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Summary 

The selective formation of carbon-heteroatom bonds is important in synthetic organic 

chemistry due to the presence of heteroatoms in multiple natural products and active 

pharmaceutical ingredients. Over the last decade, photocatalysis has become a powerful tool 

for the formation and cleavage of bonds in synthetic chemistry. Carbon–carbon and carbon–

heteroatom bond forming reactions that traditionally required rare and sophisticated palladium 

catalysts can be carried out using nickel catalysis in combination with visible-light 

photocatalysis under mild conditions. Key to the success of this strategy is the ability of the 

photocatalyst (PC) to engage in energy or electron transfer events that activate 

thermodynamically stable NiII intermediates and induce reductive elimination of the desired 

products. Still, the need of a dedicated photocatalyst based on noble metals, such as iridium- 

or ruthenium-polypyridyl complexes, represents a major drawback that results in high costs, 

tedious purification procedures, and renders the sustainability of these reactions low. 

Heterogeneous semiconductors that absorbs visible light are emerging as promising and 

sustainable alternatives to homogeneous noble metal-based photocatalysts (Chapter 2). In 

particular, graphitic carbon nitrides, a class of metal-free, polymeric semiconductors, are 

promising candidates for replacing homogeneous photocatalysts. These materials can be 

prepared from inexpensive and abundant bulk chemicals and absorb visible light up to 700 nm. 

Light irradiation generates an electron-hole pair, consisting of an excited electron in the 

conduction band and an electron hole in the valence band of the semiconductor, which can 

induce a single electron transfer event. A combination of the carbon nitride material CN-OA-

m, a NiII salt and a bipyridyl ligand can catalyze the cross-coupling of aryl iodides and 

carboxylic acids using white light irradiation (Chapter 3). The carbon nitride material was 

prepared by polymerization of urea and oxamide and is insoluble in all common organic 

solvents. Simple centrifugation of the reaction mixture allowed recovering and reusing the 

photocatalyst up to five times without loss in reactivity.  

The applicability of the heterogeneous photocatalyst was expanded to related C–N cross 

couplings. The deactivation of the nickel catalyst by the photocatalyst is responsible for 

limitations and reproducibility issues. (Chapter 4). Suitable methods that allow controlling the 

rate of oxidative addition and reductive elimination, or by stabilizing a key intermediate, 

expanded significantly the scope of this reaction. 
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A specially adapted continuous flow method was applied to run the improved C–N coupling 

method on large scales (Chapter 5). By combining an oscillatory pump with a microstructured 

plug flow photoreactor, a stable suspension of the heterogeneous photocatalyst can be 

maintained, circumventing clogging of the reactor channels. Short residence times (20 min) 

were achieved using optimized conditions and the recyclability of the photocatalyst was 

demonstrated over 10 cycles with no loss of activity. Moreover, the method was applied for 

the gram scale synthesis of an intermediate of the active pharmaceutical ingredient tetracaine. 

In metallaphotocatalysis, an exogeneous photocatalyst is normally responsible for utilizing the 

energy of photons to activate a nickel catalyst for carbon–heteroatom cross-couplings. A new 

ligand, 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy), was developed that forms a nickel complex, 

which absorbs light up to 450 nm. This homogeneous complex promotes the cross-couplings 

of aryl halides with various nucleophiles to form C–S, C–O and C–N bonds using visible light 

in the absence of an exogenous photocatalyst. The ligand can be polymerized to form porous 

organic polymer. This heterogeneous ligand framework can immobilize nickel and catalyze 

visible-light-mediated cross-couplings with similar activity to the homogeneous analogue. The 

heterogeneous catalytic material can be recovered after the reaction and reused several times 

without addition of the nickel salt at each cycle (Chapter 6). 
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Zusammenfassung 

Die Knüpfung von Kohlenstoff-Heteroatom-Bindungen ist aufgrund des häufigen 

Vorkommens von Heteroatomen in zahlreichen Naturstoffen und pharmazeutischen 

Wirkstoffen ein wichtiges Forschungsgebiet in der synthetischen organischen Chemie. In den 

letzten zehn Jahren hat sich die Photokatalyse zu einem leistungsstarken Werkzeug für die 

Bildung und Spaltung von Bindungen in der Synthesechemie entwickelt. Kohlenstoff-

Kohlenstoff- und Kohlenstoff-Heteroatom-Bindungsbildungsreaktionen, die traditionell 

seltene und hochentwickelte Palladiumkatalysatoren erforderten, können durch Nickelkatalyse 

in Kombination mit Photokatalyse mit sichtbarem Licht unter milden Bedingungen vollzogen 

werden. Der Schlüssel zum Erfolg dieser Strategie ist die Fähigkeit des Photokatalysators (PC), 

an Energie- oder Elektronentransferereignissen teilzunehmen, die thermodynamisch stabile 

NiII-Zwischenstufen aktivieren und somit eine reduktive Eliminierung der gewünschten 

Produkte induzieren. Die Notwendigkeit eines speziell angepassten Photokatalysators auf 

Basis von seltenen Edelmetallen wie Iridium- oder Ruthenium-Polypyridyl-Komplexen ist 

nachteilig, da die hohen Kosten und langwierigen Reinigungsverfahren die Nachhaltigkeit 

dieser Reaktionen negativ beeinflussen. 

Als vielversprechende und nachhaltige Alternativen zum homogenen PC entwickeln sich 

heterogene Halbleiter, die sichtbares Licht absorbieren (Kapitel 2). Insbesondere graphitische 

Kohlenstoffnitride, eine Klasse metallfreier, polymerer Halbleiter, sind Hoffnungsträger für 

einen geeigneten Ersatz der seltenen, homogenen Photokatalysatoren. Diese Materialien 

können aus günstigen und reichlich vorhandenen Massenchemikalien hergestellt werden und 

absorbieren sichtbares Licht bis zu 700 nm. Eine Bestrahlung mit Licht erzeugt ein Elektron-

Loch-Paar, bestehend aus einem angeregten Elektron im Leitungsband und einem Elektron-

Loch im Valenzband des Halbleiters, die einen Einzelelektronentransfer induzieren können. 

Eine Kombination aus dem Kohlenstoffnitridmaterial CN-OA-m, einem NiII-Salz und einem 

Bipyridyl-Liganden kann die Kreuzkupplung von Aryliodiden und Carbonsäuren unter 

Weißlichtbestrahlung katalysieren (Kapitel 3). Das Kohlenstoffnitridmaterial wurde durch 

Polymerisation von Harnstoff und Oxamid hergestellt und ist in allen gängigen organischen 

Lösungsmitteln unlöslich. Durch einfaches Zentrifugieren des Reaktionsgemisches konnte der 

Photokatalysator bis zu fünfmal ohne Reaktivitätsverlust gewonnen und wiederverwendet 

werden. 
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Die Anwendbarkeit des heterogenen Photokatalysators wurde auf verwandte C–N-

Kreuzkupplungen ausgeweitet. Die Deaktivierung des Nickelkatalysators durch den 

Photokatalysator ist ist für Limitierungen in der Anwendung und eine schlechte 

Reproduzierbarkeit verantwortlich (Kapitel 4). Geeignete Methoden, die es ermöglichen, die 

Geschwindigkeit der oxidativen Addition und reduktiven Eliminierung zu kontrollieren oder 

ein Schlüsselintermediat zu stabilisieren, erweiterten den Anwendungsbereich dieser Reaktion 

erheblich. 

Eine speziell angepasste kontinuierliche Durchflussmethode wurde angewendet, um die 

verbesserte C-N-Kopplungsmethode im großen Maßstab durchzuführen (Kapitel 5). Durch die 

Kombination einer Oszillationspumpe mit einem mikrostrukturierten Pfropfenströmungs-

Photoreaktor kann eine stabile Suspension des heterogenen Photokatalysators aufrechterhalten 

werden, wodurch ein Verstopfen der Reaktorkanäle vermieden wird. Unter optimierten 

Bedingungen wurden kurze Verweilzeiten (20 min) erreicht und die Recyclingfähigkeit des 

Photokatalysators über 10 Zyklen ohne Aktivitätsverlust nachgewiesen. Darüber hinaus wurde 

das Verfahren zur Synthese eines Zwischenprodukts des Wirkstoffs Tetracain im 

Grammmaßstab eingesetzt. 

In der Metallaphotokatalyse ist normalerweise ein exogener Photokatalysator dafür 

verantwortlich, die Energie von Photonen zu nutzen, um einen Nickelkatalysator für 

Kohlenstoff-Heteroatom-Kreuzkupplungen zu aktivieren. Der synthetisierte Ligand 5,5’-

Dicarbazolyl-2,2’-bipyridyl (czbpy) bildet mit Nickel einen Komplex, der Licht bis zu 450 nm 

absorbieren kann. Der gebildete, homogene Nickelkomplex ist in der Lage die 

Kreuzkupplungen von Arylhalogeniden mit verschiedenen Nukleophilen unter Bildung von C–

S-, C–O- und C–N-Bindungen mit sichtbaren Licht und ohne zusätzlichen Photokatalysator zu 

ermöglichen. Der Ligand kann zu einem porösen organischen Polymer umgesetzt werden. 

Dieses heterogene Ligandengerüst kann Nickel immobilisieren und durch sichtbares Licht 

vermittelte Kreuzkupplungen mit ähnlicher Aktivität wie das homogene Analogon 

katalysieren. Das heterogene, katalytische Material kann nach der Reaktion zurückgewonnen 

und mehrmals, ohne Zugabe des Nickelsalzes bei jedem Zyklus, wiederverwendet werden 

(Kapitel 6). 
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Chapter 1 

Introduction 

This chapter provides a foundation for the scientific background and notions necessary to 

understand the concepts utilized within this thesis. Chapters 2 - 6 report the publications 

listed at page vii, reformatted but with unaltered content. For each publication, supporting 

information containing experimental details is included. A discussion of the individual 

projects and their interpretation within the overall dissertation is given in Chapter 7. 

1.1 C–N cross-couplings 

Aryl amines are common core motifs in many natural products, agrochemicals and 

pharmaceutically-relevant compounds.1-2 Transition metal catalyzed C–N cross-coupling 

reactions enable rapid construction of this scaffold from relatively simple starting materials.3 

The Pd-catalyzed coupling of amines with aryl (pseudo)halides is the most applied method 

to form (hetero)aryl amines in academia and industry.2, 4 This reaction was independently 

developed by the groups of Buchwald5 and Hartwig6 and was inspired by earlier efforts of 

Migita and co-workers using amino stannane reagents7. In their initial studies, a range of 

secondary amines were coupled with functionalized bromoarenes to the corresponding 

arylamines using tri-o-tolylphopshine (P(o-tol)3) as ligand for a Pd0 species, which is formed 

in situ from a PdII precatalyst. Mechanistic studies revealed that the catalytically Pd0 species 

2, containing one phosphine ligand, is formed after reduction of PdII precursor and through 

initial reversible dissociation of one phosphine ligand from inactive Pd0 species 1 (see 

Scheme 1.1, A).8 After that, oxidative addition of an aryl halide to 2 occurs and dimeric 

complex 3 is formed, which equilibrates with the corresponding monomer. It was examined 

that palladium in the presence of primary amines shows the tendency to form catalytically 

inactive palladium bis(amine) complexes by the reaction of 3 with an excess of the amine. 

This is admittedly responsible for the insufficient coupling of primary amines using the first 

generation of phosphine ligands.9 In the case of bromide bridged dimers, the cleavage of 3 

readily proceeds in the presence of an amine to form 4. In contrast, the process to cleave the 

iodide bridged analogue was found to be endergonic, which might be responsible for the 

lower efficiency observed in the amination of aryl iodides compared to aryl bromides.9 Due 
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to the enhanced acidity of the amine that results from the coordination to the palladium center 

in complex 4, the N-nucleophile can be deprotonated by a strong metalorganic base, such as 

MOtBu (M = Li, Na) or LiN(SiMe3)2. The resulting three-coordinate PdII alkylamido 

complex 5 can subsequently undergo reductive elimination to form the desired C–N bond. 

A -hydride elimination from a palladium imine complex, which can be formed from 5 and 

leads to the formation of the reduced arene, competes with the reductive elimination of the 

desired product.  

 

Scheme 1.1. Catalytic cycle proposed for the Pd-catalyzed amination of aryl halides using monophosphine 

ligands. 

 

In comparison to other strategies for the formation of C(sp2)-N bonds, such as nucleophilic 

aromatic substitutions (SNAr),10 or copper-mediated Ullmann-Goldberg11-13 and Chan-Lam 

couplings,14-15 the Pd-catalyzed Buchwald-Hartwig amination has a significantly broader 

substrate, and often works under milder conditions. Though some drawbacks of the 

Ullmann-Goldberg coupling, for example, have been overcome through the combination of 

copper-based catalyst with chelating ligands11-12, 16 The success of the Buchwald-Hartwig 

coupling results from the strategic development of phosphine-, and NHC-ligands by rational 

design (Figure 1.1). More specifically, different generations of ligands were developed over 

the last 25 years to fine-tune the performance and broaden the scope of this transformation 

based on mechanistic insights.4  
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Figure 1.1. Ligand evolution in palladium-catalyzed C–N cross-couplings. 

The use of chelating aromatic bisphosphine ligands, like 2,2'–Bis(diphenylphosphino)–1,1'–

binaphthyl (BINAP)17 or 1,1'-Bis(diphenylphosphino)ferrocene (dppf)18 as second 

generation of phosphine ligands facilitates reductive elimination of the desired product, 

thereby minimizing -hydride elimination, which leads to undesired side-products in the 



 

Chapter 1 

 

8 

case of monophosphine ligands. This can be rationalized by the chelating effect that 

precludes the equilibration between four-coordinate PdII alkylamido complex 9 and an 

undesired palladium imine complexes that results from -hydride elimination (see Scheme 

1.2).  

 

Scheme 1.2. Catalytic cycle proposed for the Pd-catalyzed amination of aryl halides using chelating 

bisphosphine as the ligand. 

Thereby, successful arylation of primary amines was achieved.18-19 The complexes with 

these bidentate ligands enabled additionally the coupling of aryl iodides,20 triflates,21 for the 

first time tosylates22 and the amination of aryl chlorides under mild conditions in certain 

cases.22 More sterically hindered bisphopshine variants enabled a broader scope of aryl 

halides and pseudohalides as well as N-nucleophiles.4 

 

The oxidative addition of the aryl halide was identified as the rate-limiting step for 

bisphopshine ligands.4 High temperatures were required and the amination of aryl chlorides 

was still limited.22-23 Catalysts with higher activity that extend the substrate scope and allow 

for milder reaction conditions required synthesis of ligands that facilitate oxidative addition 

by increasing the electron density around the metal center. This was realized by sterically 

hindered dialkylbiaryl monophosphine ligands.24 Strategic ligand design, which further 

included alkyl groups at the phosphine center of the ligand to promote oxidative addition 
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and enhanced steric bulk to support reductive elimination led to increased performance of 

the formed Pd complexes (Figure 1.2). 

 

Figure 1.2. Influences of structural features of a dialkylbiaryl phosphine ligand onto the reaction 

performance in palladium-catalyzed C–N cross-couplings.24-25 

The resulting, bulky monophosphine ligands, such as 2-Dicyclohexylphosphino-2′-(N,N-

dimethylamino)biphenyl (DavePhos) and 2-(Dicyclohexylphosphino)3,6-dimethoxy-

2′,4′,6′-triisopropyl-1,1′-biphenyl (BrettPhos) (see Figure 1.1), enabled the coupling of aryl 

bromides with primary and secondary amines at lower temperatures23 and the challenging 

monoarylation of primary amines with aryl chlorides was achieved in certain cases.26 

Additionally, the scope could be extended to aryl mesylates26 and the coupling of aryl 

chlorides with amides.27 More recently it was even shown that the coupling of encumbered 

−trisubstituted primary amines, which was challenging for a long time, is feasible with 

tailor-made dialkylbiaryl monophosphine ligands.28 

 

Although, remarkable achievements were obtained with biarylmonophosphine ligands, these 

protocols were still limited in terms of low selectivity for the monoarylation of primary 

amines and high catalyst loading was normally required for the amination of heteroaromatic 

halides. This challenge was tackled using Josiphos-based bidentate ligands ((2R)-1-[(1R)-1-

(Dicyclohexylphosphino)ethyl]-2-(diphenylphosphino)ferrocene) (see Figure 1.1) that have 

customized steric and electronic properties to overcome these limitations.29 The bulky 

groups surrounding the coordinating sites prevent a second arylation in the case of primary 
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amine substrates, thereby increasing the selectivity towards monoarylated products. Due to 

high catalyst stability and resulting high turnover numbers it was feasible to use low catalyst 

loadings for the successful coupling of heteroaryl chlorides with primary nitrogen 

nucleophiles including amines, amides, imines, and hydrazones30 as well as the amination 

of aryl bromides and iodides31 and (hetero)aryl tosylates.32 Even the challenging, selective 

monoarylation of ammonia was achieved using (R)-1-[(SP)-2-

(Dicyclohexylphosphino)ferrocenyl]ethyldi-tert-butylphosphine (CyPF-t-Bu) as ligand.33 

 

N-Hetereocyclic carbenes (NHC) are a class of ligands for palladium-catalyzed C–N cross-

couplings that proved to be a valuable alternative to phosphine ligands, because of their 

robustness and high degree of tunability.34 Such catalysts show high productivity, work at 

room temperature35 and reaction times of only a few minutes using low catalyst loadings,36 

(ppm amounts) were achieved. The coupling of (hetero)aryl bromides and chlorides 

proceeded effectively with secondary amines and anilines,36 and also enabled aminations of 

aryl tosylates and triflates.37 However, the coupling of base-sensitive substrates, and primary 

aliphatic amines remains challenging. To date, the scope of the developed protocols for this 

ligand class is limited compared to phosphine ligands, but the low catalyst loadings and high 

reactivity as well as their robustness and high degree of tunability of the well-defined PdII 

complexes of NHC ligands are benefits of this ligand class.34, 38-39 

 

The choice of ideal ligand strongly depends on the substrate combination. Numerous studies 

resulted in dedicated protocols that are able to access specific amines and aryl 

(pseudo)halides with high efficiency and improvements are constantly made in this field. It 

is worth noting, that other reaction parameters also have a significant impact on the C–N 

coupling. The efficient formation of the active, monoligated Pd0 catalyst species depends on 

the palladium source and is in this way a key factor in the selection of reaction conditions 

for Pd-catalyzed amination reactions.40 Another important factor is the choice of the base 

and the reaction temperature. The deprotonation of the PdII-amine intermediate, which is 

formed in the catalytic cycle, can be rate-limiting when weak bases are used in Buchwald-

Hartwig aminations.41 Therefore, mainly strong bases, such as NaOtBu, LHMDS, and high 

temperatures are needed to guarantee excellent reaction rates of the cross-coupling, but can 

interfere with the functional group tolerance and are often responsible for side product 

formation.24 
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Even though it was shown that these methods are powerful tools, several drawbacks remain. 

With the exception of a tailored electron-deficient palladium complex bearing a modified 

dialkyl triarylmonophosphine ligand,42 strong inorganic bases are needed. For certain 

substrates high temperatures are required for efficient couplings, but this can lead to 

undesired formation of side products. Due to the low abundancy of palladium in the Earth’s 

crust43 and the related high price,44 sustainable and cost-effective alternatives are required. 

The most obvious alternative to Pd, which was already considered in the beginning of the 

development of the Buchwald-Hartwig amination, is nickel.45 Although nickel-catalyzed 

aminations have been reported, these catalysts require elevated temperatures and/or strong 

bases,46-47 as well as sophisticated ligands.48-51 The requirement of harsh conditions can be 

explained by the large energy barrier that has to be overcome to induce reductive elimination 

from NiII-aryl-amine intermediates, as shown in the seminal works by Hillhouse and 

coworkers.52-55 Besides tailoring ligands, two other concepts can be applied to address this 

issue. These are either manipulation of available oxidation states52, 56 or electronic 

excitation57-60 of nickel complexes. In recent years great attention has been paid to two 

powerful methodologies to displace stoichiometric reagents, which go along with 

stoichiometric waste and functional group intolerances,61 for single electron as well as 

energy transfer processes: electrochemistry62 and photocatalysis.63 
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1.2 Metallaphotocatalysis 

Basic principles in photocatalysis 

Due to the changing trend in society towards sustainability, visible-light mediated 

photocatalysis became one of the fastest growing fields in organic chemistry over the last 

decade.64 Major driving forces were the technical progress towards light sources with narrow 

emission windows, such as light emitting diodes (LEDs), and the development of molecules 

with long excited lifetimes, originally as components of e.g. dye-sensitized solar cells65 and 

organic light-emitting diodes.66 

 

To identify and develop a photocatalyst for a desired transformation, the elementary, 

theoretical principles must be understood. Upon irradiation of a molecule with photons, 

which have the appropriate energy, transitions between the different energy levels of the 

light absorbing molecule are occurring. These transitions can be represented in a simplified 

manner with aid of a Jablonski diagram (Figure 1.3).  

 

Figure 1.3. Jablonski diagram for the illustration of a molecule´s electronic states and the transition between 

the states. 

 

The starting point is the conversion of a molecule from its ground state S0 to a singlet excited 

state S1 upon the absorption of a photon with matching energy. At the electron level an 

electron is promoted from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) during this transition. Besides non-radiative 

transition via vibronic relaxation, two different processes can happen after excitation of the 

molecule to S1. Either the relaxation of the molecule back to ground state S0 with 
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simultaneous emission of energy as radiation (fluorescence) or the generation of a triplet 

excited state T1 through intersystem crossing (ISC), which is associated with a loss of 

energy, occurs. In the second case the consecutive, radiative relaxation back from T1 to S0 

(phosphorescence) is spin-forbidden. Consequently, triplet excited states are long-lived with 

lifetimes ranging from 100 ns to few s. In this way these T1 states are suitable to take part 

in bimolecular processes and overcome limitation to be too short-lived for diffusion. 

 

In a photochemical reaction, one of the reagents absorbs light, reaches an excited state and 

the desired reaction can take place. As the reagent would be otherwise inert, the excitation 

with light is needed. The major advantage of visible-light photocatalysis is that the desired 

reaction sequence is initiated by the excited state of a dedicated chromophore (photocatalyst, 

PC) upon absorption of photons with appropriate energy, whereas all other ingredients in the 

reaction mixture do not interact with this energy source as (organic) molecules typically only 

absorb UV light. By avoiding high energetic UV light, little potential exists for deleterious 

side reactions that might arise from photoexcitation of the substrate itself.67 Further, off-

cycle reactions of the photocatalyst lead to a lower quantum yield () but scarcely to a 

diminished yield of the desired product. 

 

The excited state of the photocatalyst (PC*) can initiate reactions via different mechanisms. 

The two most important modes of action are photoredox catalysis (PRC) and energy transfer 

catalysis (EnT). In photoredox catalysis single electron transfer (SET) events between the 

photocatalyst and reagents are responsible for quenching of PC* and formation of reactive 

radical intermediates (Figure 1.4). After excitation of the photocatalyst by light to S1 and 

ISC to T1, the triplet excited state can be quenched in two different ways. This depends on 

several factors, such as redox potential of the triplet species and the type of quencher. In one 

case, a reductive quenching cycle is the mode of action. In course of this the excited PC is 

first quenched by an electron donor in a single electron oxidation step and after that the 

reduced form of the PC (PC·-) reduces an electron acceptor, which brings the PC back to its 

ground state S0. In the opposite case, in the so-called oxidative quenching cycle, PC* first 

interacts with an electron acceptor and undergoes a single electron oxidation, which is 

responsible for the quenching. This is followed by a reduction of the oxidized form of the 

PC (PC·+) by single electron oxidation of an electron donor to turn over the catalyst. 



 

Chapter 1 

 

14 

 

 

Figure 1.4. Possible pathways of photo(redox) catalysis after light illumination and quenching via electron 

transfer or energy transfer. 

An excited state of a photocatalyst (PC*) can alternatively also transfer its excited state 

energy to a substrate, reagent or intermediate catalytic species, which acts as the acceptor 

(A). Two possible mechanisms are possible: Dexter-type or Förster-type energy transfer 

(Figure 1.5).69 

 

Figure 1.5. Förster vs. Dexter EnT process. 

In the Förster theory, it is assumed that an electronic oscillation of D* induces via dipole-

dipole (coulombic) interactions an electronic oscillation in the ground state of A, which 
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excites the electron from acceptor´s HOMO to LUMO. The model of Dexter-type EnT 

describes the simultaneous intermolecular exchange of ground state and excited state 

electrons from the acceptor to PC*, respectively from PC* to acceptor (Figure 1.5). The 

electron in the LUMO of PC* is transferred into the LUMO of the acceptor and 

simultaneously one electron in the acceptor´s HOMO into the HOMO of PC*.  On this 

account, a direct physical contact, in terms of orbital overlap of PC* and A is demanded. 

This also means that the rate of Dexter EnT decays exponentially with increasing donor-

acceptor separation. In case of a fast electron transfer the diffusion of PC* and A is the 

limiting factor. Thus, properties of the solvent can become significant parameters for the 

reaction. For the Förster theory a returned conversion of the photocatalyst triplet state to its 

singlet ground state is needed. The resulting dipole oscillation would induce a concurrent 

excitation of the substrate from its singlet ground state to an excited triplet state. However, 

two spatially separated spin reversal processes are prohibited69 and therefore the Förster 

theory is unsuitable to describe the EnT process from a photocatalyst´s excited triplet state 

to a substrate in solution. Based on this restrictions, Dexter-type EnT mechanism must be in 

action in EnT processes using photocatalysis for organic synthesis. 

 

In order to use light as an abundant, non-hazardous, and sustainable reagent70 in an efficient 

manner, a photocatalyst needs to fulfill different criteria. To avoid deleterious side reactions 

using UV light, the photocatalyst should absorb in the visible light region (400-700 nm). As 

the PC takes part in bimolecular processes, the excited states must survive the time range of 

diffusion of the PC to the substrates. Therefore, long-lived excited lifetimes are a key feature 

of an adequate PC. Additionally, the excited state of the PC should have the fitting energy 

or redox potentials for a respective transformation. The better the properties of the excited 

photocatalyst match the optimal excited state energy or redox potential of the tackled 

reaction, the better the selectivity and reaction rate will be. 
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Main classes of photocatalysts 

There are different molecules and materials, which can meet these criteria. The most 

common photocatalyst can be assigned to three different classes: organometallic complexes, 

organic dyes and heterogeneous semiconductors. 

Organometallic complexes like ruthenium and iridium-polypridyl complexes (Figure 1.6) 

are popular photocatalysts, because they undergo a metal-to-ligand charge transfer (MLCT) 

upon irradiation with visible light.67 

 

Figure 1.6. Selected noble metal-based organometallic photoredox catalyst. 

The ligand-centered π* orbital of theses complexes is lower in energy than the metal-

centered eg-orbital, which implies that after visible light illumination an electron is 

transferred from the t2g-orbital (metal) to the π* orbital (ligand). This allows the ability to 

readily tune the redox potentials for a given reaction by altering the metal or changing the 

ligands. The resulting excited singlet states (S1) can then go through a rapid intersystem-

crossing (ISC) to form triplet states (T1), which have long-lived triplet excited states (~ 1000 

ns). These excited states can readily donate a high-energy electron from the ligand π* orbital 

(function as a reductant) or accept an electron into the low-energy metal-centered hole 

(function as an oxidant). Alternatively, the energy of the excited states can also engage other 

molecules via EnT processes. This class of photocatalyst is very powerful due to their unique 

properties and ability to be designed for a specific reaction by the modification of the ligand 

and metal. However, their high cost and low sustainability based on the low abundancy of 

these rare metals in the earth crust is a drawback. Copper complexes have been studied as 

alternatives, but didn´t reach the efficiency of the rare metal complexes and found limited 

applications yet.71  
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Intensively studied, metal-free alternatives are organic dyes such as benzophenones, boron 

dipyyromethenes (BODIPY), phenoxazines and derivatives, xanthene dyes, cyanoarenes 

and acridinium salts, among others (Figure 1.7).72 

 

Figure 1.7. Selected organic dyes for photocatalysis. 

The benefits of this photocatalyst´s class are the low costs and the ability to tune the optical 

and electronical properties by chemical modification. A barrier for broad application is that 

only few organic dyes have long enough excited state lifetimes to participate in bimolecular 

energy or electron transfers. Dyes like 4-CzIPN and phenoxazine (Figure 1.7) meet the 

criteria of long excited state lifetimes as their excited single states can experience intersystem 

crossing to generate triplet states with lifetimes of several s. Dyes like Rhodamine B or 

benzophenone derivatives do often not undergo ISC under synthetically relevant conditions 

and the excited-state lifetimes of their singlet excited states ranges in area of few ns, which 

is in most cases not suitable for bimolecular processes. 

 

Sustainable, heterogeneous alternatives are medium bandgap semiconductors as the energy 

difference between valence (VB) and conduction band (CB) corresponds to energy of 

photons in the visible light region. Upon irradiation with visible light with photonic energy 

higher than the semiconductor´s bandgap an electron is excited from VB to CB and thereby 

an electron-hole-pair is formed. The electron hole in the VB can undergo single electron 
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oxidation with electron donors and the excited electron in the CB can participate in single 

electron reductions of electron acceptors (Figure 1.8). 

 

Figure 1.8. Charge separation in semiconductors upon light absorption and interaction with electron donor 

and acceptor. 

Inorganic semiconductors, which can harvest visible light for single electron transfer 

processes, are cadmium sulfide, cadmium selenide, lead perovskites and bismuth oxides. 

Carbon nitrides instead are organic, polymeric semiconductors that readily absorb visible 

light and were efficiently applied in heterogeneous photocatalysis.73-74 A detailed discussion 

of heterogeneous photocatalysts in organic synthesis can be found Chapter 2. 
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1.2.1 Dual nickel/ photocatalysis for carbon–heteroatom cross-couplings 

As described in Chapter 1.1, the NiII intermediates in carbon-heteroatom cross-coupling 

reactions which are formed before reductive elimination, are thermodynamically stable. 

Therefore large energy barriers must be overcome to induce reductive elimination from, for 

example, NiII-aryl-amine or NiII-aryl-alkoxy intermediates.52-54 Harsh conditions and 

sophisticated tailor-made ligands were applied to destabilize these NiII intermediates and 

thereby enable reductive elimination.46, 50, 75 The enhanced reactivity of metal catalysts on 

account of oxidation state modulation or excitation represents a complementary opportunity 

to the powerful, but laborious approaches using tailor-made ligand design for transition 

metal complexes. The oxidation of a metal complex vastly increases the thermodynamic 

driving force to undergo reductive elimination. Thereby, the formation of e.g. C–N and C–

O bonds using nickel becomes possible.52-54, 76 The modulation of the oxidation states can 

be achieved using stoichiometric oxidants or reductants,56 but this can go along with 

stoichiometric side products52 and can suffer from intolerance of certain functional groups, 

such as ketones and aldehydes.61 A more elegant approach is the merger of transition metal 

catalysis and photocatalysis, which is termed metallaphotocatalysis.77 There are several 

combinations of photocatalysis with different transition catalysts, such as copper71 or 

palladium complexes,78 but dual nickel/ photocatalysis has by far the biggest impact, 

especially for carbon-heteroatom bond formation.79 These methods benefit additionally from 

mild conditions, in terms of low temperatures and soluble, weak organic bases. 

 

Depending on the substrates, different mechanisms were proposed. In case of the coupling 

of aryl halides with amines and alcohols, it was assumed that a photocatalytic reduction of a 

NiII precatalyst generates an active Ni0 catalytic species that induces a Ni0/NiII/NiIII/NiI-cycle 

(Scheme 1.3, A, left).80-81 After formation of the catalytically active Ni0 species oxidative 

addition of the aryl halide occurs and an ligand exchange of an halide ligand with the 

nucleophile takes place. The excited photocatalyst causes a single electron oxidation from 

the formed thermodynamically stable NiII intermediate to NiIII species. Reductive 

elimination becomes facile, the product is released and a NiI intermediate formed. Both 

catalysts are returned to their original oxidation states by the interaction of reduced 

photocatalytic species with the NiI species. This effectuates a single electron reduction from 

NiI to Ni0 and oxidizes the reduced photocatalysts. Alternatively, for the coupling of aryl 
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halides with thiols and anilines, it was suggested that the nucleophile is oxidized by the 

excited photocatalyst and in the presence of base a radical species is formed (Scheme 1.3, 

A, right).82-84 This radical species is intercepted by the NiII-aryl halide species, which is 

generated by oxidative addition of the aryl halide to Ni0 species. The formed NiIII complex 

undergoes facile reductive elimination. After reduction of the formed NiI intermediate by the 

reduced PC a new catalytic cycle is started. 

 

Scheme 1.3. (A) Photoredox catalyzed oxidation state modulations via SET for dual nickel/photoredox cross-

coupling. (B) Activation of thermodynamic stable NiII intermediate with energy transfer catalysis. 

 

Energy transfer catalysis was also proposed to be responsible for the destabilization of the 

stable NiII species to trigger reductive elimination in certain cases (Scheme 1.3, B).59 After 

oxidative addition of an aryl halide to active Ni0, the NiII aryl halide intermediate undergoes 

rapid ligand exchange with a nucleophile to afford aryl-NiII nucleophile complex. Starting 

from this NiII species, a triplet excited-state NiII complex is generated via energy-transfer to 

facilitate the formation of carbon-heteroatom bonds. This mechanisms was assumed for the 
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coupling of aryl halides with amines59, sulfonamides85 or carboxylic acids57 based on 

different mechanistic investigations. Instead of normally required photoredox catalysts with 

long excited lifetimes and fitting redox potentials, for the dual nickel/photoredox catalyzed 

couplings involving sulfonamides and carboxylic acids initial control experiments showed 

that also organic photosensitizers can trigger the reactions. In case of C–O bond formation 

the reaction proceed even with moderate efficiency via direct excitation with a high-intensity 

light source in the absence of a photocatalyst after a longer reaction time. For the coupling 

of aryl halides with carboxylic and sulfonamides, Ir-based photocatalysts with higher triplet-

state energies gave higher yield, while the higher the oxidation potential of the photocatalyst 

was, the lower the yield observed. Based on the positive correlation with triplet-state 

energies and negative correlation with oxidation potentials it was finally assumed that the 

transformations are facilitated by an energy-transfer process rather than SET. In a 

mechanistic study for dual nickel/photoredox catalyzed C-N bond formation the comparison 

between the calculated EnT rate constants by quantitative Förster theory and measured 

values by different nanosecond transient absorption (TA) and cyclic voltammetry (CV) 

quenching experiments prompted a Förster-type energy transfer from the excited-state 

photocatalyst to the NiII amine complex.59 

 

More recent mechanistic studies suggested another possible mechanism. After a 

photocatalytic single electron reduction of the NiII precatalyst, a NiI species might induces a 

self-sustained thermal NiI/NiIII mechanism that does not require further photons (Scheme 

1.4, A).86-88  

 

Scheme 1.4. (A) Thermally-sustained dark NiI-NiIII cycle induced by reduction with reductive species. (B) 

Photoinduced disproportionation of NiII complexes, which afterwards enters dark self-sustained NiI-NiIII cycle. 
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Catalyst deactivation can result from comproportionation of a NiI and NiIII species or by 

reacting with radical cation of the base. The photocatalyst likely re-activates  these 

deactivated species to form the catalytic active NiI species.86 These findings are supported 

by the fact that a photocatalyst-free C–O and C–N couplings of aryl halides using 

substoichometric amounts of zinc for the initial reduction of the inactive NiII complex to 

start the self-sustaining NiI/NiIII cycle were reported.89 

 

Photophysical studies of nickel-bipyridyl aryl complexes showed that these NiII complexes 

can absorb low-energetic UV-light and this cause metal-to-ligand charge transfer 

transitions.90-91 In this way excited NiII complexes (3MLCT) can react with a NiII ground 

state species (S0) forming a NiI and NiIII species (Figure 1.4, B). These are active in the 

before mentioned dark self-sustained catalysis for productive carbon-heteroatom bond 

formation. This was supported by the efficient formation of aryl ethers92 and aryl amines93 

using 390 nm irradiation and a nickel-polypyridyl aryl complex as precatalyst. In this case 

no additional photocatalyst for excitation of these nickel catalysts is needed, but the 

requirement of UV light irradiation is associated with side reactions and can hamper the 

reaction selectivity.64 

Regardless of the mechanisms, precious metal complexes as photocatalysts are 

predominantly used to harvest visible-light as energy source. Their limited amount within 

the Earth’s crust contradicts the sustainability goal of replacing rare metals such as palladium 

with more abundant nickel in cross-couplings. A possible option to exchange noble metal-

polypyridyl complexes67 with synthetic organic dyes72, 94 can achieve comparable 

efficiencies, but photobleaching is problematic.94-95 All homogeneous catalysts are difficult 

to recycle, if possible at all. Promising, stable and recyclable alternative photocatalysts are 

semiconducting materials.73, 96-98 Different classes of semiconductors and other 

heterogeneous photocatalysts for synthetic applications are discussed in detail in Chapter 2.  
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1.3 Chromoselective photocatalysis 

The vast majority of homogeneous iridium or ruthenium polypridyl complexes and many 

organic dyes that have suitable redox potentials or triplet energies for photocatalysis suffer 

from their limitation to blue light. Photocatalytic strategies that use the entire visible light 

spectrum to enable efficient solar harvesting would be beneficial. A broader absorbance 

range of the photocatalyst can be used to alter the photocatalytic activity to, for example, 

influence the selectivities of a reaction by changing the irradiation wavelength.99 

 

I made use of the phenomena that the energy of photons can be utilized to control the activity 

of photochemical processes to overcome substrate scope limitations and reproducibility 

issues in metallaphotocatalytic C–N cross-couplings of cyclic secondary amines with 

electron poor aryl halides (all details can be found in chapter 4).100 The observed limitations 

are caused by catalyst deactivation via the formation of nickel black. This arises from the 

accumulation of low valent Ni0 species due to the relatively slow oxidative addition in case 

of electron rich aryl halides. To countermeasure this undesired effect, the relative rate of 

oxidative addition (OA) must be equal or higher than the rate of reductive elimination (RE) 

(Figure 1.9). 

 

Figure 1.9. Overcoming limitations in metallaphotocatalysis using carbon nitride photocatalysis by changing 

the wavelength. 
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Overcoming this limitation was feasible by using a specific carbon nitride material (CN-OA-

m) that is prepared through polymerization of urea and oxamide in molten salt, as 

photocatalayst. This material absorbs strong below 450 nm and only weakly at higher 

wavelengths, which enables to reduce the rate of reductive elimination at low photon 

energies. Thereby, the relative rate of oxidative addition became equal to or higher than the 

rate of reductive elimination, which was sufficient to avoid catalyst deactivation in certain 

cases. By using a high substrate concentration, the rate of oxidative addition could be 

increased and, in this way, even blue light irradiation could be used for the efficient and 

reproducible coupling of electron-rich aryl bromides and electron-poor aryl chlorides with 

amines. 

 

It is worth noting that the same carbon nitride material has different oxidation potentials 

depending on the irradiation wavelength. This effect was used for photo-chemo-enzymatic 

cascades to switch between the formation of either the (S)- or (R)-enantiomer of 1-

phenylethanol starting from ethylbenzene.101 Upon irradiation with blue light, π-π* 

transitions generate strongly oxidizing electron holes (Figure 1.10). These enable the 

oxidation of ethylbenzene to acetophenone, which can be subsequently reduced with an 

enantioselective alcohol dehydrogenase from Rhodococcus ruber to yield (S)-1-

phenylethanol in 93% ee. In the case of green light illumination, n-π* transitions were 

induced (Figure 1.10). The resulting electron holes are comparably weak single electron 

oxidants and no conversion to acetophenone is observed. This enables the selective 

formation of H2O2 in an aqueous medium, which fuels the enantioselective biocatalytic 

hydroxylation of ethylbenzene to (R)-1-phenylethanol (99% ee) by an unspecific 

peroxygenase from Agrocybe aegerita. 

 

Figure 1.10. Different oxidation potential of CN-OA-m due to wavelength-depended π-π* or n-π* 

transitions.101  



 

Chapter 1 

 

25 

A change in selectivity was also reported by varying between blue light and green light 

irradiation for the one or twofold C–H arylation of N-methylpyrrole with 1,3,5-

tribromobenzene using Rhodamine 6G (Rh-6G) as PC.102 When the PC is irradiated with 

green light in the presence of a sacrificial electron donor (SED), in this case N,N-

diisopropylethylamine (DIPEA), the radical anion Rh-6G·-, which has a relatively low 

reduction potential of 1.0 V versus SCE (standard calomel electrode), is formed. This is 

sufficient for a selective monofunctionalization as only aryl bromides with low reduction 

potentials can be activated. Upon more energetic blue light illumination the radical anion 

Rh-6G·- can be again excited to form the more reducing Rh-6G·-* species with a reduction 

potential of 2.4 versus SCE. The underlying mechanism is that the quenching of the excited 

state of the PC with a sacrificial electron donor (SED) generates a relatively stable 

intermediate that is able to absorb another photon (consecutive photoinduced electron 

transfer, ConPET). Thereby, aryl bromides with higher reduction potentials can be activated 

and disubstitution of 1,3,5-tribromobenzene becomes feasible (Figure 1.11). 

 

Figure 1.11. Switching between one (green light irradiation) or twofold (blue light irradiation) C–H arylation 

of N-methylpyrrole with 1,3,5-tribromobenzene using Rhodamin 6G as photocatalyst. 

