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forbidden, radiative transition between two electronic states of different spin multiplicity. 

As a result, triplet states are long-lived (>100 ns).   

 

Figure 1.1. Jablonski diagram for the illustration of a molecule's electronic and vibronic states and the 
transition between the states. 

Long excited state lifetimes are crucial for photocatalysts, because it enables the excited 

catalyst to engage in bimolecular processes in solution (Figure 1.2).3 Common 

photocatalysts for organic synthesis are organometallic chromophores, organic dyes and 

semiconductors that absorb visible light. Upon absorption of light, the PC reaches an excited 

state (PC*) that can activate a target molecule (A, substrate or reagent) through energy or 

single electron transfer. Upon collision with A, PC* relaxes to the ground state, and in the 

process generates a reactive intermediate of the target molecule (A* ). A* then goes on to 

form the product either after or concurrent with its dissociation from PC. Thus, the lifetime 

of PC* must be longer than time it takes to diffuse to A. 

  

Figure 1.2. Key events to initiate reactions with a photocatalyst. 
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1.1.2 Single electron transfer 

The vast majority of photocatalytic reactions proceed via single electron transfer (SET) 

mechanisms (photoredox catalysis, PRC).6-7 Here, the excited photocatalyst is quenched by 

accepting or donating a single electron to a substrate, reagent or co-catalyst. This enables 

oxidative or reductive quenching cycles (Figure 1.4). In an oxidative quenching cycle, the 

excited photocatalyst (PC*) first transfers an electron to an acceptor (A), which in turn 

generates a reducing species (PCOX) that can subsequently accept an electron from a single 

electron donor (D) to close a catalytic cycle. Depending on reaction conditions, the inverse 

events occur to complete a reductive quenching cycle. 

 

Figure 1.4. Reductive and oxidative quenching cycles in photoredox catalysis. 
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Long excited state lifetime 

Photocatalysts with short lifetimes may relax to the ground state 

before they collide with another species in solution. It is crucial that 

the lifetime of an excited photocatalyst is long enough to activate a 

target molecule in a diffusion-controlled process.  

 

 

Absorption characteristics  

A strong absorbance over a broad range of wavelengths in the 

visible region (400-700 nm) is desirable for efficient use of 

(solar) light. Most organic molecules absorb only UV light. To 

prevent side reactions, an absorption overlap of the substrates 

and the catalyst should be avoided.34 Accessing long 

wavelengths overcomes not only selectivity issues, but also 

enables biological applications,35 increases the scalability of 

reactions36 and enables the opportunity to develop chromoselective reactions.37  

 

 

Preparation and sustainability   

The ideal synthesis of a photocatalyst is short, simple, scalable and 

reproducible. The precursors should be readily available. Common 

photocatalysts are based on expensive precious metal precursors, 

which is a drawback. Organic dyes are sustainable alternatives, but 

homogeneous photocatalysts are usually not recyclable. 

Heterogeneous photocatalysts are advantageous, because they can 

be separated from the reaction mixture by filtration or centrifugation. 
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1.3.3 Organic dyes 

Organic dyes such as xanthene dyes, benzophenones, cyanoarenes,39-41 acridinium salts42-43 

and boron dipyrromethenes (BODIPY) are intensively studies as metal-free alternatives to 

transition metal complexes.44  

 
Figure 1.8. Structures of common organic dyes used as photocatalyst.  

Many organic dyes are readily available or can be easily prepared and tuned by synthetic 

modifications. However, the short excited state lifetimes of most of these molecules are a 

major drawback.44-49 The majority of abundant organic dyes (e.g., fluorescein or rhodamine 

B) do not undergo intersystem crossing (Figure 1.9A). Upon excitation, they only reach 

short-lived singlet states, which quickly relax to the ground state via fluorescence. The 

collision of these singlet excited state species with another molecule in solution is 

statistically unlikely due to the limiting rate of diffusion, especially when the dye is present 

in catalytic amounts. Therefore, most of the current research using organic dyes as 

photocatalysts focuses on the design of photocatalysts that reach long-lived excited states.49 

