) photoredox active complexes are the polypyridine complex 

[Cr(ddpd)3]
3+ (ddpd = N,N’-dimethyl-N,N’-dipyridine-2-ylpyridine-2,6-diamine) and the 

phenantroline based [Cr(Ph2phen)3]
3+ (Ph2phen = 4,7-diphenyl-1,10-phenanthroline) which are 

depicted in Figure 10. 

 

Figure 9: Photoredox active Cr(III) complexes. Left [Cr(ddpd)3]3+ developed by Heinze.[152,153] Right: [Cr(Ph2phen)3]3+ 

established by Shores and Ferreira.[154] 

The group of Heinze developed a molecular version of ruby by synthesizing a homoleptic 

Cr(III) complex with tridentate chelate ligands. Due to the nearly ideal bite angle of the ligand 

and its strong σ-donating properties, a very strong ligand-field splitting is observed in this 

Cr(III) complex. [Cr(ddpd)3]
3+ has a nearly perfect octahedral symmetry, which suppresses 

nonradiative relaxation. This results in a spectacular lifetime of the 2Eg→
4A2g (spin-flip) 

luminescence of τ = 898 μs and a quantum yield of Φ = 11 % in deaerated water at room 

temperature.[152] Heinze et al. also reported the application of this complex in an oxidative C-H 

bond functionalization of amines by singlet oxygen.[153] Surprisingly, only few literature reports 

for the application of chromium based photocatalyst in photoredox reactions are known. A 

report for the utilization of Cr(III) complexes in photoredox chemistry was published by Shores 

and Ferreira. Here the chromium catalyst [Cr(Ph2phen)3](BF4)3, with a excited state redox 

potential of [E1/2 (Cr*III/CrII) = + 1.40 V vs. SCE] was employed in a [4+2] cycloaddition 

reaction between electron rich styrenes and isoprenes (Scheme 11).[154] 



25 

 

 

Scheme 11: Mechanistic proposal for the visible light chromium catalyzed photoredox Diels-Alder reaction. 

After excitation, the excited Cr(III) complex transfers an electron to the electron-rich styrene 

resulting in a radical cation. Subsequent cycloaddition to isoprene yields a six-membered ring 

radical cation. Follow-up reduction with superoxide furnishes the desired Diels-Alder product. 

The Cr(II) species is oxidized by singlet oxygen, generated by another chromium catalyst 

molecule, and the photocatalyst is regenerated.[154] 

Nickel complexes in photoredox catalysis 

As previously mentioned, nickel can be utilized in photoredox as a co-catalyst for visible light 

induced cross-coupling reactions. The use as stand-alone metal chromophore is however 

scarcely reported. Figure 11 presents examples for nickel based photoactive complexes which 

were applied in photoredox catalysis or show interesting photophysical properties. 

 

Figure 10: Ni-based photoredox catalyst. Left: Nickel catalyst reported by Doyle. Middleft: Ni(Mabiq)OTf (Mabiq = [2–4:6–

8-bis(3,3,4,4-tetramethyldihydropyrrolo)-10–15-(2,2′-biquinazolino)-[15]-1,3,5,8,10,14-hexaene-1,3,7,9,11,14-N6] system 

developed by Hess. Middleright: Example for nickel photoredox catalyst employed by Gong, Right: NiTPP (TPP = 

tetraphenylporphyrin) complex developed by Sakar. 

Nickel(II) aryl halide complexes, as reported by Doyle, show 3MLCT excited state lifetimes in 

the range of τ = 10 ns. These excited states consist of both ligand centered UV and MLCT 

visible transitions.[107] Additionally, it was demonstrated that the metal complex is active as 

photoredox catalyst in a reaction between aryl bromides and aliphatic alcohols resulting in 
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cross-coupled aryl species.[107] A remarkable example for asymmetric photoredox catalysis 

employing nickel based complexes was reported by Gong.[155] [Ni(DBFOX)](ClO4)2 (DBFOX 

= 4,6-bis((R)-4-phenyl-4,5-dihydrooxazol-2-yl)dibenzo[b,d]furan) was used as photoredox 

catalyst and the three open coordination sites were exploited for substrate-catalyst interaction 

to induce enantioselectivity. α,β-unsaturated carbonyl compounds were reacted with 

α-silylamines to yield γ-amino carboxylic acid derivatives and γ-lactam products. The 

photocatalyst is not only responsible for the visible light induced single electron transfer but 

also activates the α,β-unsaturated carbonyl substrates as Lewis acid and defines the radical 

transformation in an enantioselective fashion.[155] Our group established a macrocyclic nickel 

based complex as photoredox catalyst in a cyclization reaction. We reported an estimated redox 

potential of the excited state of [E1/2 (Ni*II/NiI) = + 1.25 V vs. Fc0/+] and a lifetime of τ = 10 

ns.[156] Another macrocyclic nickel based photoredox catalyst was reported by Sarkar. The 

group investigated a Ni(II) tetraphenylporphyrin (NiTPP) complex which was applied in 

several different photoredox catalysed transformations. The photocatalysts exhibits a redox 

potential of the excited state of [E1/2 (Ni*II/NiI) = + 1.17 V vs. SCE] and [E1/2 (NiIII/Ni*II) = 

− 1.57 V vs. SCE].[157] 

  



27 

 

Scope of this work 

In the last 15 years, photoredox chemistry evolved to one of the most popular research topics 

in the field of photocatalysis. The utilization of transition metal complexes in diverse visible 

light mediated organic reactions emphasises this trend towards the broad applicability of 

photoredox chemistry in catalysis. The main focus in photoredox catalysis lies on the 

investigation of new synthetically useful methods, employing iridium or ruthenium based 

photocatalysts. This includes also high costs for catalyst due to the low abundance of the 

mentioned metals in Earth’s crust. To date, only a few examples of earth-abundant transition 

metal complexes are known to compete with the established Ru(bpy)3
2+ in photochemical 

transformations. The aim of this work was to establish a novel nickel based photocatalyst, to 

modulate the ligand design and to investigate the applicability of the photocatalyst in new 

organic photoredox transformations as well as in small molecule activation e.g. hydrogen 

evolution or CO2 reduction. The macrocyclic ligand scaffold, introduced by the group of Hess, 

should serve as non-innocent platform. Ligand non-innocence plays a crucial role in small 

activation, as the ligand itself takes part in the catalytic process or supports the catalytic 

properties of the active metal centres. The employed ligand consists of two main fragments; the 

biquinazoline part and a diketiminate part as depicted in Figure 12.  

 

Figure 11: Macrocylcic ligand (left) and the corresponding nickel complex (right). 