 

These examples show that the irradiation wavelength is a valuable parameter to tune the 

activity of a photocatalyst that can be used to control the selectivity in photocatalytic 

transformations. 
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1.4 Flow chemistry for photochemical reactions 

An efficient photochemical reaction requires a homogenous and intense irradiation of the 

reaction mixture. All compounds in solution, like starting materials, products, additives and 

photocatalysts, act however as filters at the point of incident light. Thereby, the light intensity 

available for the rest of the reaction mixture is reduced and the photochemical reactions 

mainly occur efficiently in a limited area (millimeter magnitude) on the outside of the 

reactor, as the attenuation effect of photon transport - or absorption (A) - is exponentially 

decreasing with increasing penetration depth (d). This correlation is described by the Beer-

Lambert-Bouguer law (Figure 1.12).103 

 

Figure 1.12. Equation of the Beer-Lambert-Bouguer law and attenuation of light intensity through a reaction 

media.21 

Consequently, efficient irradiation becomes problematic in batch reactors, such as round-

bottomed flasks, especially on higher scales. This results in long reaction times, increase the 

probability of side reactions and reproducibility issues. Photon equivalents are an important 

scaling parameter for photochemical reactions and can help to control a reaction, which was 

shown in a multi-kilogram-scale for a metallaphotocatlayzed C–N cross-coupling 

protocol.104-105 Due to the changing surface-area-to-volume ratios while scaling-up with 

batch reactors, either longer reactions times or increased light density with the aid of stronger 

lamps are required to provide the same photon equivalent as in small scales. This trend can 
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be also explained by the decreasing photon efficiency () (Equation 1) in large-scale batch 

reactors, which is defined as: 

= 
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥
     (Equation 1) 

By changing from conventional batch reactors to flow approaches, unchanged surface-area-

to-volume ratios can be ensured during upscaling and the photon efficiency can be more than 

100 times higher than in typical batch reactors.106 The narrow channel diameters of typically 

less than 1 mm allow for more efficient and uniform irradiation of the reaction mixture while 

upscaling in comparison to a dimension-enlarging strategy for scale-up using batch 

processes. As consequence, reduced reaction times are reached and it provides a 

straightforward opportunity to scale such transformations to synthetically useful 

quantities.104, 107 High reproducibility can be ensured through the precise control of the 

reaction time and temperature.108 The reaction time corresponds to the residence time and 

can be precisely controlled by the flow velocity. Higher safety of operation can be 

guaranteed through an enhanced heat and mass transfer. 

 

Since flow chemistry is a modular technique, each of the seven basic zones can be tuned to 

obtain the optimal setup for a specific reaction (Figure 1.13). These basic zones, in which a 

flow setup can be divided, are: fluid & reagent delivery, mixing, reactor, pressure regulation, 

collection, analysis, and purification. 

 

Figure 1.13. Seven basic segments of a standard two-feed continuous flow setup. 

The first part of the setup, the fluid and reagent delivery system, is responsible for the 

accurate feed of the substances into the flow system. Different dedicated pumps or a gas 

supply equipped with a mass flow controller can set everything in motion. In case of different 

reagent and fluid streams a suitable mixing device combines the feeds before entering the 

core part of the setup, which is the reaction unit where the actual chemical reaction occurs. 
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Three main reactor types can be selected: chip, coil and pack-bed reactor. The ideal reactor 

type and material depends on the nature of a respective transformation. For photochemical 

reactions, a light transparent reactor unit and a dedicated light source, such as light emitting 

diode arrays (LEDs) are demanded. Due to their high surface-to-volume ratios, chip-based 

reactors provide the best heat and mass transfer ability among the before mentioned reactors 

types (Figure 1.14, left).109 As a transparent reactor surface is required for photochemical 

transformations the interacting area is constructed from a light permeable material such as 

glass. Nevertheless, due to lower prices, coil reactors are preferred in synthetic flow 

chemistry (Figure 1.14, right). The tubing of coil reactors for photochemical applications are 

usually made of simple, commercially available inert, transparent fluoropolymers such as 

fluorinated ethylene propylene (FEP), or perfluoroalkoxy (PFA).110 The common outer 

diameters of these tubings are 1/8” or 1/16”. For the inner diameters various sizes are 

available (0.01”, 0.02”, 0.03”, 0.04”, 1/16”, etc.). 

 

Figure 1.14. Reactor types for photochemical transformations in flow. 

However, flow chemistry is not straightforward for every (photo)chemical protocol, 

especially when heterogeneous materials, such as insoluble photocatalysts or additives, are 

involved. In these cases a critical analysis of potential obstacles and overarching goals is 

needed to show if flow approaches outperform their batch counterparts.108 Therefore, the 

development of more efficient photoreactors is still required. One of the existing main 

limitations of flow chemistry are chemical reactions involving solids, as these will settle 

leading to a heterogeneous distribution, irreproducible results, and/or clogging. This 

hampers the scale-up of photochemical reactions using heterogeneous PCs, which can have 

advantages in terms of recyclability and stability compared to the homogeneous PCs.96 

Heterogeneous materials are predominantly inserted in packed bed reactors to avoid 

clogging and settling,111 but these reactor types are generally unsuitable for photocatalytic 

reactions, since photons will be solely adsorbed at the outer surface of the packed bed while 

the large part of the internal particles is shielded. In certain cases small diameter packed bed 
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reactors are suitable to overcome the sluggish irradiation112, but this possibility is not a 

general solution due to the tedious packing and the foreseeable large pressure drops. Hence, 

there is the requirement of tailor-made reactor types for photocatalytic reactions that embody 

solids, such as additives or heterogeneous PC. 

One possible solution on a laboratory scale is a system that generates serial micro-batch 

reactors (SMBRs).113 For the understanding of this technique the different behavior of 

biphasic gas-liquid systems depending on flow rates, viscosities, and channel properties in 

flow set-ups need to be defined. For gas-liquid flow reactions, bubble, slug, and annular flow 

regimes are commonly distinguished in flow reactors (Figure 1.15). 

 

Figure 1.15. Common patterns for gas-liquid reactions in continuous flow. 

In case of slug flow behavior small liquid compartments are separated by gaseous 

compartments. This can be controlled by the gas speed with mass-flow controllers and flow 

reactors enable further a precise control of the reaction time (= residence time) and reaction 

temperature. With the right feeding system, it is possible to dose a solid suspension into a 

segmented gas–liquid stream. Inside the formed small liquid units, which can be interpreted 

as small micro-batch reactors, the internal mixing phenomena caused by interior vortices 

inherent to the SMBRs result in a homogeneous and uniformly irradiated suspension. This 

internal and increased mass transfer is called Taylor flow (Figure 1.16). 

 

Figure 1.16. Taylor flow within the liquid phase of a gas−liquid mixture 

in a microfluidic channel.108 
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The natural Taylor flow in these small solid-liquid compartments mixes the slug to 

continuously re-suspend the used heterogeneous material, ensuring efficient irradiation and 

reproducible processing. 

 

Another possibility to overcome the issues associated with the handling of solid particles in 

microreactors is the combination with oscillatory pumping.114 This avoids clogging and 

settling of the heterogeneous material in the reactor channels, and secures efficient mixing. 

In a collaborative work, we showed that my developed nickel/carbon nitride-catalyzed C–N 

cross-coupling protocol (Chapter 4) can greatly benefit from the intensified conditions using 

a combination of an oscillatory pump and a microstructured plug flow photoreactor (Chapter 

5).115 The successful application of this set-up, for handling solids in flow, was more recently 

shown in further photocatalytic reactions.116-117 
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1.5 Aim of the Thesis 

The focus of my doctoral research was the development and application of sustainable 

photocatalytic methods for synthetic organic chemistry. I aimed to substitute rare and 

expensive iridium and ruthenium polypyridyl complexes with heterogeneous photocatalysts 

in dual photo/nickel catalyzed carbon-heteroatom bond formations.  

 

To achieve this goal, I initially investigated the use of graphitic carbon nitrides, a class of 

metal-free polymers that can be easily prepared from bulk chemicals. Using this 

semiconducting material, I participated in the development of a semi-heterogeneous protocol 

for the cross-coupling of aryl halides with carboxylic acids. Subsequently, I focused my 

research on developing a method to overcome the limitations of dual photoredox/nickel 

catalyzed C–N cross-couplings for electron-rich aryl halides using the same heterogeneous 

catalyst. I identified the underlying reason and was able to develop solutions for reproducible 

and selective C–N cross-couplings of electron-rich aryl bromides and electron-poor aryl 

chlorides using, for example chromoselective photocatalysis. In both coupling protocols, the 

carbon nitride photocatalyst could be successful recycled multiple times using different 

strategies.  

 

To scale the industrially important C–N coupling to synthetically useful quantities, I aimed 

to overcome the irradiation problems in batch using a dedicated continuous flow approach. 

The difficulties due to the problems associated with handling solids in flow were overcome 

by combining an oscillatory pump with a microstructured plug flow photoreactor. Here, a 

stable suspension of the photocatalyst can be maintained, circumventing clogging of the 

reactor channels. Intensified conditions allowed for a multi-gram scale-out reaction and the 

optimized conditions were applied in the synthesis of a key intermediated for an active 

pharmaceutical ingredient. 

 

Finally, I aimed to avoid the requirement of a photocatalyst to harness the energy of visible-

light for metallaphotocatalyzed carbon–heteroatom cross-couplings by using a bipyridine 

ligand that was decorated with two carbazole groups and forms a nickel complex that absorbs 

visible-light. This ligand showed high catalytic activity for the coupling of aryl iodides with 

sodium sulfinate, carboxylic acids and sulfonamides, and was also polymerized in a simple 
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one-step procedure to afford a porous organic polymer. This resulted in a recyclable catalytic 

system with high catalytic activity and selectivity. 
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Abstract 

Visible light photocatalysis relies mainly on expensive noble metal complexes and organic 

dyes that are not recyclable. Heterogeneous semiconductors, which are mainly applied for 

artificial photosynthesis and wastewater treatment, are a promising sustainable alternative 

and gain increasing attention. Inorganic and organic semiconductors with suitable bandgaps 

are among the most widely studied heterogeneous photocatalysts due to their high stability 

and recyclability. More recently, microporous materials, such as conjugated organic 

polymers, covalent organic frameworks, and metal organic frameworks that can be tuned 

and designed on a molecular level showed promising results. This review provides an 

overview of the most common heterogeneous photocatalysts with a focus on their 

applicability in organic synthesis. 
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2.1 Introduction 

Catalysis is a fundamental pillar of organic synthesis and is key to the production of 

commodity chemicals, complex pharmaceuticals, and agrochemicals. Catalysts are 

classified as either homogenous or heterogeneous. Homogeneous catalysis is, compared to 

heterogeneous catalysis, often characterized by a higher activity and selectivity.1 

Heterogeneous catalysts, on the contrary, can easily be separated and recycled. Combining 

the advantages of homogeneous and heterogeneous catalysis by anchoring soluble catalysts 

on insoluble supports is an appealing strategy,1 but adds complexity to the catalytic system 

and often reduces the catalysts’ activity and selectivity, or even result in complete 

deactivation. Heterogenized catalysts have often failed to outperform their soluble analogs 

and to achieve the potential of merging heterogeneous and homogeneous catalysis.2 

In contrast to “conventional” catalysis (transition metal catalysis, organocatalysis, or Lewis 

acid catalysis), visible-light photocatalysis proceeds via electron or energy transfer to 

generate reactive intermediates of substrates or reagents rather than lowering the transition 

state energy.3-6 Irradiation of a PC, typically a homogeneous ruthenium or iridium 

polypyridyl complex, results in an excited species that can accept or donate a single electron, 

enabling photoredox catalysis (PRC) via oxidative or reductive quenching cycles (Figure 

2.1, A). An excited photocatalyst can alternatively also transfer its excited state energy (EnT) 

to a substrate or reagent to induce chemical reactions.7-8 Heterogeneous photocatalysts, such 

as semiconductors, are operating by the same electron and energy transfer processes as 

homogeneous photocatalysts (Figure 2.1, B).9-10 This is in stark contrast to conventional 

catalysis, where homogeneous catalysts cannot be simply substituted by a heterogeneous 

material. When a semiconductor absorbs photons with sufficiently high energy, electrons are 

excited from the valence band (VB) to the conduction band (CB), generating simultaneously 

an oxidizing and a reducing species on a single particle. The generated electron holes (h+) 

can oxidize electron donors whereas the electrons in the VB are able to reduce electron 

acceptors via single-electron transfer. 

This review provides an overview of the most common, purely heterogeneous 

photocatalysts, that were successfully applied in organic synthesis focusing on catalysts and 

strategies that enable the use of visible light (> 400 nm). Our discussion includes 

“traditional” semiconductors (such as TiO2), conjugated microporous polymers (CMPs), 
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covalent organic frameworks (COFs), and metal organic frameworks (MOFs). Examples of 

homogeneous photocatalysts that are immobilized on supports are not discussed.11-14 

Mechanistic discussions of the individual reactions and the photoelectronic properties of 

semiconducting materials are out of the scope of this review and can be found elsewhere.3-6, 

9-10, 15-20 

 

Figure 2.1. Homogeneous and heterogeneous photoredox catalysis. 

2.2 Metal oxides: TiO2 

Titanium dioxide is a naturally occurring mineral that has various applications ranging from 

the use as white pigment in dyes or cosmetics to its employment as photocatalyst for water 

purification or energy conversion.20 Although the large band gap semiconductor requires 

ultraviolet (UV) light irradiation to form electron-hole pairs, it is among the most frequently 

applied heterogeneous photocatalysts in organic synthesis.15 As the use of TiO2 and other 

metal oxide semiconductors as PCs in organic synthesis was recently surveyed in an 

excellent review articles,15, 21-22 we limit our discussion to a representative set of examples.  

The radical decarboxylation of carboxylic acids, results in carbon-centered radicals, and can 

be initiated using UV(A) irradiation (>365 nm) in the presence of TiO2 P25. This is the most 

commonly applied form of TiO2 in photocatalysis and consists of the polymorphs anatase 

and rutile a ratio of 8:2. Under anhydrous, anaerobic conditions, the resulting stabilized 

carbon-centered radicals were coupled with N-substituted maleimides in moderate yields 

(Scheme 2.1).23 In case of aryloxyacetic acids (1), mixtures of the desired radical addition 

product (3) and chromene derivatives (4), which are generated in a photocatalytic addition-

cyclization cascade, were observed. 
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Scheme 2.1. Decarboxylative addition of carboxylic acids to N-substituted maleimides using TiO2 and UV-
light irradiation. 

Irradiation with UV-light is, however, often associated with severe drawbacks as high-

energy photons can cause selectivity issues by, for example, activating substrates or reagents 

directly. To overcome such issues, strategies that enable the utilization of visible light are 

intensively investigated.  

2.2.1 Surface complexation of substrates/reagents and TiO2 

A straightforward, but limited strategy that is able to extend the absorption of TiO2 to visible 

light is the formation of a surface complex between TiO2 and a heteroatom-containing 

substrate that creates a new electron donor level above the VB of the metal oxide (Figure 

2.2).10 

 

Figure 2.2. The formation of surface complexes between substrates and TiO2 enables visible light harvesting. 
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Rueping and coworkers used this approach for the Meerwein-arylation of heteroaromatic 

compounds (6) with aryldiazonium salts (5) catalyzed by TiO2 P25 (Scheme 2.2).24 

Mechanistic investigations indicated that a TiO2-diazoether species (8), which absorbs 

visible light, is initially formed. The catalytic method enabled the arylation of furan, 

thiophene and pyridine in good to excellent yields. 

 

Scheme 2.2. Meerwein arylation of heterocycles catalyzed by TiO2 using visible light via the formation of a 
TiO2-diazoether complex. 

The same group reported on a TiO2 P25 catalyzed multi-component Ugi-type reaction of 

N,N-dimethylanilines (9) with isocyanides (10) and water that results in the formation of α-

amino amides (11, Scheme 2.3).25 The formation of a surface complex between the aniline 

derivative (9) and TiO2 was proposed to be responsible for visible light absorption. The metal 

oxide semiconductor was recycled five times without any loss in catalytic activity. 

 

Scheme 2.3. Photocatalytic Ugi-type reaction using TiO2 and visible light. 

Surface interactions between N,N,N’,N’-tetramethylethylenediamine (TMEDA) and TiO2 

enabled the synthesis of symmetrical and unsymmetrical disulfides (14) from thiols (12, 13) 

using visible light (Scheme 2.4, A).26 The reaction rate was significantly increased in a 
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continuous flow27-28 approach using a packed bed reactor. To avoid high-pressure drops due 

to aggregation of TiO2 nanoparticles in the presence of TMEDA, glass beads were added as 

inert packing material.  

Visible-light mediated thiol-ene reactions were shown to benefit from the presence of TiO2 

P25 (Scheme 2.4, B).29 Binding of the thiol starting materials is likely responsible for the 

ability to use visible light as energy source. Although product formation was also observed 

in the absence of a catalyst in some cases, the efficiency and scope of this transformation 

was significantly increased when catalytic amounts of the heterogeneous semiconductor 

were added. 

 

Scheme 2.4. (A) Disulfide formation and (B) thiol-ene reaction via SET oxidation of thiols by TiO2 using 
visible light. 

The groups of Scaiano and Yoon showed that a TiO2-indole surface complex (21) can be 

excited with a 460 nm light source to promote the radical Diels-Alder reaction between 

indoles (17) and 1,3-cylcohexadienes (18) (Scheme 2.5).30 To prevent fragmentation of the 

cycloaddition products, the reaction was carried out in presence of acetyl chloride (19) 

resulting in the desired acetylated tetrahydrocarbazoles (20). Platinum-doped titanium 

dioxide (Pt(0.2%)@TiO2) was shown to double the photon efficiency in comparison to 
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undoped TiO2, and a range of protected tetrahydrocarbazoles (20) was synthesized in 

moderate to good yield.31 During a recycling study, a decrease in the activity of 

Pt(0.2%)@TiO2 was observed. The authors hypothesized that surface poisoning from 

organic compounds, most likely derived from indole, is responsible for catalyst deactivation. 

2.2.2 Dye sensitized TiO2 

While surface complexation results only in a small redshift of the absorption of TiO2, 

decoration of the metal oxide semiconductor with sensitizers (dyes) extends the absorption 

of to a broader range of the visible light spectrum. This strategy is applied in dye-sensitized 

solar cells (DSSCs),32 and dye-sensitized photocatalysts (DSPs) for light driven H2 

production.33 

 

Scheme 2.5. Radical Diels-Alder reaction catalyzed by TiO2 using visible light. 

Various functional groups are well established for the immobilization of dyes on TiO2 in 

DSSCs including carboxylic acids, phosphonic acids, or sulfonic acids and various binding 

modes can be responsible for immobilization.34 In most cases, an electron of the 

dye/sensitizer (sens) is excited from the HOMO to the LUMO, followed by injection into 

the CB of the semiconductor (type I sensitization, Figure 2.3). A “direct” electron-injection 

from the HOMO of the sensitizer into the semiconductor’s CB upon photoexcitation is the 

basis of type II sensitization.35 This mechanism is analogous to metal-to-ligand charge-

transfer (MLCT) in ruthenium and iridium polypyridyl complexes, and a new absorption 

band is formed upon binding. In both cases, the valence band position is irrelevant for light 
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harvesting, as photons are absorbed by the sensitizer. This avoids side reactions caused by 

highly reactive holes that would result from direct semiconductor excitation with UV light. 

 

Figure 2.3. Sensitization of TiO2. 

Zhao and coworkers sensitized TiO2 with alizarin red (ARS@TiO2) for the aerobic, 

photocatalytic oxidation of alcohols (22) in presence of catalytic amounts of 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO, Scheme 2.6, A).36 The sensitized semiconductor is 

proposed to remove an electron from TEMPO, generating TEMPO+ that subsequently 

oxidizes the alcohols (22) to the corresponding aldehydes (23). Regeneration of the resulting 

TEMPO-H by the dye or O2 closes the catalytic cycle. A similar system was presented using 

eosin Y as sensitizer.37 More recently, Lang and coworkers showed that the reaction works 

also efficiently in the absence of TEMPO (Scheme 2.6, B).38 The combination of 

ARS@TiO2 and TEMPO was also applied for the photocatalytic oxidation of sulfides (24) 

to sulfoxides (25) in the presence of oxygen (Scheme 2.6, C).39 TEMPO was shown to be 

crucial for the stability of the photocatalyst as its addition avoids photodegradation of ARS.  
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Scheme 2.6. Aerobic oxidation of alcohols (A, B) and sulfides (C) using ARS@TiO2 as photocatalyst. 

Eosin Y sensitized TiO2 (EoY@TiO2) enabled the aerobic oxidation of benzyl ethers (26) to 

the corresponding benzoate esters (27) in moderate to excellent yield (Scheme 2.7).40 The 

method tolerates various functional groups and is applicable to benzyl protected amino acids 

and carbohydrates.  

 

Scheme 2.7. Aerobic oxidation of benzyl ethers catalyzed by eosin Y sensitized TiO2. 

A comparison of various sensitizers immobilized on TiO2 showed that ARS is well suited 

for a photocatalytic cascade radical C–C bond formation/cyclization of N,N-dimethylaniline 

(28) with N-phenylmaleimides (2) that results in 30 (Scheme 2.8).41 A decreased catalytic 

activity was observed during recycling experiments and could be correlated to a decrease of 

the amount of the dye due to leaching.  
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Scheme 2.8. TiO2 sensitized with different dyes for the aerobic oxidative cyclization of N,N-dimethylaniline 
with N-phenyl maleimide. Reproduced with permission from Ref. [25] 

Opatz and colleagues designed a type II sensitizer by merging a chromophore with a redox-

active catechol surface anchoring group.42 The resulting 6,7-dihydroxy-2-

methylisoquinolinium (DHMIQ) was anchored on TiO2 nanoparticles (DHIMQ@TiO2) and 

showed a high activity as photocatalyst for the oxidative cyanation of tertiary amines (28) 

using trimethylsilyl cyanide (TMSCN, Scheme 2.9). The sensitized semiconductor was 

shown to harvest near-infrared (NIR) light, enabling the reaction even using a 730 nm light 

source.  

 

Scheme 2.9. Photocyanation of amines using TiO2 decorated with a type II sensitizer. 

Photocatalysis can be combined with other catalytic strategies, such as organocatalysis (dual 

catalysis).43-44 König and coworkers showed that TiO2 sensitized with Phos-Texas Red 
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(PoTeRed@TiO2) can be used as PC in combination with catalytic amounts of an 

imidazolidinone organocatalyst (34) for the visible-light-promoted α-alkylation of octanal 

(32) with diethyl bromomalonate (31) resulting in enantioenriched 33 (ee = 81%) in 65% 

(Scheme 2.10, A).45 

 

Scheme 2.10. Combination of sensitized TiO2 and organocatalysis. (A) Visible-light-promoted α-alkylation 
of octanal with diethyl bromomalonate. (B) Tandem Michael addition/oxyaminations of α,β–unsaturated 

aldehydes. 
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More recently, the group of Jang combined TiO2 sensitized with a ruthenium dye 

(N719@TiO2) with asymmetric iminium catalysis using visible light irradiation (Scheme 

2.10, B).46 The authors were able to perform highly enantio- and diastereoselective tandem 

Michael addition/oxyaminations of α,β–unsaturated aldehydes (35) with 36. 

2.2.3 Metal doped TiO2 

Another possibility to extend the absorption of metal oxide semiconductors is metal doping 

via chemical or physical methods.20 Modifying TiO2 with metal nanoparticles can narrow 

the band gap, and increase the photocatalytic activity due to an improved charge separation, 

as well as the reduction of electron-hole recombination rates.  

Shen and co-workers showed that the surface modification of TiO2 with nickel(II) oxide 

results in a material that absorbs visible light and is able to induce the photocatalytic cascade 

radical C–C bond formation/cyclization of N,N-dimethylanilines (9) with N-

phenylmaleimides (2, Scheme 2.11).47 The red shift upon surface modification is attributed 

to a rise of the valence band potential resulting from metal doping. Importantly, the 

photocatalyst did not show any reduction in its activity over nine cycles during a 

recyclability study. 

 

Scheme 2.11. Photocatalytic cyclization of tertiary anilines with maleimides using NiO doped TiO2. 

By decorating TiO2 with samarium oxide nanoparticles, Scaiano and co-workers developed 

a single material (SmxOy@TiO2) that can be used for dual photo/Lewis acid catalyzed 

intramolecular [2+2] cycloadditions of symmetrical aryl (bis)enones (39, Scheme 2.12).48 

The desired cycloadducts (40-42) were formed in moderate to good yield (47- 72%) using 

400 nm LEDs. The same system was also used for the photoreductive cyclization of 
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chalcones. Reusability studies showed no loss of efficiency over five cycles for the 

photoreductive coupling of chalcones. 

 

Scheme 2.12. Dual Photo/Lewis acid catalysis with a single bifunctional nanomaterial. 

Gold nanoparticles (Au NPs) absorb visible light due to the surface plasmon resonance 

effect. Upon deposition on TiO2, the CB of the metal oxide semiconductor can transfer 

excited electrons to an acceptor.10 This strategy was used for the dimerization of benzyl 

bromides (43) using green light (Scheme 2.13).49 Studies with the radical trap TEMPO 

suggest that the mechanism proceeds via a benzyl radical intermediate. A decrease in the 

catalytic activity during a recyclability study was related to a growth of the Au particles from 

2.5 to 4.1 nm. 

 

Scheme 2.13. Reductive dimerization of benzyl bromides using AuNP@TiO2 and green LED irradiation. 

TiO2 decorated palladium nanoparticles (NPs) with was used for the photocatalytic Ullmann 

cross-coupling of an electron-rich (45) and electron-poor (46) aryl iodides (Scheme 2.14).50 

Interestingly, only the combination of UVA (368 nm) and blue (465 nm) light resulted in a 

relatively selective formation of the desired cross-coupling product (47). If only blue light 

was used, almost no conversion was observed whereas UVA light alone suffered from low 

selectivity. The authors concluded that the Pd NPs capture the electrons from the conduction 
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band after excitation with UVA light, thereby increasing the lifetime of the electron-hole 

pair. Blue light is proposed to be exclusively absorbed by Pd NPs, initiating a final 

photoreductive elimination. Recyclability studies showed that the conversion stays constant 

over four cycles, whereas the selectivity decreases (50). 

 

Scheme 2.14. Selectivity control in the photocatalytic Ullmann C–C coupling with Palladium doped TiO2 

using combined UVA and blue light. Reproduced with permission from Ref. 33. 

The same group used Pd NPs on TiO2 for light-mediated Sonogashira couplings.51 In this 

case, the photocatalyst lost its catalytic activity completely after two cycles. Since ICP-OES 

analysis showed no Pd leaching, catalyst poisoning by alkyne hydrogenation products on the 

surface was proposed as a plausible reason. 
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2.3 Bismuth oxide 

Bismuth(III) oxide has a smaller band gap (2.1-2.8 eV) than TiO2 and absorbs visible light 

without the need for any modifications. Pericàs and coworkers showed that catalytic amounts 

of Bi2O3 catalyze the Meerwein-type coupling of aryl diazonium salts (5), which were 

generated in-situ from anilines, with heteroaromatic compounds (6) suing visible light 

irradiation (Scheme 2.15, A).52  

Fadeyi and colleagues used Bi2O3 for late-stage diversifications of complex biomolecules 

and active pharmaceutical ingredients via photocatalytic thiol-ene reaction using BrCCl3 as 

radical source.53  

The visible light-induced atom-transfer radical addition (ATRA) of alkyl radicals to olefins 

was also reported using this versatile metal oxide photocatalyst (15, Scheme 2.15, C).54 Here, 

the photoexcited state of Bi2O3 is capable to promote the cleavage of the C–Br bonds (of the 

ATRA donors) to form the alkyl radicals. 

Similarly, alkyl radicals generated via Bi2O3 photocatalyzed C–Br bond cleavage were used 

for the enantioselective α-alkylation of aldehydes (52) in presence of a second-generation 

imidazolidinone catalyst (34, Scheme 2.15, D).55 
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Scheme 2.15. (A) Meerwein arylation of heterocycles using Bi2O3 as photocatalyst. (B) Thiol-ene reaction 
via SET oxidation of thiols by Bi2O3 using visible light. (C) Atom-Transfer radical addition of bromo ATRA 

donors to olefins using Bi2O3 as visible light photcatalyst. (D) Visible-light-promoted α-alkylation of 
aldehydes with α-bromocarbonyl compounds combining organcatalysis and Bi2O3 as visible light 

photcatalyst. 

Other Bismuth based semiconductors, such as Bi2WO6, BiVO4, and BiOCl can be also used 

as visible light photocatalyst for, for example the oxidation of alcohols56-57, toluene58 or 

amines59-60. 

2.4 CdSe, CdS 

Cadmium sulfide and cadmium selenide are small band gap semiconductors that absorb 

visible light up to 540 nm. One of the main advantages of these materials is the 

straightforward preparation of colloidal nanocrystals (quantum dots, QDs). The optical 
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properties, including the CB and VB position, can be tuned by modifying the nanoparticle 

size.61 

 

CdSe QDs were used for the photocatalytic C–O bond cleavage of a model substrate (50) 

that emulates the depolymerisation of β-O-4-linkages that are found in lignin (Scheme 15).62 

An initial, thermal oxidation of 50 with Bobbitt’s salt followed by the photocatalytic C–O 

bond cleavage yields 4-acetanisole (52) and guaiacol (53). The CdSe QDs (3.3 nm), that 

were stabilized by oleic acid and trioctylphosphine oxide, gave turnover numbers (TON) up 

to 128 000. A comparison with a molecular, homogeneous iridium photocatalyst 

([Ir(ppy)2(dtbbpy)]PF6) showed that the QDs have a 15 times greater turnover frequency. 

 

Scheme 2.16. Photocatalytic C–O cleavage of a lignin model structure using CdSe QDs. 

Weiss and colleagues reported on a stereoselective [2+2] cycloaddition of 4-vinylbenzoic 

acid derivatives (54, 55) with tuneable regioselectivity using CdSe QDs that yields tetra-

substituted syn-cyclobutanes (56, Scheme 2.17).63 Transient absorption spectroscopy 

experiments indicated that the reaction proceeds via an energy transfer mechanism. The 

selectivity towards head-to-head products results from a reversible binding of the 

substrates/products via their carboxylic acid functionalities on the surface of the QDs. The 

authors proposed that the surface binding results in non-covalent π-π interactions between 

the rigid olefins that are responsible for the selective production of the kinetically 
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disfavoured syn-products. Depending on the position of the acid functionality in the 

substrate, different regioisomers can be formed selectively. The ability to precisely control 

the triplet energy levels of the QDs by tuning the particle size further enabled challenging 

intermolecular hetero-cycloadditions. 

Porous CdSe nanosheets with a thickness of 1.7 nm were used for the photocatalytic 

deuteration of aryl halides (57) via photocatalytic D2O splitting in presence of Na2SO3 as 

sacrificial electron donor (Scheme 2.18, A).64 Similarly, ZnSe/CdS-core/shell quantum dots, 

enabled the reductive dehalogenation of electron deficient (hetero)aryl halides (59) using 

visible light in presence of DIPEA (Scheme 2.18, B).65 The radical intermediates can be also 

trapped with N-substituted pyrrole (61) to generate the respective C–C coupling products.  

 

Scheme 2.17. Regio- and stereoselective [2+2] cycloaddition of 4-vinylbenzoic acid using CdSe QDs under 
visible light irradiation. 
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Scheme 2.18. (A) Deuteration of aryl halides by photocatalytic D2O water splitting with porous CdSe sheets 
as photocatalyst. (B) Reductive dehalogenation of aryl halides and C-H arylation with pyrroles using 

ZnSe/CdS core/shell quantum dots as photocatalyst. 

The versatility of CdSe QDs for photocatalytic organic synthesis was reported by Weix and 

coworkers.66 The authors showed that single-sized CdSe QDs (3.0±0.2 nm), stabilized by 

trioctylphosphine oxide and oleic acid, are efficient catalysts for a range of photoredox 

reactions including the β-alkylation of aldehydes, the β-aminoalkylation of ketones and the 

dehalogenation of aryl iodides. The authors further showed that the heterogeneous 

semiconductor is able to act as photocatalyst for the amination of aryl halides in combination 

with nickel catalysis (Scheme 2.19, A). Similarly, Xiao and coworkers used CdS in 

combination with nickel catalysis for C–N and C–O cross-couplings (Scheme 2.19, B).67 

Moderate to excellent yields were obtained for the coupling of various amines (67) and 

alcohols (68) with electron-poor aryl bromides (57-Br). The heterogeneous photocatalyst 

could be recycled ten times without significant loss in activity.  

Weiss and colleagues demonstrated that tuning the ligand shell of CdS QDs can increase the 

reaction rate for the photocatalytic C–C coupling of 1-phenylpyrrolidine (70) and phenyl 

trans-styryl sulfone (71, Scheme 2.20).68 Replacing a portion of the oleate ligand by octyl 
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phosphonate creates a mixed monolayer that increased the initial rate by a factor of 2.3 

compared to CdS QDs with an oleate ligand shell. This phenomenon is attributed to a better 

permeability of the ligand shell that facilitates the rate-limiting charge transfer between 1-

phenylpyrrolidine (70) and the QD core. 

 

Scheme 2.19. Dual photo/nickel catalysis using semiconductors. (A) C–N cross-coupling using CdSe QDs. 
(B) C–N and C–O cross-couplings using CdS. 

 

Scheme 2.20. Photocatalytic C–C coupling of 1-phenylpyrrolidine and phenyl trans-styryl sulfone 
using CdS QDs. 

The oxidative coupling of amines (73) to imines (74) was achieved using visible light 

irradiation using CdS nanosheets in the presence of oxygen (Scheme 2.21, A).69 The high 
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specific surface area (56.3 m2/g) of the porous CdS nanosheets contributed to an better 

performance compared to CdS nanoparticles. 

The transfer hydrogenation of N-benzylidenebenzylamine derivatives (74) that gives the 

respective dibenzylamines (75) was realized using 4-fluorothiophenol as hole acceptor and 

hydrogen atom donor using green LEDs or sunlight and CdSe/CdS core/shell quantum dots 

as photocatalysts (Scheme 2.21, B).70  

 

Scheme 2.21. (A) Photocatalytic oxidative coupling of benzyl amines to imines using CdS nanosheets. (B) 
Light-mediated transfer hydrogenation of N-benzylidenebenzylamine using core/shell CdS/CdSe QDs. 

2.5 Lead halide perovskites 

Lead-halide perovskite (APbXn) are promising materials for photochemical applications 

with tunable optical band gaps depending on, for example, the halide composition.71 One of 

the few examples for the application of lead halide perovskites in organic synthesis is the 

photocatalytic formation of symmetrical and unsymmetrical disulfides (14) from thiols (12, 

13) using CsPbBr3 under aerobic conditions (Scheme 2.22, A).72 The same catalytic system 

was also suitable for the light-mediated cross-dehydrogenative phosphonylation of N-aryl 

tetrahydroisoquinoline derivatives (76) or tertiary amines (77). Both reactions showed high 

efficiency and moderate to excellent yields (50-96%) were obtained. Changing bromine to 

iodine in the CsPbX3 structure reduces the bandgap, but the lower oxidation potential led to 

lower photocatalytic activity towards the disulfide formation. CsPbCl3, on the contrary, has 
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a higher oxidative potential, but the large bandgap makes it unsuitable for visible light 

photocatalysis. 

 

Scheme 2.22. (A) Disulfide formation and cross-dehydrogenative coupling between tertiary amines and 
phosphite esters using CsPbBr3 as photocatalyst. (B) α-Alkylation of aldehydes using CsPbBr3 as 

photocatalyst (C) Photocatalytic pyrazole synthesis and dual nickel/photo catalyzed esterification using 
CsPbBr3 as photocatalyst. 
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CsPbBr3 was also used in combination with an amine organocatalyst for the α-alkylation of 

aldehydes (Scheme 2.22, B).73 The catalytic system showed TONs over 52,000 for the α-

alkylation of aldehydes (82), which is three orders of magnitude higher than for molecular 

Ir or Ru photocatalysts. The application of CsPbBr3 was further expanded to a range of other 

photocatalytic transformations that include the formation of pyrazoles (86), and the dual 

photo/nickel catalyzed cross-coupling of aryl bromides (57-Br) and carboxylic acids (87, 

Scheme 2.22, C).74 

2.6 Carbon nitrides 

Graphitic carbon nitrides (g-CN), a class of metal-free polymers, are among the most studied 

materials for heterogeneous photocatalysis.75 The organic semiconductors absorb light in the 

visible area (bandgap ~2.7 eV). In general, g-CN polymers are easy to synthesize from 

readily available and cheap precursors, such as urea, cyanamide, or melamine. The band gap 

and position of the valence and conduction band depend on several factors such as the C/N 

ratio, the polymerization degree or the crystallinity that can be tailored via the synthetic 

approach. We limit our discussion about their use as photocatalysts to a selected set of 

examples, as the field was recently summarized in several reviews.16-18 

In a collaborative effort, the groups of Blechert, Wang and Antonietti pioneered the 

application of carbon nitride materials for synthetic purposes, showcasing the photocatalytic 

properties of these organic semiconductors for the oxidation of alcohols,76 and amines.77 The 

same groups further realized the photocatalytic aerobic dehydrogenative C–C coupling of 

N-aryl tetrahydroisoquinolines (76) with various nucleophiles (89), including nitroalkanes, 

dimethyl malonate and ketones using mesoporous graphitic carbon nitride (mpg-CN, 

Scheme 2.23, A). This material is prepared using silica nanoparticles as templates to obtain 

a high surface area (200 m²/g) that makes it ideally suited for catalytic applications. It was 

also used for the fluoroalkylation of (hetero)arenes (91) via the generation of CF3 radicals in 

the  single electron reduction of trifluoromethanesulfonyl chloride (Scheme 2.23, B).78 
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Scheme 2.23. (A) Cross-dehydrogenative couplings and (B) the fluoroalkylation of (hetero)arenes using 
mpg-CN as photocatalyst. 

The versatility of mpg-CN as photocatalyst for organic synthesis was recently demonstrated 

for a range of reactions, including the twofold C-H functionalisation of heteroarenes (89, 

Scheme 2.24, A).79 The authors further demonstrated the direct C-H functionalisation using 

metal salts that enabled, for example, brominations, cyanations and thiocyanations of arenes 

(Scheme 2.24, B). The heterogeneous, organic semiconductor was also used as photocatalyst 

in combination with a homogeneous nickel catalyst for the semi-heterogeneous dual 

photoredox nickel catalytic aryl amination of aryl bromides with secondary and primary 

amines (Scheme 2.24, C). 
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Scheme 2.24. (A) C-H bifunctionalisation of arenes using mpg-CN (B) C-H functionalisation using alkali 
metal salts as nucleophiles. (D) Ligand-free mpg-CN/nickel dual catalytic C–N cross-couplings of aryl 

bromides amines. 

Similarly, a carbon nitride that is prepared through co-condensation of urea and oxamide 

followed by post-calcination in a molten salt (CN-OA-m) proved efficient for dual 

nickel/photocatalysis.80-82 The semi-heterogeneous approach enabled the esterification and 

(thio)etherification of electron-poor aryl halides (57, Scheme 2.25, A). In these cases, the 

heterogeneous semiconductor could be reused several times without any loss in reactivity. 

Real-time monitoring of the esterification by in situ FTIR spectroscopy showed that the 

kinetic profile of the carbon nitride catalyzed protocol is similar to the reaction using 

homogeneous iridium photocatalysis.80 Using a similar protocol the corresponding C–N 

cross-coupling did also enable the coupling with aryl halides that lack an electron 

withdrawing group, but suffered from severe reproducibility issues.82 The reactions 

frequently resulted in low yields and the heterogeneous, yellow PC became black. High 

amounts of deposited nickel were detected on the recovered carbon nitride by ICP-OES 
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analysis, indicating nickel-black formation. In addition, recycling of the heterogeneous PC 

was not successful: the yellow CN-OA-m turned dark green after three cycles due to nickel 

deposition and the amine formation decreased significantly. The authors demonstrated that 

these problems can be avoided by controlling the reactivity of the carbon nitride 

photocatalyst using higher wavelengths, or reducing catalyst-solvent interactions.  

 

Scheme 2.25. Dual photo/nickel catalyzed carbon-heteroatom cross-couplings using CN-OA-m. (A) 
Esterification and thio(etherification) of aryl halides  and (B) amination of aryl halides. 

A graphitic carbon nitride that was prepared by pyrolysis of guanidine hydrochloride was 

used to generate α-aminoalkyl radicals via desilylative and decarboxylative photocatalytic 

single electron oxidations of α-silylamines (100) and α-amino acids (101, Scheme 2.26).83 

The resulting radicals were applied for the addition to alkenes, as well as allylations and 

heteroarylations. Other semiconductors (TiO2, BiVO4) did not show any activity towards the 

desired products under identical conditions. The authors further showed that the 

heterogeneous semiconductor does not lose its catalytic activity upon recycling. 
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Scheme 2.26. Desilylative and decarboxylative generation of α-aminoalkyl radicals using g-CN. 

Reisner and coworkers showed that a cyanamide functionalized carbon nitride (NCN-CN) 

has a significantly higher activity than homogeneous Ir/ Ru photocatalysts in the 

photocatalytic Minisci-type reaction of electron-deficient N-heteroarenes (105) with 

alcohols, amides, and cyclic ethers (Scheme 2.27).84 While no reaction was observed in the 

absence of O2, the addition of Pt nanoparticles enabled the coupling under anaerobic 

conditions. The evolution of hydrogen indicated that the Pt NPs consume the generated 

electrons via proton reduction. The same functionalized carbon nitride material was used for 

the sulfonylation of alkenes where it also outperformed other photocatalysts, including eosin 

Y and other CN derivatives.85  
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Scheme 2.27. Minisci-type coupling using carbon nitride catalysis. 

A carbon nitride material that was synthesized from cyanuric acid, melamine and barbituric 

acid (CMB-CN) was used for the decarboxylative fluorination of phenoxyacetic acids (108) 

and phenylacetic acid derivatives using Selectfluor in a continuous flow approach (Scheme 

2.28).86 A packed-bed reactor was not suitable as carbon nitride semiconductors are opaque. 

Handling of solid materials in other flow reactor types is challenging and leads to clogging. 

To overcome this general limitation, the authors developed a dedicated reactor system. The 

key innovation was the introduction of a catalyst suspension into a gas-liquid slug stream. 

The resulting serial micro batch reactors (SMBRs) can be fed into an irradiated coil reactor 

that is submerged in a thermostatic bath. The natural Taylor flow mixes the slug to 

continuously re-suspend the material, ensuring efficient irradiation and reproducible 

processing. In this system, the reaction time can be adapted by changing the gas and/or liquid 
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flow rate or the reactor volume while the catalyst stoichiometry can be varied by changing 

the rate of suspension dosing. 

Potassium poly(heptazinie imide), an ionic carbon nitride derivative with a high valence 

band potential of +2.54 eV vs RHE (g-CN: 1.82 eV vs. RHE), is perfectly suited for reactions 

that benefit from strong single electron oxidants. 1,3,4-oxadiazoles (111) can be effectively 

synthesized starting from N-acylhydrazones (110) using K-PHI as photocatalyst and S8 as 

electron donor at 80°C in nonpolar solvents (Scheme 28, A).87 When the reaction was carried 

out at lower temperatures (50°C), the rate decreased significantly and 43% instead of 80% 

yield were reached. Heating to 80°C was also crucial for high reaction rates during the light-

mediated, K-PHI catalyzed synthesis of 1,3-disubstituted-5,6-dihydropyrrolo[2,1-

a]isoquinolines (DHIPQs, 114) from tetrahydroisoquinolines (112) and chalcones (113) 

using blue light (Scheme 2.29, B).88 Chalcones (113) can also be (cyclo)dimerized with K-

PHI photocatalysis in the presence of TEOA (triethanolamine) as electron donor, resulting 

in cylcopentanoles (115, Scheme 2.29, C).89 Performing these reactions at 80 °C increased 

not only the reaction rate, but also resulted in higher selectivities compared to lower 

temperatures, likely due to thermodynamic control in the formation of the five-membered 

ring.  
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Scheme 2.28. Decarboxylative fluorination of phenoxy acid derivatives in continuous flow. Reproduced with 
permission from Ref.[58] 
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Scheme 2.29. (A) Photooxidation of N-acylhydrazones to 1,3,4-oxadiazoles with S8 as oxidant and K-PHI as 
photocatalyst. (B) Oxidative condensation between tetrahydroisoquinolines and chalcone catalyzed by K-

PHI. (C) Reductive cyclodimerization of chalcones using K-PHI as photocatalyst. 