Similar to organometallic complexes, some organic dyes such as cyanoarenes or eosin Y can 

reach long-lived triplet excited states through intersystem crossing (ISC) due to specific 

structural features, such as the heavy-atom effect,50 or tailored electron densities (Figure 
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1.9B).51 In addition to their short excited state lifetimes, some organic dyes are prone to 

degradation.42, 52  

 
Figure 1.9. Selection of organic dyes that are suitable (A) or unsuitable (B) as photocatalysts due to their 

excited state lifetimes.  
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1.3.5 Semiconductors 

A suitable alternative to homogeneous photocatalysts are heterogeneous medium band gap 

semiconductors.53 The energy difference between valence (VB) and conduction band (CD) 

enables the activation of such materials using visible light. When the semiconductor absorbs 

photons with sufficiently high energies, electrons are excited from the valence band (VB) 

into the conduction band (CB) thereby generating an oxidizing and a reducing species on a 

single particle at the same time. The electron holes in the VB (h+) can oxidize electron donors 

whereas the electrons in the VB are able to reduce electron acceptors via single-electron 

transfer.  

 
Figure 1.10. Charge separation in semiconductors upon light absorption. 

A major benefit of semiconductors is their chemical and thermal stability and that they do 

not suffer from degradation during photocatalytic reactions. In addition, these heterogeneous 

catalysts can be typically easily recycled through filtration or centrifugation. Unfortunately, 

they often suffer from lower activity compared to homogenous catalysts.  

 
 

Titanium dioxide (TiO2) 

Titanium dioxide has been used as a heterogeneous photocatalyst for multiple applications 

due to its high photoactivity and stability, as well as its low toxicity and abundance.54 The 

large band gap energy of ca. 3.2 eV limits its absorbance to ultraviolet (UV) light.55 

Irradiation with UV light can cause selectivity issues through the direct activation of 

substrate or reagents. The absorbance of TiO2 can be extended to visible light through the 

immobilization of sensitizers (dyes) on the surface of the metal oxide semiconductor .56 This 

is used in dye-sensitized solar cells (DSSCs)57 and dye-sensitized photocatalysts (DSPs) for 

H2 production,58 but rarely explored in organic synthesis.59  

Other inorganic semiconductors such as bismuth oxides, cadmium sulfide and cadmium 

selenide have smaller band gaps (2.1-2.8 eV) compared to TiO2 and absorb visible light, but 

are only rarely applied in organic synthesis.53  
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1.5 Aim of the thesis 

The aim of this doctoral thesis was to develop photocatalysts and methods that enable an 

efficient use of solar light and to study the influence of different wavelengths on 

photocatalytic reactions. A major focus of this doctoral study was the development of 

sustainable and efficient approaches using heterogeneous semiconductors.  

First, a graphitic carbon nitride was used as a photocatalysts for the cross-coupling of aryl 

halides and amines. The semiconductor absorbs up to ~500 nm, which was key for 

developing robust conditions for challenging substrates. Specifically, the reaction of 

electron-rich aryl bromides suffered from severe reproducibility issues, which were 

overcome by controlling the rate of oxidative addition and reductive elimination via the 

substrate concentration and the wavelength, respectively.  

The same catalyst enabled me and my collaborators to develop chromoselective reactions. I 

showed that a carbon nitrides can generate electron holes with different oxidation potentials 

depending on the irradiation wavelength. This allowed me to promote a photocatalytic 

reaction with green light selectively in the presence of a second substrate that is only photo-

oxidized when high energetic blue light is used. By combining this approach with 

biocatalysis, the (R)- and (S)-enantiomer of 1-phenyl-ethan-1-ol derivatives were selectively 

synthesized from the respective ethylbenzenes in photo-biocatalytic cascade reactions. 