The aim was to first optimize the ligand synthesis due to low yields in several of the synthesis 

steps. Second, the goal was to insert nickel in the central coordination site and characterize the 

resulting metal complex with respect to redox and photophysical properties. The nickel 

complexes adds to the series of first-row transition metal Mabiq and helps to compare the 

studies on the different metal Mabiq complexes.[158–161] Initial studies towards suitable 

applications should focus on the investigation of photochemical, organic transformations with 

the monometallic nickel complex. Therefore, all the photochemical and redox properties of the 

catalyst needed to be evaluated. This included cyclic voltammetry measurements, necessary for 

redox potentials but also the determination of excited state lifetime or evaluation of 

luminescence properties of the complex. With all data in hand, already literature-known 
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photoredox reactions were investigated to compare the novel nickel complex with commonly 

used photocatalysts. Besides literature-known photoreaction a novel substrate class needed to 

be tested with the nickel photocatalyst. 

With a established photocatalytic system the second idea arose to apply the nickel complex in 

small molecule activation such as hydrogen evolution or CO2 reduction in a photocatalytic 

fashion. Nickel incorporated in non-innocent macrocyclic ligand frameworks is a prominent 

representative for efficient small molecule activation.[162,163] To date, no photocatalytic system 

for small molecule activation is known, which uses earth abundant metal complexes as 

photosensitizer and catalyst at the same time. 

A third task was the modification of the ligand structure by designing a ligand with different 

steric and electronic properties. (Figure 13). Possible modifications can be introduced either at 

the biquinazoline fragment (blue, Figure 13) or at the diketiminate unit (red, Figure 13). 

Without the outer phenyl groups at the biquinazoline unit or with a change in sterics by 

replacing the phenyl groups with a thiophen or pyridine moiety the left ligand fragment could 

be modified. That would tune the photophysical and the ground state properties and enable new 

routes towards possible applications in photoredox catalysis. Another benefit is the larger 

access to the second binding site for transition metals e.g. ruthenium, palladium. Additionally, 

the diketiminate unit on the right molecule site could be customized by e.g. a full aromatic, 

porphyrinogen, dipyrrolo backbone. By substitution of the methyl groups with electron 

donating or withdrawing groups it would also be possible to tune the electron density at the 

metal enter. Comparable to literature reports, a template attached to the methylene carbon atom, 

would be possible to induce stereoselectivity by introduction of a facial shield.[164,165] 

 

Figure 12: Possible changes in the structural motif of the Mabiq ligand. 

As already mentioned, a third strategy was the introduction of a metal atom at the second 

binding site. Some biologically active enzymes exhibit enhanced catalytic properties through 

the introduction of a second active metal center. Bimetallic complexes e.g. Ni-Fe complexes 

are commonly found among enzymes in biochemical systems such as hydrogenases.  
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Redox and photocatalytic properties of a Ni(II) complex with a 

macrocyclic biquinazoline (Mabiq) ligand. 
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Content: This work was the entry for our group to the field of photoredox active earth-abundant 

metal complexes. The synthesis and characterization of a novel nickel(II) complex comprising 

a macrocyclic ligand framework was investigated. The nickel complex contributes to the series 

of first row transition metal Mabiq complexes. Starting from the Ni(II) compound it was also 

possible to synthesize its one-electron reduced form Ni(I)Mabiq which was further 

characterized by spectroscopic and DFT calculation methods. Irradiation of the Ni(II) 

compound, in the presence of triethylamine as sacrificial electron donor with an LED (λ = 457 

nm) it was possible to obtain the reduced Ni(I) complex. This reaction could be followed by 

UV-Vis. The [Ni(II)Mabiq]OTf was applied in a visible light mediated photoredox cyclization 

of a bromoalkyl-substituted indole and exhibits a comparable if not superior activity in terms 

of turnover number and chemoselectivity to Ru(bpy)3
2+. The excited state redox potential was 

evaluated using a series of sacrificial donor amines in the aforementioned photoredox 

transformation indicating an excited state redox potential of [E1/2 (Ni*II/NiI) = + 1.25 V vs. 

SCE]. Furthermore, a quantum yield for the photoconversion was determined, which provided 

an estimate for the excited state lifetime of τ = 1 - 10 ns.  

 

M. Grübel planned and executed all experiments and wrote the manuscript. I. Bosque helped 

with the quantum yield determination and proof reading. P. J. Altmann conducted all SC XRD-

measurements and managed the processing of the respective data. All work was performed 

under the supervision of T. Bach and C. R. Hess.  
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Synthesis of Tetrahydroisoquinolines by Visible Light-mediated 6-

exo-trig Cyclization of α-Aminoalkyl Radicals. 
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Content: In this report our group investigated a novel synthetic method towards 

tetrahydroisoquinoline (THIQ) compounds utilizing visible light and a photoredox active 

iridium polypyridyl catalyst. It is well established that α-silylalkyl amines can be utilized as α-

aminalkyl radical precursors as previously reported by Mariano, Nishibayashi and Yoon. Our 

group established a visible light mediated intramolecular cyclization, resulting in substituted 

THIQ compounds. The reported substrates incorporate both, the α-silylalkyl amine and the 

Michael acceptor functionality. The substrate scope comprises 13 substrates which could be 

synthesized from ortho-alkylbenzaldehydes in a three-step procedure. The conditions for the 

photoreactions include the use of 5 mol% of the respective iridium catalyst, equimolar amounts 

of water and cesium carbonate and dimethylformamide as solvent. After optimization, the 

photoreaction delivered the THIQ products in moderate to good yields (41-83%). In three cases 

a diastereoselectivity of d.r. = 80/20 was observed and SC XRD data provided evidence for the 

respective relative configuration of the major diastereoisomer.  

 

 

 

M. Grübel planned and executed all experiments and wrote the manuscript. C. Jandl conducted 

all SC XRD-measurements and managed the processing of the respective data. All work was 

performed under the supervision of T. Bach. 
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Abstract Starting from the respective tertiary α-silylmethyl amines, the intramolecular 

cyclization of α-aminoalkyl radicals to Michael acceptors was found to produce 

tetrahydroisoquinolines. The reaction conditions included the use of 5 mol% of an iridium 

photoredox catalyst, dimethylformamide as solvent and equimolar amounts of water and 

cesium carbonate as additives. 13 substrates were synthesized from ortho-alkylbenzaldehydes 

in a three-step procedure involving a carbonyl condensation, a radical bromination, and a 

substitution by a secondary α -silylmethyl amine. After optimization of the photocyclization, 

the reaction delivered tetrahydroisoquinolines in moderate to high yields (41-83%). A facial 

diastereoselectivity (d.r.  80/20) was observed with chiral substrates and a crystal structure 

provided evidence for the relative configuration of the major diastereoisomer. A catalytic cycle 

with direct electron transfer to the photo-excited metal catalyst is proposed.  