2.7 Conjugated Microporous Polymers (CMPs) 

Conjugated microporous polymers (CMPs) have a well-defined, conjugated backbone that 

can be rationally designed, allowing to tune their electrical and optical properties.19 These 

amorphous polymers have a highly porous structure that stems from the covalent connection 

of rigid, contorted molecules. 

Poly(benzothiadiazoles) are among the most common CMPs applied in organic synthesis 

and were recently reviewed.90 The versatile PCs are commonly synthesized via metal-

catalyzed cross-couplings of benzothiadiazole (acceptor) and other aromatic (donor) 

monomer units. A poly(benzothiadiazole) CMP was, for example, used for the formation of 

singlet oxygen (1O2) and its utilization in the synthesis of ascaridole (117) from α-terpinene 

(116, Scheme 2.30, A).91 The CMP (CMP-BTD) was synthesized by the polymerization of 

4,7-dibromobenzo[c][1,2,5]thiadiazole with 1,3,5-triethynylbenzene via Sonogashira cross-

couplings. SiO2 nanoparticles were used as templates to increase the porosity of the 
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polymeric materials. The BET surface was raised from 270 m2/g for a CMP (no SiO2 

template) to 660 m2/g, when 60 mg/mL SiO2 nanoparticles were used. The high porosity and 

specific surface area were beneficial for an enhanced accessibility of the excited solid 

polymer for solubilized oxygen, leading to increased reaction rates. Using a continuous-flow 

system, a 1O2 production of up to 1 mmol/min was measured with a maximum quantum yield 

of 0.06. More recently, a similar CMP was shown to be also applicable for the stereoselective 

[2+2] cycloaddition of styrene derivatives.92 

Zhang and coworkers synthesized a CMP via Suzuki-Miyaura-couplings of a 

benzothiadiazole monomer and a Boc-protected carbazole co-monomer using a high internal 

phase emulsion polymerization approach.93 The resulting B-(Boc-CB)2-BT was shown to be 

applicable as photocatalyst for the aerobic oxidation 

 

Scheme 2.30. (A) Oxidation of α-terpinene to ascaridole with poly(benzothiadiazole) conjugated porous 
polymer (CMP-BTD) as photocatalyst for the photocatalytic production of 1O2. (B) Photocatalytic aerobic 

oxidation of aryl alkyl sulfides B-(Boc-CB)2-BT. 
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of aryl alkyl sufides (118) to the corresponding sulfoxides (Scheme 2.30, B). The same 

reaction was also realized using a ferrocene-based CMP.94 

A benzobisthiadiazole CMP (B2-Fl2-BBT) was prepared via Sonogashira couplings in high 

internal phase emulsion polymerization of a benzobisthiadiazole unit, a fluorene derivative, 

and 1,3,5-triethylenebenzene.95 The resulting material showed a broad absorption range from 

visible to near-IR light and was applied as catalyst for the light-mediated debromination of 

α-bromoacetophenone derivatives (120) using Hantzsch ester as hydrogen donor and DIPEA 

as electron donor (120, Scheme 2.31). 

 

Scheme 2.31. Dehalogenation of haloketones using a poly-benzobisthiadiazole CMP as heterogeneous 
photocatalyst using visible light. 

A Friedel-Crafts alkylation was used to prepare a poly(benzothiadiazole) CMP (MOP-1) 

using formaldehyde dimethyl acetal (FDA) as bridging agent and 4,7-

diphenylbenzo[c][1,2,5]-thiadiazole (BT-Ph2) as photoactive unit (Scheme 2.32). 96 The 

photocatalytically active polymer with a BET surface of 586 m2/g gave moderate to good 

yields for the bromination of electron rich aromatic compounds (96) using HBr in the 

presence of O2. 
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Scheme 2.32. Selective bromination of electron-rich aromatic compounds using microporous cross-linked 
organic polymers and HBr under blue light irradiation. 

Fine-tuning of the VB and CB band levels can be carried out by varying the amount of the 

benzothiadiazole monomers during the CMP preparation. This enables the facile synthesis 

of a library of CMP materials with different bandgaps. Zhang and coworkers used this 

approach to study the activity of different polybenzobisthiadiazoles based CMPs for the 

photocatalytic synthesis of a 1,2,3,4-tetrahydroquinoline derivatives (28) by a cascade 

radical C–C bond formation/cyclization of N,N-dimethylaniline (9) with N-

phenylmaleimide (2, Scheme 2.33).97 

 

Scheme 2.33. Activity of different polybenzothiadiazoles based CMPs in the photocatalytic synthesis of 
1,2,3,4-tetrahydroquinolines. 
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Benzooxadiazoles can be also used to prepare photocatalytically active CMP materials. 

Similarly to the above examples using benzothiadiazole monomers, bandgap engineering via 

the synthetic approach is feasible. This was showcased for the preparation of CMPs with 

different substitution patterns using Sonogashira-type couplings of different alkynes with 

4,7-dibromobenzo[c][1,2,5]oxadiazole (Scheme 2.34).98 While the material resulting from a 

benzene co-monomer that contains four alkyne functionalities (B-BO-1,2,4,5) showed an 

excellent light harvesting behaviour with an absorption range up to near IR light, a CMP 

made using B-BO-1,3,5 had the highest catalytic activity for the aerobic oxidation of amines 

due to its higher conduction band potential. This same CMP was further decorated with Pd 

nanoparticles to enable light-mediated Suzuki cross-couplings.99  

 

Scheme 2.34. Bandgap engineering by co-monomer variation during the synthesis of Poly(benzooxadiazole) 
CMPs. 

The oxidation of amines was used to showcase that truxene-based conjugated microporous 

polymer are photocatalytically active using visible light irradiation (λ>420 nm) or natural 

sunlight.100 Carbazolylic CMPs (Cz-CMPs), that were synthesized via Friedel-Crafts 

alkylations were applied as photocatalysts for the aerobic oxidation of amines and 

sulfides,101 the dehalogenation of phenacyl bromides (120), the oxidative hydroxylation of 

aryl boronic acids (122), and the redox neutral α-functionalisation of aldehydes in presence 

of an additional organocatalyst (125, Scheme 2.35).102 It was further shown that the 

heterogeneous photocatalytic material could be reused without losing its catalytic activity.  
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Scheme 2.35. A carbazaolic conjugated microporous polymer as photocatalyst for (A) the debromination of 
phenacyl bromides, (B) the hydroxylation of aryl boronic acid and (C) the alkyation of aldehydes. 

A cationic, porous polycarbazole with incorporated, heteroleptic iridium polypyridyl units 

(CPOP-29) showed also good activity in the hydroxylation of aryl boronic acids and was 

further used for cross-dehydrogenative coupling of N-aryl tetrahydroisoquinoline derivatives 

(76) and several nucleophiles, such as phosphite esters and nitroalkanes (Scheme 2.36).103 

An enhanced activity was achieved by introducing CF3 groups into the polymeric network, 

which led to superior light-absorption ability and a longer fluorescence lifetime.  
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An Eosin Y dye-based porous organic polymer (EY-POP-1) can also be used for aza-Henry 

reactions.104 Eosin Y was polymerized with 1,3,5-triethinylbenzene to obtain an extended π-

conjugation structure. Importantly, the CMP was recycled 12 times without loss in 

efficiency. Additionally, a difluoroborate-based conjugated microporous polymer (B-COP) 

was tested for the same reaction.105 The polymeric material with a broad absorption band in 

the visible light region (400-700 nm) was synthesized by a base-catalyzed condensation 

polymerization between difluoroboron β-diketonate and tris(4-formylphenyl) amine.  

 

Scheme 2.36. Dehydrogenative C-H functionalisation of N-aryl substituted tetrahydroisoquinoline 
derivatives using different conjugated porous polymers and visible light irradiation. 
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A azulene-CMP (P-Az-B) enabled the visible-light mediated palladium-free Stille-type 

coupling of aromatic butyl stannanes (126) and aryl iodides (57-I) using white light (Scheme 

2.37).106 The method, however, works only for aryl halides that have strong electron-

withdrawing substituents, which was rationalized by the stabilization of the formed aryl 

radical anion. 

 

Scheme 2.37. Palladium-free Stille-type coupling using a conjugated microporous polymer and visible light 
irradiation. 

Su and coworkers prepared a CMP via FeCl3 catalyzed Friedel Crafts reactions of 4-CzIPN 

(1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene), that is also a potent photocatalyst 

alone.107 The recyclable catalyst absorbed up to 800 nm and had high thermal stability. Its 

photocatalytic activity was demonstrated for the generation of an alkoxyalkyl radical from 

1,3-dioxolane that induces the 1,2-formylarylation of N-acrylamides (128), forming the 

corresponding 3-formyloxindole products (130, Scheme 2.38). The products were used for 

the construction of oxo-and aza-ring fused indolines and spirocyclic indole derivatives in 

thermal transformations.  
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Scheme 2.38. Photocatalytic cascade radical cyclization of N-arylacrylamides via H-atom abstraction of 1,3-
dioxalane using 4CzIPN-CMP as photocatalyst. 

2.8 Covalent Organic Frameworks (COFs) 

Covalent organic frameworks (COFs) are two- or three-dimensional, highly ordered 

structures that are constructed by covalently linked building blocks.108 In contrast to 

amorphous CMPs, COFs are crystalline, porous materials. The potential applications of 

COFs include gas storage and separation, drug delivery, energy storage, and the use as 

photocatalysts. 

Covalent triazine networks (CTF), a subclass of COFs, were used for the aerobic oxidation 

of benzyl alcohols,109 and the cross-dehydrogenative coupling of N-aryl substituted 

tetrahydroisoquinoline with nucleophiles.110 More recently, an asymmetric CTF (asy-CTF), 

made via a TfOH-catalyzed trimerization of 5-(4-cyanophenyl)thiophene-2-carbonitirile, 

was used for the photocatalytic synthesis of benzophosphole oxides (133, Scheme 2.39).111 

The asymmetric donor-acceptor structure resulted in a higher activity than symmetrical 

analogues, which was rationalized by an enhanced charge separation and intramolecular 

electron transfer.  
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Yang and coworkers accessed a two-dimensional COF (2-D-COF-1) photocatalyst by the 

condensation of 2,5-dimethoxyterephtalohydrazide with 1,3,5-triformylbenzene (Scheme 

2.40).112 The highly crystalline and thermostable framework absorbs visible light up to ~700 

nm and was shown to be a potent photocatalyst for the tandem radical-addition cyclization 

of 2-arylphenyl isocyanides (134) with alkyl and aryl hydrazines (135). The authors further 

showed that 135 can be replaced by other radical precursors such as CF3SO2Na, 

diphenylphosphine oxide or diphenylsulfide. Importantly, the heterogeneous PC was 

recycled six times maintaining its catalytic activity. The same COF structure was further 

shown to catalyze the cross-dehydrogenative coupling of N-aryl substituted 

tetrahydroisoquinoline with nucleophiles.113 

 

Scheme 2.39. Photocatalytic synthesis of benzophosphole oxides using a CTF. 
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Scheme 2.40. Tandem radical-addition cyclization of 2-arylphenyl isocyanides with alkyl and aryl 

hydrazines using a hydrazine-based COF. 

Other examples of COFs that were successfully applied in photocatalysis are two-

dimensional, porphyrin- (Por-COF),114 and benzoxazole-based frameworks115 (Benzo-COF; 

Scheme 40). The fully organic, heterogeneous PCs were used to activate O2 for the aerobic 

photocatalytic hydroxylation of aryl boronic acids (Benzo-COF), and the oxidation of 

amines (Por-COF). 
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Scheme 2.41. Photocatalytically active covalent organic frameworks with incorporated porphyrin (A) and 

benzoxazole (B) units. 
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2.9 Metal organic frameworks (MOFs) 

Metal organic frameworks (MOFs) are porous, highly ordered crystalline solids that consist 

of metal ions/cluster and organic linkers. In case of photocatalytically active MOFs, the 

metallic cluster (semiconductor), or a photocatalyst that is encapsulated in the pores of a 

photocatalytically inactive MOF can be responsible for their catalytic activity.116 The vast 

majority of MOF photocatalysts, however, gain their photocatalytic activity from the 

incorporation of a molecular dye into the organic linker structure (Scheme 2.42). This can 

be, for example, accomplished, by using the ligand of Ru polypyridyl complexes as linker 

in combination with ZrCl4 in presence of acetic acid (A).117 Similarly an iridium polypyridyl 

complex serves as (metal)organic linker in a Zr-MOF.118 Jiang and coworkers showed that 

porphyrin dyes can be combined with ZrOCl2∙8H2O to obtain a photocatalytically active 

MOF (B).119 Similarly, a porphyrin-based MOF can be obtained using indium metal 

clusters.120 Zn-based MOFs were synthesized using a combination of bis(3,5-

dicarboxyphenyl)pyridine and bis(3,5-dicarboxyphenyl)methylpyridinium (C).121 All of 

these heterogeneous materials showed promising photocatalytic activity in reactions 

involving the generation of reactive oxygen species that were discussed in the previous 

chapters, including the oxidation of amines, the hydroxylation of arylboronic acids, and the 

dehydrogenative C–C coupling of N-aryl tetrahydroisoquinolines with various nucleophiles.  
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Scheme 2.42. Precursors for metal organic frameworks that contain a photocatalytically active linker unit. 

(A) Zr-MOF with Ru polypyridyl complex. (B) Zr-MOF with porphyrin linker. (C) Zn-MOF using a 

combination of two ligands. 

Duan and colleagues demonstrated that the incorporation of a photoactive polyoxometalate 

([SiW11O29Ru(H2O)]5-) in a copper(II)-bipyridine MOF (Scheme 2.43) is also able to 

catalyze the light-mediated photocatalytic aza-Henry reaction of N-aryl 
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tetrahydroisoquinolines with nitromethane in the presence of oxygen.122 Based on control 

experiments using K5[SiW11O39Ru(H2O)]∙10H2O as PC with and without Cu(NO3)2∙3H2O 

as co-catalyst, the authors claimed that Cu activates the nucleophile and this effect is 

significantly enhanced when it is directly connected to the PC through the MOF structure 

due to close spatial proximity. 

 

Scheme 2.43. Incorporation of a polyoxometalate photocatalyst in the pores of a photocatalytically inactive 
MOF. 

The same group developed a MOF (Zn-PYI) that contains a stereoselective organocatalyst 

(L-or D-pyrollidin-2-ylimdazole) and a photocatalytically active triphenylamine moiety in 

the organic unit.123 The asymmetric, photocatalytically active MOF enabled the α-alkylation 

of aliphatic aldehydes (86) with diethyl 2-bromomalonate (31) using visible light with high 

enantioselectivity (Scheme 43). More recently, the same reaction was catalysed by a MOF 

where a red shift of the ligand, that contains a chromophore and an asymmetric ligand, was 

observed after the MOF assembly.124 This was attributed to a metal-to-ligand charge transfer 

between the metal (Zn, Zr or Ti) and the ligand. 
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Scheme 2.44. Stereoselective alkylation using a MOF that contains an organocatalyst and a photoredox 
catalyst. 

Lin and coworkers combined a photoactive iridium- and a nickel complex in a zirconium 

MOF (Zr12-Ir-Ni) and showed its use in the metallaphotoredox C–S cross-coupling of aryl 

iodides (57-I) and thiols (13, Scheme 2.45).125 The close spatial proximity of the IrIII and 

NiII complexes (~0.6 nm) in Zr12-Ir-Ni facilitates electron and thiol radical transfers and the 

catalytic system reached turnover numbers up to 38500. The system was synthesized a 

solvothermal reaction of ZrCl4, H2DBB and the iridium complex, and post-synthetic 

metalation with NiCl2•6H2O. 
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Scheme 2.45. Fully heterogeneous dual nickel/ photocatalytic thioetherfication using a Zr-MOF that contains 
a photocatalytically active Ir complex and a Ni complex in the organic unit. 

More recently, a two-dimensional metal organic layer was constructed using Hafnium 

clusters that are bridged by photocatalytically active iridium complexes (Scheme 2.46).126 

The metal-organic layers were functionalized with a nickel complex, resulting in a single 

material that is capable of catalysing the cross-coupling reactions of aryl halides (57) with 

thiols (98-S), alcohols (98-O), or potassium trifluoroborates (139). The fully heterogeneous 

dual catalyst was recycled five times without losing its catalytic activity and only low 

amounts of leached Hf (<0.3%), Ir (<0.6%) and Ni (<0.1%) were determined by ICP-OES.  
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Scheme 2.46. Fully heterogeneous dual nickel/ photocatalytic C–O, C–S and C–C cross-couplings using a 
Hf-MOF that contains a photocatalytically active Ir complex and a Ni complex in the organic unit. 
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2.10 Conclusions 

A variety of heterogeneous materials has been employed as recyclable photocatalysts for 

organic synthesis. Inorganic semiconductors, especially TiO2, are most commonly used to 

replace homogeneous photocatalysts. Surface complexation, dye sensitization and doping 

are common methods to enable the wide-band gap semiconductor to harvest visible light up 

to near IR, which is rarely reached by homogeneous photocatalysts. The combination of 

photocatalysts with heterogeneous nanoparticles that are capable of photon upconversion is 

an alternative strategy for accessing near IR light and might be a promising concept for, for 

example, the application of photocatalysis in in vivo experiments.127 

However, apart from other inorganic semiconductors, purely organic semiconductors of the 

carbon nitride family have rapidly emerged to a useful alternative that harvest visible light 

without the need for doping. The straightforward preparation of these classical 

semiconductors from cheap starting materials is one of the main advantages. It was also 

shown that semiconductor photocatalysis could be used in synergy with other catalytic 

reactions in dual catalytic processes.  

More recently, polymeric porous materials that include conjugated microporous polymers, 

covalent organic frameworks and metal organic frameworks are slowly implemented in 

photocatalytic organic transformations. The main advantage of these materials is their 

rational design. Their precise preparation using, for example, cross couplings enables 

straightforward tuning of their electrical and optical properties. Moreover, the incorporation 

of a photocatalytic unit and a second catalyst accesses a single, recyclable material that 

enables dual catalytic processes.  

As each heterogeneous photocatalyst has advantages and disadvantages, the decision for the 

best material to be made case-by-case considering, the respective reaction, the reaction scale 

and the available light source. A problem that all heterogeneous photocatalysts have in 

common is their limited applicability for large-scale reactions. This problem is easy to 

address for homogeneous photocatalysis using flow technologies, but challenging for 

semiconductors and only a few approaches exist. It is therefore important to note that 

research in heterogeneous photocatalysis should not only focus on new transformations and 

improved catalysts, but also needs dedicated technologies for their applications. 
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Abstract 

Cross-coupling reactions mediated by dual nickel/photocatalysis are synthetically attractive 

but rely mainly on expensive, non-recyclable noble metal complexes as photocatalysts. 

Heterogeneous semiconductors, which are commonly used for artificial photosynthesis and 

wastewater treatment, are a sustainable alternative. Graphitic carbon nitrides, a class of 

metal-free polymers that can be easily prepared from bulk chemicals, are heterogeneous 

semiconductors with high potential for photocatalytic organic transformations. Here, we 

demonstrate that graphitic carbon nitrides in combination with nickel catalysis can induce 

selective C–O cross-couplings of carboxylic acids with aryl halides, yielding the respective 

aryl esters in excellent yield and selectivity. The heterogeneous, organic photocatalyst 

exhibits a broad substrate scope, is able to harvest green light, and can be recycled multiple 

times. In situ FTIR was used to track the reaction progress to study this transformation at 

different irradiation wavelengths and reaction scales. 
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3.1 Introduction 

Transition-metal catalyzed cross-coupling reactions are key transformations in modern 

organic synthesis.1 Numerous elegant and robust methods relying primarily on palladium 

catalysts to form carbon–carbon2 and carbon–heteroatom3 bonds exist. The high economic 

and environmental cost of precious metal catalysts renders the catalytic systems unviable in 

the long-term. Nickel, an attractive alternative to rare metals, is capable of catalyzing many 

of the same transformations as palladium.4-6 The combination of nickel and photoredox 

catalysis has opened up new avenues for cross-coupling chemistry.7-8 However, ruthenium 

or iridium photocatalysts (PC) are still required to turn over the nickel species. Photoactive 

complexes with earth abundant metals9 or organic dyes10-13 are less efficient or prone to 

degradation.  

Heterogeneous semiconductors are promising alternatives given their ease of preparation 

and straightforward recycling strategies by filtration or centrifugation.14-16 Graphitic carbon 

nitrides (g-CN), a class of metal-free polymers, are among the most potent materials for 

heterogeneous photocatalysis.17-18 Unlike the most widely studied semiconductor TiO2 (band 

gap ~3.2 eV; onset of absorption: 380-390 nm), g-CN materials absorb light in the visible 

area (band gap <2.7 eV; onset of absorption: <450-460 nm). g-CN polymers are easy to 

synthesize from commodity chemicals, and exhibit a high thermal and chemical stability. 

The band gap and position of the valence and conduction band depend on several factors 

such as the C/N ratio, the polymerization degree, and the crystallinity, all of which can be 

tailored by the synthetic approach.17  

Here, we describe the application of g-CN materials in dual nickel/photocatalysis in a semi-

heterogeneous catalytic system (Scheme 3.1). 

 

Scheme 3.1. Homogeneous versus semi-heterogeneous dual Ni/photocatalysis. 
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3.2 Results and discussion 

Carbon nitride materials can catalyze esterification between N-(tert-Butoxycarbonyl)-

proline (Boc-Pro-OH) and methyl 4-iodobenzoate using white LED (RGB) irradiation 

(Table 3.1). Mesoporous graphitic carbon nitride (mpg-CN),19 a modified carbon nitride 

derived from a cyanuric acid/melamide/barbituric acid complex (CMB0.05-CN),20 a sulfur-

doped material (CNS600),
21 and the strongly oxidizing potassium poly(heptazine imide) (K-

PHI),22 gave 12-15% of ester 1. A carbon nitride derivative prepared through co-

condensation of urea and oxamide followed by post-calcination in a molten salt (CN-OA-

m)23 showed the highest activity in the photocatalyst screening,24 presumably due to its 

enhanced optical absorption in the visible region compared to most other known CN 

materials (Figure 3.4 in the Supporting Information). The absence of any detectable amounts 

of the corresponding decarboxylative C–C coupling product 225 indicates a selective 

photosensitization rather than single-electron transfer.26 This is in stark contrast to the usual 

reactivity of carbon nitride materials which are reported to follow single electron transfer 

(photoredox) pathways.18 

Table 3.1. Screening of potential carbon nitride semiconductors.[a] 

 

Entry CN catalyst 1 [%][b] 2 [%][b] 

1 CN-OA-m 22 n.d. 

2 CNS600
 18 n.d. 

3 mpg-CN 15 n.d. 

4 K-PHI 14 n.d. 

5 CMB0.05-CN 12 n.d. 

[a] Reaction conditions: methyl 4-iodobenzoate (0.3 mmol), Boc-Pro-OH (0.45 mmol), 

NiCl2·glyme (10 mol%), dtbbpy (10 mol%), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 0.45 

mmol), CN catalyst (10 mg), DMSO (anhydrous, 3 mL), white LEDs at 40 °C for 14 h. [b] 

Determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. n.d. = not 

detected. 

 

A systematic evaluation of all other reaction parameters indicated that a cocktail consisting 

of CN-OA-m (3.33 mg mL-1), NiCl2·glyme, 4,4’-di-tert-butyl-2,2’-dipyridyl (dtbbpy), and 
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N-tert-butylisopropylamine (BIPA) in dimethyl sulfoxide (DMSO) is particularly suitable, 

delivering the desired ester 1 in 96% after 14 h irradiation (Table 3.2, Entry 1).24 The only 

side products were small amounts of the dehalogenated methylbenzoate 3 and the 

corresponding phenol 4, which originates from either etherification with residual water27-28 

or ester hydrolysis. The selectivity is identical to the homogeneous protocol using Ir(ppy)3 

(Entry 2, ppy = 2-phenylpyridine). Inexpensive Ni(OAc)2
 ·4H2O

 shows similar catalytic 

activity (Entry 3), but an additional side product (methyl 4-acetoxybenzoate, 6%) resulted 

from the esterification of the aryl iodide with the acetate anion of Ni(OAc)2·4H2O. The 

method also selectively converts the corresponding bromide to the desired product 1, albeit 

with lower efficiency (Entry 4). Control experiments showed that the reaction does not occur 

in the absence of carbon nitride, nickel catalyst, or light; and just small amounts of the 

desired product were observed in absence of ligand (10%) or base (3%).  

Table 3.2. Optimized conditions and control experiments[a] 

 

Entry Conditions 1 [%][b] 3 [%][b] 4 [%][b] 

1 as shown 96 trace 2 

2 Ir(ppy)3 (1mol%) instead of CN-OA-m 97 trace 1 

3 
Ni(OAc)·4H2O instead of 

NiCl2·glyme[c] 85 trace 4 

4 4-Methyl bromobenzoate as substrate 68 5 2 

5 No CN-OA-m n.d. n.d. n.d. 

6 No NiCl2·glyme n.d. 2 1 

7 No dtbbpy 10 3 2 

8 No light n.d. n.d. n.d. 

9 No base 3 trace n.d. 

[a] Reaction conditions: methyl 4-iodobenzoate (0.3 mmol), Boc-Pro-OH (0.45 mmol), 

NiCl2·glyme (10 mol%), dtbbpy (10 mol%), BIPA (0.9 mmol), CN-OA-m (10 mg), DMSO 

(anhydrous, 3 mL), white LEDs at 40 °C for 14 h. [b] Determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. [c] 5 equiv BIPA were used. n.d. = not detected. 
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The synthetic versatility of the catalytic system was evaluated using both nickel catalysts 

(Scheme 3.2).24 The anhydrous NiCl2·glyme gave best results with 3 equiv of BIPA whereas 

inexpensive Ni(OAc)2·4H2O necessitated a higher excess of the base (Table 3.9 and Figure 

3.9 in the Supporting Information). Both systems work well with electron-deficient aryl 

iodides (1, 5-15) whereas substrates lacking an electron-withdrawing group show low 

reactivity (27, 28). A broad range of functional groups including esters (1, 10, 13), nitriles 

(5, 14), ketones (6, 15), aldehydes (8), and boronic acid pinacol esters (9) were tolerated 

under the conditions applied. Para-substituted aryl iodides (1, 5, 6) react significantly faster 

than their meta analogues (13-15). Although substituents in the ortho-position are tolerated 

(10), low reactivity for 2-iodobenzonitrile (26) was observed. Carbonyl groups in the 2-

position (31, 33) do not give the corresponding ester product.  

 

Scheme 3.2. Scope of the semi-heterogeneous esterification of carboxylic acids with aryl iodides. 
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We assume that, after the initial oxidative addition of the aryl halide, coordination of the 

carbonyl oxygen to the metal center29 hinders association of the carboxylate nucleophile. 1-

Bromo-4-iodobenzene gave the desired product 11 without any detectable amount of the 1,4-

diester, since the iodo- group reacts significantly faster and the resulting esterification 

product deactivates the aryl bromide towards a second esterification. With respect to the 

carboxylic acid coupling partner, a wide array of substrates can be efficiently coupled, 

including aliphatic (16, 19, 21, 22), olefinic (17), and benzylic (20, 24) carboxylic acids, as 

well as benzoic acid derivatives (18, 23). The esterification of Biotin (25) shows the potential 

of the presented methodology for conjugation purposes. Artesunate (35), acetylated sialic 

acid (36) as well as the unprotected amine 34 did not give the desired ester under these 

reaction conditions. In all cases, Ni(OAc)2·4H2O resulted in a significantly lower selectivity 

than NiCl2·glyme partly due to coupling of the acetate anion with the aryl iodide (up to 22%) 

and partly due to the formation of higher quantities of the dehalogenated and phenol side 

products (Table 3.16, 3.17). 

A major advantage of carbon nitride catalysis is the potential to reuse the heterogeneous 

material.30 With dual nickel/carbon nitride catalysis, however, deposition of Ni on the 

semiconducting material is possible and may alter its photocatalytic properties.17 As such, 

we sought to determine whether the CN-OA-m material is recyclable in our catalytic system 

(Figure 3.1). CN-OA-m was recovered after each reaction by centrifugation, washed, and 

used in the next reaction by adding fresh NiCl2·glyme and dtbbpy.  

 

 

Figure 3.1. Reusability of CN-OA-m in the dual nickel/photocatalytic esterification of methyl 4-

iodobenzoate with Boc-Pro-OH. 

The material proved to be reusable without any loss of the catalytic activity over three cycles. 

Thereafter, a reduction in the yield of 1 from 96 to around 80% was noticed. This may result 
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from reduced availability of active catalytic sites for the photocatalytic step due to deposited 

Ni species,24 but could be also rationalized by the loss of small amounts of the photocatalyst 

during the series of experiments. Analysis of the heterogeneous catalyst before and after a 

reaction using X-ray powder diffraction (XRD) showed the same characteristic peaks at 8° 

and 28° for CN-OA-m without any obvious Ni species in case of the recovered 

semiconductor (Figure 3.2, A). Similarly, identical FTIR (Figure 3.2, B) and UV/Vis spectra 

(Figure 3.2, C) were observed for the recovered and fresh CN-OA-m catalyst, thus 

demonstrating that the photocatalytic properties are not changed. The morphology of CN-

OA-m shows a porous texture that was not altered during the catalytic transformation (Figure 

3.2, E & F). Since highly dispersed Ni species are potentially undetectable by XRD,31 X-ray 

photoelectron spectroscopy (XPS) was used to detect Ni in the recovered material (Figure 

3.2, D). The high resolution XPS Ni2 p3/2 spectrum of the recovered CN-OA-m material 

shows two main deconvoluted peaks located at 853.7(±0.02) eV and 852.5 (±0.02) eV that 

can be assigned to the binding energy of Ni2+ and Ni0 species, respectively (Figure 3.15). 

Nickel deposition was further confirmed by ICP-OES analysis, which showed a Ni 

concentration of 1.4 % w/w, thus suggesting that 5-8% of the homogeneous nickel catalyst 

was deposited on the organic semiconductor.24 Scanning transmission electron microscopy 

(STEM) was used to visualize nickel particles on the surface of the recovered CN-OA-m 

(Figure 3.2, G). 

 

Figure 3.2. Analysis of new and recovered CN-OA-m by powder XRD (A), FTIR (B), UV/Vis (C) and XPS 

(D) spectroscopy as well as SEM analysis (E & F). HAADF-STEM image (G) of nickel particles (bright 

spots) attached to the recovered CN-OA-m. 
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To determine whether the immobilized nickel is catalytically active in the model reaction, 

the esterification was carried out with the recovered CN-OA-m material from one and five 

reaction cycles in the absence of additional NiCl2·glyme. Both experiments resulted in no 

more than around 6% ester 1, thus clearly indicating that the adsorbed, low-valent Ni species 

do not serve as effective catalytic species.24 

To study the scalability of the photocatalytic system and to determine whether it can harvest 

energy from varying light sources, a real-time monitoring strategy was developed.24 

Although NMR is often an ideal choice for kinetic analysis and has been used to track 

photocatalytic transformations,32 the presence of a heterogeneous component that broadens 

peaks, and the potential involvement of paramagnetic nickel species precluded its use. In 

situ FTIR analysis eliminates any interference from the heterogeneous photocatalyst,33-34 and 

provides high-fidelity reaction tracking under normal reaction conditions. When observing 

the reaction under optimized reaction conditions, an incipient peak at ~1764 cm-1 (Figure 

3.3, A), separable from the other two carbonyl stretches in the reaction mixture, was 

observed. This C=O stretch from the product’s internal ester is heavily blue-shifted from the 

corresponding acid starting material. This peak served as a convenient measure of reaction 

progress (Figure 3.11). After a brief induction period, the catalysis reaches its maximum rate 

quickly and proceeds until completion (Figure 3.3B, black). A highly similar kinetic profile 

was observed using Ir(ppy)3 (Figure 3.3B, grey), thus demonstrating that the heterogeneous 

catalyst has not only the same selectivity (Table 3.2) but also comparable efficiency to the 

state-of-the-art homogeneous noble-metal photocatalysts. Although slower than the aryl 

iodide, the bromide (Figure 3.3B, purple) furnished the product in 88% yield within 48 h 

(Supporting Information, Figure 3.12). Scale-up of the esterification from 0.3 mmol to 3.0 

mmol (Figure 3.3B, orange) is facile, affording the desired ester 1 in 96% isolated yield on 

gram scale in roughly six instead of three hours when using this setup. Given that this scaled-

up reaction has the same concentration of all components, the longer reaction time is mostly 

due to Beer–Lambert limitations inherent in using a larger reaction vessel (Supporting 

Information, Figure 3.10). The in situ method was also employed to assess the reaction’s 

progress with different light settings from the same LED strips (Figure 3.3, C). Blue light 

(ca. 400 – 500 nm) catalyzes the reaction to completion, albeit more slowly because the 

energy from light above 500 nm is not available (Figure 3.6). Red light (600 – 650 nm), and 

a control experiment in the dark, afforded no meaningful amount of product. Encouragingly, 
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green light (460 – 600 nm) produces partial completion in an overnight reaction, thus 

confirming that the heterogeneous photocatalyst is able to use a wide spectrum of visible 

light (Figure 3.4). After eight days, the reaction gave 72% 1 (Figure 3.14). 
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Figure 3.3. In situ reaction tracking of dual catalytic esterification. A, The internal ester peak at ~1764 cm-1 

serves as a measure of reaction progress. B, Small-scale (0.3 mmol substrate) with the aryl iodide (black) and 

bromide (purple) as well as a gram-scale reaction (3.0 mmol methyl 4-iodobenzoate, orange) were easily 

tracked in situ. A comparison with Ir(ppy)3 as PC shows a similar kinetic profile (grey). C, White light 

(black) and blue light (blue) catalyze the reactions quickly, while green light (green) also shows activity. 
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3.3 Conclusion 

In conclusion, we have shown that a homogeneous nickel catalyst can be combined with a 

heterogeneous, metal-free carbon nitride semiconductor for dual catalysis. The insoluble 

photocatalyst can be recycled multiple times. Two nickel catalysts were studied in detail for 

a broad range of substrates, with NiCl2·glyme showing a significantly higher selectivity than 

Ni(OAc)2·4H2O, which nonetheless resulted in moderate to good yields of the desired esters. 

The organic semiconductor is able to harvest a broad range of the visible light spectrum (up 

to ca. 600 nm) as shown by in situ FTIR analysis. An FTIR reaction monitoring strategy was 

used for the first time, to the best of our knowledge, to study photocatalytic transformations. 

The inexpensive heterogeneous materials reported herein are an efficient and sustainable 

alternative to noble-metal complexes in photocatalysis. 
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3.4 Supporting information 

 

3.4.1 General remarks 

Substrates, reagents, and solvents were purchased from commercial suppliers and used 

without further purification. Methyl 4-(((trifluoromethyl)sulfonyl)oxy)benzoate,35 methyl 4-

(tosyloxy)benzoate36 and methyl 4-((methylsulfonyl)oxy)benzoate37 were prepared 

according to literature procedures. 1H-, 13C- and 19F-NMR spectra were obtained using a 

Varian 400 spectrometer (400 MHz, Agilent), an AscendTM 400 spectrometer (400 MHz, 

cryoprobe, Bruker) and a Varian 600 spectrometer (600 MHz, Agilent) at 298 K, and are 

reported in ppm relative to the residual solvent peaks. Peaks are reported as: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet or unresolved, with coupling constants in Hz. 

Analytical thin layer chromatography (TLC) was performed on pre-coated TLC-sheets, 

ALUGRAM Xtra SIL G/UV254 sheets (Macherey-Nagel) and visualized with 254 nm light 

or staining solutions followed by heating. Purification of final compounds was carried out 

by flash chromatography on the Reveleris X2 Flash Chromatography System from GRACE 

using prepacked columns with 40 μm silica gel. Silica 60 M (0.04-0.063 mm) silica gel 

(Sigmal Aldrich) was used for dry loading of the crude compounds on the flash 

chromatography system. Centrifugation was carried out using an Eppendorf 5430 centrifuge. 

High-resolution mass spectral data were obtained using a Waters XEVO G2-XS 4K 

spectrometer with the XEVO G2-XS QTOF capability kit. In situ FTIR analysis was 

performed with a ReactIRTM 15 (Mettler-Toledo) console, with a DST 9.5mm SiCompTM 

probe attached.  Emission spectra of LED lamps were recorded using 10 in. (24.5 cm) 

integrating sphere (Labsphere, Inc. Model LMS 1050) equipped with a diode array detector 

(International Light, Model RPS900). The UV/Vis spectrum of Ir(ppy)2(dtbbpy)PF6 was 

recorded using a UVmini-1240 spectrometer (Shimadzu). 
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3.4.2 Preparation of CN-OA-m 

 

Scheme 3.3. Synthesis of CN-OA-m 

 

The synthesis for CN-OA-m was carried out using a slightly adapted version of the literature 

procedure (Scheme 3.3)23: For each batch of the photocatalyst, urea (10 g, 166.5 mmol) and 

oxamide (0.5 g, 5.7 mmol) were mixed in 10 ml of DI water to generate a homogeneous 

mixture. After drying at 373 K, the resulting solids were grinded, transferred into a crucible 

with a cover and heated up in an air-oven with a heating rate of 4.3 K/min to 773 K. After 

keeping the mixture for 2h at 773 K, the sample was allowed to cool to room temperature. 

Subsequently, KCl (3.3 g, 44.3 mmol) and LiCl (2.7 g, 63.7 mmol) were added and the solids 

were grinded to obtain a homogeneous mixture which was heated in an inert atmosphere (N2 

flow: 5 mL/min) to 823 K with a heating rate of 4.6 K/min. After keeping the mixture for 2 

h at 823 K, the sample was allowed to cool to room temperature and the resulting solids were 

collected on a filter paper and washed with H2O (3 x 100 mL). The resulting yellow material 

was dried at 373 K (average yield per batch: ~400 mg). All analytical data (FTIR, UV/Vis, 

XRD, SEM, etc.; see Section 3.4.7) are in full agreement with those published in the 

literature.23 

Each batch was tested under the same set of conditions and we always obtained similar 

catalytic activities (+/-5% based on 1H-NMR with internal standard).  

The cost of CN-OA-m was calculated to be 4.2 € g-1 based on the prices of urea, oxamide, 

LiCl and KCl from Sigma-Aldrich (Merck).38 As a comparison, the price of Ir(ppy)3 is 2124 

€ g-1.38  

The UV/Vis spectrum of CN-OA-m shows a strong absorption up to ~460 nm and a 

comparably weaker absorption band up to ~700 nm (Figure 3.4, A) which are attributed to 
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the π-π* electron transition of the sp2 hybridization of C and N in the heptazine framework 

and n-π* electron transition involving the lone pairs of the edge nitrogen atoms in the 

heptazine units, respectively.23 The capability of harvesting low energy light is therefore 

superior compared to Ir and Ru photocatalysts (see Figure 3.4, B for the UV/Vis spectrum 

of Ir(ppy)2(dtbbpy)PF6 as a representative example) which have only a low absorption band 

between 400 and 500 nm in the visible region, which corresponds to the metal-to-ligand 

charge transfer transition.  

 

 

Figure 3.4. UV/Vis absorption spectra of CN-OA-m (A) and Ir(ppy)2(dtbbpy)PF6 (B). 

 

3.4.3 Synthesis of N-tert-butylisopropylamine (BIPA)  

 

Scheme 3.4. Synthesis of N-tert-butylisopropylamine (BIPA).39 

 

2-bromopropane (147.59 g, 1.2 mol), tert-butylamine (131.65 g, 1.8 mol, 1.5 eq) 

tetrabutylammonium iodide (44.33 g, 120 mmol, 0.10 eq) and adiponitrile (129.77 g, 1.20 

mol, 1.0 eq) were weighed in a two-neck flask equipped with a reflux condenser. The 

resulting suspension was refluxed for 65 hours under vigorous stirring. Afterwards, a sodium 

hydroxide solution (5 M, 400 mL) was added and the mixture was extracted with pentane (5 

x 100 ml). The combined pentane fractions were dried over magnesium sulfate. Distillation 

at atmospheric pressure afforded N-tert-butylisopropilamine (89.3 g, 0.78 mol, 65%) as a 
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colorless liquid. b.p.  98°C. 1H-NMR (400 MHz, CDCl3) δ 2.86 (hept, J = 6.3 Hz, 1H), 1.03 

(s, 9H), 0.98 (d, J = 6.3 Hz, 6H). 13C-NMR (101 MHz, CDCl3) δ 50.81, 42.80, 29.91, 26.28. 

All analytical data are in full agreement with those published in the literature.39 

3.4.4 Setup for photochemical reactions  

A flexible, red/green/blue LED strip40 (RGB, 5m,  24 W/strip; Tween Light, BAHAG AG, 

Germany) was wrapped around a 115 mm borosilicate crystallization dish (Figure 3.5). Blue, 

green, red or white (illumination of all three LED colors - red/green/blue) light was used at 

full power for all experiments (For emission spectra of a single diode, see Figure 3.6). The 

evaporating dish was filled with ethylene glycol and the temperature was set to 40°C to 

maintain a constant temperature. The sealed reaction vessels were placed at the same 

distance from the LED strip during all experiments (Figure 3.5). All reactions were 

performed with a stirring speed of 1400 rpm. 