In order to enable cross-coupling reactions with long wavelengths, I developed a strategy 

that was inspired by dye-sensitized solar cells.  Key to success was the immobilization of an 

organic dye and a nickel complex on the surface of TiO2. By studying different dyes and 

nickel complexes, I showed that such modular, self-assembling catalytic systems can harvest 

the entire visible light spectrum. More importantly, by studying different functional groups 

for the immobilization, I was able to attach the nickel complex and the dye permanently on 

the semiconductor. This resulted in a recyclable bifunctional catalyst for light-mediated 

cross-couplings. 
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Chapter 2 

Emerging concepts in photocatalytic organic 

synthesis 

Reischauer, S.; Pieber, B.  

iScience 2021, 24, 102209.  

https://doi.org/10.1016/j.isci.2021.102209 

 

Abstract 

Visible light photocatalysis has become a powerful tool in organic synthesis that uses 

photons as traceless, sustainable reagents. Most of the activities in the field focus on the 

development of new reactions via common photoredox cycles, but recently a number of 

exciting new concepts and strategies entered less charted territories. We survey approaches 

that enable the use of longer wavelengths and show that the wavelength and intensity of 

photons are import parameters that enable tuning of the reactivity of a photocatalysts to 

control or change the selectivity of chemical reactions.  In addition, we discuss recent efforts 

to substitute strong reductants, such as elemental lithium and sodium, by light, and 

technological advances in the field. 

 

Specific contribution 

I collected and organized the literature existing on the topic at the time (March 2021). I 

outlined a structure for the work, prepared figures, tables and schemes and wrote the 

manuscript. B. Pieber revised and corrected the manuscript. 
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2.3 The wavelength matters  

Most photocatalytic reactions, including the examples described above, rely on a small set 

of photocatalysts, such as homogeneous iridium or ruthenium polypyridyl complexes,30 a 

few organic dyes,31 and some semiconducting materials32 with suitable redox potentials or 

triplet energies, and long-lived excited states. One of the main drawbacks of these PCs is 

their limitation to highly energetic visible light (Figure 2.3).33 Photocatalytic strategies that 

use the entire visible light spectrum would enable efficient solar harvesting and are key for 

performing sustainable photochemical reactions with sunlight instead of artificial light 

sources. Further, photochemical systems that are able to use near IR irradiation allow the 

activation of photocatalysts through barriers, such as skin and tissue, which bears high 

potential for biological and medical applications.34 Many dyes absorb broadly across the 

visible light spectrum and their redox potentials and excited state energies are in theory 

suitable for photocatalysis, but these chromophores have low ISC rates, and therefore reach 

only short lived singlet excited states that are not suitable for photocatalysis.  

 

 

Figure 2.3. Onset of absorption of selected dyes and semiconductors. The suitability for photocatalysis depends 
on excited state lifetimes. 
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and metallaphotocatalytic transformations using NIR light showcased the broad applicability 

of this catalytic strategy. The extinction coefficients of Os(II) terpyridine complexes are 

lower compared to common PCs, which improves the scalability as showcased for an 

efficient photocatalytic trifluoromethylation on a mole scale in batch using a vessel with a 

large cross-sectional area.  

 

 

Figure 2.4. Strategies to access high wavelengths for photocatalytic synthesis. Functionalized TiO2 with non-
innocent ligands (A). Dye-sensitized metallaphotocatalysts (B). Triplet fusion upconversion (C). Spin-
forbidden excitation of osmium complexes (D). 
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Figure 2.5. Accessing different photocatalytic activities by controlling the energy and intensity of photons. 
Reactivity control of an iridium photocatalyst through the light intensity (A). Overcoming limitations in 
metallaphotocatalysis using carbon nitride photocatalysis by changing the wavelength (B). Chromoselective 
photo-chemo-enzymatic cascade reactions with a carbon nitride photocatalyst (C). Chromoselective 
photocatalysis with Rhodamin 6G (D).  
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This trade-off has serious implications, especially for scaling a photoreaction in batch. 