Photoinduced single electron oxidation of amines provides access to nucleophilic α-aminoalkyl 

radicals which can act as reactive intermediates.1 Besides the generation of α-aminoalkyl 

radicals by single electron transfer (SET) and subsequent deprotonation,2 the radicals can be 

produced by oxidative decarboxylation of α-amino acid derivatives,3 by hydrogen atom 

transfer,4 or by oxidative desilylation of α-silylalkyl amines.5 The silyl group renders the 

formation of α-aminoalkyl radicals regioselective6 and avoids overoxidation of the 

α-aminoalkyl radicals to the corresponding iminium ions.7 

Several research groups reported the utilization of the trimethylsilyl (TMS) group as a suitable 

electrophilic leaving group in photosensitized electron transfer reactions. Frequently, a 

consecutive reaction is the addition of the photochemically generated α-aminoalkyl radical to 

electron deficient alkenes (Michael acceptors) in an inter- or intramolecular fashion.5 Typically, 

the α-aminoalkyl radical is generated from α -silylmethyl amines employing ultraviolet 

irradiation or visible light with different sensitizers, such as anthraquinone,8 benzophenones,9 

1,4-dicyanonaphthalenes,5d,f or 9,10-dicyanoanthracene5c,e to induce the SET. 

In recent years, several protocols have been reported for the generation of α-aminoalkyl radicals 

by photoredox active iridium- or ruthenium-polypyridyl complexes. Visible light irradiation 

induces an electron transfer from the amine to the photoexcited transition metal complex. 

Subsequent formation of an α-aminoalkyl radical allows for a conjugate addition to a double 

bond which results – if performed intramolecularly – in a cyclization (Scheme 1).10,11,12  
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Scheme 1: Generation of α-aminoalkyl radicals via a SET and consecutive addition to a Michael system in an intramolecular 

fashion (top) and its application to the synthesis of tetrahydroisoquinolines 1 (bottom). 

Herein, we present a visible light-mediated cyclization reaction to tetrahydroisoquinolines 1 

(THIQs) that relies on a conjugate addition of SET-generated α-aminoalkyl radicals to Michael 

acceptors and that is catalyzed by an iridium-polypyridyl complex. THIQs are usually 

synthesized from a β-arylethylamine and an aldehyde or ketone following the Pictet-Spengler 

protocol.13 Although photoredox-based methods have been established in recent years to further 

modify the THIQ core structure10b,14-17 there is not yet a method to access this skeleton by 

photoredox catalysis. 

The synthesis of the respective starting materials 2 for the photoreactions required in all cases 

the corresponding ortho-alkyl substituted benzaldehydes 3. Aldehyde substrates with 

substituents at the phenyl skeleton (X = OMe, Cl) and R1 = CH3 were prepared by a halogen-

metal exchange and subsequent formylation with N,N-dimethylformamide (DMF).18 In the next 

synthetic step, the electron-withdrawing groups (EWG) were introduced by either an aldol 

condensation (nitriles, ketones) or a Wittig reaction (methyl and ethyl ester). For compounds 

2a and 2b it was also possible to commence the synthesis with the respective cinnamates 4 

(EWG = CO2Me, CO2Et). A literature procedure was adapted to introduce the sulfone by 

addition of thiophenol to 1-ethynyltoluene and subsequent oxidiation.19 The radical 

bromination at the benzylic position of substrates 4 was performed using N-bromosuccinimide 

(NBS) in chloroform and dibenzoylperoxide (DBP) as radical initiator. A nucleophilic 

substitution of bromides 5 by secondary α-silylmethyl amines in acetone with K2CO3 concluded 

the synthesis (Table 1). 
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Table 1: Synthesis of amine substrates 2 starting from ortho-alkyl substituted styrenes 4 by bromination (4→5) and 

nucleophilic substitution (5→2). 

 

substrate X R1 R2 EWG Yield [%] 
4→5 

Yield [%] 
5→2 

2a H H Ph CO2Et 70 81 

2b H H Ph CO2Me 80 75 

2c H H Ph COCH3 57 76 

2d H H Ph CN 69 80 

2e Cl H Ph CO2Me 36 72 

2f OMe H Ph CO2Me 34 90 

2g H H iso-butyl CO2Me 80 56 

2h H Me Ph COCH3 72 58 

2i H Me Ph CO2Me 85 72 

2j H Me Ph CN quant. 71 

2k H H Ph COPh 29 90 

2l H H Ph SO2Ph 54 95 

2m H H Ph-CF3 CO2Me 80 33 

 

The corresponding amines for substrate 2g, 2m were synthesized as previously reported.20 All 

substrates exhibit oxidation potentials between Eox (2
+•/2) = +0.75 V and +0.95 V vs. SCE (for 

further details, see the Supporting Information). Our investigation of the intramolecular 

cyclization commenced with model substrate 2a which was irradiated in the presence of 5 mol% 

[Ir{dF(CF3)ppy}2(tbbpy)]PF6 [Ir(dF)] [E1/2(Ir
III*/IrII) = +1.21 V vs. SCE]21 as photocatalyst. 

After irradiation for 14 hours in DMF at 25 °C with a blue LED (30 W, λ = 455 nm), 29% of 

the desired product was obtained (Table 2, entry 1).  
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entry Ir cat. 
[mol%] 

solvent conc.  
[mM] 

additivea Yield  
[%]b 

1 5 DMF 50 ⎯ 29 

2 5 MeCN 50 ⎯ 7 

3 5 CH2Cl2 50 ⎯ 12 

4 5 DMF 25 ⎯ 17 

5 5 DMF 100 ⎯ 22 

6 5 DMF 50 AcOH 28 

7 5 DMF 50 H2O 40 

8 5 DMF 50 H2O/LiBF4 32 

9 5 DMF 50 H2O/Cs2CO3 52 

10 2 DMF 50 H2O/Cs2CO3 23 

11c 5 DMF 50 H2O/Cs2CO3 0 

12d ⎯ DMF 50 H2O/Cs2CO3 0 

13e 5 DMF 50 H2O/Cs2CO3 0 

14f 5 DMF 50 H2O/Cs2CO3 28 

15g 5 DMF 50 H2O/Cs2CO3 55 
aAddition of additive in stoichometric amounts. bYield of isolated product after chromatographic purification. cNo light. dNo 

photocatalyst (71% recovered starting material.). eRu(bpy)3(PF6)2 as photocatalyst. f[Ir(dF-CF3-ppy)2(bpy)]PF6 as 

photocatalyst. gIrradiation of photoproduct 1a under optimized conditions.  