 

 

Figure 3.5. Experimental setup for photochemical reactions. 
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Figure 3.6. Emission spectra of the LED strips used for photochemical reactions. All experiments were 

carried out at maximum power. A: white light. B: blue light only. C: green light only. D: red light only.  
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3.4.5 Reaction optimization 

General experimental procedure for screening experiments 

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the CN-material 

(10 mg), the carboxylic acid (0.45 mmol, 1.5 equiv.), the aryl halide (0.3 mmol, 1 equiv.), 

the NiII catalyst (30 µmol, 10 mol%) and the ligand (30 µmol, 10 mol%). Subsequently, the 

solvent (anhydrous, 3 mL) and the base (1-5 equiv.) were added and the vial was sealed with 

a septum and Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring 

for 5 min until a fine dispersion of the solids was achieved and the mixture was then degassed 

by bubbling Argon for 10 min. The mixture was irradiated in the photoreactor at 40 °C with 

rapid stirring (1400 rpm). After the respective reaction time, one equivalent of 1,3,5-

trimethoxybenzene (0.3 mmol) was added. An aliquot of the reaction mixture (~200 µL) was 

filtered, diluted with DMSO-d6 and subjected to 1H-NMR analysis. Alternatively, 1.5 mL 

CDCl3 and 3 mL H2O were added and the vial was sealed and vigorously shaken. After phase 

separation, the CDCl3 layer was carefully removed using a syringe, filtered, and analyzed by 

1H-NMR. For  representative NMR spectra, see Figure 3.7. 
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Figure 3.7. Example of a 1H-NMR spectrum for determining NMR yields. 
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Screening of carbon nitride materials 

 

Table 3.3. Screening of carbon nitride materials.a 

 

Entry CN catalyst Conversion [%]b 1 [%]c 3 [%]c 4 [%]c 

1 CN-OA-m 37 22 trace 7 

2 CNS600 22 15 trace trace 

3 mpg-CN 29 15 trace 7 

4 PHIK 29 14 trace 7 

5 CMB0.05-CN 26 12 trace 7 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiCl2·glyme 

(10 mol%), dtbbpy (10 mol%), DBU (0.45 mmol),   carbon nitride (10 mg), DMSO (anhydrous, 3 mL), 

white LEDs at 40 °C for 6h. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard.  

 

Several carbon nitride materials were tested: Mesoporous graphitic carbon nitride (mpg-

CN),19 a modified carbon nitride derived from a cyanuric acid/melamide/barbituric acid 

complex (CMB0.05-CN),20 a sulfur-doped material (CNS600),
21 a strongly oxidizing 

potassium poly(heptazine imide) (K-PHI),22 and a carbon nitride derivative prepared via co-

condensation of urea and oxamide followed by post-calcination in a molten salt (CN-OA-

m),23 all using white LED (RGB) irradiation at a constant temperature of 40 °C.  
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Solvent screening 

 

Table 3.4. Solvent screening.a 

 

Entry Solvent Conversion [%]b 1 [%]c 3 [%]c 4 [%]c 

1 DMSO 37 22 trace 7 

2 DMF 37 20 trace trace 

3 DMAc 24 15 trace 3 

4 THF 10 7 trace trace 

5 dioxane 9 5 trace trace 

6 MeCN 14 trace trace trace 

7 acetone 11 trace trace trace 

8 DCM 11 trace trace trace 

9 diglyme 14 trace trace trace 

10 morpholine 11 trace trace trace 

11 MeOH 15 trace 2 7 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiCl2·glyme (10 

mol%), dtbbpy (10 mol%), DBU (0.45 mmol),   CN-OA-m (10 mg), solvent (anhydrous, 3 mL), white 

LEDs at 40 °C for 6h. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard.  

 

Although DMSO and DMF gave similar results, DMSO was selected for further studies as 

DMF often contains readily oxidizable amine impurities that could interfere with the 

photocatalytic cycle.  



 

Chapter 3 
 

128 

Base screening 

 

Table 3.5. Base screening.a 

 

Entry Solvent Conversion [%]b 1 [%]c 3 [%]c 4 [%]c 

1 BIPAd 76 64 trace trace 

2 DIPEA 63 53 7 trace 

3 CsF 44 38 trace trace 

4 dimethylaniline 73 34 n.d.o.e 20 

5 DBU 37 22 trace 7 

6 Et3N 25 15 trace trace 

7 DABCO 16 8 trace trace 

8 DMAP 12 3 trace trace 

9 2,6-lutidine 12 n.d. n.d.f n.d. 

10 Cs2CO3 1 n.d. n.d. n.d. 

11 TBDg 16 n.d. n.d. n.d. 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiCl2·glyme (10 

mol%), dtbbpy (10 mol%), base (0.45 mmol),   CN-OA-m (10 mg), DMSO (anhydrous, 3 mL), white 

LEDs at 40 °C for 6h. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. dN-tert-butylisopropylamine. enot determined due to 

overlapping peaks. fnot detected. g1,5,7-triazabycyclodec-5-ene. 

 

The base screening revealed that N-tert-butylisopropylamine (BIPA) performs best followed 

by Hünig’s base (DIPEA) and CsF. The bulky secondary amine BIPA gave just trace 

amounts of the corresponding side products, whereas DIPEA showed significant amounts of 

the dehalogenated compound 3. Nevertheless, the less selective tertiary amine base, was 

selected for further optimization as it is readily available in large quantities. 
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Ligand screening 

Table 3.6. Ligand screening.a 

 

Entry Ligand Conversion [%]b 1 [%]c 3 [%]c 4 [%]c 

1 

 

63 53 7 trace 

2 
 

48 35 5 n.d.d 

3 

 

45 29 4 n.d. 

4 

 

35 24 3 n.d. 

5 
 

34 22 n.d.o.e n.d. 

6 

 

28 21 3 n.d. 

7 

 

28 18 3 trace 

8f 
 

12 8 n.d.o. n.d. 

9f 

 

31 n.d. 11 n.d. 

10 

 

15 n.d. 10 n.d. 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiCl2·glyme (10 mol%), 

ligand (10 mol%), DIPEA (0.45 mmol),   CN-OA-m (10 mg), DMSO (anhydrous, 3 mL), white LEDs at 40 °C 

for 6h. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 
dnot detected. enot determined due to overlapping peaks. fcommercially available NiII phosphine complexes 

were used (no NiCl2·glyme)  
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Screening of NiII sources 

 

Table 3.7. Screening of NiII sources.a 

 

Entry NiII catalyst 
Conversion 

[%]b 

1 

[%]c 

3 

[%]c 

4 

[%]c 

Price 

[€ mol-1]d 

1 NiCl2·glyme 63 53 7 trace 4161 

2e Ni(OAc)2·4H2O 57 46 4 n.d.f 28 

3 NiBr2 55 44 5 n.d. 411 

4 NiCl2·6H2O 51 40 n.d.og n.d. 71 

5 NiCl2
 44 33 n.d.o. n.d. 110 

6 NiBr2·glyme 40 31 3 n.d. 10431 

7 NiI2 35 27 n.d.o. n.d. 2063 

8 NiBr2·3H2O 34 25 3 n.d. 116 

9 Ni(ClO4)2·6H2O 28 25 2 trace 171 

10 Ni(NO3)2·6H2O 26 24 2 trace 49 

11 Ni(BF4)2·6H2O 24 22 2 trace 223 

12 Ni(SO4)2·6H2O 32 22 n.d.o. n.d. 41 

13 Ni(acac)2 12 3 n.d.o. n.d. 620 

14 Ni(OTf)2 12 3 3 n.d. 12917 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiII catalyst(10 

mol%), dtbbpy (10 mol%), DIPEA (0.45 mmol),   CN-OA-m (10 mg), DMSO (anhydrous, 3 mL), white 

LEDs at 40 °C for 6h. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. dPrices according to Sigma Aldrich (Merck)38. eTrace amounts of 

methyl 4-acetoxybenzoate were observed as additional side-product. gnot detected. gnot determined due to 

overlapping peaks. 
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NiCl2·glyme is the optimal catalyst with Ni(OAc)2
 ·4H2O

 showing similar catalytic activity. 

In the latter case, trace amounts of methyl 4-acetoxybenzoate were observed, resulting from 

the esterification of the aryl iodide with the acetate anion of Ni(OAc)2·4H2O. Combining 

the, heterogeneous photocatalyst with the inexpensive Ni(OAc)2·4H2O catalyst seemed most 

appealing.  
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Screening of reaction conditions 

 

Table 3.8. Screening of reaction conditions.a 

 

Entry 
Deviation from standard 

conditions 

Conversion 

[%]b 
1 [%]c 3 [%]c 4 [%]c 

1 None 57 46 4 n.d.d 

2 DMSO with 10%H2O 16 7 2 trace 

3 Stronger LEDe 45 34 7 n.d. 

4 70 °C 71 60 4 trace 

5 6.66 mg/mL CN-OA-m 54 42 5 n.d. 

6 20 mol% NiII cat & ligand 52 45 4 n.d. 

7 0.05 M 49 38 3 n.d. 

8 0.2 M 58 48 4 n.d. 

9 1 equiv. N-Boc-Pro-OH 49 37 5 n.d. 

10 2.5 equiv. N-Boc-Pro-OH 59 49 4 n.d. 

11 
N-Boc-Pro-OH limiting 

with 2.5 eq. Ar-I 
n.d.o.f 21 n.d.o. n.d. 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), Ni(OAc)2·4H2O 

(10 mol%), dtbbpy (10 mol%), DIPEA (0.45 mmol),   CN-OA-m (10 mg), DMSO (anhydrous, 3 mL), 

white LEDs at 40 °C for 6h. Trace amounts of methyl 4-acetoxybenzoate were observed as additional 

side-product. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. dnot detected. eA 420 nm LED module (OLM-018 UV420, OSA 

Opto Light41) was used. fnot determined due to overlapping peaks. 

 

The reaction time, stoichiometry of the nickel source as well as the ligand, the amount of 

photocatalyst, the stoichiometry of substrates, the reaction temperature, the LED 

power/lamp and overall concentration, were varied in order to push the reaction to 
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completion using a catalytic cocktail of CN-OA-m, Ni(OAc)2·4H2O, dtbbpy and DIPEA in 

DMSO. Full conversion of starting material was never achieved during these attempts.  

 

 

 

Figure 3.8. Time study using conditions from Table 3.8, Entry 1. 
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Correlation between the amount of base and reaction conversion using different 

combinations of nickel catalyst and base 

 

Table 3.9. Correlation between the amount of base and reaction conversion using different combinations of 

nickel catalyst and base.a 

 

Entry NII catalyst Base (equiv.) 
Conversion 

[%]b 
1 [%]c 3 [%]c 4 [%]c 

1 Ni(OAc)2·4H2O DIPEA (1.5) 59 50 5 n.d.d 

2 Ni(OAc)2·4H2O DIPEA (2) 77 63 6 n.d. 

3 Ni(OAc)2·4H2O DIPEA (2.5) 76 63 8 n.d. 

4 Ni(OAc)2·4H2O DIPEA (3) 80 64 7 trace 

5 Ni(OAc)2·4H2O DIPEA (3.5) 81 65 7 trace 

6 Ni(OAc)2·4H2O DIPEA (4) 83 65 8 trace 

7 Ni(OAc)2·4H2O DIPEA (4.5) 82 67 8 trace 

8 Ni(OAc)2·4H2O DIPEA (5) 96 76 9 trace 

9 Ni(OAc)2·4H2O DIPEA (6) 94 75 10 trace 

10 Ni(OAc)2·4H2O DIPEA (10) 98 77 10 trace 

11 Ni(OAc)2·4H2O BIPA (1.5) 71 60 trace trace 

12 Ni(OAc)2·4H2O BIPA (3) 78 73 trace 2 

13 Ni(OAc)2·4H2O BIPA (3.5) 86 82 trace 3 

14 Ni(OAc)2·4H2O BIPA (4) 85 80 trace 4 

15 Ni(OAc)2·4H2O BIPA (4.5) 92 85 trace 4 

16 Ni(OAc)2·4H2O BIPA (5) 96 85 trace 4 

17e Ni(OAc)2·4H2O BIPA (5) 60 52 trace trace 

18 NiCl2·glyme BIPA (1) 59 58 trace trace 
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Entry NII catalyst Base (equiv.) 
Conversion 

[%]b 
1 [%]c 3 [%]c 4 [%]c 

19 NiCl2·glyme BIPA (1.5) 83 80 trace trace 

20 NiCl2·glyme BIPA (2) 94 88 trace trace 

21 NiCl2·glyme BIPA (3) >99 96 trace 2 

22 NiCl2·glyme BIPA (4) >99 94 trace 4 

23 NiCl2·glyme BIPA (5) >99 94 trace 5 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), Ni(OAc)2·4H2O or 

NiCl2·glyme (10 mol%), dtbbpy (10 mol%), DIPEA or BIPA (1-10 equiv.),   CN-OA-m (10 mg), DMSO 

(anhydrous, 3 mL), white LEDs at 40 °C for 14h. bConversion of methyl 4-iodobenzoate determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. dnot detected. eReaction was carried out for 6h. 

 

 

 

 

Figure 3.9. Correlation between the amount of base and reaction conversion using different combinations of 

nickel catalyst and base. Conversion of 4-methoxybenzoate determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. 
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After increasing the stoichiometry of DIPEA from 1.5 to 2 equivalents at a reaction time of 

14 h the conversion improved from 50 to 63% (Figure 3.9, black). The use of up to 4.5 

equivalents of DIPEA did not further improve the conversion, but at five equivalents almost 

full consumption of the starting material (94% conversion) and a 76% NMR yield of the 

desired ester 1 was observed. As a consequence of this behavior the use of BIPA was studied 

to see if this base-conversion relationship can be generalized (Figure 3.9, red). Here, an 

almost linear correlation was observed and again five equivalents of the bulky secondary 

amine were necessary for a nearly quantitative reaction within 14 h (93% conversion; 79% 

NMR yield of 1). A combination of the most potent nickel catalyst (NiCl2·glyme) and base 

(BIPA) gave full conversion and a significantly higher selectivity in favor for the desired 

product 1 (96% NMR yield) using only three equivalents of base within 14 h (Figure 3.9, 

blue). The distribution of side products differs significantly depending on the catalytic 

system. In case of Ni(OAc)2·4H2O and five equiv. DIPEA, significant amounts of the 

dehalogenated methylbenzoate (3, 10%) were observed together with just trace amounts of 

the corresponding phenol 4. In addition, 6% of the methyl 4-acetoxybenzoate is formed by 

esterification with the catalyst’s acetate anion. When the base is replaced by BIPA, 4 

becomes the main byproduct (4%) whereas just trace amounts of 3 were detected using both 

NiII catalysts (in addition, 6% of the acetate was observed when Ni(OAc)2·4H2O was used). 
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Control studies 

 

Table 3.10. Control studies.a 

 

Entry Deviation from standard conditions Conversion 

[%]b 
1 [%]c 3 [%]c 4 [%]c 

1 None >99 96 trace 2 

2 
Ir(ppy)3 (1mol%) instead of CN-OA-

m 
>99 97 trace 1 

3 No CN-OA-m <1 n.d.d n.d. n.d. 

4 No NiCl2·glyme 5 n.d. 2 1 

5 No dtbbpy 12 10 3 2 

6 No light <1 n.d. n.d. n.d. 

7 No degassing <1 n.d. n.d. n.d. 

8 No base 7 3 trace n.d. 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiCl2·glyme 

(10 mol%), dtbbpy (10 mol%), BIPA (0.9 mmol),   CN-OA-m (10 mg), DMSO (anhydrous, 3 mL), 

white LEDs at 40 °C for 14h. bConversion of methyl 4-iodobenzoate determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. dnot detected. 
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Screening of aryl (pseudo)halides  

 

       Table 3.11. Base screening for the semi-heterogeneous esterification (selection)a 

 

Entry X 1 [%]b 3 [%]b 4 [%]b 

1 I 96 trace 4 

2 Br 68 5 2 

3 Cl trace n.d.c n.d. 

4 OTf 5 3 27 

5 OTs n.d. n.d. n.d. 

6 OMs n.d. n.d. trace 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline (0.45 mmol), NiCl2·glyme 

(10 mol%), dtbbpy (10 mol%), BIPA (0.9 mmol),   CN-OA-m (10 mg), DMSO (anhydrous, 3 mL), 

white LEDs at 40 °C for 14h. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene 

as internal standard. dnot detected. 

 

The most selective method using NiCl2·glyme and three equivalents of BIPA was applied to 

different aryl (pseudo)halides (Table 3.11). Apart from aryl iodides, the method selectively 

converts the corresponding bromide to the desired product 1, albeit with lower efficiency 

(Entry 2). Chloride (Entry 3) and triflate (Entry 4) produced small amounts of the ester. The 

triflate starting material further results in significant amounts of phenol 4, most likely due to 

hydrolysis. Neither the mesylate nor the tosylate reacted under these conditions.  
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3.4.6 Reaction monitoring using in situ FTIR spectroscopy. 

General procedure for ReactIR experiments.  

Roughly two hours prior to each kinetic experiment, the ReactIR console was purged and 

filled with liquid nitrogen. A background spectrum was recorded shortly before attaching 

the reaction vessel to the ReactIR probe. To maintain a constant operating temperature 

during the course of longer experiments, the ReactIR console was replenished with new 

liquid nitrogen every 12 hours. 

General conditions for the reaction setup were nearly identical to that of the above described 

screening and optimization experiments (see Section 3.4.5) A custom-made vial with a 

sidearm attached (19 x 100 mm, see below) was equipped with a stir bar and charged with 

CN-OA-m (10 mg), N-Boc Proline (0.45 mmol, 1.5 equiv.), methyl 4-iodobenzoate (0.3 

mmol, 1 equiv.), NiCl2·glyme (30 µmol, 10 mol%), and dtbbpy (30 µmol, 10 mol%). 

Subsequently, DMSO (anhydrous, 3 mL) and BIPA (0.9 mmol, 3.0 equiv.) were added and 

both necks of the vial were sealed with septa and Parafilm. The reaction mixture was 

sonicated for 5-10 min followed by stirring for 5 min until fine dispersion of the solids was 

achieved. The flask was then transported to the ReactIR where the larger septum was 

removed and the vessel immediately attached to the probe. To ensure an airtight seal, a PTFE 

adapter was affixed to the probe, to which the vessel was snugly attached. The vessel was 

continually degassed with Ar for 15 minutes through the sidearm. The mixture was stirred 

for 7-10 minutes again to re-ensure mixing of the components while data collection started 

on the ReactIR. After this period the LED lights were turned on with the desired color, and 

this initiation time was marked with the ReactIR proprietary software.  

To the raw ReactIR absorbance data a negative second derivative function was applied to 

aid in separation of peaks. After subtraction of reference spectra, the product peak arrives at 

~1764 cm-1 while disappearance of the starting material can be observed at a peak around 

~761 cm-1. Raw data from iCiR was ported to Excel (Microsoft) or OriginPro 2015 

(OriginLab) for processing and plotting. 

Initial concentrations of all starting materials were determined from reaction stoichiometry. 

Final concentration of the product was determined from 1H-NMR analysis or isolated yield. 

This method was validated as described below. 
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Figure 3.10. Vessels used for kinetics experiments with sidearm attached to enable degassing after attachment 

to the ReactIR probe. Left (A) setup used for all experiments on 0.3 mmol scale. Right (B) setup used for scale-

up (3.0 mmol). 

 

 

NMR validation of ReactIR experiments 

A reaction with typical conditions was assembled on the ReactIR, from which periodic 

aliquots were removed via the sidearm. The timepoints of these aliquots were noted, and 

each aliquot was analyzed with 1H-NMR, integrating for yield by integrating product peaks 

against total area of starting materials, products, and side products.  

ReactIR yield was calculated from raw absorbance data that was normalized and scaled, 

tethered to isolated yield. Blue light was chosen for the NMR correlation experiment as it 

was shown to be slightly slower than white and therefore amenable to more data points. The 

overlay below between two completely independent methods indicates that ReactIR is a 

competent measure of reaction progress.  

 

A B B 



 

Chapter 3 
 

141 

 

Figure 3.11. Correlation of NMR conversion to IR yield that validates in situ FTIR as a method to observe 

kinetics of the photocatalytic transformation.  
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Scale-up of esterification 

A custom-made vial with a sidearm attached (Fig. 3.10, B) equipped with a stir bar was 

charged with CN-OA-m (100 mg), N-Boc Proline (968.6 mg, 4.5 mmol, 1.5 equiv.), methyl 

4-iodobenzoate (786.2 mg. 3.0 mmol, 1.0 equiv.), NiCl2·glyme (65.9 mg, 0.3 mmol, 0.1 

equiv.), and dtbbpy (80.5 mg, 0.3 mmol, 0.1 equiv.). Subsequently, DMSO (anhydrous, 30 

mL) and BIPA (1.43 mL, 9.0 mmol, 3.0 equiv.) were added and both necks of the vial were 

sealed with septa and Parafilm. The reaction mixture was repeatedly cycled through 

sonication and stirring until fine dispersion of the materials was achieved. The flask was then 

transported to the ReactIR where the larger septum was removed and the vessel immediately 

attached to the probe. To ensure an airtight seal, a PTFE adapter was affixed to the probe, to 

which the vessel was snugly attached. The vessel was continually degassed with Ar for 45 

minutes through the sidearm, upon which the needles were removed from the sidearm. The 

mixture was stirred for 7-10 minutes at 850 rpm again to re-ensure mixing of the components 

while data collection started on the ReactIR. After this period the LED lights were turned on 

with white light, and this initiation time was marked with the ReactIR proprietary software.  

After the reaction arrived at completion as indicated by ReactIR, the catalyst was removed 

by centrifugation (3000 rpm, 20 min) and the liquid phase was diluted with H2O (250 mL) 

and extracted with dichloromethane (3 x 250 mL). The combined organic phases were 

washed with brine (200 mL), dried over Na2SO4, and concentrated. The product was purified 

by flash column chromatography (SiO2, Hexane/EtOAc) on a Grace™ Reveleris™ system 

using an 80g cartridge. We observed some mixed fractions containing small amounts of the 

phenol byproduct and the desired product. These mixed fractions were combined, washed 

with 0.5 M NaOH in DCM, dried over Na2SO4, filtered, evaporated, and combined with the 

pure fractions. The reaction gave 1.01 g (2.9 mmol, 96%) of the title compound as white 

powder. 1H NMR (400 MHz, CDCl3) rotameric mixture, δ 8.07 (m, 2H), 7.19 (m, 2H), 4.52 

(dd, J = 8.6, 4.3 Hz, 0.4H), 4.46 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.91 (m, 3H), 3.69 – 3.40 (m, 

2H), 2.47 – 2.28 (m, 1H), 2.16 (m, 1H), 2.10 – 1.86 (m, 2H), 1.46 (m, 9H). 13C NMR (151 

MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in parenthesis 

δ (171.10) 171.05, (166.30) 166.16, (154.42) 154.16, 153.60, 131.20 (131.07), 127.81 

(127.65), (121.46) 121.09, 80.31 (80.09), 59.18 (59.07), 52.19 (52.13), (46.61) 46.42, 31.00 

(29.94), 28.38, (24.52) 23.70. HRMS (ESI) m/z calcd for C18H23NNaO6
 [(M+Na)+] 

372.1417, found 372.1443. 
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Aryl bromide experiment 

The general procedure outlined at the beginning of this section was followed with white 

light, with the exception that 0.3 mmol methyl 4-bromobenzoate (64.5 mg) was used instead 

methyl 4-iodobenzoate (Figure 3.12). After 48 hours, the final reaction mixture gave 88% 

product by NMR integration against an internal standard, per Figure 3.7.  

 

 

Figure 3.12. In situ FTIR reaction monitoring of the dual catalytic esterification of methyl 4-bromobenzoate. 
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Ir(ppy)3 as photocatalyst instead of CN-OA-m 

The general procedure outlined at the beginning of this section was followed with white 

light, with the exception that 1 mol% (2.0 mg, 0.003 mmol) Ir(ppy)3 was added as a 

photocatalyst instead of CN-OA-m. As the solution contained no heterogeneous component, 

the sonication and stirring times prior to degassing were reduced to roughly two minutes 

each. The reaction gave 96% product by NMR integration against an internal standard, per 

Figure 3.7. 

 

 

 

Figure 3.13. In situ FTIR reaction monitoring of the homogeneous dual catalytic esterification. 
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Green light experiment 

The general procedure outlined at the beginning of this section, with the standard 0.3 mmol 

of methyl 4-iodobenzoate, was followed with green light (Figure 3.14). After over 8 days, 

the final reaction mixture gave 72% product by NMR integration against an internal 

standard, per Figure 3.7.  

  

 

Figure 3.14. In situ FTIR reaction monitoring of the dual catalytic esterification using green LED irradiation.  
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3.4.7 Catalyst Recycling 

Comparison of new and recovered CN-OA-m.  

The catalyst from the large scale experiment (See section 3.4.6) was washed twice with 

DMSO (30 mL, followed by centrifugation at 3000 rpm for 20 min and separation of the 

liquid phase) and acetone (30 mL, followed by centrifugation at 3000 rpm for 20 min and 

separation of the liquid phase), dried overnight at 120°C and subjected to XRD, FTIR, UV-

Vis, XPS as well as SEM and TEM analysis. For comparison, an unused sample of CN-OA-

m from the same batch was also analyzed.  

FTIR spectra were recorded on a Thermo Scientific Nicolet iD5 spectrometer.  Diffuse 

reflectance UV/Vis spectra of powders were recorded on a Shimadzu UV-2600 spectrometer 

equipped with an integrating sphere. For XRD measurements, a Bruker D8 Advanced X-ray 

diffractometer with Cu Kα radiation was used. Scanning electron microscopy (SEM) images 

were obtained on a LEO 1550-Gemini microscope. Energy-dispersive X-ray (EDX) 

investigations were conducted on a Link ISIS-300 system (Oxford Microanalysis Group) 

equipped with a Si(Li) detector and an energy resolution of 133 eV. Inductively coupled 

plasma - optical emission spectrometry (ICP-OES) was carried out using a Horiba Ultra 2 

instrument equipped with photomultiplier tube detection. X-ray photoelectron spectroscopic 

(XPS) measurements were carried out with a CISSY set-up, equipped with a SPECS XR 50 

X-ray gun with Mg Kα excitation radiation (1254.6 eV) and combined with a lens analyzer 

module (CLAM) under ultra-high vacuum (UHV, 1.5x10-8 Pa). The calibration was 

performed using the Au 4f7/2 (84.0 eV) binding energy scale as reference. Quantitative 

analysis and decovolution were achieved using “peakfit” and “Igor” software with 

Lorenzian-Gaussian functions and Shirley background deletion in photoemission spectra. 

The STEM images were acquired using a double-corrected Jeol ARM200F, equipped with 

a cold field emission gun. For the investigation, the acceleration voltage was set to 200kV, 

the emission was put to 5µA and a condenser aperture with a diameter of 20µm was used. 

With these settings, the microscope reaches a lattice resolution below 1Å. The STEM 

specimens were prepared by dissolving a powder sample of the material in ethanol, 

sonicating the solution for 15 minutes and finally dropping a few drops onto a copper TEM 

grid coated with holey carbon film. Once the solution had dried off, the specimens were 

investigated. 
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Figure 3.15: High-resolution XPS analysis spectra for core levels of: Ni 2p3/2 (A), C 1s  (B) and N 1s (C), for 

recovered and new CN-OA-m. Each spectrum has been deconvoluted using Lorenzian-Gaussian peak fitting 

functions with Shirley background deletion. A, The high resolution XPS Ni2 p3/2 spectrum of the recovered 

CN-OA-m material shows two main deconvoluted peaks located at 853.7(±0.02) eV and 852.5 (±0.02) eV, 

which can be assigned to the binding energy of Ni2+ and Ni0 species, respectively B, The high resolution XPS 

C1s spectrum of the used and recovered material shows typical CC and NC=N bonding with XPS shifts to 

higher binding energy, ascribed to Ni deposition in case of the recovered material. C, The N1s spectra reveals 

three peaks assigned to sp2-hybridized N in the triazine system (C–N=C), amino groups (C–NH), and a weak 

N-O peak. A shift to high binding energy is present in the recovered material in case of the C–NH peak, 

presumably due to the presence of of Ni.  
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Table 3.12. EDX elemental composition acquired from new and recovered CN-OA-m. 

Sample % w/w N % w/w C % w/w O % w/w K % w/w Ni 

CN-OA-m new 45.91 38.47 5.64 9.51 0.03 

CN-OA-m recovered 52.85 30.03 4.52 9.23 3.01 

 

 

Table 3.13. XPS elemental composition acquired from new and recovered CN-OA-m. 

Sample % at N % at C % at K % at Ni 

CN-OA-m new 51.57 42.51 0.92 0 

CN-OA-m recovered 59.49 37.73 2.45 0.56 

 

 

 

 

Figure 3.16. HAADF brightfield/darkfield image with higher resolution, showing the polycrystallinity/the 

shell-core structure of the particles. 

 

High-angle annular dark-field (HAADF) images show round- to oval-shaped particles with 

sizes ranging from 5-15 nm. Especially the larger particles are usually polycrystalline and 

most particles feature a crystalline shell structure of lower density with about 1 nm thickness. 
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Recycling studies 

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with the CN-material 

(10 mg), the carboxylic acid (0.45 mmol, 1.5 equiv.), the aryl halide (0.3 mmol, 1 equiv.), 

the NiII catalyst (30 µmol, 10 mol%), and the ligand (30 µmol, 10 mol%). Subsequently, the 

solvent (anhydrous, 3 mL) and the base (1-5 equiv) were added and the vial was sealed with 

a septum and Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring 

for 5 min until fine dispersion of the solids was achieved and the mixture was then degassed 

by bubbling Argon for 10 min. The mixture was irradiated in the photoreactor (white light) 

at 40 °C with rapid stirring (1400 rpm). After the respective reaction time, one equivalent of 

1,3,5-trimethoxybenzene (0.3 mmol) was added and the mixture was stirred for 5 min. The 

reaction mixture was centrifuged at 3000 rpm for 20 min and the liquid phase was carefully 

separated and analyzed by 1H-NMR. The solid was washed with DMSO (anhydrous, 6 mL, 

followed by centrifugation at 3000 rpm for 20 min and separation of the liquid phase), 

lyophilized (overnight) and reused in the next reaction. 

 

Table 3.14. Reusability of CN-OA-m.a 

 

Cycle 1 [%]b 

1 96 

2 97 

3 96 

4 83 

5 80 

6c 6 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline 

(0.45 mmol), NiCl2·glyme (10 mol%), dtbbpy (10 mol%), BIPA (0.9 

mmol),   CN-OA-m (10 mg - reused), DMSO (anhydrous, 3 mL), white 

LEDs at 40 °C for 14h. bNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. cNo NiCl2·glyme added. 
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Figure 3.17. Reaction mixtures (see Table 3.14) after catalyst separation by centrifugation. 

 

 

Figure 3.18. Fresh CN-OA-m (A) and CN-OA-m after five recycling experiments (B). 
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Table 3.15. Reusability of CN-OA-m without additional NiCl2·glyme.a 

 

Cycle 1 [%]b 

1 96 

2c 6 

aReaction conditions: methyl 4-iodobenzoate (0.3 mmol), N-Boc proline 

(0.45 mmol), NiCl2·glyme (10 mol%), dtbbpy (10 mol%), BIPA (0.9 

mmol),   CN-OA-m (10 mg - reused), DMSO (anhydrous, 3 mL), white 

LEDs at 40 °C for 14h. bNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. cNo NiCl2·glyme added. 

 

 

 

 

 

 

Figure 3.19. Reaction mixtures (see Table 3.15) after catalyst separation by centrifugation. 
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3.4.8 Scope and Limitations 

General procedure for the nickel/carbon nitride catalyzed esterification of aryl iodides.  

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with CN-OA-m (20 

mg), the carboxylic acid (0.9 mmol, 1.5 equiv.), the aryl halide (0.6 mmol, 1 equiv.), 

NiCl2·glyme (Method A, 13.2 mg, 60 µmol, 10 mol%) or Ni(OAc)2·4 H2O (Method B & C 

14.9 mg, 60 µmol, 10 mol%), and 4,4’-di-tert-butyl-2,2’-dipyridyl (16.1 mg, 60 µmol, 10 

mol%). Subsequently, DMSO (anhydrous, 6 mL) and N-tert-butylisopropylamine (BIPA, 

Method A: 285 µL, 1.8 mmol, 3 equiv.; Method B: 476 µL, 3 mmol, 5 equiv.) or N,N-

diisopropylethylamine (DIPEA, Method C: 523 µL, 3 mmol, 5 equiv.) were added and the 

vial was sealed with a septum and Parafilm. The reaction mixture was sonicated for 5-10 

min followed by stirring for 5 min until fine dispersion of the solids was achieved and the 

mixture was then degassed by bubbling Argon for 10 min. The mixture was irradiated in the 

photoreactor (white light) at 40 °C with rapid stirring (1400 rpm). After the respective 

reaction time, one equivalent of maleic acid (internal standard 69.6 mg, 0.6 mmol) was added 

and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~200 µL) was 

filtered, diluted with DMSO-d6 and subjected to 1H-NMR analysis (See table S13 & S14). 

Thereafter, the NMR sample was combined with the reaction mixture, diluted with H2O (40 

mL) and extracted with dichloromethane (3 x 30 mL). The combined organic phases were 

washed with brine (50 mL), dried over Na2SO4 and concentrated. The product was purified 

by flash column chromatography (SiO2, Hexane/EtOAc or dichloromethane/MeOH) on a 

Grace™ Reveleris™ system using a 12 g cartridge. In some cases we observed some mixed 

fractions containing small amounts of the phenol byproduct and the desired product. These 

could be easily purified by a basic extraction (DCM and 0.5 M NaOH) followed by drying 

over Na2SO4 and solvent evaporation to maximize the reaction yield. Alternatively, we also 

tried the basic extraction (using saturated K2CO3 or 0.5 M NaOH) before column 

chromatography but in most cases this resulted in poorly separated phases (emulsion) and 

was also less efficient in terms of phenol removal. 
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Table 3.16. Screening of reaction conditions for the aryl iodide substrate scope.a 

 

Aryl iodide Method 
Time 

[h] 

Product 

[%]b 

Substrate 

[%]b 

Phenol 

[%]b 

Dehalo 

[%]b 

Acetate 

[%]b 

Isolated 

[%] 

 

C 14 73 6 trace 10 6 72 

B 14 79 7 4 1 6 76 

A 14 96 -- 4 trace --c 92 

 

C 14 70 13 4 12 8 n.d.d 

B 14 75 trace 8 1 15 71 

A 14 95 trace 4 1 -- 90 

 

C 14 74 11 1 6 9 n.d. 

B 14 80 9 3 2 8 77 

A 14 97 -- 2 trace -- 93 

 

C 14 55 30 trace 8 6 n.d. 

B 14 69 14 3 1 13 n.d. 

B 24 77 3 6 2 13 75 

A 24 96 -- 2 trace -- 92 

 

C 14 25 53 1 14 13 n.d. 

B 14 64 18 2 2 12 n.d. 

B 24 83 -- 3 2 12 80 

A 24 96 trace 2 2 -- 91 

 

C 14 49 41 -- 5 5 n.d. 

B 14 70 20 trace trace 6 n.d. 

B 24 81 2 2 2 10 75 

A 24 97 -- trace 2 -- 94 

 

C 14 C 58 23 -- 8 n.d. 

B 14 B 71 12 2 1 64 

A 14 A 83 2 1 1 78 
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Aryl iodide Method 
Time 

[h] 

Product 

[%]b 

Substrate 

[%]b 

Phenol 

[%]b 

Dehalo 

[%]b 

Acetate 

[%]b 

Isolated 

[%] 

 

C 14 11 83 trace -- -- n.d. 

B 14 26 64 trace -- 4 n.d. 

B 72 66 12 3 -- 9 62 

A 72 89 -- 1 -- -- 84 

 

C 14 12 80 -- 3 1 n.d. 

B 14 25 72 trace trace 5 n.d. 

B 72 49 41 1 4 9 n.d. 

B 168 64 -- 6 5 15 57 

A 168 86 5 3 -- -- 80 

 Ae 168 9 91 -- -- -- n.d. 

 

C 14 <10 73 -- -- -- n.d. 

B 14 33 58 -- 4 -- n.d. 

B 72 64 12 trace 10 17 51 

A 72 92 -- trace 7 -- 87 

 

C 14 10 70 -- 29 trace n.d. 

B 14 32 54 trace 4 6 n.d. 

B 72 61 15 4 10 11 56 

A 72 94 trace -- -- -- 90 

 

C 14 6 89 -- 3 -- n.d. 

B 14 24 64 trace 3 -- n.d. 

B 72 56 19 1 6 -- 49 

A 72 90 -- -- 10 -- 85 

 

B 14 trace 82 -- -- -- n.d. 

A 14 trace 87 -- -- -- n.d. 

 

B 14 13 70 -- -- -- n.d. 

B 72 17 35 -- -- -- n.d. 

A 14 29 65 -- -- -- n.d. 

 

B 14 -- 83 -- -- -- n.d. 

A 14 -- 82 -- -- -- n.d. 

 

B 14 15 58 -- -- -- n.d. 

A 14 13 87 -- -- -- n.d. 
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Aryl iodide Method 
Time 

[h] 

Product 

[%]b 

Substrate 

[%]b 

Phenol 

[%]b 

Dehalo 

[%]b 

Acetate 

[%]b 

Isolated 

[%] 

 

B 14 <5 90 -- -- -- n.d. 

A 14 5 89 -- -- -- n.d. 

 

B 14 trace 91 -- -- -- n.d. 

A 14 trace 93 -- -- -- n.d. 

aConditions: Reaction conditions as described in the general procedure (Section 3.4.8) bNMR yields determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cThe substance could be either not detected or not 

clearly assigned in the 1H-NMR spectrum dNot determined. eNo CN-OA-m added. 
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Table 3.17. Screening of reaction conditions for the carboxylic acid substrate scope.a 

 

Carboxylic acid Method 
Time 

[h] 

Product 

[%]b 

Substrate 

[%]b 

Phenol 

[%]b 

Dehalo 

[%]b 

Acetate 

[%]b 

Isolated 

[%] 

 

B 14 59 23 7 trace product n.d.c 

B 24 88 5 5 trace product 77 

A 24 95 -- 4 trace --d 91 

 

B 14 47 31 -- -- -- n.d. 

B 24 64 15 -- -- -- 59 

A 24 92 -- -- -- -- 89 

 

B 14 62 -- 6 trace 12 n.d. 

B 24 71 -- 8 trace 14 68 

A 24 84 -- 9 -- -- 78 

 

B 14 -- 17 6 trace -- n.d. 

B 24 -- 4 8 trace -- 72 

A 24 93 -- 5 trace 0 90 

 

B 14 -- 16 9 trace -- n.d. 

B 24 -- -- 10 trace -- 71 

A 24 93 -- 6 trace 0 88 

 

B 14 42 41 3 2 3 n.d. 

B 24 61 24 4 3 5 n.d. 

B 24 86 -- 5 3 6 78 

A 72 92 -- 3 5 0 86 

 

B 14 48 14 20 trace 17 n.d. 

B 24 53 -- 24 -- 22 51 

A 24 87 -- 12 trace 0 82 

 

B 14 60 28 -- trace 11 n.d. 

B 24 73 3 -- 2 16 65 

A 24 94 -- 1 -- 0 88 
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Carboxylic acid Method 
Time 

[h] 

Product 

[%]b 

Substrate 

[%]b 

Phenol 

[%]b 

Dehalo 

[%]b 

Acetate 

[%]b 

Isolated 

[%] 

 

B 14 46 14 23 -- 7 n.d. 

B 24 61 -- 32 -- 4 45 

A 24 71 -- 21 -- -- 65 

 

B 14 -- 33 4 trace -- n.d. 

B 24 -- 12 6 trace -- 77 

A 24 96 trace 3 -- -- 93 

 

B 14 17 50 21 -- -- n.d. 

 

B 14 14 59 10 -- -- n.d. 

 

B 14 -- 85 13 -- -- n.d. 

 

B 14 -- 76 19 -- -- n.d. 

 

B 14 -- 100 -- -- -- n.d. 

aConditions: Reaction conditions as described in the general procedure (Section 3.4.8) bNMR yields determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. cNot determined. dThe substance could be either not detected 

or not clearly assigned in the 1H-NMR spectrum  
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1-(tert-Butyl) 2-(4-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate. From 

(tert-butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and methyl 4-iodobenzoate 

(157.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated as a yellowish solid using 

an elution gradient of 0-10% of ethyl acetate in hexane. 

Reaction time: 14 h 

Method A: 192.6 mg, 92% Method B: 159.9 mg, 76% Method C: 150.7 mg, 72%  

1H NMR (400 MHz, CDCl3) rotameric mixture, δ 8.07 (m, 2H), 7.19 (m, 2H), 4.52 (dd, J = 

8.6, 4.3 Hz, 0.4H), 4.46 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.91 (m, 3H), 3.69 – 3.40 (m, 2H), 2.47 

– 2.28 (m, 1H), 2.16 (m, 1H), 2.10 – 1.86 (m, 2H), 1.46 (m, 9H). 13C NMR (151 MHz, 

CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ 

(171.10) 171.05, (166.30) 166.16, (154.42) 154.16, 153.60, 131.20 (131.07), 127.81 

(127.65), (121.46) 121.09, 80.31 (80.09), 59.18 (59.07), 52.19 (52.13), (46.61) 46.42, 31.00 

(29.94), 28.38, (24.52) 23.70. HRMS (ESI) m/z calcd for C18H23NNaO6
 [(M+Na)+] 

372.1417, found 372.1443. 

 

 

1-(tert-Butyl) 2-(4-cyanophenyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 4-iodobenzonitrile (137.4 mg, 

0.6 mmol 1 equiv.). The title compound was isolated as white solid using an elution gradient 

of 0-10% of ethyl acetate in hexane. 

Reaction time: 14 h 

Method A: 171.1 mg, 90% Method B: 135.5 mg, 71%  

1H NMR (600 MHz, CDCl3) rotameric mixture, δ 7.67 (m, 2H), 7.27 – 7.21 (m, 2H, contains 

residual solvent signal of CDCl3), 4.49 (dd, J = 8.6, 4.6 Hz, 0.5H), 4.44 (dd, J = 8.7, 4.4 Hz, 

0.5H), 3.65 – 3.38 (m, 2H), 2.44 – 2.26 (m, 1H), 2.20 – 1.88 (m, 3H), 1.44 (m, 9H). 13C 

NMR (151 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in 

parenthesis δ (170.93) 170.78, (154.45) 154.08, 153.79 (153.48) 133.73 (133.59), (122.63) 
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122.23, (118.24) 118.06, (109.91) 109.71, 80.39 (80.24), 59.12 (59.04), (46.61) 46.43, 

(30.99) 29.92, 28.37, (24.58) 23.71. HRMS (ESI) m/z calcd for C17H22N2NaO5
 [(M+Na)+] 

339.1315, found 339.1301. 