Continuous flow (micro)reactors are the technology of choice to overcome this bottleneck.57 
58 The narrow channel dimensions of flow reactors provide opportunities to ensure a uniform 

irradiation of the entire reaction mixture. Consequently, photochemical reactions can be 

substantially accelerated and scaled to higher quantities compared to batch reactors (Figure 

2.8). Flow chemistry is also the technology of choice for transformations involving multiple 

phases. The high surface-area-to-volume ratios are a consequence of the small reactor size, 

leading to efficient mass transfer between two (or even three) phases. In case of gaseous 

reagents, flow reactors further offer the opportunity to control the stoichiometry of gasses 

with mass-flow controllers, and are easily pressurized, which increases the solubility of 

gasses in the reaction mixture. 

 

Figure 2.8. Photochemistry in batch and flow reactors 

 

All of these advantages were recently combined in a photocatalytic gas/liquid process 

that enables the direct functionalization of light hydrocarbons via hydrogen atom transfer 

(HAT) (Figure 2.9, A).59 A solution of the HAT catalyst tetrabutylammoniumdecatungstate 

(TBADT) and an olefin starting material in a suitable solvent was mixed with gaseous 

methane, ethane, propane, or isobutene and fed into a 365 nm flow photoreactor at back 

pressures of 10 to 45 bar. Upon irradiation, the excited PC abstracts a hydrogen atom from 

the respective alkane. The resulting nucleophilic C-centered radical undergoes a conjugate 

addition onto the olefin. A subsequent hydrogen back-donation results in the desired product 

and restores TBADT. This transformation is difficult to access in batch reactors as efficient 

irradiation and high pressures are crucial for product formation. 

Similarly to the use of gaseous feedstock chemicals such as methane, the use of 

sunlight as energy source can greatly benefit from continuous flow chemistry. One approach 

to use sunlight efficiently combines continuous flow technology with luminescent solar 
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concentrators (LSCs, Figure 2.9, B).60  LSCs are made by dispersing a luminophore in a 

waveguide, such as polymeric materials or glass. Light penetrates the surface of the 

waveguide and is absorbed by the luminophore. Re-emitted photons are guided and 

concentrated by total internal reflection towards the edge of the device. The adaption of this 

principle to continuous flow synthesis was realized using a chip based reactor made out of 

PDMS that was doped with the fluorescent dye Lumogen F red 305. This dye absorbs visible 

light from ~400-600 nm and re-emits light at ~600-700 nm. The emitted light perfectly 

overlaps with the absorption spectrum of methylene blue, a common triplet photosensitizer. 

The authors studied the singlet oxygen cycloaddition to 9,10-diphenylanthracene using 

sunlight during a cloudy day and showed that this reactor is significantly more efficient than 

non-doped reactors.  

 

Figure 2.9. Flow-photocatalysis. C(sp3)-H functionalization of light hydrocarbons using photocatalysis in flow 
(A). Luminescent solar concentrator for energy efficient flow chemistry using sunlight (B). 
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Figure 2.10. Heterogeneous Photocatalyst in Flow. Decarboxylative fluorination of phenoxy acid derivates in 
flow with the use of serial micro-batch reactors (A). Dual nickel/carbon nitride amination using an oscillatory 
plug flow reactor (B). 

A metallaphotocatalytic C-N cross coupling was also used as benchmark reaction for 

a continuous stirred tank reactor (CSTR) equipped with a continuous wave laser that 

achieves high productivities (Figure 2.11).63 Continuous wave lasers have several 

advantages compared to standard LEDs, including the ability to measure the output power, 

the coherence of light, the ability to shape the beam, and a significantly higher intensity. The 

researchers coupled a 405 nm laser with an adjustable beam expander and studied the 
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Figure 2.12. Comparison of photoredox catalysis (A) and mechanoredox catalysis (B). 
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characterizations of materials and studies on the Ni-black formation. B. Pieber, S. Gisbertz 

and I wrote the manuscript. B. Pieber revised and corrected the manuscript and directed the 

research study. 