Variation of the solvent led to decomposition of the starting material and a low product yield 

(entries 2-3). Entries 4 and 5 show that a change in the substrate concentration did not improve 

the yield. The addition of Brønsted acid has been reported to accelerate the rate-determining 

carbon-carbon bond formation step10b but using acetic acid as proton source did not alter the 

reaction outcome (entry 6). However, the addition of water in stoichiometric amounts had a 

positive effect, improving the yield to 40% (entry 7). From a screening of several Lewis acids 

and inorganic bases (for further additive screening, see the SI), cesium carbonate evolved as 

the most beneficial additive increasing the yield up to 52% at a conversion of 83% (entry 9). 

Lowering the catalyst loading only decreased the yield (entry 10). Control experiments (entry 

11 and 12) validated the necessity of light and catalyst in the reaction. Only 71% of starting 

material and no product could be re-isolated after irradiation of a sample without a catalyst 

demonstrating the limited stability of the starting material. Neither Ru(bpy)2(PF6)2 nor a 

different iridium catalyst [Ir{dF(CF3)ppy}2(bpy))PF6 proved to be a suitable catalyst in the 

cyclization reaction (entry 13 and 14). The excited state potential of Ru(bpy)2(PF6)2 

[E1/2 (RuII*/RuI) = +0.80 V vs. SCE]22 might be too low to oxidize the tertiary amine. Eventually, 

we checked the stability of the photoproduct under the optimized condition and observed 

decomposition during irradiation (entry 15). With an oxidation potential of Eox (1a+•/1a) 

= +1.15 vs. SCE, the photoproduct could potentially still be oxidized by the excited state of the 
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iridium catalyst, resulting in decomposition as previously described.23 No reaction was 

observed with an amine substrate without a trimethylsilyl group in the α-position (see the SI). 

In the next set of experiments, we examined the substrate scope of this transformation under 

optimized reaction conditions (entry 9, Table 1).24 As shown in scheme 2 the reaction seems to 

be fairly general and applicable to a range of substrates with moderate to high yields (41-83%). 

By changing the EWG from the model substrate 2a to a methoxycarbonyl substitution (2b) the 

yield increased to 62% but the conversion dropped to 69%. With a stronger EWG such as cyano 

or sulfonyl the yields decreased to 41% (1d) and 36% (1l) and in both cases the conversion was 

only around 50% (53% for 1d, 51% for 1l). With acetyl or benzoyl as EWG, products 1c and 

1k were isolated in 52% and 55% yield, respectively, at a conversion of 77% for 1c and 88% 

for 1k. Variation of the substituents at the aryl core resulted in a yield of 66% for 1e with a 

weakly deactivating chloro substituent and 58% for 1f with a strongly activating methoxy group 

attached to the phenyl ring. In both reactions, the starting material was not fully converted to 

the products (85% and 69% conversion). Different substituents at the amine moiety such as a 

4-trifluoromethylbenzyl group 1m (59%) or an aliphatic iso-butyl group 1g (41% yield) were 

also tolerated with conversions of 78% and 85%, respectively. Acetyl- (2h), methoxycarbonyl- 

(2i), and cyano-substituted (2j, E/Z = 73/27) substrates with a methyl group at the 1-position of 

the THIQ core successfully afforded the desired products 1h-1j in 57%, 83%, and 43% yield. 

The conversion in the three reactions was 72%, 95%, and 50%. 



41 

 

 

Scheme 2: Intramolecular photocatalytic cyclization of α-silylated amines 2 to products 1 under optimized reaction 

conditions. Yields are given for isolated products and are not based on conversion. 

THIQs 1h–1j were isolated as a mixture of diastereomeric products, which could be separated 

by column chromatography. In all three cases, the formation of a major diastereoisomer was 

observed (d.r.  80/20). The assignment of the relative configuration of product 1i was 

accomplished after a palladium-catalyzed debenzylation of the tertiary amine (scheme 3). The 

crystal structure of the corresponding ammonium salt 6 revealed for the major diastereoisomer 

a cis-configuration of the substituents in positions C1 and C4. Comparing the 1H-NMR spectra 

for products 1i, the shift of the signal for the proton in position C1 is distinctly different for the 

major (3.75 ppm) and minor (4.10 ppm) diastereoisomer. The same chemical shift difference 

was also observed for products 1h and 1j suggesting that in all diastereomeric mixtures the 

major product displays a cis-configuration of the substituents in positions C1 and C4. The 

diastereoselectivity can be rationalized by assuming that the conformation of the cyclization 

precursor is governed by 1,3-allylic strain.25 Accordingly, the hydrogen atom at the stereogenic 

center is located in the plane of the aryl group, minimizes the steric strain between the Michael 

system and substituents in ortho-position. The conjugate addition of the α-aminoalkyl radical 

7i presumably proceeds from the bottom face generating the major product with a cis-



42 

 

configuration (scheme 4). Scheme 4 describes a reasonable mechanistic scenario for the 

photocatalytic cyclization of 2i to THIQ 1i as representative substrate. The first step involves a 

reductive quench of the photoexcited iridium complex by the amine producing a radical cation, 

which loses the TMS group generating the α-aminoalkyl radical.  

 

Scheme 3: Palladium-catalyzed deprotection of the N-benzyl group and conformation of the relative configuration of the 

major diastereoisomer by X-Ray analysis. 

 

Scheme 4: Mechanistic scenario for the catalytic cycle in the photochemical transformation of 2j to the THIQ 1i and model 

for an 1,3-allylic strain stereocontrol. 

Intramolecular addition of the radical to the double bond closes the ring in a 6-exo-trig fashion. 

The catalytic cycle is completed by oxidation of the photocatalyst and the formation of enolate 

9i, which gets trapped by a TMS source or is directly hydrolyzed. Intermediate 9i can also be 

formed from 8i by simultaneous oxidation of amine 2i (chain process). 