 

 

2-(4-Acetylphenyl) 1-(tert-butyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 4’-iodoacetophenone (147.6 

mg, 0.6 mmol 1 equiv.). The title compound was isolated as white solid using an elution 

gradient of 0-10% of ethyl acetate in hexane.  

Reaction time: 14 h 

Method A: 186.7 mg, 93% Method B: 154.3 mg, 77%  

1H NMR (600 MHz, CDCl3) rotameric mixture δ 7.98 (m, 2H), 7.20 (m, 2H), 4.52 (dd, J = 

8.6, 4.4 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.64 – 3.42 (m, 2H), 2.58 (m, 3H), 2.37 

(m, 1H), 2.20 – 2.11 (m, 1H), 2.07 – 1.90 (m, 2H), 1.46 (m, 9H).13C NMR (151 MHz, CDCl3) 

rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ (196.86) 

196.68, (171.13) 171.07, 154.51 (154.44), 154.22 (153.59), 134.81 (134.70), 129.98 

(129.86), (121.64) 121.27, 80.33 (80.12), 59.18 (59.07), (46.61) 46.43, 31.01 (29.95), 28.39, 

26.56, (24.53) 23.71. HRMS (ESI) m/z calcd for C18H23NNaO5
 [(M+Na)+] 356.1468, found 

356.1458. These data are in full agreement with those previously published in the literature.26 

 

 

1-(tert-Butyl) 2-(4-(trifluoromethyl)phenyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 1-iodo-4-

(trifluoromethyl)benzene (163.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated 

as yellowish oil using an elution gradient of 0-5% of ethyl acetate in hexane.  

Reaction time: 24 h 

Method A: 199.2 mg, 92% Method B: 161.2 mg, 75%  
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1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.63 (m, 2H), 7.26 – 7.18 (m, 2H, contains 

residual solvent signal of CDCl3), 4.50 (dd, J = 8.5, 4.4 Hz, 0.4H), 4.44 (dd, J = 8.7, 4.4 Hz, 

0.6H), 3.67 – 3.40 (m, 2H), 2.44 – 2.27 (m, 1H), 2.20 – 2.08 (m, 1H), 2.07 – 1.88 (m, 2H), 

1.44 (m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer 

are enclosed in parenthesis δ (171.23) 171.12, (154.45) 153.58, (153.24) 152.98, 128.18 (d, 

J = 32.6 Hz) (128.02 (d, J = 32.8 Hz)),126.86 (q, J = 3.7 Hz) (126.70 (q, J = 3.8 Hz)), (123.83 

(d, J = 271.9 Hz)) 123.74 (d, J = 272.1 Hz), (121.98) 121.61, 80.34 (80.16), 59.11 (59.02), 

(46.61) 46.43, 31.00 (29.95), 28.37, (24.54) 23.71.19F NMR (564 MHz, CDCl3) rotameric 

mixture δ -62.29, -62.34. HRMS (ESI) m/z calcd for C17H20F3NNaO4
 [(M+Na)+] 382.1236, 

found 382.1251. 

 

 

1-(tert-Butyl) 2-(4-formylphenyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 4-iodobenzaldehyde (139.2 

mg, 0.6 mmol 1 equiv.). The title compound was isolated as yellowish oil using an elution 

gradient of 0-10% of ethyl acetate in hexane.  

Reaction time: 24 h 

Method A: 173.4 mg, 91% Method B: 153.2 mg, 80%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 9.97 (m, 1H), 7.90 (m, 2H), 7.41 – 7.20 

(m, 2H, contains residual solvent signal of CDCl3), 4.51 (dd, J = 8.5, 4.4 Hz, 0.4H), 4.45 

(dd, J = 8.7, 4.4 Hz, 0.6H), 3.66 – 3.39 (m, 2H), 2.45 – 2.27 (m, 1H), 2.15 (m, 1H), 2.09 – 

1.90 (m, 2H), 1.45 (m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for 

minor rotamer are enclosed in parenthesis δ (190.98) 190.80, (171.07) 170.98, (155.49) 

155.18, (154.46) 153.57, 134.03 (133.95), 131.28 (131.17), (122.27) 121.89, 80.38 (80.19), 

59.16 (59.06), (46.62) 46.44, 31.01 (29.95), 28.38, (24.56) 23.73. HRMS (ESI) m/z calcd 

for C18H21NNaO5
 [(M+Na)+] 342.1312, found 342.1294. 

 



 

Chapter 3 
 

161 

 

1-(tert-Butyl) 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl) pyrrolidine-

1,2-dicarboxylate. From (tert-butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 

4-iodophenylboronic acid pinacol ester (198.0 mg, 0.6 mmol 1 equiv.). The title compound 

was isolated as white solid using an elution gradient of 0-5% of ethyl acetate in hexane. In 

order to avoid hydrolysis of the boronic acid no washing with a NaOH solution can be carried 

out and mixed fractions have to be discarded or further purified by a second column 

chromatography step. 

Reaction time: 24 h 

Method A: 234.9 mg, 94 % Method B: 188.3 mg, 75%  

1H NMR (600 MHz, CDCl3) rotameric mixture δ 7.81 (m, 2H), 7.09 (m, 2H), 4.51 (dd, J = 

8.6, 4.2 Hz, 0.4H), 4.43 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.66 – 3.37 (m, 2H), 2.42 – 2.26 (m, 

1H), 2.20 – 2.12 (m, 1H), 2.03 (m, 1H), 1.93 (m, 1H), 1.45 (m, 9H), 1.32 (m, 12H). 13C 

NMR (151 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in 

parenthesis δ 171.29, (154.42) 153.71, (153.29) 153.06, 136.19 (136.08), 126.61 (brs), 

(120.80) 120.44, 83.89 (83.82), 80.22 (79.95), 59.20 (59.07), (46.60) 46.42, 30.99 (29.97), 

(28.39) 28.36, 24.83, (24.46) 23.69. HRMS (ESI) m/z calcd for C22H32BNNaO6 [(M+Na)+] 

440.2215, found 440.224. 

 

 

1-(tert-Butyl) 2-(4-(methoxycarbonyl)-2-methylphenyl) pyrrolidine-1,2-dicarboxylate. 

From (tert-butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and methyl 4-iodo-3-

methylbenzoate (165.6 mg, 0.6 mmol 1 equiv.). The title compound was isolated as colorless 

oil using an elution gradient of 0-10% of ethyl acetate in hexane. 

Reaction time: 14 h 

Method A: 170.2 mg, 78% Method B: 138.5 mg, 64% 
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1H NMR (600 MHz, CDCl3) rotameric mixture δ 7.97 – 7.84 (m, 2H), 7.09 (m, 1H), 4.56 

(dd, J = 8.6, 4.1 Hz, 0.5H), 4.52 (dd, J = 8.8, 3.8 Hz, 0.5H), 3.89 (m, 3H), 3.65 – 3.42 (m, 

2H), 2.45 – 2.30 (m, 1H), 2.26 – 2.14 (m, 4H), 2.11 – 1.92 (m, 2H), 1.46 (m, 9H). 13C NMR 

(151 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in 

parenthesis δ (170.90) 170.66, (166.50) 166.36, (154.38) 153.67, 152.98 (152.74), 132.73 

(132.60), (130.64) 130.18, 128.60 (128.50), 127.88 (127.78), (121.95) 121.51, 80.36 

(80.04), 59.05 (58.98), 52.14 (52.08), (46.58) 46.40, 31.13 (30.08), 28.40, (24.53) 23.59, 

16.21 (16.14). HRMS (ESI) m/z calcd for C19H25NNaO6
 [(M+Na)+] 386.1574, found 

386.1565. 

 

2-(4-Bromophenyl) 1-(tert-butyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 1-bromo-4-iodobenzene (169.7 

mg, 0.6 mmol 1 equiv.). The title compound was isolated as yellowish oil using an elution 

gradient of 0-5% of ethyl acetate in hexane.  

Reaction time: 72 h 

Method A: 185.8 mg, 84% Method B: 137.3 mg, 62%   

1H NMR (600 MHz, CDCl3) rotameric mixture δ 7.51 – 7.44 (m, 2H), 6.99 (m, 2H), 4.49 

(dd, J = 8.6, 4.4 Hz, 0.4H), 4.42 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.64 – 3.38 (m, 2H), 2.34 (m, 

1H), 2.18 – 1.89 (m, 3H), 1.45 (m, 9H). 13C NMR (151 MHz, CDCl3) rotameric mixture, 

resonances for minor rotamer are enclosed in parenthesis δ (171.34) 171.26, (154.42) 153.61, 

(149.80) 149.57, 132.51 (132.35), (123.26) 122.86, 118.95 (118.83), 80.26 (80.06), 59.12 

(59.01), (46.60) 46.41, 31.00 (29.94), 28.39, (24.51) 23.69. HRMS (ESI) m/z calcd for 

C16H20BrNNaO4 [(M+Na)+] 392.0468, found 392.0452. 

 

 

1-(tert-butyl) 2-(4-chlorophenyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 1-chloro-4-iodobenzene (143.1 
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mg, 0.6 mmol 1 equiv.). The title compound was isolated as yellowish oil using an elution 

gradient of 0-5% of ethyl acetate in hexane.  

Reaction time: 168 h 

Method A: 156.0 mg, 80% Method B: 111.2 mg, 57%  

1H NMR (400 MHz CDCl3) rotameric mixture δ 7.41 – 7.31 (m, 2H), 7.12 – 7.02 (m, 2H), 

4.52 (dd, J = 8.6, 4.3 Hz, 0.4H), 4.46 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.84 – 3.34 (m, 2H), 2.48 

– 2.28 (m, 1H), 2.24 – 2.09 (m, 1H), 2.10 – 1.90 (m, 2H), 1.48 (m, 9H). 13C NMR (101 MHz, 

CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ 

(171.50) 171.42, (154.47) 153.67, (149.24) 149.02, 131.32 (131.15), 129.58 (129.42), 

(122.88) 122.50, 80.31 (80.12), 59.13 (59.03), (46.64) 46.45, 31.05 (30.00), 28.43, (24.56) 

23.74. HRMS (ESI) m/z calcd for C16H20ClNNaO4 [(M+Na)+] 348.0973, found 348.0952. 

 

 

1-(tert-Butyl) 2-(3-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate. From 

(tert-butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and methyl 3-iodobenzoate 

(157.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated as yellowish oil using an 

elution gradient of 0-10% of ethyl acetate in hexane.  

Reaction time: 72 h 

Method A: 182.1 mg, 87% Method B: 107.1 mg, 51%  

1H NMR (600 MHz, CDCl3) rotameric mixture δ  7.90 (m, 1H), 7.75 (m, 1H), 7.44 (m, 1H), 

7.35 – 7.27 (m, 1H), 4.52 (dd, J = 8.6, 4.3 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.90 

(m, 3H), 3.64 – 3.41 (m, 2H), 2.36 (m, 1H), 2.17 (m, 1H), 2.10 – 1.90 (m, 2H), 1.46 (m, 9H). 

13C NMR (151 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed 

in parenthesis δ 171.41 (171.40), (166.15) 166.00, (154.44) 153.66, (150.68) 150.50, 131.73 

(131.55), 129.50 (129.35), 127.06 (126.99), (126.28) 125.74, (122.62) 122.43, 80.34 

(80.06), 59.12 (59.02), 52.31 (52.23), (46.60) 46.44, 31.01 (29.96), 28.38, (24.50) 23.70. 

HRMS (ESI) m/z calcd for C18H23NNaO6 [(M+Na)+] 372.1417, found 372.1407. 
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1-(tert-Butyl) 2-(3-cyanophenyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 3-iodobenzonitrile (137.4 mg, 

0.6 mmol 1 equiv.). The title compound was isolated as yellowish oil using an elution 

gradient of 0-10% of ethyl acetate in hexane.  

Reaction time: 72 h 

Method A: 169.8 mg, 90% Method B: 107.1 mg, 56%  

1H NMR (600 MHz, CDCl3) rotameric mixture δ 7.57 – 7.30 (m, 4H), 4.49 (dd, J = 8.6, 4.6 

Hz, 0.5H), 4.44 (dd, J = 8.8, 4.4 Hz, 0.5H), 3.64 – 3.40 (m, 2H), 2.37 (m, 1H), 2.18 – 1.89 

(m, 3H), 1.45 (m, 9H). 13C NMR (151 MHz, CDCl3) rotameric mixture, resonances for minor 

rotamer are enclosed in parenthesis δ (171.15) 171.01, (154.46) 153.51, (150.89) 150.66, 

130.47 (130.30), 129.65 (129.53), (126.54) 126.06, (125.24) 124.87, (117.80) 117.68, 

(113.59) 113.37, 80.41 (80.25), (59.05) 58.99, (46.62) 46.43, 31.00 (29.93), 28.40 (28.38), 

24.58 (23.70). HRMS (ESI) m/z calcd for for C17H22N2NaO5
 [(M+Na)+] 339.1315, found 

339.1300 

 

 

2-(3-Acetylphenyl) 1-(tert-butyl) pyrrolidine-1,2-dicarboxylate. From (tert-

butoxycarbonyl)proline (193.7 mg, 0.9 mmol, 1.5 equiv) and 3-iodoacetophenone (147.6 

mg, 0.6 mmol 1 equiv.). The title compound was isolated as yellowish oil using an elution 

gradient of 0-10% of ethyl acetate in hexane.  

Reaction time: 72 h 

Method A: 170.0 mg, 85% Method B: 98.5 mg, 49%  

1H NMR (400 MHz CDCl3) rotameric mixture δ 7.84 – 7.76 (m, 1H), 7.68 – 7.63 (m, 1H), 

7.46 (m, 1H), 7.36 – 7.26 (m, 1H), 4.51 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.3 Hz, 

0.6H), 3.65 – 3.39 (m, 2H), 2.58 (m, 3H), 2.46 – 2.28 (m, 1H), 2.23 – 1.88 (m, 3H), 1.46 (m, 
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9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are 

enclosed in parenthesis δ (197.09) 196.83, (171.52) 171.48, (154.46) 153.64, (150.94) 

150.77, 138.53 (138.39), 129.75 (129.60), (126.45) 125.96, 125.95 (125.72), (121.30) 

120.90, 80.33 (80.10), 59.10 (59.03), (46.62) 46.44, 31.02 (29.97), 28.39, (26.71) 26.69, 

(24.54) 23.72. HRMS (ESI) m/z calcd for C18H23NNaO5 [(M+Na)+] 356.1468, found 

356.1458. 

 

  

Methyl 4-acetoxybenzoate. From acetic acid (54.0 mg, 0.9 mmol, 1.5 equiv) and methyl 4-

iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated as a white 

solid using an elution gradient of 0-5% of ethyl acetate in hexane.  

Reaction time: 24 h 

Method A: 105.7 mg, 91% Method B: 89.4 mg, 77%  

1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.8 Hz, 2H), 7.15 (d, J = 8.9 Hz, 2H), 3.89 (s, 

3H), 2.30 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 168.83, 166.26, 154.23, 131.13, 127.67, 

121.56, 52.18, 21.14. HRMS (ESI) m/z calcd for C10H11O4 [(M+H)+] 195.0652, found 

195.0632. These data are in full agreement with those previously published in the literature.26 

 

 

Methyl 4-(cinnamoyloxy)benzoate. From trans-cinnamic acid (133.3 mg, 0.9 mmol, 1.5 

equiv) and methyl 4-iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). The title compound was 

isolated as a white solid using an elution gradient of 0-5% of ethyl acetate in hexane.  

Reaction time: 24 h 

Method A: 151.0 mg, 89% Method B: 100.3 mg, 59%  

1H NMR (400 MHz, CDCl3) δ 8.14 – 8.04 (m, 2H), 7.87 (d, J = 16.0 Hz, 1H), 7.63 – 7.55 

(m, 2H), 7.46 – 7.39 (m, 3H), 7.27 – 7.21 (m, 2H, contains residual solvent signal of CDCl3), 

6.61 (d, J = 16.0 Hz, 1H), 3.91 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.33, 164.78, 

154.43, 147.22, 133.95, 131.15, 130.89, 129.02, 128.35, 127.59, 121.62, 116.75, 52.19. 

HRMS (ESI) m/z calcd for C17H15O4 [(M+H)+] 283.0951, found 283.0965. 
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Methyl 4-(benzoyloxy)benzoate. From benzoic acid (109.9 mg, 0.9 mmol, 1.5 equiv) and 

methyl 4-iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated as 

a white solid using an elution gradient of 0-5% of ethyl acetate in hexane. 

Reaction time: 24 h 

Method A: 119.7 mg, 78 % Method B: 104.1 mg, 68%  

1H NMR (400 MHz, CDCl3) δ 8.22 – 8.16 (m, 2H), 8.13 – 8.10 (m, 2H), 7.67 – 7.60 (m, 

1H), 7.55 – 7.47 (m, 2H), 7.29 (d, J = 9.0 Hz, 2H), 3.92 (s, 3H). 13C NMR (101 MHz, CDCl3) 

δ 166.31, 164.61, 154.57, 133.86, 131.20, 130.21, 129.05, 128.64, 127.74, 121.74, 52.21. 

HRMS (ESI) m/z calcd for C15H13O4 [(M+H)+] 257.0809, found 257.0797. These data are 

in full agreement with those previously published in the literature.26 

 

 

1-(tert-Butyl) 4-(4-(methoxycarbonyl)phenyl) piperidine-1,4-dicarboxylate. From 1-

Boc-piperidine-4-carboxylic acid (206.4 mg, 0.9 mmol, 1.5 equiv) and methyl 4-

iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated as a white 

solid using an elution gradient of 0-20% of ethyl acetate in hexane. 

Reaction time: 24 h 

Method A: 197.0 mg, 90% Method B: 156.5 mg, 72%  

 1H NMR (600 MHz, CDCl3) δ 8.05 (d, J = 8.7 Hz, 2H), 7.13 (d, J = 8.7 Hz, 2H), 4.08 (brs, 

2H), 3.90 (s, 3H), 2.91 (m, 2H), 2.71 (tt, J = 11.0, 3.9 Hz, 1H), 2.02 (m, 2H), 1.76 (dtd, J = 

13.4, 11.2, 4.0 Hz, 2H), 1.46 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 172.48, 166.21, 154.62, 

154.23, 131.15, 127.75, 121.42, 79.73, 52.17, 42.88 (brs), 41.24, 28.40, 27.86. HRMS (ESI) 

m/z calcd for C19H25NNaO6 [(M+Na)+] 386.1574, found 386.1590. 
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Methyl 4-((2-(4-isobutylphenyl)propanoyl)oxy)benzoate. From ibuprofen (185.7 mg, 0.9 

mmol, 1.5 equiv) and methyl 4-iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). The title 

compound was isolated as yellowish solid using an elution gradient of 0-5% of ethyl acetate 

in hexane. 

Reaction time: 24 h 

Method A: 180.3 mg, 88% Method B: 144.4 mg, 71%  

 1H NMR (600 MHz, CDCl3) δ 8.02 (d, J = 8.7 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 7.14 (d, J 

= 7.9 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 3.94 (q, J = 7.2 Hz, 1H), 3.89 (s, 3H), 2.47 (d, J = 

7.2 Hz, 2H), 1.86 (dp, J = 13.6, 6.8 Hz, 1H), 1.60 (d, J = 7.1 Hz, 3H), 0.90 (d, J = 6.6 Hz, 

6H). 13C NMR (151 MHz, CDCl3) δ 172.64, 166.27, 154.50, 140.96, 136.86, 131.02, 129.55, 

127.58, 127.16, 121.42, 52.13, 45.28, 45.02, 30.16, 22.36, 18.42. HRMS (ESI) m/z calcd for 

C21H25O4 [(M+H)+] 341.1748, found 341.1735. 

 

4-(Methoxycarbonyl)phenyl (1S,3s)-adamantane-1-carboxylate. From 1-

adamantanecarboxylic acid (162.2 mg, 0.9 mmol, 1.5 equiv) and methyl 4-iodobenzoate 

(157.2 mg, 0.6 mmol 1 equiv.). The title compound was isolated as a white solid using an 

elution gradient of 0-5% of ethyl acetate in hexane. 

Reaction time: 72 h 

Method A: 162.0 mg, 86% Method B: 147.0 mg, 78%  

1H NMR (600 MHz, CDCl3) δ 8.04 (d, J = 8.7 Hz, 2H), 7.11 (d, J = 8.7 Hz, 2H), 3.90 (s, 

3H), 2.08 (s, 3H), 2.04 (m, 6H), 1.80 – 1.73 (m, 6H). 13C NMR (151 MHz, CDCl3) δ 175.58, 

166.35, 154.85, 131.04, 127.38, 121.58, 52.12, 41.12, 38.67, 36.38, 27.83. HRMS (ESI) m/z 

calcd for C19H23O4 [(M+H)+] 315.1584, found 315.1584. These data are in full agreement 

with those previously published in the literature.26 
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Methyl 4-(2-phenoxyacetoxy)benzoate. From 2-phenoxyacetic acid (136.9 mg, 0.9 mmol, 

1.5 equiv) and methyl 4-iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). The title compound 

was isolated as a white solid using an elution gradient of 0-5% of ethyl acetate in hexane 

(Method A) or isocratic DCM (Method B) as the product precipitated and clogged the 

column at higher yields. 

Reaction time: 24 h 

Method A: 140.6 mg, 82% Method B: 88.1 mg, 51%  

1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.8 Hz, 2H), 7.34 (dd, J = 8.8, 7.4 Hz, 2H), 7.20 

(d, J = 8.8 Hz, 2H), 7.04 (t, J = 7.4 Hz, 1H), 6.99 (dd, J = 8.8, 1.0 Hz, 2H), 4.90 (s, 2H), 3.92 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 167.03, 166.13, 157.57, 153.59, 131.26, 129.70, 

128.12, 122.14, 121.31, 114.72, 65.36, 52.26. HRMS (ESI) m/z calcd for C16H15O5 

[(M+H)+] 287.0914, found 287.0920. 

 

 

4-(Methoxycarbonyl)phenyl 4-methoxybenzoate. From 4-methoxybenzoic acid (136.9 

mg, 0.9 mmol, 1.5 equiv) and methyl 4-iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). For 

determining NMR yields, 3mL of DCM were added to the reaction mixture to dissolve 

precipitated product. In addition to the general workup procedure a basic washing step (0.5 

M NaOH) was carried out before washing with brine in order to remove excess 4-

methoxybenzoic acid. The title compound was isolated as a white solid using an elution 

gradient of 0-5% of ethyl acetate in hexane. 

Reaction time: 24 h 

Method A: 150.8 mg, 88% Method B: 112.4 mg, 65%  

 1H NMR (600 MHz, CDCl3) δ 8.14 (d, J = 8.9 Hz, 2H), 8.10 (d, J = 8.7 Hz, 2H), 7.28 (d, J 

= 8.7 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 3.92 (s, 3H), 3.89 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 166.36, 164.30, 164.09, 154.74, 132.36, 131.14, 127.55, 121.79, 121.33, 113.91, 

55.52, 52.16. HRMS (ESI) m/z calcd for C16H15O5 [(M+H)+] 287.0914, found 287.0916. 
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Methyl 4-(2-acetoxy-2-phenylacetoxy)benzoate. From 2-acetoxy-2-phenylacetic acid 

(174.8 mg, 0.9 mmol, 1.5 equiv) and methyl 4-iodobenzoate (157.2 mg, 0.6 mmol 1 equiv.). 

The title compound was isolated as a white solid using an elution gradient of 0-5% of ethyl 

acetate in hexane. 

Reaction time: 24 h 

Method A: 128.1 mg, 65% Method B: 87.6 mg, 45%  

1H NMR (600 MHz, CDCl3) δ 8.02 (d, J = 8.7 Hz, 2H), 7.57 (dd, J = 7.5, 2.2 Hz, 2H), 7.47 

– 7.41 (m, 3H), 7.08 (d, J = 8.7 Hz, 2H), 6.09 (s, 1H), 3.89 (s, 3H), 2.23 (s, 3H). 13C NMR 

(151 MHz, CDCl3) δ 170.45, 166.99, 166.13, 153.76, 132.87, 131.13, 129.65, 129.02, 

128.08, 127.72, 121.24, 74.55, 52.19, 20.62. HRMS (ESI) m/z calcd for C18H16NaO6 

[(M+Na)+] 351.0839, found 351.0843. 

 

 

Methyl 4-((5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoyl)oxy)benzoate. 

From biotin (219.9 mg, 0.9 mmol, 1.5 equiv) and methyl 4-iodobenzoate (157.2 mg, 0.6 

mmol 1 equiv.). The title compound was isolated as a yellowish solid using an elution 

gradient of 0-10% of methanol in dichloromethane. 

Reaction time: 24 h 

 Method A: 210.8 mg, 93% Method B: 174.1 mg, 77%  

1H NMR (600 MHz, Chloroform-d) δ 8.05 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 5.93 

(brs, 1H, disappears upon addition of D2O), 5.32 (brs, 0.7H, disappears upon addition of 

D2O), 4.49 (dd, J = 7.7, 4.9 Hz, 1H), 4.31 (dd, J = 7.7, 4.6 Hz, 1H), 3.89 (s, 3H), 3.17 (m, 

1H), 2.90 (m, 1H), 2.72 (m, 1H), 2.59 (m, 2H), 1.86 – 1.64 (m, 4H), 1.52 (m, 2H). 13C NMR 

(151 MHz, CDCl3) δ 171.56, 166.26, 163.85 (brs), 154.27, 131.12, 127.65, 121.58, 61.99, 

60.12, 55.49, 52.19, 40.56, 33.97, 28.34, 28.27, 24.66. HRMS (ESI) m/z calcd for 

C18H23N2O5S [(M+H)+] 379.1322, found 379.1314. 
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Copies of NMR spectra of isolated compounds 

Copies of NMR spectra of isolated compounds are available in the Supporting Information 

through the website of the Publisher. DOI: https://doi.org/10.1002/anie.201902785  
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Abstract 

Dual photoreodox/nickel catalyzed C–N cross-couplings suffer from low yields for electron-

rich aryl halides. The formation of catalytically inactive nickel-black is responsible for this 

limitation and causes severe reproducibility issues. We demonstrate that catalyst 

deactivation can be avoided by using a carbon nitride photocatalyst. The broad absorption 

of the heterogeneous photocatalyst enables a wavelength dependent control of the rate of 

reductive elimination to prevent nickel-black formation during the coupling of cyclic, 

secondary amines and aryl halides. A second approach, that is applicable to a broader set of 

electron-rich aryl halides, is to run the reactions at high concentrations to increase the rate 

of oxidative addition. Less nucleophilic, primary amines can be coupled with electron-rich 

aryl halides by stabilizing low-valent nickel intermediates with a suitable additive. The 

developed protocols enable reproducible, selective C–N cross-couplings of electron-rich aryl 

bromides and can be also applied for electron-poor aryl chlorides. 
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4.1 Introduction 

The palladium-catalyzed formation of carbon–nitrogen bonds (Buchwald-Hartwig) ranks 

among the most widely applied reactions in synthetic chemistry.1 Nickel is an attractive 

alternative to palladium due to its higher abundance, but the requirement of air-sensitive Ni0 

complexes, sophisticated ligands, as well as strong reductants, and bases for C–N bond 

formations have hampered its use.2-4 Air-stable nickel pre-catalysts have been developed, 

but still strong alkoxide bases and complex ligands are needed (Figure 4.1, a).5-9 In 

combination with electrochemistry, ligated NiII salts catalyze the C–N cross-coupling under 

mild conditions (Figure 4.1, b).10-11 Ligand-free NiII salts were used together with UV light 

(365 nm),12 or visible light photocatalysis via photoredox (PRC),13-17 or energy transfer 

(EnT)18-19 processes (Figure 4.1, c). Although synthetically attractive, electro- and 

photochemically mediated, nickel-catalyzed C–N couplings are limited to electron-poor aryl 

halides. Aryl halides that do not contain electron withdrawing groups are usually either 

unreactive,15 or give low yields,11-12, 16-17, 19 and only a few examples with a good isolated 

yield are reported (for a detailed analysis, see the Supplementary Information).13 

Electro- and photochemically mediated methods rely on the initial reduction of the NiII 

catalyst to a low valent (Ni0 or NiI) species, followed by oxidative addition that is slow for 

electron-rich aryl halides.11, 20 This bottleneck potentially leads to the accumulation of 

nickel(0) species that aggregate, resulting in catalyst deactivation. In the electrochemically 

driven, nickel-catalyzed aryl amination, nickel-black deposition was observed on the 

cathode and could be avoided by using Ni(bpy)3Br2 (bpy = 2,2’ bipyridine) instead of a 1:1 

mixture of NiBr2·glyme and dtbbpy (4,4′-di-tert-butyl-2,2′-bipyridine), thereby expanding 

the scope to a few electron-rich heteroaryl halides.11 Stabilizing bipyridine ligands are 

unsuitable for light-mediated, nickel-catalyzed C–N cross-couplings,12-17 but catalyst 

deactivation or nickel-black formation was not reported. It is, however, well known that NiII 

salts – in presence of amines as sacrificial electron donors (SED) – can be used intentionally 

for the photochemical preparation of Ni0 nanoparticles (Figure 4.1, d).21-23  
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Figure 4.1. Nickel catalyzed C–N cross-coupling reactions. a, air stable Ni precatalysts require strong 

bases and sophisticated ligands. b, electrochemically enabled, Ni-catalyzed aminations and; c, 

photochemically driven, Ni-catalyzed aminations are limited to electron-poor aryl halides. d, photocatalytic 

reduction of NiII salts is used for nanoparticle formation potentially leads to nickel-black formation in 

catalysis. 

 

Here, we show that catalyst deactivation via nickel-black formation is responsible for the 

low yields when electron-rich aryl bromides are used in dual photoredox/nickel catalyzed 

C–N cross-couplings. Deposition of the catalytically inactive, low-valent nickel species 

further deactivates a heterogeneous photocatalyst, hampering its recyclability. We 

demonstrate that nickel-black formation can be avoided by i) decelerating the light-mediated 

reductive elimination, ii) enhancing the oxidative addition or, iii) stabilizing low-valent 

nickel intermediates. The resulting protocols enable selective and reproducible couplings of 

amines with electron-poor, -neutral, and -rich aryl halides, and allow for recycling of the 

heterogeneous photocatalyst. 
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4.2 Results and discussion 

Our investigations started by optimizing the dual nickel/photoredox catalyzed amination of 

methyl 4-bromobenzoate with pyrrolidine using the carbon nitride CN-OA-m as 

photocatalyst (Table 4.1). This heterogeneous material has a broader optical absorption in 

the visible region compared to most other known CN materials and can be easily prepared 

on gram scale via co-condensation of urea and oxamide followed by post-calcination in a 

molten salt (see Supplementary Information).24-26 Nearly quantitative formation of the 

desired alkyl aryl amine (1) was obtained within 8 h when CN-OA-m (3.33 mg mL-1), 

NiBr2·3H2O (2.5 mol%) and three equivalents of the amine were used without any additional 

base in dimethylacetamide (DMAc) as solvent (Table 4.1, Entry 1-2).27 The reaction was 

easily scaled up by increasing the reaction time, affording 1 on a gram scale within 14 hours 

(see Supplementary Information).28 

 

Table 4.1. Optimized conditions and control experiments using white LEDs (RGB)[a] 

 

Entry X Conditions Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

1 Br as shown quant. 98 2 n.d. 

2 Br 1.66 mg mL-1 CN-OA-m quant. 96 2 1 

3 I as shown quant. 99 1 n.d. 

4 Cl 168 h 76 72 4 n.d. 

5 OTf 72 h 75 67 5 2 

6 Br no CN-OA-m 5 n.d. 2 1 

7 Br no NiBr2·3H2O 5 n.d. n.d. n.d. 

8 Br no light <1 n.d. n.d. n.d. 

9 Br no degassing 10 10 n.d. n.d. 

aReaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine (3.6 mmol), NiBr2·3H2O (2.5 mol%), CN-OA-m 

(20 mg), DMAc (anhydrous, 6 mL), white LEDs (RGB) at 40 °C for 8 h. bConversion aryl halide determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. cNMR yields were determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. n.d. = not detected. dtbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine. 
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Aside from aryl bromides, aryl iodides coupled with similar efficiency and selectivity (Entry 

3). The optimized protocol further enabled C–N couplings using aryl chlorides and aryl 

triflates, but these reactions did not go to completion (Entry 4-5). Control studies in the 

absence of CN-OA-m, NiBr2∙3H2O and light did not result in the formation of the desired 

product, and the presence of oxygen significantly decreased the reaction rate (Entry 6-9). 

With the optimized conditions in hand, the versatility of the semi-heterogeneous catalytic 

system was evaluated (Table 4.2). The reaction of methyl 4-bromobenzoate with cyclic 

secondary amines generally gave high yields for the corresponding aryl amines (1, 4-7). A 

secondary amine with low steric hindrance also resulted in the desired aryl amine (8), but 

the majority of acyclic secondary amines did not react under these conditions (see 

Supplementary Information). Aliphatic and aromatic primary amines reacted efficiently (9-

11). Aryl halides containing electron-withdrawing groups coupled with high selectivity; 

nitriles (12-14), carbonyl groups (1, 15, 23-24), trifluoromethyl- (15) as well as 

methylsulfonyl-groups (16), halides (17-18), boronic acid pinacol esters (22), and electron-

poor heteroaromatic bromides (25, 26) were tolerated in the dual catalytic amination. 1,4-

Dibromobenzene can undergo selective mono- (20) or di-amination (21) by varying the 

reaction time and stoichiometry of the amine coupling partner. Similar to related C–O bond 

formations,24-25 a carbonyl-group in the 2-position only gave moderate yield (16). Low 

reactivity was observed for electron-rich heterocycles (27, 28). Notably, good isolated yields 

were obtained for the C-N coupling of pyrrolidine with a range of electron-rich aryl bromides 

(29-36).29 However, in the case of 1-bromo-4-fluorobenzene (32),30 bromobenzene (33), 3-

bromotoluene (34), 1-bromo-4-tert-butylbenzene (35), and 4-bromoanisole (36) these values 

are not representative, as these substrates suffered from severe reproducibility issues. These 

reactions frequently resulted in low yields and the heterogeneous PRC became black, 

whereas almost no color change was observed in case of aryl halides that do not suffer from 

these reproducibility issues. High amounts of deposited nickel were detected on the 

recovered, black carbon nitride material by ICP-OES analysis, indicating nickel-black 

formation (see Supplementary Information).  
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Table 4.2. 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.  

  



 

Chapter 4 
 

182 

Deactivation of metal catalysts via deposition is a common problem in palladium catalysis 

(Pd-black formation) and can be addressed by avoiding high concentrations of Pd0 species 

that agglomerate.31 In light-mediated, nickel catalyzed C–N cross-couplings, a Ni0 complex 

was proposed to be the catalytically active species that is initially formed via a photoredox-

catalyzed hydrogen atom transfer (HAT).20 We assumed that, in the case of electron-rich 

aryl halides, slow oxidative addition results in the accumulation of unstabilized Ni0 that 

aggregate. Since the heterogeneous photocatalyst absorbs only weakly above 450 nm,25 we 

assumed that the formation of nickel-black can be decelerated using higher wavelengths. As 

anticipated, when a mixture of pyrrolidine and CN-OA-m in DMAc was irradiated with 

green light (520 nm), nickel black formation was significantly slower than with blue light 

(450 nm, see Supplementary Information). To our delight, the coupling of pyrrolidine and 

1-bromo-4-fluorobenzene was highly selective and reproducible using 520 nm LEDs 

(Method B), and the desired compound (32) was obtained in 85-91% in six parallel 

experiments (Figure 4.2, a). The same set of experiments using blue LEDs (~450 nm, 

Method A) exhibited large variations in yield. While five experiments gave 60-70% of 32, 

only 5-6% of the desired amine were formed for two reactions where the reaction mixture 

turned black. Careful analysis of the heterogeneous material recovered from the low yielding 

reactions identified the nature and quantity of the deposited Ni species (see Supplementary 

Information). ICP-OES analysis showed a Ni concentration of 126 mg g-1 for the reaction 

irradiated with blue light and only 36 mg g-1 for the material after an experiment using green 

LEDs. Elemental analysis via energy-dispersive X-ray spectroscopy (EDX) is in agreement 

with these results. X-ray powder diffraction (XRD) confirmed the deposition of low valent 

nickel species, with a significantly higher concentration on the material irradiated with blue 

light. High resolution X-ray photoelectron spectroscopy (XPS) for core levels of Ni2p3/2 

spectrum of the recovered CN-OA-m from experiments using 450 nm LEDs (Method A) 

showed two main deconvoluted peaks located at 853.7 (±0.02) eV and 852.5 (±0.02) eV that 

can be assigned to the binding energy of NiII and Ni0 species. 
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Figure 4.2. 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. b, 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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Only NiII was detected on the material recovered from experiments using 520 nm LEDs 

(Method B) by XPS. Scanning transmission electron microscopy (STEM) was used to 

visualize nickel particles on the surface of the recovered CN-OA-m from both methods. 

High-angle annular dark-field (HAADF) images show a high amount of nickel particles that 

agglomerated (nickel-black) on the CN-OA-m recovered from experiments using 450 nm 

LEDs (Method A), whereas the material from experiments using 520 nm LEDs (Method B) 

contained almost no agglomerates (Figure 4.2, a). 

Nickel-black formation was also shown to be responsible for low yields using other light-

mediated protocols for the same model reaction (Figure 4.2, b). A reaction with 1 mol% of 

the homogeneous PRC (Ir[dF(CF3)ppy]2(dtbbpy))PF6,
17

 resulted in low selectivity towards 

the desired coupling product (32, 33% yield), and small amounts of a black precipitate were 

formed during the reaction. Decreasing the amount of (Ir[dF(CF3)ppy]2(dtbbpy))PF6 to 0.02 

mol% increased the yield of 32 significantly (77%) and no particle formation was observed. 

Here, the amount of the PRC plays a crucial role to avoid nickel-black formation and the 

optimal catalyst loading needs to be determined for each substrate individually. The PRC-

free, UV light-mediated protocol12 resulted in no more than 26% of 32 and a black precipitate 

was formed in high amounts (Figure 4.2, c). STEM imaging and EDX spectroscopy 

confirmed that these solids consist of nickel and organic matter that is presumably resulting 

from substrate/product degradation by the high-energy light source (see Supplementary 

Information for details). 

The dual carbon nitride/nickel catalyzed protocol using green light (520 nm, Method B) did 

also enable selective, reproducible C–N cross-couplings of bromobenzene (33), and 3-

bromotoluene (34) with pyrrolidine, but did not eliminate catalyst deactivation issues in the 

cases of 1-bromo-4-tert-butylbenzene (35), and 4-bromoanisole (36) (Figure 4.3, a). 

Although almost quantitative product formation was observed in some cases, the reactions 

sometimes gave low yields and black reaction mixtures. In the case of 1-bromo-4-tert-

butylbenzene, for example, six parallel reactions using 450 nm (Method A) gave 52-70% of 

the desired product (35), whereas up to 92% as well as only 28 % were obtained under 

identical conditions using 520 nm (Method B). Efforts to increase the reproducibility and to 

minimize the nickel-black formation by changing the light intensity, distance between the 

reaction mixture and light source, varying the amount of both catalysts, changing the solvent 

or nickel catalyst, and adding MTBD (7-Methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene)17 or 
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dtbbpy to stabilize intermediate nickel species were not successful. We hypothesized that 

the formation of Ni0 agglomerates can be addressed by increasing the concentration of the 

reaction mixture for two reasons. First, a higher concentration would increase the rate of 

oxidative addition, thus minimizing the accumulation of Ni0 species. Second, catalyst 

deactivation might not only be accelerated by higher photon energies, but also a competitive 

binding of the amine and the solvent (DMAc) with low-valent nickel intermediates. In 

palladium catalysis, for example, PdArylXLn intermediates were reported to form complexes 

with various solvents, including DMAc, that undergo β-hydride elimination followed by the 

formation of Pd0 and Aryl-H.32 Although pyrrolidine was shown to be the primary ligand in 

light-mediated, nickel catalyzed aminations,20 the high excess of DMAc potentially results 

in solvent-catalyst interactions that could contribute to Ni-black formation. Indeed, running 

the reaction at 1.2 M instead of 0.2 M resulted in reproducible reactions and the desired 

products (32-36) were obtained in high yields, even at 450 nm (Method C). These results 

could not be further improved using 520 nm irradiation, suggesting that the nickel-black 

formation can be outpaced at high concentrations independent of the photon energy in our 

semi-heterogeneous catalytic system (see Supplementary Information).33 

A reinvestigation of the coupling of methyl 4-chlorobenzoate with pyrrolidine was carried 

out using all protocols (see Supplementary Information). The standard protocol (Method A) 

afforded the desired coupling product (1) in 65% within seven days. Longer irradiation did 

not result in higher yields and only increased the amount of the dehalogenated side product, 

indicating complete catalyst deactivation. 
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Figure 4.3. Evaluation of different protocols for coupling aryl bromides and aryl chlorides with 

pyrrolidine. a, Reproducibility study for aryl bromides without electron withdrawing groups using different 

C–N coupling protocols. NMR yields are reported b, Evaluation of Method C for the coupling of aryl halides 

and pyrrolidine. aIsolated yield. bNMR-yield c, Simplified mechanism of productive catalysis and catalyst 

deactivation. The reductive elimination (RE) likely follows either a three-step photoredox (NiII-NiIII-NiI-Ni0);17 

or a two-step energy transfer (NiII-NiII*-Ni0) process.18-19  
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With green light (Method B), 83% of 1 was obtained within 14 days. The optimized method 

using 450 nm LEDs and a lower amount of solvent (Method C) significantly enhanced the 

C–N coupling and resulted in 92% of 1 within two days (Figure 4.3, b). When the best 

conditions (Method C) were applied for electron-neutral, and -rich aryl chlorides, a clear 

trend was observed (Figure 3, b). Chlorobenzene gave 18% of 33 within 168 hours, and 

substrates with electron-donating substituents gave even lower yields. In all cases the 

formation of nickel black was observed.  

Taking all experiments together, we propose that catalyst deactivation is avoided when the 

relative rate of oxidative addition (OA) is equal or higher than the relative rate of reductive 

elimination (RE), avoiding accumulation of Ni0 species (Resting state I, Figure 4.3, c). This 

is (under all conditions) the case for activated (electron-poor) aryl bromides. In case of 4-

bromobenzene and 3-bromotoluene, the rate of RE (and the initial formation of Ni0) was 

sufficiently decelerated by using green light (slow OA, slow RE). At higher concentrations, 

the rate of OA is increased significantly, resulting in efficient productive catalysis for all 

tested, electron-rich aryl bromides (fast OA, fast RE). For non-activated, electron-rich aryl 

chlorides OA becomes too slow and Ni0 accumulation cannot be avoided under the 

conditions reported herein. 