 

Supporting Information  

All experimental procedures and analytical data are available in the supporting information 

in the appendix or through the website of the Publisher. DOI: 10.1038/s41929-020-0473-6. 
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Table 3.2. Scope of the semi-heterogeneous amination of amines and aryl bromides.[a] 

 
aReaction conditions: aryl bromide (1.2 mmol), amine (3.6 mmol), CN-OA-m (20 mg), NiBr2·3H2O (30 µmol), DMAc 
(anhydrous, 6.0 mL), white LEDs at 40 °C. Isolated yields are reported. For experimental details, see the Supplementary 
Information. b5 mol% NiBr2·3H2O were used. c10 mol% pyrrolyidine were added. dThe reaction was carried out on a 0.6 
mmol scale. e3 equivalents N-tert-butylisopropylamine were added. fYield was determined by 1H-NMR using 1,3,5-
trimethoxybenzene as internal standard.  
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Figure 3.2. Catalyst deactivation during the reaction of 4-bromofluorobenzene with pyrrolidine. a, 
Reproducibility using blue (450 nm) and green (520 nm) LED irradiation. The reaction mixture turned dark 
green or black and suffered from severe reproducibility issues at 450 nm, whereas almost no color change and 
reproducible results were obtained at 520 nm. HAADF-STEM images show nickel particle agglomerates 
(bright spots) on CN-OA-m recovered the experiment using blue light and almost no agglomerates when 520 
nm were used. c, Nickel-black formation was also observed using the homogeneous (Ir[dF(CF3) 
ppy]2(dtbbpy))PF6 ( = [Ir]) photocatalyst and in the PRC-free reaction using UV light. For experimental details, 
see the Supplementary Information. 
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Figure 3.4. Reduction of catalyst deactivation using higher wavelengths. a, Time study for the coupling of 
methyl 4-bromobenzoate and pyrrolidine using white (RGB) and green (~520 nm) LED irradiation. The 
heterogeneous photocatalyst turned green using white light (RGB) irradiation whereas no color change was 
observed when green light (~520 nm) was used. b, The recyclability of CN-OA-m is excellent using green 
(~520 nm) LEDs. Deactivation of the PRC by nickel-black depositions was observed using white (RGB) LEDs. 
For experimental details, see the Supplementary Information. 

Scanning transmission electron microscopy (STEM) of CN-OA-m from both recycling 

studies showed a significant amount of nickel agglomerates (nickel-black) for CN-OA-m 

from the experiments using white LEDs, whereas almost no agglomerates were detected on 

the semiconductor recovered from the recycling study using green LEDs (see Supplementary 

Information).  

Finally, we sought to determine if deactivation of the nickel catalyst could also be avoided 

when less nucleophilic, primary amines are used. These substrates are usually less efficient 
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Chapter 4 

Chromoselective Photocatalysis Enables 

Stereocomplementary Biocatalytic Pathways 

 

Schmermund, L.; Reischauer, S.; Bierbaumer, S.; Winkler, C.; Diaz-Rodriguez, A.; 

Edwards, L.; Kara, S.; Mielke, T.; Cartwright, J.; Grogan, G.; Pieber, B.; Kroutil, W. 

Angew. Chem. Int. Ed. 2021, 60, 6965-6969. 

https://doi.org/10.1002/anie.202100164 
 

 

Abstract 

Controlling the selectivity of a chemical reaction with external stimuli is common in thermal 

processes, but rare in visible-light photocatalysis. Here we show that the redox potential of 

a carbon nitride photocatalyst (CN-OA-m) can be tuned by changing the irradiation 

wavelength to generate electron holes with different oxidation potentials. This tuning was 

the key to realizing photo-chemo-enzymatic cascades that give either the (S)- or the (R)-

enantiomer of phenylethanol. In combination with an unspecific peroxygenase from 

Agrocybe aegerita, green light irradiation of CN-OA-m led to the enantioselective 

hydroxylation of ethylbenzene to (R)-1-phenylethanol (99% e.e.). In contrast, blue light 

irradiation triggered the photocatalytic oxidation of ethylbenzene to acetophenone, which in 

turn was enantioselectively reduced with an alcohol dehydrogenase from Rhodococcus ruber 

to form (S)-1-phenylethanol (93% e.e.). 
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Specific contribution 

L. Schmermund and W. Kroutil conceived the research study. L. Schmermund, W. Kroutil, 

B. Pieber and I designed all experiments. L. Schmermund, S. Bierbaumer and I performed 

all synthetic experiment. I synthesized the photocatalyst. C. Winkler built the photoreactor. 