In summary, we have described a new intramolecular 6-exo-trig photocyclization to 

tetrahydroisoquinolines induced by visible light-mediated photoredox catalysis with an iridium 

complex. A three-step synthesis route has been developed to access a variety of substrates 

incorporating the α-silylmethyl amine. The latter entity proved to be essential for the generation 

of the nucleophilic α-aminoalkyl radical. All substrates show relatively high redox potentials 

compared to other α-silylmethyl anilines.26 The photocyclization has been found to occur in 

moderate to high yields and offers a yet unexplored entry to biologically relevant 

tetrahydroisoquinolines. 
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(ppm) = 7.40–7.34 (m, 2H, 2 × meta-CPh-H), 7.34–7.28 (m, 2H, 2 × ortho-CPh-H), 7.27–7.21 

(m, 1H, para-CPh-H), 7.17–7.07 (m, 3H, H-6, H-7, H-8), 7.00–6.94 (m, 1H, H-5), 4.13–3.99 

(m, 2H, CH2CH3), 3.80 (d, 2J = 14.9 Hz, 1H, CHH-1), 3.71 (d,2J = 13.1 Hz, 1H, Ph-CHH), 

3.58 (d, 2J = 13.1 Hz, 1H, Ph-CHH), 3.42 (d, 2J = 14.9 Hz, 1H, CHH-1), 3.38–3.31 (m, 1H, H-

4), 2.88 (dd, 2J = 16.0 Hz, 3J = 9.7 Hz, 1H, CHHCO2Et), 2.80 (ddd, 3J = 11.7 Hz, 4J = 3.2 Hz, 

4J = 1.3 Hz, 1H, CHH-3), 2.61–2.58 (m, 2H, CHH-3, CHHCO2Et), 1.20 (t, 3J = 7.1 Hz, 3H, 

CH2CH3). 13C-NMR (101 MHz, CDCl3): δ (ppm) = 172.9 (s, CO2Et), 138.7 (s, CH2-CPh), 

137.6 (s, C-4a), 135.3 (s, C-8a), 129.1 (d, meta-CHPh), 128.4 (d, C-8), 128.4 (d, ortho-CHPh), 

127.2 (d, para-CHPh), 126.7 (d, C-6*), 126.5 (d, C-7*), 126.2 (d, C-5), 62.8 (t, CH2-CPh), 60.4 

(t, CH2CH3), 56.5 (t, C-1), 54.7 (t, C-3), 41.2 (t, CH2CO2Et), 35.8 (d, C-4), 14.3 (q, CH2CH3). 

*Assignment is interconvertible. (1i): Major diastereo¬isomer 1H NMR (400 MHz, CDCl3): δ 

(ppm) = 7.39–7.36 (m, 2H, 2 × meta-CPh-H), 7.33–7.29 (m, 2H, 2 × ortho-CPh-H), 7.27−7.22 

(m, 1H, para-CPh-H), 7.22–7.13 (m, 4H, H-5, H-6, H-7, H-8), 4.10 (d, 2J = 13.6 Hz, 1H, Ph-

CHH), 3.75 (q, 3J = 6.3 Hz, 1H, H-1), 3.55 (s, 3H, CO2CH3), 3.40 (d, 2J = 13.6 Hz, 1H, Ph 

CHH), 3.26 (dq, 3J = 9.0 Hz, 3J = 5.0 Hz, 1H, H-4), 2.90–2.80 (m, 2H, CHH-3, CHHCO2CH3), 

2.66 (dd, 2J = 16.0 Hz, 3J = 5.0 Hz, 1H, CHHCO2CH3), 2.62–2.56 (m, 1H, CHH-3), 1.53 (d, 

3J = 6.3 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3): δ (ppm) = 173.2 (s, CO), 140.4 (s, C-
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CH2-CPh), 57.8 (d, C-1), 51.5 (q, CO2CH3), 50.9 (t, C 3), 39.9 (t, CH2CO2H3), 35.1 (d, C-4), 

21.9 (q, CH3). */**Assignments are interconvertible. Minor diastereoisomer 1H NMR (400 
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(25) Hoffmann, R. W. Chem. Rev. 1989, 89, 1841-1860. 

(26) Cooper, B. E.; Owen, W. J. J. Organomet. Chem. 1971, 29, 33-40.  
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Unpublished results 

Ligand modification 

As previously mentioned, the aim was to modify the ligand scaffold. The following depictions 

describe four approaches to modify the ligand macrocycle at different fragments of the 

molecule. The first approach towards new ligand motifs or modifications at the macrocyclic 

ligand scaffold focused on the removal of the external aromatic ring (scheme 12). The synthesis 

route started with a nucleophilic aromatic substitution[166] followed by a homo coupling of the 

bipyrimidine.[167] Methoxy deprotection resulted in the bipyrimidone product[166] which can be 

converted into the dichloropyrimidine compound. All literature-known transformations could 

be performed in good yield. Unfortunately, the chlorination of the bipyrimidone was 

unsuccessful and further, extensive screening for reaction conditions did not result in 

conversion to the desired dichlorobipyrimidin. 

 

Scheme 12: Synthesis route towards a ligand without external phenyl groups at the biquinazoline fragment.  

Another possible approach is the substitution of the external aromatic ring of the biquinazoline 

fragment with thiophene (scheme 13). The synthesis route towards a thiophene substituted 

biquinazoline ligand includes similar transformations compared to the reported synthesis of the 

Mabiq ligand. Unfortunately, the intramolecular condensation to the biyprimidone derivative 

did not work and even after optimization no reaction product was obtained. 

 

Scheme 13: Synthesis route towards a thiophene modified biquinazoline backbone.  

The modification of the diketiminate unit included the variation of the precursors for the 

Grignard cyclization. Two different synthetic routes were investigated, introducing phenyl 

groups or fluorine atoms (scheme 14). The Grignard precursor was obtained by an electrolysis 

of the diphenylnitrile in quantitative yield. Unfortunately, the Grignard reactions to the desired 
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modified diketiminate unit could not be achieved and no product was isolated. The introduction 

of the fluorine atoms failed during the reaction towards the dinitrile compound.  

 

Scheme 14: Different modifications introduced at the diketiminate unit. Left: introduction of phenyl groups instead of CH3 

groups. Right: Attachment of fluorine atoms substituting methyl groups. 

For further ligand modification approaches, see the Masters thesis of Michael Grübel. 

Photocatalytic studies with different metal Mabiq complexes 

Further photocatalytic studies were performed with different metal Mabiq complexes to 

compare their photocatalytic behavior. To evaluate the activity, the already known cyclization 

of the alkyl substituted indole derivative was chosen and photoreactions were performed under 

the optimized conditions reported by our group (scheme 15).[156] The obtained yields and the 

different ratios between cyclization and dehalogenation product are given in table 1. 

 

Scheme 15: Photocatalytic cyclization of an alkyl substituted indole derivative catalyzed by different metal Mabiq 

complexes. 

Table 1: Reaction yields and ratio of cyclized and dehalogenated product for the different employed metal Mabiq complexes. 

Reactions were performed under reported, optimized reaction conditions.[156] 

 Yield [%] Selectivity Cy/Dehal 

(NiMabiq)OTf 84 95/5 

(CuMabiq)OTf 31 72/28 

[FeMabiq(MeCN)2]PF6 19 95/5 

(ZnMabiq)OTf 35 15/85 

[CoMabiq(MeCN)2]PF6 10 55/45 
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The nickel complex was the superior catalyst for this specific organic transformation with a 

reaction yield of 84% and a ratio of 95/5 for the cyclized product. A comparable ratio was only 

obtained with the iron complex. In the cases of the zinc and cobalt Mabiq complexes, a nearly 

one to one mixture or a reverse relation between cyclized and dehalogenated product was 

observed. Except for the nickel complex, all reaction yields were low. For the (ZnMabiq)OTf, 

this can be rationalized by decomposition of the metal complex. 