Next, we sought to study if the deposition of nickel-black also affects the recyclability of 

CN-OA-m by altering its photocatalytic activity. During the coupling of pyrolidine with 

methyl 4-bromobenzoate using white (RGB) LEDs, the reaction mixture became greenish-

brown (Figure 4.4, a). ICP-OES analysis of the heterogeneous material showed a nickel 

content of ~14 mg g-1. The formation of product decreased significantly when the 

heterogeneous PRC was recycled (Figure 4.4, b).34 Further, the yellow PRC turned dark 

green to black and the amount of deposited Ni rose to ~61 mg g-1 over five recycling 

experiments. At higher wavelengths (520 nm, Method B), the model reaction required 48 h 

instead of 8 h for full conversion (Figure 4.4, a). Although the reaction mixture did not 

change its color, the amount of deposited Ni was similar to the white LED experiment (~14 

mg g-1). The photocatalyst did, however, not lose its catalytic activity during five recycling 

experiments and was recovered as a yellow solid that contained a lower amount of deposited 

nickel (~39 mg g-1) compared to the white light experiment (Figure 4.4, b).  
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Figure 4.4. 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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and give lower yields than cyclic, secondary amines, even with electron-deficient aryl 

bromides.12-13, 18-19, 28 By studying the cross-coupling of n-butylamine with 1-bromo-4-tert-

butylbenzene, we observed only 8% of the desired product (39) during a 16 h experiment 

using blue light (Method A, see Supplementary Information). Notably, running the reaction 

at higher concentrations decreased the yield, indicating that low-valent Ni(n-butylamine)n 

species are rather inefficient towards OA and a higher concentration in this case might even 

accelerate catalyst deactivation. Increasing the temperature from 40 to 60 °C resulted in up 

to 42% of the desired coupling product (39), but concomitant deactivation of the nickel 

catalyst was observed. Switching to green light or performing the reaction at 80 °C did not 

improve these result.  

The above described strategies to accelerate OA or decelerate RE were not successful. It was 

previously reported that the addition of DBU and MTBD has a positive effect on the reaction 

outcome with primary amines, but the reason for that remains unclear.15, 17 We assumed that 

coordination of these additives to the active, low valent nickel species i) might activate the 

low-valent nickel complex towards OA, and ii) has a stabilizing effect that would increase 

the lifetime of resting state I by inhibiting nickel-black formation. We could ultimately prove 

this stabilizing affect during control experiments in the absence of aryl halides (see 

Supplementary Information). When NiBr2∙3H2O was irradiated in the presence of 

pyrrolidine with blue light, Ni-black was rapidly formed. However, the formation of nickel 

black takes significantly longer in the presence of MTBD. Further, a comparison of the 

coupling of 1-bromo-4-tert-butylbenzene with n-butylamine with and without additives 

showed a higher catalytic activity when MTBD was added. After a short optimization, we 

obtained conditions that enabled the coupling of electron-poor aryl bromides with n-

butylamine in good to excellent selectivity at 40°C (Table 4.3). This method was also 

applicable for an electron-poor aryl chloride, but, similar to the coupling with pyrrolidine, 

deactivated aryl chlorides remain a limitation. 
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Table 4.3. Semi-heterogeneous amination of primary amines and aryl halides.[a] 

 
aReaction conditions: aryl halide (1.2 mmol), n-butlyamine (3.6 mmol), CN-OA-m (20 mg), NiBr2·3H2O (60 

µmol), 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (2.4 mmol), DMAc (anhydrous, 6.0 mL), blue 

LEDs at 40 °C. Isolated yields are reported. bYield was determined by 1H-NMR using 1,3,5-trimethoxybenzene 

as internal standard.  
 

4.3 Conclusion 

The formation of nickel-black limits the applicability of light-mediated, nickel catalyzed C–

N cross-couplings. In particular, aryl bromides lacking electron-withdrawing groups suffer 

from reproducibility problems due to deactivation of the nickel catalyst. Deposition of nickel 

particles (nickel-black) not only deactivates the homogeneous nickel catalyst, but also the 

heterogeneous carbon nitride photocatalyst. Careful studies using dual carbon nitride/nickel 

catalysis showed that nickel-black formation likely results from a slow oxidative addition in 

case of electron-rich aryl bromides, leading to accumulation of low-valent nickel species 

that agglomerate. We showed that this issue can be overcome by i) decreasing the rate of the 

reductive elimination, ii) increasing the rate of oxidative addition, and iii) stabilizing low-

valent nickel intermediates with a suitable additive. Our strategies enable reproducible, 

highly selective C–N cross-couplings of electron-rich, -neutral and –poor aryl bromides with 

primary and cyclic, secondary amines and can even be used for efficient reactions of 

electron-poor aryl chlorides. 
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4.4 Supporting information 

4.4.1 General remarks 

 

Substrates, reagents, and solvents were purchased from commercial suppliers and used 

without further purification. Methyl 4-(trifluoromethylsulfonyloxy)benzoate,35 methyl 4-

(tosyloxy)benzoate36, methyl 4-((methylsulfonyl)oxy)benzoate37 and N-tert-

butylisopropylamine (BIPA)38 were prepared according to literature procedures. 1H-, 13C- 

and 19F-NMR spectra were obtained using a Varian 400 spectrometer (400 MHz, Agilent), 

an AscendTM 400 spectrometer (400 MHz, cryoprobe, Bruker) and a Varian 600 

spectrometer (600 MHz, Agilent) at 298 K, and are reported in ppm relative to the residual 

solvent peaks. Peaks are reported as: s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet or unresolved, with coupling constants in Hz. Analytical thin layer chromatography 

(TLC) was performed on pre-coated TLC-sheets, ALUGRAM Xtra SIL G/UV254 sheets 

(Macherey-Nagel) and visualized with 254 nm light or staining solutions followed by 

heating. Purification of final compounds was carried out by flash chromatography on the 

Reveleris X2 Flash Chromatography System from GRACE using prepacked columns with 

40 μm silica gel. Silica 60 M (0.04-0.063 mm) silica gel (Sigmal Aldrich) was used for dry 

loading of the crude compounds on the flash chromatography system. Centrifugation was 

carried out using an Eppendorf 5430 centrifuge. High-resolution mass spectral data were 

obtained using a HR-EI-MS (Waters Autospec Premier) and a Waters XEVO G2-XS 4K 

spectrometer with the XEVO G2-XS QTOF capability kit. Emission spectra of LED lamps 

were recorded using 10 in. (24.5 cm) integrating sphere (Labsphere, Inc. Model LMS 1050) 

equipped with a diode array detector (International Light, Model RPS900). The UV/Vis 

spectrum of Ir(ppy)2(dtbbpy)PF6 was recorded using a UVmini-1240 spectrometer 

(Shimadzu). Inductively coupled plasma - optical emission spectrometry (ICP-OES) was 

carried out using a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. 

FTIR spectra were recorded on a Thermo Scientific Nicolet iD5 spectrometer. Diffuse 

reflectance UV/Vis spectra of powders were recorded on a Shimadzu UV-2600 spectrometer 

equipped with an integrating sphere. For XRD measurements, a Bruker D8 Advanced X-ray 

diffractometer with Cu Kα radiation was used. Scanning electron microscopy (SEM) images 

were obtained on a LEO 1550-Gemini microscope. Energy-dispersive X-ray (EDX) 

investigations were conducted on a Link ISIS-300 system (Oxford Microanalysis Group) 
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equipped with a Si(Li) detector and an energy resolution of 133 eV. X-ray photoelectron 

spectroscopic (XPS) measurements were carried out with a CISSY set-up, equipped with a 

SPECS XR 50 X-ray gun with Mg Kα excitation radiation (1254.6 eV) and combined with 

a lens analyzer module (CLAM) under ultra-high vacuum (UHV, 1.5x10-8 Pa). The 

calibration was performed using the Au 4f7/2 (84.0 eV) binding energy scale as reference. 

Quantitative analysis and decovolution were achieved using “peakfit” and “Igor” software 

with Lorenzian-Gaussian functions and Shirley background deletion in photoemission 

spectra. The STEM images were acquired using a double-corrected Jeol ARM200F, 

equipped with a cold field emission gun. For the investigation, the acceleration voltage was 

set to 200 kV, the emission was put to 5 µA and a condenser aperture with a diameter of 20 

µm was used. With these settings, the microscope reaches a lattice resolution below 1 Å. 

The STEM specimens were prepared by dissolving a powder sample of the material in 

ethanol, sonicating the solution for 15 minutes and finally dropping a few drops onto a 

copper TEM grid coated with holey carbon film. Once the solution had dried off, the 

specimens were investigated.  
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4.4.2 Literature analysis: aryl halides without electron withdrawing 

groups 

 

a) Electrochemically driven, Ni-catalyzed amination11 

 

 

b) UV-light mediated, Ni-catalyzed amination12 

 

 

c) Dual nickel/photo catalyzed amination using (Ir[dF(CF3)ppy]2(dtbbpy))PF6
17 
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d) Dual nickel/photo catalyzed amination using [Ru(ppy)3]Cl2
39 

 

 

 

e) Dual nickel/photoredox catalyzed amination using organic dyes13, 39 
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f) Dual nickel/photoredox catalyzed amination using CdS15 

 

 

g) Dual nickel/photoredox catalyzed amination using mpg-CN16 
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4.4.3 Preparation of CN-OA-m 

 

Scheme 4.1. Synthesis of CN-OA-m. 

The synthesis for CN-OA-m was carried out using a slightly adapted version of the literature 

procedure (Scheme 4.1)26: For each batch of the photocatalyst, urea (10 g, 166.5 mmol) and 

oxamide (0.5 g, 5.7 mmol) were mixed in 10 ml of DI water to generate a homogeneous 

mixture. After drying at 373 K, the resulting solids were grinded, transferred into a crucible 

with a cover and heated up in an air-oven with a heating rate of 4.3 K/min to 773 K. After 

keeping the mixture for 2h at 773 K, the sample was allowed to cool to room temperature. 

Subsequently, KCl (3.3 g, 44.3 mmol) and LiCl (2.7 g, 63.7 mmol) were added and the solids 

were grinded to obtain a homogeneous mixture which was heated in an inert atmosphere (N2 

flow: 5 mL/min) to 823 K with a heating rate of 4.6 K/min. After keeping the mixture for 2 

h at 823 K, the sample was allowed to cool to room temperature and the resulting solids were 

collected on a filter paper and washed with H2O (3 x 100 mL). The resulting yellow material 

was dried at 373 K (average yield per batch: ~425 mg). All analytical data (FTIR, UV/Vis, 

XRD, SEM, etc.; see Section 4.4.8) are in full agreement with those published in the 

literature.26 

The UV/Vis spectrum of CN-OA-m shows a strong absorption up to ~460 nm and a 

comparably weaker absorption band up to ~700 nm (Figure 4.5, A) which are attributed to 

the π-π* electron transition of the sp2 hybridization of C and N in the heptazine framework 

and n-π* electron transition involving the lone pairs of the edge nitrogen atoms in the 

heptazine units, respectively.26 The capability of harvesting low energy light is therefore 

superior compared to Ir and Ru photocatalysts (see Figure 4.5, B for the UV/Vis spectrum 

of Ir[dF(CF3)ppy]2(dtbbpy)PF6 as a representative example) which have only a low 

absorption band between 400 and 500 nm in the visible region, which corresponds to the 

metal-to-ligand charge transfer transition. 
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Figure 4.5. UV/VIS-absorption spectra of CN-OA-m (A) and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (B). 

 

 

Figure 4.6. Comparison of the photoredox properties of CN-OA-m (A) and  Ir[dF(CF3)ppy]2(dtbbpy)PF6 

(=Ir[III]) during an reductive quenching cycle (B). The photoredox properties of CN-OA-m were originally 

measured against Ag/AgCl26 and were converted for better comparison. The half-reaction reduction potential 

for the oxidation of representative NiII to NiIII complexes was, to the best of our knowledge not reported. For 

bpy(NiII(Mes)OMe), however, E1/2
red was determined to be +0.71 V vs Ag/AgCl (0.67 V vs. SCE),40 which is 

thermodynamically feasible for both photocatalysts. It has to be noted that the reaction might also be triggered 

by energy transfer instead of than single transfer. 
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4.4.4 Setup for photochemical reactions 

A flexible, red/green/blue LED strip41 (RGB, 5m, 24 W/strip; Tween Light, BAHAG AG, 

Germany) was wrapped around a 115 mm borosilicate crystallization dish (Figure 4.7, A). 

Blue, green, red or white (illumination of all three LED colors - red/green/blue) light was 

used at full power for all experiments (For emission spectra of a single diode, see Figure 4.8). 

The evaporating dish was filled with ethylene glycol and the temperature was set to 40°C to 

maintain a constant temperature. The sealed, cylindrical reaction vessels (16 x 100 mm) were 

placed at the same distance from the LED strip during all experiments (Figure 4.7, A). All 

reactions were performed with a stirring speed of 600 (1 mL) or 1400 rpm (3 or 6 mL). For 

large scale aminations a flexible, red/green/blue LED strip (RGB, 5m, 24 W/strip; Tween 

Light, BAHAG AG, Germany) was wrapped around a 115mm borosilicate beaker 

(Figure 4.7, B). The scale-up reaction was performed in a sealed, cylindrical reaction vessel 

(25 x 140 mm) with a stirring speed of 700 rpm and without additional heating (Figure 4.7, 

B). 

 

  

Figure 4.7. Experimental setup for general photochemical reactions (A) and for the scale-up reaction (B). 

 

A B 
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Figure 4.8. Emission spectra of the LED strips used for photochemical reactions. All experiments were carried 

out at maximum power. A: white light (RGB). B: blue light only. C: green light only. D: red light only. 

 

 

A Kessil® PR 160-370nm lamp,42 a stir plate and a fan for cooling was used for UV-light 

experiments (Figure 4.9, A). All experiments were carried out with maximum lamp power. 

The sealed reaction vessels (16 x 100 mm) were placed at the same distance (4 cm) from the 

light source during all experiments. All reactions were performed with vigorous stirring.  

 

Figure 4.9. A: Picture of the Set-up for UV-light experiments B: Emission spectra of the Kessil® PR 160-

370nm lamp used for photochemical reactions. All experiments were carried out at maximum power. 
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4.4.5 Reaction optimization 

4.4.5.1 General experimental procedure for screening experiments 

An oven dried vial (16 x 100 mm) equipped with a stir bar was charged with methyl 4-

bromobenzoate (0.3 mmol, 64.5 mg, 1 equiv.), the base (0.9 mmol, 3.0 equiv.), the NiII 

catalyst (30 µmol, 10 mol%) and the carbon nitride material (10 mg). Subsequently, 

pyrrolidine (0.45 mmol, 37.0 µL, 1.5 equiv.) and the solvent (anhydrous, 3 mL) were added 

and the vial was sealed with a septum and Parafilm. The reaction mixture was sonicated for 

5-10 min followed by stirring for 5 min until a fine dispersion of the solids was achieved and 

the mixture was then degassed by bubbling N2 for 10 min. The mixture was irradiated in the 

photoreactor at 40 °C with rapid stirring (1400 rpm). After the respective reaction time, one 

equivalent of 1,3,5-trimethoxybenzene (0.3 mmol, 50.5 mg) was added. An aliquot of the 

reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and subjected to 1H-NMR 

analysis. (Alternatively, 1.5 mL CDCl3 and 3 mL H2O were added and the vial was sealed 

and vigorously shaken. After phase separation, the CDCl3 layer was carefully removed using 

a syringe, filtered, and analyzed by 1H-NMR.) For representative NMR spectra, see 

Figure 4.10. 
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Figure 4.10. Examples of 1H-NMR spectra for determining NMR yields.  
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4.4.5.2 Screening of carbon nitride material 

 

Table 4.4. Screening of carbon nitride materials.a 

 

Entry CN catalyst Conversion [%]b 1 [%]c 2 [%]c 41 [%]c 

1 CN-OA-m 73 65 2 5 

2 CMB0.05-CN 25 21 2 trace 

3 mpg-CN 23 19 trace trace 

4 PHIK 18 14 trace trace 

5 CNS600 9 6 trace trace 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiCl2·glyme (10 mol%), 

DABCO (0.9 mmol), carbon nitride (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. bConversion 

of methyl 4-bromobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR 

yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard.  

 

 

Several carbon nitride materials were tested: Mesoporous graphitic carbon nitride (mpg-

CN),43 a modified carbon nitride derived from a cyanuric acid/melamide/barbituric acid 

complex (CMB0.05-CN),44 a sulfur-doped material (CNS600),
45 a strongly oxidizing 

potassium poly(heptazine imide) (K-PHI),46 and a carbon nitride derivative prepared via co-

condensation of urea and oxamide followed by post-calcination in a molten salt (CN-OA-

m),26 all using white LED (RGB) irradiation at a constant temperature of 40 °C.  
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4.4.5.3 Solvent screening 

 

Table 4.5. Solvent screening.a 

 

Entry Solvent Conversion [%]b 1 [%]c 2 [%]c 41 [%]c 

1 DMAc 74 66 2 4 

2 DMSO 28 24 trace trace 

3 DMF n.d.od 18 trace trace 

4 MeCN 19 14 trace trace 

5 diglyme 15 11 trace trace 

6 toluene 6 6 trace trace 

7 DCM 11 trace trace trace 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiCl2·glyme (10 mol%), DABCO 

(0.9 mmol), CN-OA-m (10 mg), solvent (anhydrous, 3 mL), white LEDs at 40 °C for 16h. bConversion of methyl 4-

bromobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. d not detected due to overlapping peaks. 
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4.4.5.4 Screening of NiII sources 

 

Table 4.6. Screening NiII sources.a 

 

Entry NiII catalyst 
Conversion 

[%]b 

1 

[%]c 

2 

[%]c 

41 

[%]c 

Price 

[€ mol-1]d 

1 NiI2 90 86 2 n.d. 2063 

2 NiBr2·glyme 87 80 3 n.d. 10431 

3 NiCl2
 85 76 4 5 110 

4 NiBr2 74 72 trace n.d. 411 

5 NiBr2·3H2O 71 68 3 n.d. 116 

6 NiCl2·glyme 74 66 trace 9 4161 

7 Ni(ClO4)2·6H2O 62 59 trace n.d. 171 

8 Ni(NO3)2·6H2O 52 52 trace n.d. 49 

9 Ni(OTf)2 55 51 3 n.d. 12917 

10 NiCl2·6H2O 45 35 4 2 71 

11 Ni(BF4)2·6H2O
 24 23 2 n.d. 223 

12 Ni(TMHD)2 10 5 2 n.d. 35294 

13 Ni(OAc)2·4H2O
 9 5 4 n.d. 28 

14 Ni(SO4)2·6H2O 9 4 2 n.d. 41 

15 Ni(acac)2 3 n.d. trace n.d. 620 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiII catalyst(10 mol%), DABCO 

(0.9 mmol), CN-OA-m (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. bConversion of methyl 4-

bromobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. dPrices according to Sigma Aldrich (Merck)x. 
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NiBr2·3H2O gave the best combination of price, selectivity (chloride formation in case of 

NiCl2), activity and handling (NiI2 and NiBr2 are highly hygroscopic). 

4.4.5.5 Base screening 

 

Table 4.7. Base screening.a 

 

Entry Base Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

1 TMPd quant. 91 3 2 

2 BIPAe 90 89 trace n.d.f 

3 DABCOg 71 68 3 trace 

4 K
2
HPO

4
 68 63 4 trace 

5 dimethylaniline 59 62 n.d. n.d. 

6 CaCO
3
 65 61 trace trace 

7 2,6-lutidine 62 60 3 n.d. 

8 without base 65 58 4 trace 

9 tetramethylguanidine 53 43 n.d. n.d. 

10 DIPEAh 49 42 6 n.d. 

11 Et
3
N 42 35 5 trace 

12 DMAPi 43 31 6 trace 

13 K
3
PO

4
 33 21 trace trace 

14 DBUj 27 19 trace trace 

15 Na
2
CO

3
 17 14 trace trace 

16 NaHCO
3
 14 8 4 trace 

17 NaOtBu 29 5 trace trace 
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Entry Base Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

19 NaOH quant. n.d. n.d. n.d. 

20 K
2
CO

3
 8 n.d. trace n.d. 

21 NaH
2
PO

4
 10 n.d. n.d. n.d. 

18 KOH quant. 4 n.d. n.d. 

22 LiOH 43 n.d. n.d. n.d. 

23 Cs
2
CO

3
 11 n.d. 5 trace 

24 CsF 7 n.d. trace n.d. 

25 CsOAc 2 n.d. n.d. n.d. 

26 HMDSk quant. n.d. n.d. n.d. 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiBr2·3H2O (10 

mol%), base (0.9 mmol), CN-OA-m (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. 

bConversion of methyl 4-bromobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

d2,2,6,6-tetramethylpiperidin eN-tert-butylisopropylamine. fnot detected. g1,4-diazabicyclo[2.2.2]octane. 

hN,N-diisopropylethylamine. i4-(dimethylamino)pyridine. j1,8-diazabicyclo[5.4.0]undec-7-ene. 

kGexamethyldisilazane 

 

 

 

N-tert-butylisopropylamine (BIPA) and 2,2,6,6-tetramethylpiperidine (TMP) gave best 

results. No C-N coupling between the aryl halide and these secondary, sterically hindered 

amines was observed. The absence of a base resulted in 58% yield indicating that the amine 

substrate can play several roles simultaneously (substrate, ligand, base). All other tested 

bases did not significantly increase the yield compared to the base-free method.  
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4.4.5.6 Screening of conditions 

Table 4.8. Screening of amine equivalents for the base-free method. 

 

Entry Pyrrolidine [equiv.] 
Conversion 

[%]b 

1 

[%]c 

2 

[%]c 

3 

[%]c 

1 1 33 24 4 1 

2 1.5 53 43 6 1 

3 2.0 67 59 7 1 

4 2.5 91 83 6 2 

5 3.0 quant. 94 5 2 

6 3.5 quant. 92 6 3 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (x equiv.), NiBr2·3H2O (10 mol%), CN-OA-

m (10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 8 h. bConversion of methyl 4-bromobenzoate 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. 
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Table 4.9. Screening of base (BIPA) equivalents for reactions with 1.5 equiv. pyrrolidine.a 

 

Entry BIPA [equiv.] 
Conversion 

[%]b 

1 

[%]c 

2 

[%]c 

3 

[%]c 

1 - 65 58 5 n.d.d 

2 0.5 68 58 5 3 

3 1 87 81 4 2 

4 1.5 91 82 5 n.d. 

5 2.0 92 84 5 n.d. 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.45 mmol), NiBr2·3H2O (5 mol%), CN-

OA-m (10 mg), BIPA (0-2 equiv.), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16 h. bConversion of methyl 

4-bromobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. dnot detected. 
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Table 4.10. Effect of the amount of NiBr2∙3H2O and CN-OA-m on the yield of 1.a 

 

  

 

Entry NiBr2·3H2O [mol%] 
CN-OA-m 

[g/mL] 

Conversion 

[%]b 
1 [%]c 

1 10 3.33 quant. 95 

2 5 3.33 quant. 98 

3 5 1.66 quant. 97 

4 2.5 1.66 quant. 98 

5 1 1.66 47 47 

6 2.5 0.88 56 56 

aReaction conditions: methyl 4-bromobenzoate (0.3 mmol), pyrrolidine (0.9 mmol), NiBr2·3H2O (y mol%), 

base (0.9 mmol), CN-OA-m (x mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for 16h. bConversion 

of methyl 4-bromobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 



 

Chapter 4 
 

210 

4.4.5.7 Screening of aryl (pseudo)halides 

 

Table 4.11. Screening of aryl (pseudo)halides.a 

 

Entry X Time [h] Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

1 I 8 quant. 99 1 n.d. 

2 Br 8 quant. 98 2 1 

3 Cl 168 76 72 4 n.d. 

4 OTf 72 75 67 5 2 

5 OTs 16 2 n.d. n.d. n.d. 

6 OMs 16 5 n.d. n.d. 4 

aReaction conditions: aryl (pseudo)halide (0.3 mmol), pyrrolidine (0.9 mmol), NiBr2·3H2O (2.5 mol%), CN-OA-m 

(10 mg), DMAc (anhydrous, 3 mL), white LEDs at 40 °C for x h. bConversion of methyl 4-bromobenzoate determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. dnot detected. 
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4.5.5.8 Control studies 

 

Table 4.12. Control studies.a 

 

Entry 
Deviation from standard 

conditions 

Conversion 

[%]b 

1 

[%]c 

2 

[%]c 

3 

[%]c 

1 None quant. 98 2 n.d.d 

2 dtbbpye (2.5 mol%) as ligand 48 45 2 n.d. 

3 No CN-OA-m 5 n.d. 2 1 

4 No NiBr2·3H2O 5 n.d. n.d. n.d. 

5 No light <1 n.d. n.d. n.d. 

6 No degassing 10 10 n.d. n.d. 

aReaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine (3.6 mmol), NiBr2·3H2O (2.5 mol%), CN-

OA-m (20 mg), DMAc (anhydrous, 6 mL), white LEDs at 40 °C for 8 h. bConversion of methyl 4-bromobenzoate 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. dnot detected. e4,4′-Di-tert-butyl-2,2′-bipyridyl. 
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4.4.5.9 Time/Wavelength study 

 

Table 4.13. Time study using white light. 

 

Entry Time [h] Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

1 1 25 24 n.d.d n.d. 

2 2 39 38 n.d. n.d. 

3 3 48 48 trace n.d. 

4 4 77 76 1 n.d. 

5 5 87 83 2 n.d. 

6 6 91 91 2 n.d. 

7 7 97 94 3 n.d. 

8 8 quant. 96 2 1 

aReaction conditions: methyl 4-bromobenzoate (0.6 mmol), pyrrolidine (1.8 mmol), NiBr2·3H2O (2.5 mol%), CN-

OA-m (10 mg), DMAc (anhydrous, 6 mL), white LEDs at 40 °C for x h. bConversion of methyl 4-bromobenzoate 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. dnot detected. 
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Table 4.14. Time study using blue light. 

 

Entry Time [h] Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

1 2 51 51 n.d.d n.d. 

2 4 77 80 trace n.d. 

3 5.5 quant. >99 trace n.d. 

aReaction conditions: methyl 4-bromobenzoate (0.6 mmol), pyrrolidine (1.8 mmol), NiBr2·3H2O (2.5 mol%), CN-

OA-m (10 mg), DMAc (anhydrous, 6 mL), blue LEDs at 40 °C for x h. bConversion of methyl 4-bromobenzoate 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. dnot detected. 

 

Table 4.15. Time study using green light. 

 

Entry Time [h] Conversion [%]b 1 [%]c 2 [%]c 3 [%]c 

1 4 10 10 n.d.d n.d. 

2 8 21 20 n.d. n.d. 

3 24 69 68 n.d. n.d. 

4 48 quant. >99 n.d. n.d. 

aReaction conditions: methyl 4-bromobenzoate (0.6 mmol), pyrrolidine (1.8 mmol), NiBr2·3H2O (2.5 mol%), CN-

OA-m (10 mg), DMAc (anhydrous, 6 mL), green LEDs at 40 °C for x h. bConversion of methyl 4-bromobenzoate 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. dnot detected. 
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Figure 4.11. Time study using blue, green and white light for model reaction. 

 

 

For ICP-OES experiments, the reaction mixture was centrifuged at 3000 rpm for 20 min and 

the liquid phase was carefully separated and analyzed by 1H-NMR. The carbon nitride was 

washed with DMAc (anhydrous, 6 mL, followed by centrifugation at 3000 rpm for 20 min 

and separation of the liquid phase), water (6 mL, followed by centrifugation at 3000 rpm for 

20 min and separation of the liquid phase) and lyophilized (overnight) before analysis. 
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Table 4.16. ICP-OES measurements of the nickel content on the new and recovered CN-OA-m after 8 h 

white light and 48 h green light standard reaction. 

Sample Ni [mg/g CN] % adsorbed Ni 

CN-OA-m new 0.117 / 

CN-OA-m white light 

standard reaction 1 
14.2 16.1 

CN-OA-m green light 

standard reaction 
13.8 15.7 

 

 

Figure 4.12. Fresh CN-OA-m (A), CN-OA-m after 8 h white light irradiation for standard reaction (B) and 

CN-OA-m after 48 h green light irradiation for standard reaction (C). 

 

 

 

Note: Although 1.66 mg mL-1 of CN-OA-m is suitable for the C-N cross-coupling, a higher 

loading (3.33 mg mL-1) was used for further experiments in order to obtain enough material 

for material characterization (ICP-OES, EDX, SEM, TEM, etc). 
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4.4.6 Recycling studies 

 

An oven dried vial (13 x 80 mm) equipped with a stir bar was charged with CN-OA-m 

(20 mg), 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (8.2 

mg, 30 µmol, 2.5 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and 

Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min 

until fine dispersion of the solids was achieved and the mixture was then degassed by 

bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (white light or green 

light) at 40 °C with rapid stirring (1400 rpm). After the respective reaction time, one 

equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture 

was stirred for 5 min. The reaction mixture was centrifuged at 3000 rpm for 20 min and the 

liquid phase was carefully separated and analyzed by 1H-NMR. The carbon nitride was 

washed with DMAc (anhydrous, 6 mL, followed by centrifugation at 3000 rpm for 20 min 

and separation of the liquid phase), lyophilized (overnight) and reused in the next reaction. 

Table 4.17. Reusability of CN-OA-m using white light.a 

 

Cycle 
1 

[%]b 

1 99 

2 98 

3 43 

4 27 

5 33 

aReaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine 

(3.6 mmol), NiBr2·3H2O (2.5 mol%), CN-OA-m (20 mg - reused), 

DMAc (anhydrous, 6 mL), white LEDs at 40 °C for 16h. bNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. 
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Table 4.18. Reusability of CN-OA-m without additional NiBr2·3H2O using white light.a 

 

Cycle 
1 

[%]b 

1 99 

2c 1 

aReaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine 

(3.6 mmol), NiBr2·3H2O (2.5 mol%), CN-OA-m (20 mg - reused), 

DMAc (anhydrous, 6 mL), white LEDs at 40 °C for 16h. bNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. cNo NiBr2·3H2O added. 

 

Table 4.19. Reusability of CN-OA-m using green light.a 

 

Cycle 
1 

[%]b 

1 99 

2 99 

3 98 

4 98 

5 94 

aReaction conditions: methyl 4-bromobenzoate (1.2 mmol), pyrrolidine 

(3.6 mmol), NiBr2·3H2O (2.5 mol%), CN-OA-m (20 mg - reused), 

DMAc (anhydrous, 6 mL), green LEDs at 40 °C for 48h. bNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. 
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Table 4.20. ICP-OES measurements of the nickel content on recovered CN-OA-m after white light and green 

light recyclability tests. 

Sample Ni [mg/g CN] % adsorbed Ni 

CN-OA-m white light 

recyclability tests 
60.5 13.7 

CN-OA-m green light 

recyclability tests 
38.8 8.8 

 

 

 

 

  

Figure 4.13. Fresh CN-OA-m (A), CN-OA-m after recyclability tests with white light irradiation (B) and 

CN-OA-m after recyclability tests with green light irradiation (C). 
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Figure 4.14. HAADF-STEM brightfield images show almost no nickel particle agglomerates (bright spots) on 

CN-OA-m after recyclability tests with green light irradiation (left) and a significant amount of agglomerates 

after recyclability tests with white light irradiation (right).  

  



 

Chapter 4 
 

220 

4.4.7. Scale-up of amination 

 

An oven dried vial (25 x 140 mm) (Figure S11, A) equipped with a stir bar was charged with 

NiBr2·3H2O (54.5 mg, 0.2 mmol, 2.5 mol%), methyl 4-bromobenzoate (1.720 g, 8.0 mmol, 

1 equiv.) and CN-OA-m (133.3 mg). Subsequently, pyrrolidine (1.706 g, 1.97 ml, 24.0 

mmol, 3 equiv.) and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a 

septum and parafilm. The reaction mixture was sonicated for 10 min and the mixture was 

then degassed by bubbling N2 for 30 min and stirring the reaction mixture. The mixture was 

irradiated in a beaker wrapped with a LED-band (Figure S2, B) at ~40°C with rapid stirring 

(700 rpm). The completion of the reaction (14 h) was confirmed by taking an aliquot and 

measuring 1H-NMR of the crude mixture in DMSO-d6. The catalyst was removed by 

centrifugation (3000 rpm, 20 min) and the liquid phase was diluted with H2O (200 mL) and 

extracted with ethyl acetate (3 x 200 mL). The combined organic phases were washed with 

H2O (200 mL), a sat. NaHCO3 solution (200 ml), and brine (200 mL), dried over Na2SO4 

and concentrated. The crude product was purified by flash column chromatography (SiO2, 

Hexane/EtOAc; gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in 

hexane)) on a Grace™ Reveleris™ system using a 24 g cartridge to afford (1-(4-

methylbenzoate)pyrrolidine) (1) in 93 % (1.5338 g, 7.47 mmol) as a white solid (Figure 

S12). 

1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.7 Hz, 2H), 6.46 (d, J = 8.7 Hz, 2H), 3.83 (s, 

3H), 3.40 – 3.09 (m, 4H), 2.05 – 1.86 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ= 

167.57, 150.79, 131.31, 116.16, 110.62, 51.37, 47.47, 25.41. HRMS (ESI-TOF) m/z calcd. 

for C12H16NO2 [(M+H)+]: 206.1176; found: 206.116. 

These data are in full agreement with those previously published in the literature.47 
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Figure 4.15. Vessel dimensions of vial for scale-up reaction (A) and vial for “standard scale” reactions (B). 

 

 

 

 
Figure 4.16. Isolated product (1-(4-methylbenzoate)pyrrolidine) (1) from 8 mmol scale. 
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4.4.8 Studies on the reaction of 4-bromofluorobenzene with pyrrolidine. 

Method A: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), 4-bromofluorobenzene (210.0 mg, 131.8 µl, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O 

(16.4 mg, 60 µmol, 5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 

3.0 equiv.) and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum 

and Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 

min until fine dispersion of the solids was achieved and the mixture was then degassed by 

bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light function 

of RGB LED strip) at 40 °C with rapid stirring (1400 rpm). After 72 h, one equivalent of 

1,3,5-trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An 

aliquot of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and subjected 

to 1H-NMR analysis.  

 

Method B: Dual CN-OA-m/Ni catalysis with irradiation at 520 nm 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), 4-bromofluorobenzene (210.0 mg, 131.8 µl, 1.2 mmol, 1.0 equiv.) and (16.4 mg, 

60 µmol, 5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) 

and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and 

Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min 

until fine dispersion of the solids was achieved and the mixture was then degassed by 

bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (green light function 

of RGB LED strip) at 40 °C with rapid stirring (1400 rpm). After 168 h, one equivalent of 

1,3,5-trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An 

aliquot of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and subjected 

to 1H-NMR analysis. 
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Method “Ir”: Dual Ir/Ni catalysis with irradiation at 420 nm 

 

 

Ir1: An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with 4-

bromofluorobenzene (210.0 mg, 131.8 µl, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 

60 µmol, 5.0 mol%) and a solution of Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.27 mg, 0.02 mol%). 

in DMAc (48 µl). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and 

DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and Parafilm. 

Ir2: An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with 4-

bromofluorobenzene (52.5 mg, 33.0 µl, 0.3 mmol, 1.0 equiv.), NiBr2·3H2O (4.1 mg, 15 

µmol, 5.0 mol%) and a solution of Ir [dF(CF3)ppy]2(dtbbpy)PF6 (3.37 mg, 1 mol%). in 

DMAc (600 µl). Subsequently, pyrrolidine (64.0 mg, 73.9 µl, 0.9 mmol, 3.0 equiv.) and 

DMAc (anhydrous, 2.4 mL) were added and the vial was sealed with a septum and Parafilm.  

The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min and the 

mixture was then degassed by bubbling N2 for 10 min. The mixture was irradiated in the 

photoreactor (blue light function of LED-band) at 40 °C with rapid stirring (1400 rpm). After 

24 h, one equivalent of 1,3,5-trimethoxybenzene (Ir1: 202.0 mg, 1.2 mmol/ Ir2: 50.5 mg, 0.3 

mmol) was added and the mixture was stirred for 5 min. An aliquot of the reaction mixture 

(~300 µL) was filtered, diluted with DMSO-d6 and subjected to 1H-NMR analysis. 

 

Note: In case if procedure C2, the formation of small amounts of black particles was 

observed after the reaction. 
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Method “UV”: Ni catalysis with irradiation at 370 nm 

 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged 4-bromofluorobenzene 

(210.0 mg, 131.8 µl, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 60 µmol, 5.0 mol%). 

Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and DMAc 

(anhydrous, 6 mL) were added and the vial was sealed with a septum and Parafilm. The 

reaction mixture was sonicated for 5-10 min followed by stirring for 5 min and the mixture 

was then degassed by bubbling N2 for 10 min. The mixture was irradiated with UV light 

using the Kessil® PR 160-370 nm lamp with rapid stirring (~800 rpm) and cooling by a fan. 

After 3 h (UV1), 15 h (UV2), 72 h (UV3) and 168 h (UV4) one equivalent of 1,3,5-

trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture was stirred for 5 min. 

An aliquot of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and 

subjected to 1H-NMR analysis. 

 

Note: The color of the reaction solution changed from yellowish to black and a significant 

amount of black particles was formed.  

 

The reaction mixtures of procedure A, B, and UV were centrifuged at 3000 rpm for 20 min. 

The carbon nitride from the blue (procedure A) and green light experiment (procedure B) 

and the black particles formed during the UV-light experiment (procedure UV) were washed 

with DMAc (anhydrous 6 mL, followed by centrifugation at 3000 rpm for 20 min and 

separation of the liquid phase) and acetone (6 mL, followed by centrifugation at 3000 rpm 

for 20 min and separation of the liquid phase), lyophilized (overnight) and subjected to FTIR, 

UV-Vis, XRD, , ICP-OES, EDX, XPS as well as SEM and TEM analysis. For comparison, 

an unused sample of CN-OA-m from the same batch was also analyzed. 
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Table 4.21. Coupling of 4-bromofluorobenzene and pyrrolidine using different light sources and catalysts. 

 

Entry Procedure Conversion [%]a 32 [%]b 42 [%]b 43 [%]b 

1 A 93 70 6 9 

2 A 92 69 7 8 

3 A 91 68 6 9 

4 A 92 63 7 6 

5 A 87 60 7 9 

6 A 18 6 2 n.d.c 

7 A 22 5 n.d. 3 

8 B quant. 91 5 2 

9 B quant. 89 1 10 

10 B quant. 89 9 1 

11 B 99 86 9 2 

12 B quant. 88 1 10 

13 B 97 86 2 9 

14 B quant. 84 9 n.d. 

15 Ir1 quant. 77 7 4 

16 Ir2 79 33 20 13 

17 UV1 18 7 3 n.d. 

18 UV2 39 17 9 4 

19 UV3 94 26 32 16 

20 UV4 quant. 10 23 9 

aConversion of 4-bromofluorobenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cnot 

detected. 
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4.4.8.1 Powder X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS) 

The powder X-ray diffraction spectra (PXRD) of the black material generated during the 

UV-light experiment (Table 4.21, Entry 17) showed diffraction peaks at 44°, 51° and 76° 

that could be assigned to the (1 1 1), (2 0 0), (2 2 0) planes of nickel(0) (Figure S13). Spectra 

of the recovered CN-OA-m (Table 4.20, Entry 7 & 8) materials show a characteristic peak 

at 27.4°, which corresponds to the in-planar structural packing and inter-planar stacking 

peaks of the aromatic systems of CN-OA-m. Nickel(0) (diffraction peaks at 44°, 51° and 

76°) was detected in the material recovered from experiment using blue LEDs (Method A), 

and, although in significantly lower quantity, in the material recovered from the experiment 

using green LEDs (Method B). 

 

 

Figure 4.17. XRD measurements of the material generated by UV-light (black line), CN-OA-m after method 

A with blue light irradiation (blue line) and CN-OA-m after method B with green light irradiation (green line). 
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XPS scans of the solid material generated during UV light experiments and CN-OA-m 

recovered from the experiments using blue (Method A) and green LED (Method B) 

irradiation confirmed the presence of nickel in both samples (Figure 4.18). High-resolution 

XPS analysis spectra for core levels of Ni2p confirm the presence of Ni2+ and Ni0 at 854.6 

(± 0.02) eV and 852.3 (± 0.02) eV, for CN-OA-m recovered from method A (blue light) and 

the material generated during UV light irradiation (Figure S14, A). Only Ni2+ (854.6 (± 0.02) 

eV) species were detected in the CN-OA-m sample recovered from the experiment using 

method B (green light). The high-resolution XPS spectra of the C 1s core level spectra shows 

typical C-C and N-C=N bonding signals for all CN-OA-m samples (Figure 4.18, B). The N 

1s spectra contain two main peaks that are typical for carbon nitrides and can be assigned to 

i) sp2 bonded nitrogen in tri-s-triazine groups (C-N=C), and ii) sp3 amino groups(C-NH) for 

all CN-OA-m samples. The calculated elemental composition indicates a two times higher 

concentration of nickel on CN-OA-m recovered from method A (blue light) compared to 

CN-OA-m recovered from method B (green light) (Table 4.22). 
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A  

  

B 

 

C 

  

Figure 4.18. A) High-resolution XPS analysis spectra for core levels of Ni 2p3/2: CN-OA-m recovered from 

experiments using method A (blue light) and method B (green light), and the heterogeneous material generated 

during UV-light experiments(Ni-UV). B) High-resolution XPS analysis spectra for core levels of C 1s: CN-

OA-m recovered from experiments using method A (blue light) and method B (green light), and unused CN-

OA-m. C) High-resolution XPS analysis spectra for core levels of N 1s: CN-OA-m recovered from experiments 

using method A (blue light) and method B (green light), and unused CN-OA-m. has been deconvoluted using 

Lorenzian-Gaussian peak fitting functions with Shirley background deletion. 
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Table 4.22. XPS Elemental composition of CN-OA-m and CN-OA-m recovered from experiments using 

method A and B. 

Sample % w/w N % w/w C % w/w K % w/w Ni 

CN-OA-m  57.257 41.191 1.552 --- 

CN-OA-m blue lighta 61.094 37.718 0.365 0.822 

CN-OA-m green lightb 59.021 39.983 0.709 0.377 

aSample recovered from experiment described in Table 4.21, Entry 7. bSample recovered from 

experiment described in Table 4.21, Entry 8.  