T. Mielke, J. Cartwright, G. Grogan, A. Diaz-Rodriguez and L. Edwards provided the 

enzyme and reference compounds. L. Schmermund wrote the manuscript with contribution 

from S. Reischauer, B. Pieber and W. Kroutil. 

 

Supporting Information  

All experimental procedures and analytical data are available in the supporting information 

in the appendix or through the website of the Publisher. DOI: 10.1002/anie.202100164. 
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4.1 Introduction  

Many parameters influence the selectivity of a chemical reaction.1-2 For instance, catalytic 

reactions can be controlled by varying the catalyst/coordinated ligands, directing groups3-6 

or by tuning external parameters (Scheme 4.1, A).1, 7 The selectivity of photochemical 

reactions varies with different wavelengths,8 but examples that use this for visible-light 

photocatalysis are rare.9-13  

In one example, selective control between either a one- or two-fold substitution of 1,3,5-

tribromobenzene with N-methylpyrrole using Rhodamin 6G (Rh-6G) as photocatalyst was 

demonstrated (Scheme 4.1, B)9 This selectivity switch is explained by the chromoselective 

generation of two photocatalytic species that differ in their reduction potential. Green light 

irradiation results in a common photoredox cycle and the expected mono-substituted 

product. In case of blue light, the Rh-6G radical anion, which is formed after quenching of 

Rh-6G* with a sacrificial electron donor, can absorb a second photon, resulting in the highly 

reducing Rh-6G.-* species that enables the formation of the di-substituted product.9 

 

4.2 Results and discussion 

Here we show that electron holes with different oxidation potentials can be generated using 

a heterogeneous carbon nitride (CN) catalyst by changing the incident photon energy. The 

combination of this strategy with two enantioselective biocatalysts14 allowed us to 

selectively produce the (S)- or (R)-enantiomer of a chiral alcohol in photo-chemo-enzymatic 

reaction sequences (Scheme 4.1C). 
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hydroxylation of ethylbenzene derivatives catalysed by the unspecific peroxygenase 

(UPO)24-27 from A. aegerita28-29 (AaeUPO) acting as chiral catalyst.30-40 

We hypothesized that a chromoselective activation of CN-OA-m with green light enables 

the selective formation of H2O2 in the presence of ethylbenzene (1) and the AaeUPO, which 

in turn catalyses the asymmetric hydroxylation of 1 (Figure 4.2). Performing the reaction in 

tricine buffer using 528 nm LEDs indeed resulted in a high selectivity towards (R)-1-

phenylethanol formation [(R)-2a, up to 3.8 mM, 98% e.e.] with low amounts (3%) of 

acetophenone (3a). When the same reaction was carried out using shorter wavelengths, 3a 

became the main product, thus supporting our hypothesis. Ketone (3a) formation was also 

the preferred reaction in the presence of blue light in phosphate buffer. It is worth to note, 

that the type of buffer had a significant influence on the outcome on the reaction, whereby 

the molecular reason needs to be clarified.  

 

 

 

Figure 4.2. Influence of different wavelengths and buffers on the photoenzymatic hydroxylation of 
ethylbenzene; reaction conditions: AaeUPO (25 nM), ethylbenzene (10 mM), CN-OA-m (2 mg mL-1), MeOH 
(250 mM), KPi (100 mM, pH 7.5) or tricine (100 mM, pH 7.5), 455 nm (1440 µmol photons m-2 s-1) or 528 nm 
(1330 µmol photons m-2 s-1), 30 °C, 8 h. 
 

It was previously shown that UPOs are deactivated in the presence of blue light, a 

photocatalyst and O2 due to the generation of reactive oxygen species (ROS) that harm the 

enzyme.41-42 Consequently, one might expect that green light might be less harmful to the 
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Recycling experiments further showed that CN-OA-m can be reused by centrifugation and 

one washing step with water. CN-OA-m was reused three times after drying at room 

temperature. Transferring the photo-chemo-enzymatic hydroxylation from a total volume of 

1 mL in 1.5 mL glass vials successfully to a larger scale (7 mL volume, 10 mL tubes) in 

another photoreactor (provided by GlaxoSmithKline, S5),43-44 showed the robustness and 

reproducibility of the approach. The hydroxylation of 1a worked equally well giving up to 

7.5 mM of (R)-2a.  