Bimetallic complexes 

It was possible to generate a bimetallic Mabiq complex with two nickel atoms as metal centers. 

For synthesis details see appendix. The second nickel atom at the outer binding site needs 

further stabilization through supporting due to its instability. Phosphine based ligands such as 

xanthphos or triphenylphosphine seemed to be suitable ligands as strong donating ligands. For 

the bimetallic nickel complex with xanthphos the molecular structure was solved by X-Ray 

analysis (see appendix). Preliminary DFT calculations revealed an electron distribution similar 

to the monometallic Ni(I)Mabiq complex.  
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Summary and Outlook 

Driven by the need for novel earth-abundant metal complexes, active in photocatalysis this 

work focused on the synthesis, characterization and modification of a nickel complex 

comprising a macrocyclic ligand. The investigation of photoredox reactions with the nickel 

complexes was another target which was tackled. Initially the synthesis, characterization and 

modification of the ligand and the complex was examined. The ligand synthesis could be 

optimized from literature-known procedures and the nickel complex was obtained in a good 

yield by adjusting the reaction conditions. Furthermore, it was possible to synthesize the one-

electron reduced Ni(I)Mabiq complex. The nickel complexes were characterized using different 

spectroscopic methods and electronic measurements e.g. NMR, IR, UV-Vis, SC XRD and 

cyclic voltammetry giving information about the photophysical and electronic properties of the 

respective complexes. DFT calculations and EPR measurements of the Ni(I) compound 

revealed a ligand centered radical and Ni(II) central atom. It was not possible to synthesize the 

formally two-electron reduced complex due to its instability already in the glove-box.  

The photoconversion from the Ni(II) to the Ni(I) compound was accomplished by irradiation at 

λ = 457 nm of a solution of the complex in dimethylformamide and triethylamine as sacrificial 

electron donor. The reaction was monitored by UV-Vis. This experiment gave rise to the 

application in photoredox catalysis. First experiments with literature-known photoredox 

reactions were unsuccessful. After several attempts, an intramolecular cyclization reaction 

starting from a bromo-alkyl substituted indole exhibited the first positive results. After 

optimization of the reaction conditions, the product was isolated in high yield. This catalytic 

activity led the way to the investigation of the photophysical properties of the nickel complex. 

Without luminescence the excited state lifetime as well as the excited state redox potential and 

the quantum yield for the photoconversion needed to be evaluated on a different experimental 

way. The excited state redox potential was estimated by performing the cyclization reaction 

using different sacrificial amines with increasing redox potential. The yields dropped 

significantly with amines with a redox potential higher than (Eox = + 1.25 V vs. SCE), resulting 

in an estimated excited state potential of of [E1/2 (Ni*II/NiI) = + 1.25 V vs. SCE]. The excited 

state lifetime was determined by monitoring the photoconversion by UV-Vis and calculation 

the quantum yield for that reaction. A literature-known direct correlation between the quantum 

yield and the lifetime gave rise to the excited state lifetime, depending on the solvent of 

τ = 1-10 ns. The photophysical properties might be futher evaluated using e.g. transient 

absorption measurements. Besides the quantum yield for the photoconversion, the quantum 
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yield for the catalysis was determined using the same experimental set-up and the nickel catalyst 

as well as the Ru(bpy)3
2+.  

After its first success the [Ni(Mabiq)]OTf required further utilization in the field of photoredox 

catalysis. Here, catalytic reactions underlying different mechanistic pathways e.g. oxidative or 

redox neutral would prove the broad applicability. A new substrate class, incorporating an 

α-silylalkylamine and a Michael acceptor, was investigated. The novel substrate was 

synthesized in a three-step procedure involving a carbonyl condensation, a radical bromination 

and a substitution by a secondary α-silylamine. However, after extensive screening of reaction 

conditions with the nickel photocatalyst no conversion to the product was observed. Contrary, 

a common iridium photocatalyst proved to be active in the photoredox cyclisation reaction 

towards tetrahydroisoquinoline compounds. After optimisation, 13 substrates could be 

converted to the corresponding THIQ product in moderate to good yields. In three cases the 

formation of diastereoisomers was observed and by the aid of X-Ray analysis the relative 

configuration of the major diastereoisomer could be solved. To give evidence for the 

mechanistic pathway, quantum yield experiments were performed and the determined yields 

hinted towards a closed catalytic cycle with a direct electron transfer to the metal catalyst. 

Unfortunately, to this date, no further catalytic reaction was found in which the nickel catalyst 

could be utilized.  

 

Figure 13: Bimetallic NiNiMabiqXanthphos complex; Middle crystal structure, Right: DFT calculation for electron density 

distribution. 

Furthermore, the goal was to attach a second metal at the outer binding site of the ligand 

scaffold. It was possible to obtain a complex with two nickel centers at the Mabiq ligand by 

reaction of Ni(II)MabiqOTf, additional Ni(0)(COD)2 salt and a stabilizing xanthphos ligand. 

The isolated complex was paramagnetic, which suggests a comproportionation of the two nickel 

atoms resulting in a Ni(I)Ni(I) electron distribution. DFT calculations pointed towards an 

electron density distribution over the ligand and an outer Ni(I) metal centre, comparable to the 

monometallic N(I) complex. Further studies including SQUID measurements might contribute 

to solve the electron distribution throughout the ligand and on the metal centres. Cyclic 
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voltammetry experiments of the bimetallic complex gave initial information about the redox 

potentials, though the experiments need to be repeated due to impurities and instability of the 

samples. Besides characterization, first reactivity studies concerning photoactivity were 

performed with a sacrificial super donor. 

Given the fact, that the [Ni(Mabiq)]OTf complex is active in photoredox transformation further 

screening for novel reactions is necessary. Possible applications can not only be found in 

organic transformations but also in light-driven small molecule activation e.g. CO2 reduction. 

The utilization of the nickel complex in organic transformations needs further elaboration of 

mechanistical aspects such as aggregation of substrate and catalyst or kinetic studies. These 

investigations might also solve the problem of so far only limited applicability of the 

photoactive catalyst. The photocatalytic activity of the other metal Mabiq complexes (Fe, Co, 

Cu, Zn) needs to be evaluated and applications need to be found. 