 

 

 

4.4.8.2 Scanning transmission electron microscopy (STEM) 

4.4.8.2.1 CN-OA-m recovered from method A (blue LEDs) and method B (green LEDs) 

Scanning transmission electron microscopy (STEM) was used to visualize nickel particles 

on the surface of the recovered CN-OA-m. High-angle annular dark-field (HAADF) images 

show round- to oval-shaped particles with sizes ranging 10-20 nm. The polycrystalline 

particle consist of smaller ones (1-5 nm), which agglomerated on the surface (Figure 4.19 

and 4.20). The images show the porous structure of CN-OA-m containing particles that show 

a diffraction pattern indicating Ni-species deposition. The exact lattice of a selected nickel 

particle is shown in higher resolution. The STEM images of CN-OA-m recovered from 

experiments using method B (green LED) (Figure 4.20) show a significantly lower amount 

of (agglomerated) nickel particles compared to using method A (blue LED, Figure 4.19). 

This confirms the results obtained using XRD (Figure 4.17), XPS (Figure 4.18), EDX (Table 

4.23) and ICP-OES (Table 4.24) analysis.  
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Figure 4.19. HAADF-STEM brightfield (left)/darkfield (right) images showing nickel particles (bright spots 

in brightfield and dark spots in darkfield) on CN-OA-m recovered from the experiment using method A (blue 

LED).  
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Figure 4.20. HAADF-STEM brightfield (left)/darkfield (right) showing a nickel particle (bright spot in 

brightfield and dark spot in darkfield) on CN-OA-m recovered from the experiment using method B (green 

LED).  
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4.4.8.2.2 Heterogeneous material generated during experiments using the UV method 

(photocatalyst-free and UV-light) 

The STEM image shows the solid material formed using method C (UV-light). Although the 

particle mainly consists of nickel, lighter elements can be additionally identified. EDX 

analysis (Table 4.23) shows the presence of carbon, indicating that agglomerated nickel 

species incorporate organic materials. This is in agreement with the low mass-balance 

observed during these reactions (e.g. Table 4.21, Entry 20), suggesting substrate/product 

degradation presumably by the high energy light source. 

 

 

 

Figure 4.21. HAADF-STEM brightfield (left)/darkfield (right) images of nickel particles (bright spots in 

brightfield and dark spots in darkfield) after UV-light method (photocatalyst-free).  
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4.4.8.3 Scanning electron microscopy (SEM) 

SEM images of the new and recovered CN-OA-m samples showed a porous texture that was 

not altered during the catalytic transformation (Figure 4.22).  

 

 

Figure 4.22. SEM images of CN-OA-m new (A), CN-OA-m recovered from the cross-coupling using blue 

light (Table 4.21, Entry 7) (B), and CN-OA-m recovered from the cross-coupling using green light (Table 4.21, 

Entry 8) (C). 
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4.4.8.4 Energy-dispersive X-ray spectroscopy (EDX) and inductively 

coupled plasma atomic emission spectroscopy (ICP-OES) 

Elemental analysis via EDX (Table 4.23) and ICP-OES (Table 4.24) analysis of the 

recovered CN-OA-m samples shows a 3 times higher Ni concentration for the blue light 

experiment. The material from the blue light experiment contains ~12-14 w/w % Ni 

suggesting that ~70% of the homogeneous nickel catalyst were deposited on the CN-OA-m 

during the model reaction. The material from the green light experiment contains ~3-4 w/w 

% Ni suggesting that ~70% of the homogeneous nickel catalyst were deposited on the CN-

OA-m during the model reaction.  

 

Table 4.23. EDX elemental composition acquired from new and recovered CN-OA-m. 

Sample % w/w N % w/w C % w/w O % w/w K % w/w Ni 

CN-OA-m  42.56 37.59 3.65 1.06 0.05 

CN-OA-m from Method 

A (blue light)a 
36.25 30.27 7.16 8.60 13.90 

CN-OA-m from Method 

B (green light)b 
47.19 29.46 7.79 8.86 3.38 

Solid from UV-

experimentc 
22.8 21.00 18.92 - 26.71 

aSample recovered from experiment described in Table 4.21, Entry 7. bSample recovered from experiment 

described in Table 4.21, Entry 8. cSample recovered from experiment described in Table 4.21, Entry 17.  

 

Table 4.24. ICP-OES measurements of the nickel content on the new and recovered CN-OA-m. 

Sample Ni [mg/g CN] % absorbed Ni 

CN-OA-m new 0.69 0.39 

CN-OA-m from Method 

A (blue light)a 
126 71.2 

CN-OA-m from Method 

B (green light)b 
35.5 20.1 

aSample recovered from experiment described in Table 4.21, Entry 7. 

bSample recovered from experiment described in Table 4.21, Entry 8. 
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4.4.8.5 Fourier-transform infrared spectroscopy (FTIR) and Ultraviolet–

visible spectroscopy (UV-VIS) 

FTIR spectra of the new and recovered CN-OA-m samples were identical (Figure 4.23). 

 

Figure 4.23. FTIR spectra of CN-OA-m new (red), CN-OA-m recovered from the cross-coupling using blue 

light (blue), and CN-OA-m recovered from the cross-coupling using green light (green). 
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The UV-Vis spectra of the CN-OA-m recovered from the cross-coupling using green light 

and CN-OA-m recovered from the cross-coupling using blue showed an increased 

absorption in the visible region (>460 nm) compared to a unused CN-OA-m sample.  

 

 

Figure 4.24. UV/Vis absorption spectra of CN-OA-m new (grey), CN-OA-m recovered from the cross-

coupling using blue light (blue), and CN-OA-m recovered from the cross-coupling using green light (green). 
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4.4.9 Studies on the reaction of bromobenzene, 3-bromotoluene, 1-bromo-

4-tert-butylbenzene, and 4-bromoanisole with pyrrolidine. 

Method A: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 60 µmol, 

5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and DMAc 

(anhydrous, 6 mL) were added and the vial was sealed with a septum and Parafilm. The 

reaction mixture was sonicated for 5-10 min followed by stirring for 5 min until fine 

dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for 

10 min. The mixture was irradiated in the photoreactor (blue light function of RGB LED 

strip) at 40 °C with rapid stirring (1400 rpm). After 72 h, one equivalent of 1,3,5-

trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An aliquot 

of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and subjected to 1H-

NMR analysis.  

Method B: Dual CN-OA-m/Ni catalysis with irradiation at 520 nm 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 60 µmol, 

5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and DMAc 

(anhydrous, 6 mL) were added and the vial was sealed with a septum and Parafilm. The 

reaction mixture was sonicated for 5-10 min followed by stirring for 5 min until fine 

dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for 

10 min. The mixture was irradiated in the photoreactor (green light function of RGB LED 

strip) at 40 °C with rapid stirring (1400 rpm). After 168 h, one equivalent of 1,3,5-

trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An aliquot 

of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and subjected to 1H-

NMR analysis. 
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Method C: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm and higher 

concentration (1.2 M) 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 60 µmol, 

5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and DMAc 

(anhydrous, 1 mL) were added and the vial was sealed with a septum and Parafilm. The 

reaction mixture was sonicated for 5-10 min followed by stirring for 5 min until fine 

dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for 

10 min. The mixture was irradiated in the photoreactor (blue light function of RGB LED 

strip) at 40 °C with moderate stirring (600 rpm). After respective reaction time, one 

equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture 

was stirred for 5 min. An aliquot of the reaction mixture (~300 µL) was filtered, diluted with 

DMSO-d6 and subjected to 1H-NMR analysis. 
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Table 4.25. Coupling of bromobenzene and pyrrolidine using methods A-C. 

 

Entry Procedure Conversion [%]a 33 [%]b 44 [%]b 45 [%]b 

1 A quant. 74 8 11 

2 A quant. 68 11 10 

3 A quant. 67 11 12 

4 A quant. 66 10 11 

5 A 67 44 7 6 

6 A 56 32 5 4 

7 B quant. 94 4 3 

8 B quant. 93 4 3 

9 B quant. 91 5 5 

10 B quant. 90 4 4 

11 B quant. 88 4 5 

12 B quant. 87 4 5 

13 C quant. 86 8 4 

14 C quant. 85 7 3 

15 C 99 85 8 3 

16 C quant. 85 9 3 

17 C quant. 84 8 3 

18 C quant. 84 9 3 

19 Cd quant. 85 5 2 

20 Cd quant. 82 5 1 
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aConversion of bromobenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cnot detected. 

dCarried out using 520 nm LEDs and 168 h reaction time. 
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Table 4.26. Coupling of 3-bromotoluene and pyrrolidine using methods A-C. 

 

Entry Procedure Conversion [%]a 34 [%]b 46 [%]b 47 [%]b 

1 A quant. 74 17 6 

2 A quant. 72 17 6 

3 A quant. 72 18 4 

4 A quant. 61 18 12 

5 A 64 31 12 9 

6 A 52 20 13 8 

7 B quant. 93 5 4 

8 B quant. 86 10 4 

9 B quant. 85 10 5 

10 B quant. 84 10 5 

11 B quant. 84 10 7 

12 B quant. 83 10 6 

13 C quant. 85 14 2 

14 C quant. 84 14 3 

15 C quant. 83 14 3 

16 C quant. 83 14 3 

17 C quant. 82 15 3 

18 C quant. 81 16 3 

19 Cd quant. 80 6 0 

aConversion of 3-bromotoluene determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cnot detected. 

dCarried out using 520 nm LEDs and 168 h reaction time. 
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Table 4.27. Coupling of 1-bromo-4-tert-butylbenzene and pyrrolidine using methods A-C. 

 

Entry Procedure Conversion [%]a 35 [%]b 48 [%]b 49 [%]b 

1 A 98 70 13 9 

2 A 99 69 17 7 

3 A quant. 67 14 8 

4 A 88 57 16 9 

5 A 82 53 15 9 

6 A 90 52 13 7 

7 B quant. 92 5 3 

8 B 96 90 4 2 

9 B 94 87 3 3 

10 B 91 85 3 2 

11 B 57 50 4 2 

12 B 30 28 1 2 

13 C quant. 82 9 2 

14 C quant. 80 9 1 

15 C quant. 80 9 2 

16 C quant. 80 9 2 

17 C quant. 80 9 3 

18 C quant. 80 10 3 

19 Cd 91 82 4 0 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

cnot detected. dCarried out using 520 nm LEDs and 72 h reaction time. 
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Table 4.28. Coupling of 4-bromoansiole and pyrrolidine using methods A-C. 

 

Entry Procedure Conversion [%]a 35 [%]b 50 [%]b 51 [%]b 

1 A 86 80 6 n.d.c 

2 A 91 78 12 2 

3 A 90 72 10 5 

4 A 66 53 8 2 

5 A 43 32 4 2 

6 A 13 4 n.d. 2 

7 B 82 77 7 0 

8 B 83 77 6 0 

9 B 76 68 6 0 

10 B 68 60 4 4 

11 B 68 60 4 3 

12 B 58 52 4 2 

13 C quant. 81 8 5 

14 C quant. 80 11 5 

15 C quant. 80 11 5 

16 C quant. 80 8 4 

17 C quant. 79 11 4 

18 C quant. 77 9 6 

19 Cd quant. 84 8 1 

20 Cd quant. 83 8 0 
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aConversion of 4-bromoanisole determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cnot detected. 

dCarried out using 520 nm LEDs and 168 h reaction time. 
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4.4.10 Studies on the reaction of pyrrolidine with aryl chlorides  

Method A: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), methyl 4-chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O 

(16.4 mg, 60 µmol, 5.0 mol%). Subsequently, pyrrolidine (64.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and 

Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min 

until fine dispersion of the solids was achieved and the mixture was then degassed by 

bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light of LED-

band) at 40 °C with rapid stirring (1400 rpm). After respective reaction time, one equivalent 

of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture was stirred for 

5 min. An aliquot of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and 

subjected to 1H-NMR analysis. 

 

Method B: Dual CN-OA-m/Ni catalysis with irradiation at 520 nm 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), methyl 4-chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O 

(16.4 mg, 60 µmol, 5.0 mol%). Subsequently, pyrrolidine (64.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and 

Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min 

until fine dispersion of the solids was achieved and the mixture was then degassed by 

bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light of LED-

band) at 40 °C with rapid stirring (1400 rpm). After respective reaction time, one equivalent 

of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture was stirred for 

5 min. An aliquot of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and 

subjected to 1H-NMR analysis. 
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Method C: Dual CN-OA-m/Ni catalysis with irradiation at 450 nm and higher 

concentration (1.2 M) 

 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), methyl 4-chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and NiBr2·3H2O 

(16.4 mg, 60 µmol, 5.0 mol%). Subsequently, pyrrolidine (64.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and DMAc (anhydrous, 1 mL) were added and the vial was sealed with a septum and 

Parafilm. The reaction mixture was sonicated for 5-10 min followed by stirring for 5 min 

until fine dispersion of the solids was achieved and the mixture was then degassed by 

bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue light or green 

function of LED-band) at 40 °C with moderate stirring (600 rpm). After respective reaction 

time, one equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the 

mixture was stirred for 5 min. An aliquot of the reaction mixture (~300 µL) was filtered, 

diluted with DMSO-d6 and subjected to 1H-NMR analysis. 
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Table 4.29. Coupling of methyl 4-chlorobenzoate and pyrrolidine using methods A-C. 

 

Entry Method Time [days] Conversion [%]a 1 [%]b 2 [%]b 3 [%]b 

1 A 3 47 37 2 n.d.c 

2 A 7 78 65 7 3 

3 A 14 91 65 16 7 

4 B 3 59 41 1 12 

5 B 7 76 72 4 n.d. 

6 B 14 89 83 n.d. 9 

7 C 1 79 75 3 1 

8 C 2 97 92 3 2 

9 C 3 97 89 4 2 

10 C 4 99 89 3 2 

 aConversion of methyl 4-chlorobenzoate determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. cnot detected 
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Table 4.30. NMR-Yields for the coupling of electroneutral and electron-rich aryl chlorides with pyrrolidine 

at 40 °C and blue LED irradiation using method C. 

 

Aryl 

chloride 
 

   

Yielda 18% 10% 5% 2% 

aNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

 

4.4.11 Studies on the coupling of n-butylamine with aryl halides 

Table 4.31. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine using different concentrations at 40 

°C and blue light. 

 

Entry Concentration [mol/L] Conversion [%]a 39 [%]b 48 [%]b 49 [%]b 

1 0.2  8 8 n.d.c n.d. 

2 0.4 6 6 n.d. n.d. 

3 0.6 4 4 n.d. n.d. 

4 0.8 3 3 n.d. n.d. 

5 1.2 2 2 n.d. n.d. 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

cnot detected. 
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Table 4.32. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine using different concentrations at 

60 °C and blue light. 

 

Entry Concentration [mol/L] Conversion [%]a 39 [%]b 48 [%]b 49 [%]b 

1 0.2  22 20 2 n.d.c 

2 0.4 15 13 2 n.d. 

3 0.6 11 10 1 n.d. 

4 0.8 9 8 1 n.d. 

5 1.2 7 6 1 n.d. 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

cnot detected. 

 

Table 4.33. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine using different concentrations at 

80 °C. 

 

Entry Concentration [mol/L] Conversion [%]a 39 [%]b 48 [%]b 49 [%]b 

1 0.2  26 26 n.d.c n.d. 

2 0.4 14 12 2 n.d. 

3 0.6 10 10 n.d. n.d. 

4 0.8 15 15 n.d. n.d. 

5 1.2 6 4 2 n.d. 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

cnot detected. 
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Table 4.34. Coupling of 1-bromo-4-tert-butylbenzene and n-butylamine at 60 °C and green light irradiation. 

 

Entry Time [h] Conversion [%]a 37 [%]b 45 [%]b 46 [%]b 

1 72  20 20 n.d.c n.d. 

2 96 20 20 n.d. n.d. 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

cnot detected. 
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Table 4.35. Additive screening for the coupling of 1-bromo-4-tert-butylbenzene and n-butylamine at 40 °C. 

 

Entry base Conversion [%]a 39 [%]b 48 [%]b 49 [%]b 

1 MTBDc 51 48 2 n.d.d 

2 DABCOe 20 20 n.d. n.d. 

3 none  14 14 n.d. n.d. 

4 quinuclidinef 14 14 n.d. n.d. 

6 Pyrrolidineg 14 13 1 n.d. 

7 DBUh 11 10 1 n.d. 

5 BIPAi 10 9 1 n.d. 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

c7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene. dnot detected. e1,4-diazabicyclo[2.2.2]octane. f1-

Azabicyclo[2.2.2]octane. g10 mol%. h1,8-Diazabicyclo(5.4.0)undec-7-ene.  iN-tert-butylisopropylamine. 

 

 

Table 4.36. Additive screening for the coupling of 1-bromo-4-tert-butylbenzene and n-butylamine at 60 °C. 

 

Entry base Conversion [%]a 39 [%]b 48 [%]b 49 [%]b 

1 MTBDc 62 55 6 n.d.d 

2 DABCOe 64 49 9 5 

3 none  46 39 7 n.d. 

aConversion of 1-bromo-4-tert-butylbenzene determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. bNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 

c7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene. dnot detected. e1,4-diazabicyclo[2.2.2]octane. 
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Table 4.37. Time study using no additive, DABCO, and MTBD for the coupling of 1-bromo-4-tert-

butylbenzene and n-butylamine at 40 °C and blue LED irradiation. a 

 

additive 48 h 96 h 168 h 

none 

 

Yield: 14% 

 

Yield: 16% 

 

Yield: 18% 

DABCOb 

 

Yield: 20% 

 

Yield: 35% 

 

Yield: 37% 

MTBDc 

 

Yield: 48% 

 

Yield: 72% 

 

Yield: 85% 

aNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. b1,4-

diazabicyclo[2.2.2]octane. c7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene. 
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Table 4.38. Time study using no additive, DABCO and MTBD for the coupling of 1-bromo-4-tert-

butylbenzene and n-butylamine at 60 °C and blue LED irradiation. a 

 

additive 48 h 96 h 168 h 

none 

  

Yield: 39% 

  

Yield: 30% 

  

Yield: 42% 

DABCOb 

   

Yield: 49% 

   

Yield: 42% 

   

Yield: 35% 

MTBDc 

  

Yield: 55% 

  

Yield: 50% 

   

Yield: 38% 

aNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. b1,4-

diazabicyclo[2.2.2]octane. c7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene.  
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Table 4.39. NMR-Yields for the coupling of electro-neutral and electron-rich aryl chlorides with n-

butylamine using MTBD at 40 °C and blue LED irradiation. 

 

Aryl 

chloride 

    

  Yielda: 5% Yield: 3%  Yield: 4%  Yield: 0% 

aNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. b MTBD= 7-Methyl-

1,5,7-triazabicyclo[4.4.0]dec-5-ene.  
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4.4.12 Nickel-black formation: Time studies in absence of aryl halides 

General procedure. An oven dried vial (19 x 80 mm) equipped with a stir bar was charged 

with CN-OA-m (20 mg), and NiBr2·3H2O (0.06 mmol). Subsequently, the amine (3.6 mmol)  

(and - in case of additive experiments - 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 

(MTBD, 2.4 mmol), or 1,4-diazabicyclo[2.2.2]octane (DABCO, 2.4 mmol)) and DMAc 

(anhydrous, Method A, B, and D: 6 mL, Method C: 1 mL) were added and the vial was 

sealed with a septum and Parafilm. The reaction mixture was sonicated for 5-10 min until 

fine dispersion of the solids was achieved and the mixture was then degassed by bubbling 

N2 for 10 min. The mixture was irradiated in the photoreactor (blue (450 nm) or green 

(520 nm) light at 40 or 60°C. Pictures of the reaction mixtures were taken regularly to study 

the rate of Ni-black formation. 

 

 

Figure 4.25. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and pyrrolidine as single 

electron donor (SED) in DMAc (0.2M) under blue light irradiation at 40 °C. 
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Figure 4.26. Time-dependent discoloration of the solution for method B due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and pyrrolidine as single 

electron donor (SED) in DMAc (0.2M) under green light irradiation at 40 °C. 
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Figure 4.27. Time-dependent discoloration of the solution for method C due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and pyrrolidine as single 

electron donor (SED) in DMAc (1.2 M) under blue light irradiation at 40 °C. 

  



 

Chapter 4 
 

258 

 

 

 

Figure 4.28. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine as single 

electron donor (SED) in DMAc (0.2M) under blue light irradiation at 40 °C. 
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Figure 4.29. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine as single 

electron donor (SED) in DMAc (0.2M) under blue light irradiation at 60 °C. 
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Figure 4.30. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and 

DABCO as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 40 °C. 
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Figure 4.31. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and 

DABCO as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 60 °C. 
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Figure 4.32. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and 

MTBD as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 40 °C. 
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Figure 4.33. Time-dependent discoloration of the solution for method A due to nickel particle formation over 

time using NiBr2·3H2O as nickel source, CN-OA-m as photoredox catalyst (PRC) and n-butylamine and 

MTBD as single electron donor (SED) in DMAc (0.2M) under blue light irradiation at 60 °C. 
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4.4.13 Scope and limitations 

 

General experimental procedure (Table 4.2). An oven dried vial (13 x 95 mm) equipped 

with a stir bar was charged with NiBr2·3H2O (8.2 mg, 30 µmol, 2.5 mol%), aryl bromide 

(1.2 mmol, 1 equiv.) and CN-OA-m (20 mg). Subsequently, the amine (3.6 mmol, 3 equiv.) 

and DMAc (anhydrous, 6 mL) were added and the vial was sealed with a septum and 

parafilm. The reaction mixture was sonicated for 5-10 min and the mixture was then 

degassed by bubbling N2 for 10 min. The mixture was irradiated in the batch reactor 

(described above) at 40°C with rapid stirring (1400 rpm). After the respective reaction time, 

one equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol, internal standard) was 

added. An aliquot (~300 µL) of the reaction mixture was diluted with DMSO-d6 and 

subjected to 1H-NMR analysis. The liquid phase was diluted with H2O (40 mL) and extracted 

with ethyl acetate (3 x 30 mL). The combined organic phases were washed with H2O (40 

mL), NaHCO3 solution (40 ml) and brine (40 mL), dried over Na2SO4 and concentrated. The 

crude product was purified by flash column chromatography (SiO2, Hexane/EtOAc, 

dichloromethane/EtOAc or dichloromethane/MeOH) on a Grace™ Reveleris™ system 

using a 12 g cartridge to afford the desired product. The final product was characterized by 

1H-NMR, 13C-NMR, 19F-NMR and HRMS (ESI-TOF).  

Unsuccessful amines for the coupling with methyl 4-bromobenzoate (with NMR-yields) 

 

 

Unsuccessful aryl bromides for the coupling with pyrrolidine (with NMR-yields) 
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Method B: Coupling of pyrrolidine with electron-neutral aryl bromides and aryl 

bromides with weakly electron donoating substituents (Figure 4.2 & 4.3). An oven dried 

vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m (20 mg), aryl 

bromide (1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 60 µmol, 5.0 mol%). 

Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and DMAc 

(anhydrous, 6 mL) were added and the vial was sealed with a septum and Parafilm. The 

reaction mixture was sonicated for 5-10 min followed by stirring for 5 min until fine 

dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for 

10 min. The mixture was irradiated in the photoreactor (green light function of RGB LED 

strip) at 40 °C with rapid stirring (1400 rpm). After 168 h, one equivalent of 1,3,5-

trimethoxybenzene (1.2 mmol) was added and the mixture was stirred for 5 min. An aliquot 

of the reaction mixture (~300 µL) was filtered, diluted with DMSO-d6 and subjected to 1H-

NMR analysis. The combined organic phases were washed with H2O (40 mL), NaHCO3 

solution (40 ml) and brine (40 mL), dried over Na2SO4 and concentrated. The crude product 

was purified by flash column chromatography (SiO2, Hexane/EtOAc, 

dichloromethane/EtOAc or dichloromethane/MeOH) on a Grace™ Reveleris™ system 

using a 12 g cartridge to afford the desired product. The final product was characterized by 

1H-NMR, 13C-NMR, 19F-NMR and HRMS (ESI-TOF). 
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Method C: Coupling of pyrrolidine with electron-rich aryl bromides and electron-

deficient aryl chlorides (Figure 4.3). An oven dried vial (19 x 80 mm) equipped with a stir 

bar was charged with the CN-OA-m (20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and 

NiBr2·3H2O (16.4 mg, 60 µmol, 5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 

3.6 mmol, 3.0 equiv.) and DMAc (anhydrous, 1 mL) were added and the vial was sealed 

with a septum and Parafilm. The reaction mixture was sonicated for 5-10 min followed by 

stirring for 5 min until fine dispersion of the solids was achieved and the mixture was then 

degassed by bubbling N2 for 10 min. The mixture was irradiated in the photoreactor (blue 

light function of RGB LED strip) at 40 °C with moderate stirring (600 rpm). After respective 

reaction time, one equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added 

and the mixture was stirred for 5 min. An aliquot of the reaction mixture (~300 µL) was 

filtered, diluted with DMSO-d6 and subjected to 1H-NMR analysis. The combined organic 

phases were washed with H2O (40 mL), NaHCO3 solution (40 ml) and brine (40 mL), dried 

over Na2SO4 and concentrated. The crude product was purified by flash column 

chromatography (SiO2, Hexane/EtOAc, dichloromethane/EtOAc or 

dichloromethane/MeOH) on a Grace™ Reveleris™ system using a 12 g cartridge to afford 

the desired product. The final product was characterized by 1H-NMR, 13C-NMR, 19F-NMR 

and HRMS (ESI-TOF). 

Unsuccessful aryl halides for the coupling with pyrrolidine  
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Method D: Coupling of n-butylamine with aryl bromides and aryl chlorides (Table 4.3). 

An oven dried vial (19 x 80 mm) equipped with a stir bar was charged with the CN-OA-m 

(20 mg), aryl bromide (1.2 mmol, 1.0 equiv.) and NiBr2·3H2O (16.4 mg, 60 µmol, 

5.0 mol%). Subsequently, pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and DMAc 

(anhydrous, 1 mL) were added and the vial was sealed with a septum and Parafilm. The 

reaction mixture was sonicated for 5-10 min followed by stirring for 5 min until fine 

dispersion of the solids was achieved and the mixture was then degassed by bubbling N2 for 

10 min. The mixture was irradiated in the photoreactor (blue light function of RGB LED 

strip) at 40 °C with moderate stirring (600 rpm). After respective reaction time, one 

equivalent of 1,3,5-trimethoxybenzene (202.0 mg, 1.2 mmol) was added and the mixture 

was stirred for 5 min. An aliquot of the reaction mixture (~300 µL) was filtered, diluted with 

DMSO-d6 and subjected to 1H-NMR analysis. The combined organic phases were washed 

with H2O (40 mL), NaHCO3 solution (40 ml) and brine (40 mL), dried over Na2SO4 and 

concentrated. The crude product was purified by flash column chromatography (SiO2, 

Hexane/EtOAc, dichloromethane/EtOAc or dichloromethane/MeOH) on a Grace™ 

Reveleris™ system using a 12 g cartridge to afford the desired product. The final product 

was characterized by 1H-NMR, 13C-NMR, 19F-NMR and HRMS (ESI-TOF). 

Unsuccessful aryl halides for the coupling with n-butylamine (with NMR-yields). 
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1-(4-methylbenzoate)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) or 4-

chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) using 1 ml instead of 6 ml DMAc. 

Reaction time: 8 h (Br) and 48 h (Cl). Purification with flash chromatography (1. gradient 

0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title 

compound (231.1 mg, 1.13 mmol, 94%) for aryl bromide and (224.6 mg, 1.09 mmol, 91%) 

for aryl chloride as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.88 (d, J = 8.7 Hz, 2H), 6.46 (d, J = 8.7 Hz, 2H), 3.83 

(s, 3H), 3.40 – 3.09 (m, 4H), 2.05 – 1.86 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ= 

167.58, 150.79, 131.32, 116.17, 110.62, 51.37, 47.47, 25.41. HRMS (ESI-TOF) m/z calcd. 

for C12H16NO2 [(M+H)+]: 206.1176; found: 206.1158. 

These data are in full agreement with those previously published in the literature.47 

 

 

 

Methyl 4-(piperidin-1-yl)benzoate. From piperidine (306.5 mg, 356.4 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 72 h. 

Double amount of NiBr2·3H2O (16.4 mg, 60 µmol, 5.0 mol%) was used. Purification with 

flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate 

in hexane) afforded the title compound (225.8 mg, 1.03 mmol, 86%) as a white solid.  

1H NMR (600 MHz, Chloroform-d) δ 7.87 (d, J = 9.1 Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 3.83 

(s, 3H), 3.28 (m, 4H), 1.67 – 1.56 (m, 6H). 13C NMR (151 MHz, Chloroform-d) δ 167.18, 

154.46, 131.19, 118.61, 113.52, 51.49, 48.73, 25.35, 24.32. HRMS (ESI-TOF) m/z calcd. 

for C13H18NO2 [(M+H)+]: 220.1332 ; found: 220.1340. 

These data are in full agreement with those previously published in the literature.48 
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Methyl 4-morpholinobenzoate. From morpholine (313.6 mg, 313.6 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 16 h. 

Purification with flash chromatography (gradient 0-2% ethyl acetate in DCM; 2. Isocratic 

2% ethyl acetate in DCM) afforded the title compound (255.5 mg, 1.15 mmol, 96%) as a 

white solid.  

1H NMR (400 MHz, Chloroform-d) δ 7.93 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 9.0 Hz, 2H), 3.92 

– 3.72 (m, 7H), 3.26 (d, J = 5.1 Hz, 4H). 13C NMR (101 MHz, Chloroform-d) δ 167.04, 

154.15, 131.21, 120.34 113.50, 66.59, 51.71, 47.72. HRMS (ESI-TOF) m/z calcd. for 

C12H16NO3 [(M+H)+]: 222.1125; found: 222.1139. 

These data are in full agreement with those previously published in the literature.49 

 

 

 

tert-Butyl 4-(4-(methoxycarbonyl)phenyl)piperazine-1-carboxylate. From tert-butyl 

piperazine-1-carboxylate (335.3 mg, 1.8 mmol, 3.0 equiv.) and 4-bromomethylbenzoate 

(129.0 mg, 0.6 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O (8.2 mg, 60 µmol) and 

pyrrolidine (4.3 mg, 4.9 µl, 0.06 mmol, 10 mol%) as additive. Reaction time: 24 h. 

Purification with flash chromatography (1. gradient 0-3% ethyl acetate in DCM; 2. Isocratic 

3% ethyl acetate in DCM) afforded the title compound (146.2 mg, 0.45 mmol, 76%) as a 

white solid. The pyrrolidine-coupled side-product was formed in 10% yield, as determined 

by analysis of the crude mixture by 1H NMR spectroscopy. 

1H NMR (400 MHz, Chloroform-d) δ 7.92 (d, J = 8.9 Hz, 2H), 6.85 (d, J = 8.9 Hz, 2H), 3.86 

(s, 3H), 3.57 (m, 4H), 3.29 (m, 4H), 1.48 (s, 9H). 13C NMR (101 MHz, Chloroform-d) δ 

167.48, 155.09, 154.41, 131.69, 120.63, 114.42, 80.56, 52.15, 47.98, 43.46, 28.92, 28.78. 

HRMS (ESI-TOF) m/z calcd. for C17H25N2O4 [(M+H)+]: 321.1809; found: 321.1818 

These data are in full agreement with those previously published in the literature.48 
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Methyl 4-(3,4-dihydroisoquionolin-2(1H)-yl)benzoate. From 1,2,3,4-

tetrahydroisoquinoline (479.5 mg, 456.7 µl, 3.6 mmol, 3.0 equiv.) and 4-

bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 16 h. Purification 

with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl 

acetate in hexane) afforded the title compound (281.6 mg, 1.06 mmol, 88%) as a white solid.  

1H NMR (600 MHz, Chloroform-d) δ 7.97 (d, J = 9.0 Hz, 2H), 7.23 – 7.13 (m, 4H), 6.86 (d, 

J = 9.0 Hz, 2H), 4.49 (s, 2H), 3.88 (s, 3H), 3.62 (t, J = 5.9 Hz, 2H), 2.97 (t, J = 5.8 Hz, 2H). 

13C NMR (151 MHz, Chloroform-d) δ 167.29, 153.00, 135.02, 133.80, 131.36, 128.22, 

126.73, 126.51, 126.37, 118.29, 112.10, 51.56, 49.01, 44.78, 29.04. HRMS (ESI-TOF) m/z 

calcd. for C17H18NO2 [(M+H)+]: 268.1332; found: 268.1344 

These data are in full agreement with those previously published in the literature.50  

 

 

 

Methyl 4-(benzyl(methyl)amino)benzoate. From N-methylbenzylamine (438.6 mg, 467.1 

µl, 3.6 mmol, 3.0 equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). 

Reaction time: 72 h. Purification with flash chromatography (1.gradient 0-4% ethyl acetate 

in hexane; 2. Isocratic 4% ethyl acetate in hexane) afforded the title compound (245.4 mg, 

0.96 mmol, 80%) as a white solid.  

1H NMR (400 MHz, Chloroform-d) δ 7.92 (d, J = 9.1 Hz, 2H), 7.34 (t, J = 7.2 Hz, 2H), 7.28 

(d, J = 7.2 Hz, 1H), 7.20 (d, J = 7.1 Hz, 2H), 6.71 (d, J = 9.1 Hz, 2H), 4.62 (s, 2H), 3.86 (s, 

3H), 3.12 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 167.39, 152.75, 137.79, 131.43, 

128.78, 127.20, 126.46, 117.37, 110.88, 55.92, 51.52, 38.69. HRMS (ESI-TOF) m/z calcd. 

for C16H18NO2 [(M+H)+]: 256.1332; found: 256.1344 

These data are in full agreement with those previously published in the literature.51  
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Methyl 4-(butylamino)benzoate. From n-butylamine (263.3 mg, 355.8 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) or 4-

chloromethylbenzoate (204.7 mg, 1.2 mmol, 1.0 equiv.) and 7-Methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 µl, 2.4 mmol, 2.0 equiv.)  using 

5 mol% NiBr2·3H2O (16.4 mg, 60 µmol,). Reaction time: 72 h (9-Br) and 168 h (9-Cl). 

Purification with flash chromatography (1. gradient 0-8% ethyl acetate in hexane; 2. 

Isocratic 8% ethyl acetate in hexane) afforded the title compounds (223.2 mg, 1.08 mmol, 

90%) from aryl bromide and (219.6 mg, 1.06 mmol, 88%) from aryl chloride as a white 

solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.85 (d, J = 8.6 Hz, 2H), 6.52 (d, J = 8.6 Hz, 2H), 4.21 

(brs, 1H), 3.83 (s, 3H), 3.16 – 3.07 (m, 2H), 1.63 – 1.52 (m, 2H), 1.41 (h, J = 7.3, 6.9 Hz, 

2H), 0.94 (td, J = 7.3, 1.0 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 167.45, 152.17, 

131.61, 118.05, 111.45, 51.57, 43.19, 31.42, 20.29, 13.92. HRMS (ESI-TOF) m/z calcd. for 

C12H18NO2 [(M+H)+]: 208.1332; found: 208.1342. 

These data are in full agreement with those previously published in the literature.52 

 

Methyl 4-(cyclohexylamino)benzoate. From cyclohexylamine (357.0 mg, 415.4 µl, 3.6 

mmol, 3.0 equiv.) and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) using 

5 mol% NiBr2·3H2O (16.4 mg, 60 µmol,). Reaction time: 72 h. Purification with flash 

chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in 

hexane) afforded the title compound (203.2 mg, 0.87 mmol, 73%) as a white solid.  

1H NMR (400 MHz, Chloroform-d) δ 7.82 (d, J = 8.8 Hz, 2H), 6.51 (d, J = 8.9 Hz, 2H), 4.01 

(brs, 1H), 3.83 (s, 3H), 3.30 (m, 1H), 2.06 – 2.00 (m, 2H), 1.81 – 1.73 (m, 2H), 1.69 – 1.61 

(m, 1H), 1.42 – 1.32 (m, 2H), 1.28 – 1.13 (m, 3H). 13C NMR (101 MHz, Chloroform-d) δ 

167.36, 151.10, 131.60, 117.56, 111.59, 51.47, 51.24, 33.10, 25.73, 24.87. HRMS (ESI-

TOF) m/z calcd. for C14H20NO2 [(M+H)+]: 234.1489; found: 234.1500. 

These data are in full agreement with those previously published in the literature.53 
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Methyl 4-(butylamino)benzoate. From aniline (335.5 mg, 329.2 µl, 3.6 mmol, 3.0 equiv.) 

and 4-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O 

(8.2 mg, 60 µmol) and pyrrolidine (4.3 mg, 4.9 µl, 0.06 mmol, 10 mol) as well as N-tert-

butylisopropylamine (BIPA) (414.8 mg, 570.6 µl, 3.6 mmol, 3.0 equiv.) as additives 

Reaction time: 72 h. Purification with flash chromatography (1. gradient 0-10% ethyl acetate 

in hexane; 2. Isocratic 10% ethyl acetate in hexane) afforded the title compound (246.7 mg, 

1.09 mmol, 90%) as a white solid. The pyrrolidine-coupled side-product was formed in 2% 

yield, as determined by analysis of the crude mixture by 1H NMR spectroscopy.  

1H NMR (400 MHz, Chloroform-d) δ 7.93 (d, J = 8.1 Hz, 2H), 7.34 (m, 2H), 7.18 (d, J = 

7.7 Hz, 2H), 7.07 (t, J = 7.4 Hz, 1H), 6.99 (d, J = 8.6 Hz, 2H), 6.19 (brs, 1H), 3.88 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 167.08, 148.16, 140.88, 131.50, 129.51, 123.07, 

120.94, 120.42, 114.56, 51.77. HRMS (ESI-TOF) m/z calcd. for C14H14NO2 [(M+H)+]: 

228.1019; found: 228.1033. 

These data are in full agreement with those previously published in the literature.54 

 

 

 

1-(4-benzonitrile)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) 

and 4-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. Purification 

with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl 

acetate in hexane) afforded the title compound (189.6mg, 1.11 mmol, 92%) as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.42 (d, J = 8.8 Hz, 2H), 6.48 (d, J = 8.9 Hz, 2H), 3.32 

– 3.28 (m, 4H), 2.09 – 1.94 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ= 150.00, 133.43, 

121.11, 111.47, 96.38, 47.51, 25.44. HRMS (ESI-TOF) m/z calcd. for C11H13N2 [(M+H)+]: 

173.1074; found: 173.1081. 

These data are in full agreement with those previously published in the literature.55  
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1-(3-benzonitrile)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) 

and 3-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. No internal 

standard (1,3,5-trimethoxybenzene was used) due to poor separation from the product during 

flash chromatography. Purification with flash chromatography (1. gradient 0-5% ethyl 

acetate in hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (180.4 

mg, 1.05 mmol, 87%) as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.23 (m, 1H), 6.90 (m, 1H), 6.77 – 6.69 (m, 

2H), 3.34 – 3.23 (m, 4H), 2.13 – 1.99 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 147.62, 

129.73, 119.95, 118.50, 115.78, 114.24, 112.63, 47.55, 25.46.HRMS (ESI-TOF) m/z calcd. 

for C11H13N2 [(M+H)+]: 173.1074; found: 173.1080 

These data are in full agreement with those previously published in the literature.56  

 

 

 

1-(2-benzonitrile)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) 

and 2-bromobenzonitrile (218.4 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O (8.2 

mg, 60 µmol). Reaction time: 72 h. No internal standard (1,3,5-trimethoxybenzene was used) 

due to poor separation from the product during flash chromatography. Purification with flash 

chromatography (eluents: 1. gradient 0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl 

acetate in hexane) afforded the title compound (190.5 mg, 1.11 mmol, 92%) as a colorless 

oil. 

1H NMR (400 MHz, Chloroform-d) δ 7.42 (m, 1H), 7.31 (m, 1H), 6.67 – 6.59 (m, 2H), 3.63 

– 3.53 (m, 4H), 2.03 – 1.94 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 150.04, 135.72, 

133.40, 121.51, 115.86, 114.24, 94.27, 49.81, 25.76. HRMS (ESI-TOF) m/z calcd. for 

C11H13N2 [(M+H)+]: 173.1074; found: 173.1081 

These data are in full agreement with those previously published in the literature.35  
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1-(3-methylbenzoate)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 3-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. 

No internal standard (1,3,5-trimethoxybenzene was used) due to poor separation from the 

product during flash chromatography. Purification with flash chromatography (1. gradient 

0-5% ethyl acetate in hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title 

compound (218.4 mg, 1.06 mmol, 89%) as a colorless oil.  

1H NMR (400 MHz, Chloroform-d) δ 7.32 (d, J = 7.6 Hz, 1H), 7.25 (t, J = 7.8 Hz, 1H), 7.22 

– 7.91 (s, 1H), 6.71 (m, 1H), 3.89 (s, 3H), 3.29 (t, J = 6.6 Hz, 4H), 2.00 (t, J = 6.6 Hz, 4H). 

13C NMR (101 MHz, Chloroform-d) δ 167.89, 147.78, 130.73, 129.02, 116.39, 115.93, 

112.38, 52.00, 47.70, 25.48. HRMS (ESI-TOF) m/z calcd. for C12H16NO2 [(M+H)+]: 

206.17556; found: 206.1185. 

These data are in full agreement with those previously published in the literature.49 

 

 

1-(2-methylbenzoate)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 2-bromomethylbenzoate (258.0 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% 

NiBr2·3H2O (8.2 mg, 60 µmol). Reaction time: 72 h. No internal standard (1,3,5-

trimethoxybenzene was used) due to poor separation from the product during flash 

chromatography. Purification with flash chromatography (1. gradient 0-5% ethyl acetate in 

hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (87.2 mg, 0.42 

mmol, 35%) as a colourless oil.  

1H NMR (400 MHz, Chloroform-d) δ 7.57 (m, 1H), 7.31 (t, J = 8.7 Hz, 1H), 6.79 (m, 1H), 

6.71 (t, J = 7.4 Hz, 1H), 3.88 (s, 3H), 3.28 – 3.19 (m, 4H), 1.99 – 1.88 (m, 4H). 13C NMR 

(101 MHz, Chloroform-d) δ 169.57, 147.93, 131.79, 131.08, 117.09, 115.63, 113.95, 52.00, 

50.87, 25.88. HRMS (ESI-TOF) m/z calcd. for C12H16NO2 [(M+H)+]: 206.17556; found: 

206.1185. 

These data are in full agreement with those previously published in the literature.57  
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1-(4-(trifluoromethyl)phenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 

mmol, 3.0 equiv.) and 4-bromobenzotrifluoride (270.0 mg, 168.0 µl, 1.2 mmol, 1.0 equiv.). 