Recently, photo-chemo-biocatalytic cascades were reported combining a photoredox 

oxidation of ethylbenzene with an enzymatic reduction.45-46 In a related approach a photo-

chemo-biocatalytic cascade that yields the corresponding (S)-enantiomers was set up by 

taking advantage of the chromoselective activation of CN-OA-m (Scheme 4.3). The blue-

light mediated oxidation of 1a to 3a proceeded smoothly in KPi buffer. The resulting ketone 

(3a) was stereoselectively reduced using an alcohol dehydrogenase (ADH-A) from 

Rhodococcus ruber in presence of NAD+ as cofactor.47 The optimized two-step one-pot 

procedure led to 2.5 mM (S)-2a with an e.e. of 93%. The lower e.e. obtained in the 

photochemo-enzymatic cascade compared to previous reports by ADH-A (e.e. 99%),48 can 

be explained by the formation of a small amount of rac-1-phenylethanol during the 

photocatalytic reaction under blue light irradiation (Table S4.1). This cascade represents a 

stereocomplementary pathway compared to the pathway with AaeUPO using the same 

photocatalyst. Interestingly, it was noticed that MeOH was not required for the reaction to 

hydroxylate ethylbenzene with AaeUPO. Without MeOH the same concentration of product 

was detected. Thus, the reaction is possible without a sacrificial electron donor like MeOH 

or formate, which is in contrast to some examples reported in literature.30, 49 For practical 

reasons, MeOH was still used since it simplified the preparation of stock solutions of the 

hydrophobic substrates. To test whether the cascade can also be transferred to other 

substrates, para- and ortho-bromo substituted ethylbenzene (1g, 1h) were investigated: 

Using the blue-light pathway, (S)-2g was obtained with an e.e. of >99% (1 mM) and (S)-2h 

with an e.e. of 94% (1.4 mM). 
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Scheme 4.3. Light-driven enantioselective oxyfunctionalizations of 1a by using chromoselective CN-OA-m 
and AaeUPO or ADH-A. 

 

To the best of our knowledge this is the first example in which it was possible to utilize the 

same photocatalyst to either oxidize an organic substrate or to provide in situ formed H2O2 

without photocatalytic oxidation of the substrate, all controlled only by the choice of the 

wavelength. 

 

4.3 Conclusion 

In summary, we showed that electron holes with different oxidation potentials can be 

generated using a carbon nitride material by simply changing the photon energy. In the 

presence of blue light this enables the oxidation of ethylbenzene to acetophenone in an 

aqueous solution. Using green light, the organic substrate does not react and only H2O2 is 

formed. This was the key for designing chromoselective photo-chemo-enzymatic cascade 

reactions. Selective hydrogen peroxide generation enabled the hydroxylation of 

ethylbenzene to give (R)-1-phenylethanol (R)-2a using an UPO, whereas the photocatalytic 

oxidation to acetophenone was coupled with an enantioselective reduction to (S)-1-

phenylethanol (S)-2a by an ADH. Additionally, low energy photons (green light) increased 

the stability of UPO compared to blue light, which permitted the expansion of the substrate 

scope of this enzyme. Controlling the outcome of a photocatalytic reaction merely through 

the choice of wavelength employed presents exciting new options in reaction design and 

could be an important new tool for controlling reactivity and stereoselection in organic 

synthesis. 
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Chapter 5 

Modular, self-assembling metallaphotocatalyst for 

cross couplings using the full visible-light spectrum 

 

Reischauer, S.; Strauss, V.; Pieber, B.; 

ACS Catal., 2020, 10, 13269-13274. 

https://doi.org/10.1021/acscatal.0c03950 

 

Abstract 

The combination of nickel- and photocatalysis has unlocked a variety of cross couplings. 