Besides all the unsuccessful trails towards ligand modification there are still some starting 

points for a novel ligand, active in either photoredox catalysis or small molecule activation. The 

attachment of carboxylic or sulfuric groups would give rise to a water-soluble catalyst. A 

phenanthroline or bipyridine based catalyst would on the one-hand-side erase the possibility for 

a bimetallic complex but would also alter the electronic and photophysical properties. 

Phenanthroline or bipyridine based complexes are also easier to modify due to commercially 

available precursors or easily synthetically accessible starting materials. 

The potential of the bimetallic complexes is still unknown but with further investigation these 

highly interesting complexes might have properties suitable for catalysis. With the preliminary 

data in hand, a first glance on highly active bimetallic complexes was given, but further studies 

with different supporting ligands or different second site metals atoms need to be performed.  

In conclusion, the Mabiq ligand in combination with various metal atoms, but especially with 

a nickel central atom exhibits unique properties concerning light-driven catalysis and further 

investigation on this metal complex is of high interest. 
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Zusammenfassung und Ausblick 

Basierend auf der starken Nachfrage nach neuartigen, kostengünstigen Metallkomplexen zur 

Anwendung in der Photokatalyse, fokussiert diese Arbeit auf die Synthese, Charakterisierung 

und die Modifikation eines Nickel Komplexes mit einem makrocyclischen Liganden. Weiterhin 

beschäftigte sich diese Arbeit mit der Evaluation von Photoredox-Reaktionen, welche durch 

den Nickel Komplex katalysiert werden können. Zuerst wurden die Synthese, 

Charakterisierung und die Modifikation des Liganden und des Komplexes untersucht. Die 

literatur-bekannten Bedingungen für die Ligandensynthese konnten optimiert und der Nickel 

Komplex konnte nach Reaktionsoptimierung in guten Ausbeuten erhalten werden. Des 

Weiteren war es möglich, den ein-Elektron reduzierten Ni(I)-Mabiq Komplex zu synthetisieren. 

Die photophysikalischen und elektronischen Eigenschaften der Nickel Komplexe konnten 

durch verschiedenste spektroskopische Analysemethoden wie z.B. NMR, IR, UV-Vis, SC XRD 

und Cyclische Voltammetrie evaluiert werden. Im Falle des Ni(I)Mabiq offenbarten DFT 

Berechnungen und EPR Experimente die Existenz eines Ligand zentriertes Radikals und eines 

Ni(II) Metallzentrums. Es war nicht möglich, den formal zweifach reduzierten Metallkomplex 

herzustellen. 

Die photoinduzierte Reduktion des Ni(II) zu dem entsprechenden Ni(I) Komplex konnte durch 

Bestrahlung einer Lösung des Komplexes in Dimethylformamid in Gegenwart von 

Triethylamin als Elektrondonor bei einer Wellenlänge von λ = 457 nm erreicht werden. Die 

Reaktion konnte mittels UV/Vis Spektroskopie verfolgt werden. Dieses Experiment deutete auf 

eine mögliche Anwendung in der Photoredox Katalyse hin. Erste Experimente zur Katalyse 

literatur-bekannte photoredox Reaktionen schlugen fehl. Schließlich zeigte sich, dass die 

intramolekulare Cyclisierung eines brom-alkyl substituierten Indolderivats durch den 

[Ni(Mabiq)]OTf Komplex katalysiert durchgeführt werden kann. Nach Optimierung der 

Reaktionsbedingungen konnte das Produkt in hoher Ausbeute erhalten werden. Die 

photophysikalischen Eigenschaften des Nickel Komplexes konnten auf Basis dieser 

katalytischen Aktivität untersucht werden. Ohne vorhandene Lumineszenz mussten das 

Redoxpotential im angeregten Zustand, die Lebenszeit des angeregten Zustandes und die 

Quantenausbeute des photochemischen Umsatzes auf eine alternative Art und Weise 

Fluoreszenz Lösung bestimmt werden. Um das Redoxpotential im angeregten Zustand zu 

bestimmen, wurde die Cyclisierungsreaktion mit Elektronendonoren durchgeführt, welche 

Redoxpotentiale mit einem zunehmendem Wert aufweisen. Ab einem Redoxpotential größer 

als (Eox = + 1.25 V vs. SCE) nahm die Ausbeute des Cyclisierungsprodukts ab. Daraus konnte 



54 

 

ein Redoxpotential für den angeregten Zustand von mindestens [E1/2 (Ni*II/NiI) = + 1.25 V vs. 

SCE] abgeschätzt werden. Durch eine literatur bekannte Korrelation zwischen der Lebenszeit 

des angeregten Zustandes und der Quantenausbeute für die licht-induzierte Reduktion des 

Metallkomplexes konnte eine Lösungsmittel abhängige Lebenszeit des angeregten Zustandes 

von τ = 1 – 10 ns bestimmt werden. Die Quantenausbeute wurde mit Hilfe von UV-Vis 

Experimenten bestimmt. Des Weiteren wurde die Quantenausbeute für die 

Cyclisierungsreaktion unter Verwendung des Nickel Katalysators sowie Ru(bpy)3
2+ bestimmt. 

Nach ersten erfolgreichen Photoredox-Experimenten wurde die Suche nach weiteren 

Anwendungen intensiviert. Die Verwendung des [Ni(Mabiq)]OTf Komplexes in Reaktionen 

mit unterschiedlichem mechanistischem Hintergrund sollte die Anwendbarkeit in der 

Photoredoxkatalyse untermauern. Eine neue Substratklasse, welche gleichzeitig 

α-Silylalkylamine und ein Michael Akzeptor als strukturelle Einheit enthalten, wurde 

untersucht. Die neuartigen Substrate konnten in einer drei-stufigen Synthese erhalten werden. 

Die Sequenz beinhaltete eine Carbonyl Kondensation, eine benzylische, radikalische 

Bromierung sowie eine nukleophile Substitution durch eine sekundäres α-Silylalkylamin. 

Jedoch konnte auch nach intensiver Reaktionsoptimierung mit dem Nickel Katalysator kein 

Umsatz zum gewünschten Produkt erzielt werden. Ein gängiger Iridium-basierter 

Photokatalysator erwies sich in der Photocyclisierung zu Tetrahydroisoquinolinprodukten als 

aktiv. Unter optimierten Bedingungen konnten 13 Substrate zu den entsprechenden THIQ 

Produkten in mäßigen bis guten Ausbeuten umgesetzt werden. In drei Fällen wurde die Bildung 

von Diastereomeren beobachtet. Die Relativkonformation im bevorzugten Diastereoisomer 

konnte durch Röntgenbeugungsexperimente evaluiert werden. Um Hinweise bezüglich des 

Mechanismus zu erhalten, wurde die Quantenausbeute bestimmt. Diese gab erste Hinweise auf 

einen geschlossenen Katalysezyklus mit einem direkten Elektronentransfer vom Substrat zum 

Metallkatalysator.  

 

Figure 1314: Bimetallische NiNiMabiqXanthphos Komplexe; Mitte: Kristallstruktur, rechts: DFT Berechnungen der 

Elektronenverteilung über den Metallkomplex. 
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Ein weiteres Ziel war es, ein zusätzliches Metall in die zweite Bindungstasche zu koordinieren. 

Der bimetallischen NiNi Komplex konnte durch Reaktion des Ni(II)MabiqOTf mit 

Ni(0)(COD)2 und Xanthphos als stabilisierendem Liganden synthetisiert werden. Der isolierte 

Komplex weist paramagnetische Eigenschaften auf, was auf eine Komproportionierung der 

Oxidationzustände der Metallzentren und eine Elektronenverteilung zu einem entsprechenden 

Ni(I)Ni(I) Komplex hindeutet. DFT Berechnungen untermauerten die Annahme einer 

Elektronenverteilung über den Liganden welche vergleichbar mit der des monometallischen 

Ni(I)Mabiq Komplexes und einem äußeren Ni(I) Metallzentrum ist. Weitere Experimente wie 

z.B. SQUID könnten weitere Informationen bezüglich der Elektronendistribution beisteuern. 

CV Experimente lieferten erste Informationen bezüglich der Redoxeigenschaften des 

bimetallischen Komplexes. Jedoch sollten diese Experimente mit hochreinem Metallkomplex 

erneut durchgeführt werden. Neben der Charakterisierung wurde erste photochemische 

Experimente mit Superelektronen Donoren durchgeführt. 

Weitere Anwendungen für den photoaktiven [Ni(Mabiq)]OTf Komplex in der 

Photoredoxkatalyse wurden getestet. Nicht nur organische Transformationen, auch die Licht 

induzierte Aktivierung kleiner Moleküle wie CO2 stellen dabei eine Option dar. Um weitere 

Anwendungen in der organischen Photoredoxkatalyse zu finden, sollten zusätzliche 

mechanistische Studien durchgeführt werden. Kinetische Studien oder Experimente, welche 

Hinweise auf eine Aggregation zwischen Substrat und Katalysator liefern, könnten auch 

Probleme bezüglich der bis dato limitierten Anwendbarkeit des Nickel Katalysators lösen. 

Außerdem sollte die photokatalytische Aktivität der anderen Metall Mabiq Komplexen (Fe, Co, 

Cu, Zn) untersucht werden. 

Neben den nicht erfolgreichen Ligand Modifikationen gab es weitere, noch nicht verfolgte 

Ansätze, um neuartige Liganden zu designen und zu synthetisieren. Die Installation von 

Carbon- oder Sulfon-Säuregruppen könnte die Löslichkeit des Liganden stark verbessern. Ein 

Phenanthrolin- oder Bipyridin-basierter Ligand würde zwar die zweite Bindungsstelle 

einbüßen, gleichzeitig jedoch die elektronischen und photophysikalischen Eigenschaften des 

Liganden stark beeinflussen. Diese Art von Liganden wären auch später einfacher zu 

modifizieren, da alle Edukte käuflich erwerblich oder in wenigen Schritten zu synthetisieren 

sind. 

Das Potential der bimetallischen Komplexe ist immer noch nicht vollständig evaluiert und 

weitere Untersuchungen bezüglich der Eigenschaften müssen durchgeführt werden. Jedoch 

deuten die erhaltenen, vorläufigen Daten auf hohe katalytische Aktivität hin. Durch Austausch 
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des unterstützenden Liganden oder den Einsatz anderer Metalle als sekundäres Zentrum 

könnten die Eigenschaften des Komplexes weiter angepasst werden.  

Zusammenfassend ist zu sagen, dass der Mabiq Ligand in Kombination mit verschiedenen 

Metallen, im Speziellen mit Nickel, einzigartige Eigenschaften in Licht induzierten 

Photoreaktionen aufweist und die weitere Untersuchung dieser Komplexe von großem Interesse 

ist.  
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Appendix 

Supporting Information Redox and photocatalytic properties of a Ni(II) complex 

with a macrocyclic biquinazoline (Mabiq) ligand. 
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Bimetallic Nickel Mabiq complex 

Synthesis of [NiNi(Mabiq)(Xanthphos)]OTf 

 

149 mg (199 μmol, 1.00 eq.) [Ni(Mabiq)]OTf, 72.1 mg (262 μmol, 1.32 eq.) Ni(cod)2 and 138 

mg (238 μmol, 1.20 eq.) xanthphos (4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) were 

suspended in 10 ml anhydrous MeCN and stirred at room temperature. The reaction colour 

turned from yellow to green. After twelve hours the solvent was removed and the resulting 

green solid was recrystallized from a THF/Pentane/Et2O mixture. 203 mg (146 μmol, 73%) of 

crude green solid were isolated.  

 

Figure 15: UV/Vis spectrum of bimetallic [NiNi(Mabiq)(Xanthphos)]OTf in THF (c = 0.08 mM). 
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Figure 16: DFT-derived (B3LYP) spin-density plot for [NiNi(Mabiq)(Xanthphos)]OTf based on Löwdin population analysis 

(isosurfacevalue = ±0.005). 

 

Figure 17: Molecular structure for [NiNi(Mabiq)(Xanthphos)]OTf (50% probability ellipsoids; hydrogen atoms omitted for 

clarity. 

Table 2: Selected bond length in molecular structure of [NiNi(Mabiq)(Xanthphos)]OTf. 

Bond Length in Ångström 

Ni1-N7 1.865 (4) 

Ni1-N6 1.869 (4) 

Ni1-N1 1.896 (4) 

Ni1-N3 1.898 (4) 

Ni2-N2 1.981 (4) 

Ni2-N4 2.016 (4) 

Ni2-P2 2.1874 (15) 

Ni2-P1 2.1921 (14) 

N2-C25 1.352 (6) 

N4-C1 1.321 (6) 

N7-C14 1.372 (6) 

N6-C12 1.369 (6) 
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Table 3: Selected bond angles in the molecular structure of [NiNi(Mabiq)(Xanthphos)]OTf. 

Bond Angles in degrees (°) 

N7-Ni1-N6 94.15 (17) 

N6-Ni1-N1 174.84 (18) 

N7-Ni1-N1 90.36 (17) 

N7-Ni1-N3 175.32 (16) 

N6-Ni1-N3 90.13 (17) 

N1-Ni1-N3 85.45 (16) 

N2-Ni2-P2 102.02 (12) 

N4-Ni2-P2 105.59 (12) 

N2-Ni2-P1 127.04 (13) 

N4-Ni2-P1 117.68 (12) 
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