These protocols rely on a few photocatalysts that can only convert a small portion of visible 

light (<500 nm) into chemical energy. The high-energy photons that excite the photocatalyst 

can result in unwanted side reactions. Dyes that absorb a much broader spectrum of light are 

not applicable due to their short-lived excited states. Here we describe a self-assembling 

catalyst system that overcomes this limitation. Immobilization of a nickel catalyst on dye-

sensitized titanium dioxide results in a material that catalyzes carbon-heteroatom and 

carbon-carbon bond formations. The modular approach of dye-sensitized 

metallaphotocatalysts (DSMPs) accesses the entire visible light spectrum and allows 

tackling selectivity issues resulting from low-wavelengths strategically. The concept 

overcomes current limitations of metallaphotocatalysis by unlocking the potential of dyes 

that were previously unsuitable. 

 

Specific contribution 

Together with B. Pieber, I conceived the idea behind this project. I verified its feasibility and 

prepared catalysts and reagents. After optimizing the reactions, I studied the recycling of the 

catalyst and evaluated scope and limitations of this protocol. V. Strauss performed the 

spectrophotometric titrations. I wrote the manuscript and B. Pieber revised and corrected the 

manuscript. 

https://doi.org/10.1021/acscatal.0c03950
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Supporting Information  

All experimental procedures and analytical data are available in the supporting information 

in the appendix or through the website of the Publisher. DOI: 10.1021/acscatal.0c03950. 
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Figure 5.1. Working hypothesis towards a modular, heterogeneous metallaphotocatalyst. Cross-coupling 
reactions using homogeneous metallaphotocatalysis (A). Onset of absorption of photocatalysts. The suitability 
for homogeneous metallaphotocatalysis depends on excited state lifetime (B). Dye-sensitized 
metallaphotocatalysts (DSMP) are proposed to overcome excited state lifetime limitations (C). 
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Supporting Information  

All experimental procedures and analytical data are available in the supporting information 

in the appendix or through the website of the Publisher. DOI: 10.1002/cptc.202100062. 
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Table 6.3. Scope.[a] 

 

Similar to the previously reported DSMPs, in which the nickel complex and a dye were 

equipped with carboxylic acid groups,17 the catalytic system reported herein self-assembles 

in situ. To characterize the functional heterogeneous catalysts, an ex situ preparation was 

carried out (Figure 6.2). Therefore, the respective semiconductor material was dispersed in 

MeCN, followed by addition of dpbpy, the nickel salt and the dye (optional) (Figure 6.2, A). 

 The mixture was stirred overnight and the resulting material was isolated by centrifugation, 

washing and lyophilisation (see SI for details). Inductive coupled plasma - optical emission 

spectroscopy (ICP-OES) was used to study the amount of nickel, phosphorus and ruthenium. 

In case of the functionalized carbon nitride material (Cat 1), a nickel loading of 21.1 mg g-1 

(corresponding to 1 mol% NiBr2
.3H2O) and a phosphorus content of 71.2 mg g-1 

(corresponding to 3 mol% dpbpy) was determined. For the variant using dye-sensitized TiO2 

(Cat 2), a nickel loading of 4.18 mg g-1 (corresponding to 1 mol% NiBr2
.3H2O), a Ru loading 

of 4.59 mg g-1 (corresponding to 0.7 mol% Ru(bpy)2(dpbpy)) and a phosphorus content of 

32.2 mg g-1 (corresponds to 8.2 mol% dpbpy as ligand in the nickel salt and 

Ru(bpy)2(dpbpy)) was measured. The significant difference in the nickel loadings were 

further confirmed by energy-dispersive X-ray spectroscopy (EDX) analysis (Table S6.11 

and S6.13), and is likely responsible for the different catalytic activity of the functionalized 

materials in the model reaction. The UV-Vis spectrum of the functionalized carbon nitride 

confirms its absorption up to ~700 nm (Figure 6.2, B), which is similar to the non-


















































































































































































































































































































































































































































































































































































































































