Reaction time: 8 h. Purification with flash chromatography (1. gradient 0-3% ethyl acetate 

in hexane; 2. Isocratic 3% ethyl acetate in hexane) afforded the title compound (238.2 mg, 

1.11 mmol, 92%) as a white solid.  

1H NMR (400 MHz, Chloroform-d) δ 7.48 (d, J = 8.7 Hz, 2H), 6.58 (d, J = 8.7 Hz, 2H), 3.37 

– 3.27 (m, 4H), 2.10 – 2.00 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 149.76, 126.38 

(q, J = 3.7 Hz), 125.42 (q, J = 269.9 Hz), 116.56 (q, J = 32.5 Hz), 110.84, 47.53, 25.48. 
19F 

NMR (376 MHz, Chloroform-d) δ -60.58(s, 3F). HRMS (ESI-TOF) m/z calcd. for 

C11H13F3N [(M+H)+]: 216.0922 ; found: 216.1008. 

These data are in full agreement with those previously published in the literature.58 

 

 

 

 

1-(4-(methylsulfonyl)phenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 

mmol, 3.0 equiv.) and 4-bromopheyl methylsulfone (282.1 mg, 1.2 mmol, 1.0 equiv.). 

Reaction time: 24 h. Purification with flash chromatography (1. gradient 0-2% ethyl acetate 

in DCM; 2. Isocratic 2% ethyl acetate in DCM) afforded the title compound (251.0 mg, 1.11 

mmol, 93%) as a white solid.  

1H NMR (600 MHz, Chloroform-d) δ 7.65 (d, J = 8.9 Hz, 2H), 6.51 (d, J = 9.0 Hz, 2H), 3.30 

– 3.24 (m, 4H), 2.94 (s, 3H), 2.05 – 1.93 (m, 4H). 13C NMR (151 MHz, Chloroform-d) δ 

150.89, 129.02, 125.04, 110.98, 47.61, 45.13, 25.39. HRMS (ESI-TOF) m/z calcd. for 

C11H16NO2S [(M+H)+]: 226.0897; found: 226.0907. 

These data are in full agreement with those previously published in the literature.59  
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1-(4-chlorophenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromochlorobenzene (229.7 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. 

Purification with flash chromatography (1. gradient 0-2% ethyl acetate in hexane; 2. 

Isocratic 2% ethyl acetate in hexane) afforded the title compound (196.8 mg, 1.08 mmol, 

90%) as a white solid.  

1H NMR (600 MHz, Chloroform-d) δ 7.17 (d, J = 8.9 Hz, 2H), 6.48 (d, J = 8.9 Hz, 2H), 3.28 

– 3.18 (m, 4H), 2.06 – 1.97 (m, 4H). 13C NMR (151 MHz, Chloroform-d) δ 146.49, 128.81, 

120.04, 112.61, 47.73, 25.48. HRMS (ESI-TOF) m/z calcd. for C10H13ClN [(M+H)+]: 

182.0731; found: 182.0738. 

These data are in full agreement with those previously published in the literature.47  

 

 

 

 

1-(4-bromophenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 1,4-dibromobenzene (283.1 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 24 h. 

Purification with flash chromatography (1. gradient 0-2% ethyl acetate in hexane; 2. 

Isocratic 2% ethyl acetate in hexane) afforded the title compound (218.4 mg, 0.97 mmol, 

80%) as a white solid.  

1H NMR (400 MHz, Chloroform-d) δ 7.28 (d, J = 8.9 Hz, 2H), 6.42 (d, J = 8.9 Hz, 2H), 3.29 

– 3.16 (m, 4H), 2.05 – 1.96 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 146.82, 131.68, 

113.19, 107.08, 47.68, 25.50. HRMS (ESI-TOF) m/z calcd. for C10H13BrN [(M+H)+]: 

226.0226; found: 226.0231. 

These data are in full agreement with those previously published in the literature.60  
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1-di(4-pyrrolidin-1yl)benzene. From pyrrolidine (853.3 mg, 985.3 µl, 12.0 mmol, 10 

equiv.) and 1,4-dibromobenzene (283.1 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 144 h. 

Purification with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 2. 

Isocratic 5% ethyl acetate in hexane) afforded the title compound (157.3 mg, 0.73 mmol, 

61%) as a white solid. For analysis via NMR spectroscopy, the final product was treated 

with deuterated trifluoro acetic acid in D2O. 

1H NMR (400 MHz, deuterium oxide) δ 7.17 (s, 4H), 3.20 (m, 8H), 1.68 (m, 8H). 13C NMR 

(101 MHz, deuterium oxide) δ 143.24, 126.02, 61.01, 25.62. HRMS (ESI-TOF) m/z calcd. 

for C14H21N2 [(M+H)+]: 217.1700; found: 217.1709 

These data are in full agreement with those previously published in the literature.61 

 

 

 

1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)phenyl)pyrrolidine. From pyrrolidine 

(256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and 4-bromomethyl-phenylboronic acid pinacol 

ester (339.6 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 48 h. No internal standard (1,3,5-

trimethoxybenzene was used) due to poor separation from the product during flash 

chromatography. Purification with flash chromatography (1. gradient 0-10% ethyl acetate in 

hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title compound (284.3 mg, 1.04 

mmol, 87%) as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.70 (d, J = 8.6 Hz, 2H), 6.55 (d, J = 8.6 Hz, 2H), 3.39 

– 3.17 (m, 4H), 2.13 – 1.92 (m, 4H), 1.35 (s, 12H). 13C NMR (101 MHz, Chloroform-d) δ 

150.00, 136.24, 113.94, 110.93, 83.06, 47.40, 25.46, 24.88. HRMS (ESI-TOF) m/z calcd. 

for C16H25BNO2 [(M+H)+]: 274.1973; found: 274.1987. 

These data are in full agreement with those previously published in the literature.62  
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phenyl(4-(pyrrolidin-1-yl)phenyl)methanone. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 

mmol, 3.0 equiv.) and 4-bromobenzophenone (313.3 mg, 1.2 mmol, 1.0 equiv.). Reaction 

time: 48 h. Purification with flash chromatography (1. gradient 0-5% ethyl acetate in hexane; 

2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (281.9 mg, 1.12 mmol, 

93%) as a white solid. 

1H NMR (600 MHz, Chloroform-d) δ 7.78 (d, J = 8.9 Hz, 2H), 7.72 – 7.66 (m, 2H), 7.49 (t, 

J = 7.4 Hz, 1H), 7.45 – 7.37 (m, 2H), 6.51 (d, J = 8.9 Hz, 2H), 3.38 – 3.27 (m, 4H), 2.02 – 

1.95 (m, 4H).13C NMR (151 MHz, Chloroform-d) δ 195.01, 150.88, 139.51, 132.90, 130.95, 

129.37, 127.97, 124.20, 110.63, 47.58, 25.42. HRMS (ESI-TOF) m/z calcd. for C17H17NO 

[(M+H)+]: 252.1383; found: 252.1394. 

These data are in full agreement with those previously published in the literature.63 

 

 

 

 

1-(4-benzamide)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) 

and 4-bromobenzamide (240.0 mg, 1.2 mmol, 1.0 equiv.). Reaction time: 72 h. Purification 

with flash chromatography (1. gradient 0-5% methanol in DCM; 2. Isocratic 5% methanol 

in DCM) afforded the title compound (175.0 mg, 0.92 mmol, 77%) as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ 7.69 (d, J = 8.8 Hz, 2H), 7.58 – 7.52 (brs, 1H), 6.86 – 6.80 

(brs, 1H), 6.47 (d, J = 8.8 Hz, 2H), 3.23 (s, 4H), 1.92 (s, 4H). 13C NMR (101 MHz, DMSO-

d6) δ 168.05, 149.49, 129.08, 120.24, 110.47, 47.22, 25.01. HRMS (ESI-TOF) m/z calcd. 

for C11H15N2O [(M+H)+]: 191.1179; found: 191.1188. 

These data are in full agreement with those previously published in the literature.64 
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5-(4-pyrrolidin-1yl)pyrimidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 5-bromopyrimidine (190.8 mg, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O 

(16.4 mg, 60 µmol). Reaction time: 72 h. Purification with flash chromatography (1. gradient 

0-50% ethyl acetate in hexane with 1% Et3N; 2. Isocratic 50% ethyl acetate in hexane with 

1% Et3N) afforded the title compound (141.3 mg, 0.95 mmol, 79%) as a colorless solid. 

1H NMR (400 MHz, Chloroform-d) δ 8.47 (s, 1H), 7.97 (s, 2H), 3.32 – 3.16 (m, 4H), 2.06 – 

1.90 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 146.60, 141.09, 139.35, 46.84, 25.27. 

HRMS (ESI-TOF) m/z calcd. for C8H12N3 [(M+H)+]: 150.1026 ; found: 150.1033. 

These data are in full agreement with those previously published in the literature.65 

 

 

 

 

 

3-(pyrrolidin-1yl)pyridine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) 

and 3-bromopyridine (189.6 mg, 115.6 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O 

(16.4 mg, 60 µmol). Reaction time: 72 h. Purification with flash chromatography (1. gradient 

0-40% ethyl acetate in hexane with 1% Et3N; 2. Isocratic 40% ethyl acetate in hexane with 

1% Et3N) afforded the title compound (135.2 mg, 0.91 mmol, 76%) as a colorless oil. 

1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.81 (m, 2H), 7.03 (m, 1H), 6.72 (m, 1H), 3.21 

(m, 4H), 2.00 – 1.87 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 143.68, 136.74, 134.23, 

123.49, 117.60, 47.19, 25.32. HRMS (ESI-TOF) m/z calcd. for C9H13N2 [(M+H)+]: 

149.1074 ; found: 149.1081 

These data are in full agreement with those previously published in the literature.66  
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1-(benzofuran-5-yl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 5-bromobenzofurane (236.4 mg, 150.3 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% 

NiBr2·3H2O (16.4 mg, 60 µmol). Reaction time: 96 h. No internal standard (1,3,5-

trimethoxybenzene was used) due to poor separation from the product during flash 

chromatography. Purification with flash chromatography (1. gradient 0-2% ethyl acetate in 

hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title compound (188.5 mg, 1.01 

mmol, 84%) as a colourless oil. 

1H NMR (600 MHz, Chloroform-d) δ 7.61 (d, J = 2.2 Hz, 1H), 7.47 (d, J = 8.9 Hz, 1H), 6.79 

(d, J = 2.5 Hz, 1H), 6.74 (d, J = 2.2 Hz, 1H), 6.71 (dd, J = 8.9, 2.5 Hz, 1H), 3.37 (m, 4H), 

2.18 – 2.02 (m, 4H). 13C NMR (151 MHz, Chloroform-d) δ 148.33, 145.31, 145.25, 128.51, 

111.58, 110.69, 106.67, 102.17, 48.76, 25.66. HRMS (EI-TOF) m/z calcd. for C12H13NO 

[(M*)+]: 187.0997 ; found: 187.0982 

 

 

 

2-(pyrrolidin-1yl)aniline. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and 

2-bromoaniline (206.4 mg, 135.8 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O 

(16.4 mg, 60 µmol). Reaction time: 86 h. Purification with flash chromatography (1. gradient 

0-10% ethyl acetate in hexane with 1% Et3N; 2. Isocratic 10% ethyl acetate in hexane with 

1% Et3N) afforded the title compound (128.6 mg, 0.79 mmol, 66%) as a colorless oil. 

1H NMR (600 MHz, Chloroform-d) δ 7.04 (dd, J = 7.9, 1.4 Hz, 1H), 6.93 (td, J = 7.5, 1.4 

Hz, 1H), 6.78 (m, 2H), 3.88 (brs, 2H), 3.15 – 2.98 (m, 4H), 2.03 – 1.80 (m, 4H). 13C NMR 

(151 MHz, Chloroform-d) δ 141.59, 137.93, 123.65, 118.85, 118.78, 115.66, 51.09, 24.35. 

HRMS (EI-TOF) m/z calcd. for C10H14N2 [(M*)+]: 162.1157; found: 162.1164 

These data are in full agreement with those previously published in the literature.67  
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3-(pyrrolidin-1yl)aniline. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and 

3-bromoaniline (206.4 mg, 130.6 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O 

(16.4 mg, 60 µmol). Reaction time: 86 h. Purification with flash chromatography (1. gradient 

0-3% ethyl acetate in hexane; 2. Isocratic 3% ethyl acetate in hexane; 3. Gradient 3-10% 

ethyl acetate in hexane; 4. Isocratic 10% ethyl acetate in hexane) afforded the title compound 

(104.3 mg, 0.64 mmol, 54%) as a slidely brownish oil. 

1H NMR (600 MHz, Chloroform-d) δ 7.02 (t, J = 8.0 Hz, 1H), 6.05 (m,  2H), 5.92 (t, J = 2.3 

Hz, 1H), 3.57 (brs, 2H), 3.32 – 3.22 (m, 4H), 2.03 – 1.92 (m, 4H). 13C NMR (151 MHz, 

Chloroform-d) δ 148.97, 147.28, 129.79, 103.09, 102.81, 98.39, 47.43, 25.31. HRMS (EI-

TOF) m/z calcd. for C10H14N2 [(M)+]: 162.1157; found: 162.1151 

These data are in full agreement with those previously published in the literature.68 

 

 

 

1-(4-fluorophenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromofluorobenzene (210.0 mg, 131.8 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% 

NiBr2·3H2O (16.4 mg, 60 µmol). Reaction time: 72 h. Purification with flash 

chromatography (1. gradient 0-3% ethyl acetate in hexane; 2. Isocratic 3% ethyl acetate in 

hexane) afforded the title compound (128.8 mg, 0.78 mmol, 65 %) as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 6.99 – 6.89 (m, 2H), 6.52 – 6.44 (m, 2H), 3.30 – 3.19 

(m, 4H), 2.05 – 1.96 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 154.81 (d, J = 233.3 

Hz), 144.78, 115.48 (d, J = 22.0 Hz), 112.05 (d, J = 7.1 Hz), 48.10, 25.50. 19F NMR (564 

MHz, Chloroform-d) δ -131.00 (s, 1F). HRMS (ESI-TOF) m/z calcd. for C10H13FN 

[(M+H)+]: 166.1027 ; found: 166.1033. 

These data are in full agreement with those previously published in the literature.60  
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1-phenylpyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and 

bromobenzene (188.4 mg, 125.6 µl, 1.2 mmol, 1.0 equiv.). using 5 mol% NiBr2·3H2O (16.4 

mg, 60 µmol). Reaction time: 72 h. Purification with flash chromatography (1. gradient 0-

2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title 

compound (136.9 mg, 0.93 mmol, 77%) as a colourless oil. 

1H NMR (400 MHz, Chloroform-d) δ 7.35 (m, 2H), 6.78 (t, J = 7.3 Hz, 1H), 6.69 (d, J = 8.0 

Hz, 2H), 3.43 – 3.30 (m, 4H), 2.13 – 2.05 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 

148.04, 129.25, 115.49, 111.77, 47.71, 25.61. HRMS (ESI-TOF) m/z calcd. for C10H14N 

[(M+H)+]: 148.1121; found: 148.1122. 

These data are in full agreement with those previously published in the literature.47  

 

 

 

 

1-(m-tolyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 equiv.) and 3-

bromotoluene (188.4 mg, 145.6 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O (16.4 

mg, 60 µmol). Reaction time: 72 h. Purification with flash chromatography (1. gradient 0-

2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title 

compound (134.0 mg, 0.93 mmol, 69%) as a colorless oil. 

1H NMR (400 MHz, Chloroform-d) δ 7.24-7.16 (t, J = 8.8 Hz, 1H), 6.58 (d, J = 7.4 Hz, 1H), 

6.51 – 6.44 (m, 2H), 3.35 (m, 4H), 2.41 (s, 3H), 2.11 – 2.00 (m, 4H). 13C NMR (101 MHz, 

Chloroform-d) δ 148.13, 138.86, 129.09, 116.44, 112.45, 108.99, 47.68, 25.56, 21.98. 

HRMS (ESI-TOF) m/z calcd. for C11H16N [(M+H)+]: 162.1278; found: 162.1282. 

These data are in full agreement with those previously published in the literature.58 
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1-(4-(tert-butyl)phenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromotertbutylbenzene (255.7 mg, 208.8 µl, 1.2 mmol, 1.0 equiv.) using 

5 mol% NiBr2·3H2O (16.4 mg, 60 µmol). Reaction time: 72 h. Purification with flash 

chromatography (1. gradient 0-3% ethyl acetate in hexane; 2. Isocratic 3% ethyl acetate in 

hexane) afforded the title compound (203.2 mg, 1.00 mmol, 83%) as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.37 (d, J = 7.0 Hz, 2H), 6.64 (d, J = 7.0 Hz, 2H), 3.42 

– 3.30 (m, 4H), 2.11 – 2.02 (m, 4H), 1.40 (s, 9H). 13C NMR (101 MHz, Chloroform-d) δ 

145.94, 138.03, 125.99, 111.43, 47.79, 33.82, 31.70, 25.56. HRMS (ESI-TOF) m/z calcd. 

for C14H22N [(M+H)+]: 204.1747; found: 204.1759. 

These data are in full agreement with those previously published in the literature.47  

 

 

 

1-(4-methoxyphenyl)pyrrolidine. From pyrrolidine (256.0 mg, 295.6 µl, 3.6 mmol, 3.0 

equiv.) and 4-bromoanisole (224.4 mg, 150.2 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% 

NiBr2·3H2O (16.4 mg, 60 µmol). Reaction time: 72 h. No internal standard (1,3,5-

trimethoxybenzene was used) due to poor separation from the product during flash 

chromatography. Purification with flash chromatography (1. gradient 0-5% ethyl acetate in 

hexane; 2. Isocratic 5% ethyl acetate in hexane) afforded the title compound (154.7 mg, 0.87 

mmol, 73%) as a white solid. 

1H NMR (400 MHz, Chloroform-d) δ 6.88 (d, J = 8.1 Hz, 2H), 6.57 (d, J = 8.1 Hz, 2H), 3.78 

(s, 3H), 3.32 – 3.18 (m, 4H), 2.07 – 1.94 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 

150.75, 143.25, 115.01, 112.59, 56.01, 48.24, 25.41. HRMS (ESI-TOF) m/z calcd. for 

C11H16NO [(M+H)+]: 178.1227; found: 178.1236 

These data are in full agreement with those previously published in the literature.47  
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N-butylaniline. From n-butylamine (263.3 mg, 355.8 µl, 3.6 mmol, 3.0 equiv.), 7-Methyl-

1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 µl, 2.4 mmol, 2.0 equiv.)  and 

bromobenzene (188.4 mg, 125.6 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% NiBr2·3H2O (16.4 

mg, 60 µmol,). Reaction time: 168 h. Purification with flash chromatography (1. gradient 0-

2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in hexane) afforded the title 

compound (154.6 mg, 1.04 mmol, 86%) as a colourless oil.  

1H NMR (400 MHz, Chloroform-d) δ 7.20 (dd, J = 7.4, 7.6 Hz, 2H), 6.72 (t, J = 7.4 Hz, 1H), 

6.64 (d, J = 7.6 Hz, 2H), 3.65 (brs, 1H), 3.14 (t, J = 7.1 Hz, 1H), 1.71 – 1.56 (m, 1H), 1.47 

(dq, J = 9.4, 7.3 Hz, 1H), 0.99 (t, J = 7.3 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 

148.51, 129.33, 117.30, 112.90, 43.87, 31.74, 20.42, 14.04. HRMS (EI-TOF) m/z calcd. for 

C10H15N [(M*)+]: 149.1204; found: 149.1203 

These data are in full agreement with those previously published in the literature.69 

 

N-butyl-3-methylaniline. From n-butylamine (263.3 mg, 355.8 µl, 3.6 mmol, 3.0 equiv.), 

7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 µl, 2.4 mmol, 2.0 

equiv.)  and 3-bromotoluene (205.2 mg, 145.6 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% 

NiBr2·3H2O (16.4 mg, 60 µmol,). Reaction time: 168 h. Purification with flash 

chromatography (1. gradient 0-2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in 

hexane) afforded the title compound (163.7 mg, 1.00 mmol, 84%) as a colourless oil.  

1H NMR (400 MHz, Chloroform-d) δ 7.18 – 7.05 (m, 1H), 6.58 (d, J = 7.5 Hz, 1H), 6.54 – 

6.44 (m, 2H), 3.72 (brs, 1H), 3.15 (t, J = 7.1 Hz, 2H), 2.33 (s, 3H), 1.72 – 1.58 (m, 2H), 1.55 

– 1.38 (m, 2H), 1.01 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 148.52, 

139.05, 129.18, 118.26, 113.69, 110.09, 43.90, 31.75, 21.73, 20.41, 14.02. HRMS (EI-TOF) 

m/z calcd. for C11H18N [(M+H)+]: 163.1361; found: 163.1360 

These data are in full agreement with those previously published in the literature.69 
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4-(tert-butyl)-N-butylaniline. From n-butylamine (263.3 mg, 355.8 µl, 3.6 mmol, 3.0 

equiv.), 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 µl, 2.4 

mmol, 2.0 equiv.)  and 4-bromotertbutylbenzene (255.7 mg, 208.8 µl, 1.2 mmol, 1.0 equiv.) 

using 5 mol% NiBr2·3H2O (16.4 mg, 60 µmol,). Reaction time: 168 h. Purification with flash 

chromatography (1. gradient 0-2% ethyl acetate in hexane; 2. Isocratic 2% ethyl acetate in 

hexane) afforded the title compound (206.4 mg, 1.01 mmol, 84%) as a colourless oil.  

1H NMR (600 MHz, Chloroform-d) δ 7.35 (d, J = 8.8 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 3.61 

(s, 1H), 3.24 (t, J = 7.2 Hz, 2H), 1.77 – 1.70 (m, 2H), 1.62 – 1.53 (m, 2H), 1.44 (s, 9H), 1.11 

(t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 146.36, 139.92, 126.09, 112.51, 

44.02, 33.94, 31.91, 31.69, 20.45, 14.06. HRMS (EI-TOF) m/z calcd. for C14H23N [(M*)+]: 

205.1830; found: 205.1834 

These data are in full agreement with those previously published in the literature.69 

 

 

N-butyl-4-methoxyaniline. From n-butylamine (263.3 mg, 355.8 µl, 3.6 mmol, 3.0 equiv.), 

7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) (367.8 mg, 344.7 µl, 2.4 mmol, 2.0 

equiv.) and 4-bromoanisole (224.4 mg, 150.2 µl, 1.2 mmol, 1.0 equiv.) using 5 mol% 

NiBr2·3H2O (16.4 mg, 60 µmol,). Reaction time: 168 h. Purification with flash 

chromatography (1. gradient 0-4% ethyl acetate in hexane; 2. Isocratic 4% ethyl acetate in 

hexane) afforded the title compound (135.7 mg, 0.76 mmol, 63%) as a colourless oil.  

1H NMR (600 MHz, Chloroform-d) δ 6.79 (d, J = 8.9 Hz, 2H), 6.61 (d, J = 8.9 Hz, 2H), 3.75 

(s, 3H), 3.57 (s, 1H), 3.07 (t, J = 7.1 Hz, 2H), 1.67 – 1.54 (m, 2H), 1.51 – 1.35 (m, 2H), 0.96 

(t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 152.24, 142.66, 115.01, 114.37, 

55.95, 45.01, 31.82, 20.45, 14.06. HRMS (EI-TOF) m/z calcd. for C11H17NO [(M*)+]: 

179.1310; found: 179.1303 

These data are in full agreement with those previously published in the literature.69 
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Copies of NMR spectra of isolated compounds 

Copies of NMR spectra of isolated compounds are available in the Supporting Information 

through the website of the Publisher. DOI: https://doi.org/10.1038/s41929-020-0473-6  
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Abstract 

Carbon nitride materials have emerged as an efficient and sustainable class of heterogeneous 

photocatalysts, particularly when paired with nickel in dual catalytic cross-coupling 

reactions. Performing these transformations on larger scales using a continuous process is 

difficult due to the problems associated with handling solids in flow. By combining an 

oscillatory pump with a microstructured plug flow photoreactor, a stable suspension of the 

photocatalyst can be maintained, circumventing clogging of the reactor channels. Through 

careful tuning of the oscillator properties, the residence time distribution (RTD) was 

optimized, whilst maintaining a stable catalyst suspension. Short residence times (20 min) 

were achieved using optimized conditions and the recyclability of the photocatalyst was 

demonstrated over 10 cycles with no loss of activity. During a stable 4.5 hour scale-out 

demonstration, the model substrate could be isolated on 12 g scale (90% yield, 2.67 g/h). 

Moreover, the method was applied for the gram scale synthesis of an intermediate of the 

active pharmaceutical ingredient tetracaine. 
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5.1 Introduction 

Due to the ubiquitous presence of aryl amines in natural products and pharmaceutically-

relevant compounds, C–N cross-coupling reactions have become one of the most highly 

utilized transformations in organic synthesis.1 Over the past two decades, the Buchwald-

Hartwig coupling has been steadily improved to efficiently access this moiety using 

palladium catalysis.2-3 Nonetheless, interest has been renewed through the possibility to 

overcome the typical limitations of those procedures in terms of sustainability, cost (of both 

metal and ligand) and harsh conditions.4 Nickel is an appealing alternative to palladium due 

to its abundancy,5 yet must be merged with electro- or photocatalysis,6-18 due to the inability 

of NiII to undergo reductive elimination, unless strong bases and complex ligands are used.19 

 

As recently demonstrated, dual nickel/photo catalytic cross-coupling methods represent a 

promising alternative to palladium catalyzed methods. However, such metallaphotorodox 

catalysis methodologies usually require UV irradiation or precious metal-based photoredox 

catalysts to turn over the nickel catalyst,7-9, 20 while the use of organic photocatalysts is 

sometimes limited due to photobleaching.21 Heterogeneous semiconductors, on the contrary, 

are stable, noble-metal free, and easy to prepare.22-23 Among all heterogeneous 

photocatalysts, including cadmium-based semiconductors,12-13, 24 carbon nitride materials 

(CNs) hold tremendous promise.25-28 

 

Figure 5.1. (a) General scheme for the metallaphotoredox aryl amination reaction catalyzed by nickel/CN-OA-
m catalysis under visible light irradiation. (b) The visual aspect of CN-OA-m photocatalyst and concept 
representation of the reactor in combination with an external pulsation. 
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These organic semiconductors are stable, non-toxic, and capable of promoting, amongst 

other transformations, a series of cross-coupling reactions in the presence of nickel.29-32 

Recently, mesoporous graphitic carbon nitride (mpg-CN) was shown to efficiently catalyze 

C-N cross couplings when irradiated with blue light.27 A similar protocol used a carbon 

nitride derivative, synthesized by co-condensation of urea and oxamide, followed by post-

calcination in a molten salt (CN-OA-m).14 Interestingly, this catalytic system was able to 

convert both electron-rich and electron-poor aryl halides using blue or green light irradiation, 

avoiding catalyst deactivation via the formation of nickel-black. The CN-OA-m 

photocatalyst could be recycled multiple times without any loss of its catalytic activity. The 

straightforward recycling strategies (centrifugation or filtration) of the carbon nitrides make 

them attractive for cost-efficient and sustainable processes.22-23 Photochemical 

transformations are generally dificult to scale-up in batch reactors as light penetration is 

limited (as described by the Beer−Lambert law).33 Continuous flow photochemistry can 

address these drawbacks by maintaining a short irradiated path length, which also 

significantly improves the efficiency of photochemical reactions, leading to shorter reaction 

times and higher productivity.34-38 The use of solid compounds, such as CN photocatalysts, 

in a flow setup remains one of the central challenges in continuous processing.39-40 Indeed, 

complex reactor designs (agitated cells or multijet oscillating disk) or continuous stirred-

tank reactor (CSTR) cascades have been proposed as solutions, but maintain their intrinsic 

limitations of complex moving parts or poor residence time distributions.41-50 Another 

alternative is the use of a pulsator that prevents settling of solid materials, without having 

issues surrounding the long term wear of moving reactor parts. This principle has been 

demonstrated in baffled and baffle-less tubular flow reactors for several applications (e.g. 

crystallizations, precipitations51-56 and few examples of synthetic transformations).57 

However, to our knowledge, no successful efforts have been reported utilizing an oscillatory 

microstructured plug flow photoreactor to enabe continuous heterogeneous catalysis. Herein 

we report a strategy for handling solids in flow for heterogeneous photocatalysis, by using a 

microstructured plug flow photoreactor in combination with pulsation delivered by a 

pulsator. The oscillation, combined with narrow channels formed by static mixing elements 

in the reactor, is designed to maintain a homogenized suspension of the carbon nitride 

particles, mitigating the risk of settling and reactor wall fouling, regardless of the net flow 
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rate. The feasibility of this technology was evaluated for a nickel/photo catalytic aryl 

amination using CN-OA-m under visible light irradiation (Figure 5.1).  

5.2 Results and discussion 

Reaction setup and preliminary experiments 

A commercially available plug flow photoreactor (HANUTM reactor, Creaflow) was 

employed in this study.58 It is comprised of a Hastelloy baseplate housing a flow channel 

with a series of cubic static mixing elements, topped with lid andglass or quartz window to 

allow visible/UV light irradiation (15 mL internal volume, 2 × 2 mm channel depth and 

width). A symmetrical pulse was delivered by an oscillatory diaphragm pulsator unit, 

positioned between the reactor and a metering pump (which generates the net flow through 

the system). The static mixing elements split and recombine the process stream under the 

imposed pulsation. The narrow channels increase pulsation velocity and improve turbulence 

inside the reactor, encouraging suspension of solids, even at low net flow rates. In addition, 

the excellent film refreshment promotes efficient photon utilization for photochemical 

transformations. The flow reactor is equipped with an integrated heat exchanger which 

enables temperature control (heating or cooling) to ensure isothermal conditions.  

 

Figure 5.2. Schematic representation of the reaction setup including metering pump, pulsator, reaction plate, 

light source, pulsation dampener and BPR. For a photograph of the setup see the Figure 5.7. and Figure 5.16. 

 

In a typical reaction, the heterogeneous reaction mixture was kept suspended in a stirred feed 

vessel and fed into the system through the peristaltic metering pump, under the appropriate 

pulsation regime. The arrangement was pressurized at 3 bar using a back pressure regulator 

(BPR) capable of handling solids (BPR-10, Zaiput) and a pulsation dampener (air-filled tube 

connected by a Y-piece) was placed between the reactor and the BPR, in order to prevent 

cavitation or suction of air from the end of the system during the backward pulsation (Figure 

5.2). 
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The amination of ethyl 4-bromobenzoate (1) with pyrrolidine (2a, 3 equiv.) under blue light 

irradiation was selected as a model reaction. Initial reaction conditions were adapted from a 

previous publication: nickel(II) bromide trihydrate (2.5 mol%) and CN-OA-m (3.33 mg/mL) 

as metal and photocatalyst, respectively, in N,N-dimethylacetamide (DMAc, [1] = 0.2 M) 

(Figure 5.3 a).14 In a preliminary experiment, the pulsation amplitude was set to 70% (~0.32 

mL per stroke) and the pulsation frequency to 3 Hz (100%) (see 5.4 for details). By using 

the specified pulsation, the solid/liquid suspension was observed to be stable along the whole 

system. Gratifyingly, the C–N coupling product 3A was observed by HPLC in 66% and 77% 

assay yield at 40 and 50 °C respectively using a residence time of 15 min.  

 

 
Figure 5.3. (a) Reaction scheme for preliminary photochemical aryl amination experiments. Yields were 
determined by HPLC assay at the maximum concentration (50 min) using 4-ethylbiphenyl as the internal 
standard. (b) HPLC response of internal standard, relative to concentration (green line) and yield (blue bars) 
profile over the collection time, determined by HPLC using 4-ethylbiphenyl as the internal standard. 

The material exiting the reactor was monitored over time by HPLC, providing both its 

relative concentration at the analyzed time point (Figure 5.3 b, green line) and the assay yield 

of desired product 3a (Figure 5.3 b, blue bars). Surprisingly, an unusual concentration/yield 

course was observed during these first trials. An ideal distribution of the two parameters over 

the time should follow a Gaussian-type profile, where the highest concentration corresponds 

to the highest yield.14, 34, 59 Conversely, the observed trend showed an increasing yield after 



 

Chapter 5 

301 

the maximum concentration was reached - a strong deviation from the expected trend. The 

very same concentration/yield profile was also observed in the absence of any insoluble 

component, suggesting that this effect is not due to the solid photocatalyst (see 5.4.3.1 for 

details). To ascertain that this is phenomenon is unrelated to issues in reaching steady state 

conditions, the reaction was carried out with a 50 mL stock solution (in place of 25 mL), in 

which case an identical trend in yield was observed. Furthermore, no difference was seen 

when the reactor was filled with the reaction mixture prior to turning on the lamps (ensuring 

a constant concentration of reaction mixture at the beginning of the reaction, see 5.4.3.1 for 

details). A similar observation (with opposite effect) has been made in a recent report on 

handling solids in a photo CSTR cascade, which was explained by a poor residence time 

distribution.48 

As further validation, an experiment without photocatalyst (background reaction only) was 

performed both in this reactor and in a smaller plate-based photoreactor (Lab Photo Reactor, 

Corning).60-61 In the smaller volume reactor, the expected concentration/yield plots were 

observed (see 5.4), implying that this deviation is due to the reactor itself. Accordingly, 

further efforts were devoted to the characterization of the reactor, in order to understand and 

minimize this effect. 

Residence time distribution studies 

In order to understand the reactor performance, a series of residence time distribution (RTD) 

experiments were designed and carried out. Specifically, these focused on the two novel 

process parameters in this reactor setup: pulsation amplitude (mL displaced per pump stroke) 

and frequency (number of strokes per second, Hz). First, the correlation between the 

programmed pulsation amplitude and displaced volume was quantified, proving its linearity, 

with a maximum displaced volume of ~0.44 mL per stroke (see 5.4.3.3 for details). 

Subsequently, an array of RTD experiments were carried out, using a colored tracer pulse 

and a UV/vis cell, at different pulsation amplitudes and frequencies (see 5.4.3.4 for details). 

As benchmark, a curve was plotted in the absence of pulsation, which resulted in a fairly 

wide distribution profile (Figure 5.4 a yellow curve). The distribution profiles proved to be 

even broader at highpulsation amplitudes (>30% amplitude). These results could be 

quantified by low Bodenstein numbers (dimensionless number, Bo, which characterizes the 

extent of axial dispersion within the reactor), calculated from the mathematical 

deconvolution of the tracer experiments. The Bodenstein value should be maximized, and 
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values below 100 represent an appreciable level of axial dispersion (i.e. non-ideal plug flow 

behavior).62 For higher pulsation amplitudes, a decrease from 35 (at 0.12 mL amplitude) to 

10 (at 0.32 mL amplitude) was observed. Gratifyingly, the lowest pulsation amplitude of 

0.04 mL actually provided a significantly narrower residence time distribution curve 

compared to the benchmark case (without pulsation), implying a significant decrease in axial 

dispersion. The corresponding Bo values quantify this observation, providing a substantial 

increase from 48 (no pulsation) to 128 (at 0.04 mL amplitude). 

 

 
Figure 5.4. RTD profiles using pulses of rose bengal dye in DMAc. Conditions: flow rate = 0.75 mL/min, back 
pressure = 3 bar, injected tracer volume = 1 mL. (a) Experiments performed at 3 Hz (100%) pulsation frequency 
and different pulsation amplitudes. (b) Experiments performed at 0.04 mL (<5%) pulsation amplitude using 
different pulsation frequencies. 

The effect of pulsation frequency showed a trend of increasing Bo with decreased pulsation 

amplitude from 3 to 0.6 Hz (Figure 5.4 b). A maximum Bo value of 184 could be achieved 

(0.04 mL, 0.6 Hz), demonstrating plug flow behavior for the microstuctured flow 

photoreactor. These observations serve to reinforce the significant benefits of using an 

oscillatory flow regime in combination with flow reactors in order to enable the handling of 

solids in continuous flow. 
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The numerical interpretation of the initial RTD (Bo = 10) trials therefore confirm the 

presence of a non-ideal plug flow behaviour, (see 5.4.3.4 for details). This result is consistent 

with the observed chemical result (Figure 5.3 b), since the initial reactions were performed 

under conditions providing an extremely low Bo value (0.32 mL, 3 Hz, Bo = 10). Based on 

this correlation, setting suitable pulsation parameters is essential to ensure proper suspension 

of the solid photocatalyst, whilst maintaining plug flow behavior (minimizing backmixing). 

Optimization of the light-mediated C–N coupling 

In light of the preliminary results in the model aryl amination, further optimization 

experiments were performed minimizing the pulsation amplitude and frequency (Table 5.1). 

As anticipated, reducing the pulsation amplitude from 0.32 mL (70%) to 0.16 mL (30%) led 

to an increase in yield of product 3a from 77% to 83% (entry 2, this reaction was performed 

in triplicate to illustrate reproducibility, see Figure 5.23). In addition, lowering the amplitude 

to 0.12 mL (20%, the minimum value capable of keeping CN-OA-m suspended) and 

extending the residence time to 20 min, provided compound 3a in 94% yield (entry 4). 

Finally, decreasing the pulsation frequency to the minimum affordable value of 1.5 Hz (50%) 

resulted in a quantitative formation of 3a (entry 5). Furthermore, the observed 

yield/concentration began to follow a more expected trend, demonstrating a quasi plug flow 

behavior for the reaction setup (see 5.4 for details). Remarkably, this demonstrates that 

finding the ideal compromise between sufficient solid suspension and reduced backmixing 

ensures excellent solid-handling and high yields of product 3a. Compared with the 

previously reported procedure in batch, this flow procedure offers a significant improvement 

in terms of reaction time (20 minutes vs 8 hours).14 

  



 

Chapter 5 
 

304 

Table 5.1. Metallaphotoredox aryl amination optimization study.a 

Entry Residence time (min) 
Pulsation 
amplitude 
(mL / %) 

Pulsation 
frequency 
(Hz / %) 

Yieldb (%) 

1 15 0.32 / 70 3 / 100 77 

2 15 0.16 / 30 3 / 100 83 

3 15 0.12 / 20 3 / 100 86 

4 20 0.12 / 20 3 / 100 94 

5 20 0.12 / 20 1.5 / 50 99 

aReaction conditions: ethyl 4-bromobenzoate (1, 5 mmol scale), pyrrolidine (2a, 3 equiv.), NiBr2·3H2O (2.5 mol%) and CN-OA-m (3.33 mg/mL) in 

DMAc (0.2 M) under blue light irradiation (460 nm). Reactions were performed using a 25 mL stock solution. bYield was determined by HPLC assay at 

the time point where concentration was at a maximum, using 4-ethylbiphenyl as the internal standard. 

Photocatalyst recyclability 

Likely the most substantial benefits of using a heterogenous photocatalyst are its ease of 

separation (i.e. filtration) and potential recyclability.31-32, 63 Therefore, we sought to 

determine whether the CN-OA-m catalyst is recyclable in this setup under the optimized 

reaction conditions. Previous studies have shown that the deposition of nickel-black 

agglomerates, formed over time, on the heterogeneous material can affect its catalytic 

properties.14 We envisage that, due to the far shorter irradiation time in flow, it may be 

possible to limit the nickel catalyst deactivation, allowing more effective recycling of the 

heterogeneous photocatalyst. 

The CN-OA-m was recovered after each run by centrifugation, was washed, and used again 

in the next run by adding fresh nickel(II) bromide. Gratifyingly, no loss of activity was 

observed over six cycles (Fig. 5). Thereafter, a minor reduction in the yield of 3a was 

observed (from 99% to 95% yield in the tenth cycle), but this can be rationalized by the loss 

of small amounts of CN-OA-m (~3 mg per experiment) during the manual recovery 

operations between experiments. Indeed, by using fresh CN-OA-m in the same quantity as 

the last cycle, a comparable result was obtained (94% yield) confirming our hypothesis. This 

outcome suggests that catalyst deactivation can be avoided by using intensified conditions 

to prevent deleterious off-cycle side reactions. 
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Figure 5.5. (a) Reaction scheme for the CN-OA-m recycling experiments under the optimized 

conditions. (b) Catalytic performance of recovered CN-OA-m over ten cycles. Yield of product 3 

(green bars) were determined by HPLC assay using 4-ethylbiphenyl as the internal standard at the 

concentration maximum over the collection time. CN-OA-m recovery (red line) was determined by 

weighing the recovered material after centrifugation, washing and drying. 

 

Scale-out synthesis 

A scale-out experiment was performed in order to demonstrate the stability, robustness and 

scalability of our protocol. It should be noted that the preparation of the CN-OA-m 

photocatalyst by simple calcination,14, 31-32 results in particles that differ in size and 

aggregation tendency.64 The material was observed to have two distinct median particle sizes 

(D50), of ~5 µm and ~20 µm. The larger type of these particles led to a further complication 

in handling for long periods, due to settling in the outlet tube of the reactor, even at 

adequately high pulsation (see 5.4.8 for details). Attempts to mill the particles to smaller 

sizes were unsuccessful. 

In order to avoid this problem, the reaction setup was altered in a manner such that the 

reaction pathway was continually descending from the metering pump to the collection 
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vessel (see Figure 5.16). Moreover, a vibrating motor was installed on the pump inlet and 

every 15 minutes a small argon bubble was introduced into the system from the headspace 

of the starting mixture vessel. Using these modifications, the model reaction was carried out 

in a stable manner for over 5 hours, using the previously optimized conditions, but with a 

higher concentration (0.3 M instead of 0.2 M, without changing the CN-OA-m loading). 

 

Figure 5.6. (a) Reaction scheme for the CN-OA-m long run experiment under the optimized 

conditions, with its yield and productivity. (b) Yield of product 3 at 30 minute time increments 

throughout the scale out synthesis. These were determined by HPLC assay using 4-ethylbiphenyl as 

the internal standard. 

 

HPLC analysis revealed a stable assay yield of >99% for the duration of the experiment 

(Figure 5.6 b). The output material was collected for 4.5 hours of steady state operation, 

resulting in 12.05 g (90% isolated yield) of the desired coupling product 3a, without column 

chromatography. This corresponds to an exceptionally high productivity of 2.67 g/h (15 

mmol/h), a value to our knowledge only surpassed by some homogeneous Ir- or Ru-based 

photoredox catalyzed CN couplings.16, 65 It is noteworthy that the larger version of the 

HANUTM reactor (150 mL volume, 10 × scale up) maintains all of its process 
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characteristics (e.g. channel dimensions, mass-, heat-, and light transfer capacities, RTD), 

thus allows for straightforward scale-up of such procedures.58 

Tetracaine precursor synthesis 

Finally, we envisaged that this protocol could be used for the preparation of an active 

pharmaceutical ingredient (API) precursor. In particular, tetracaine,66 a local anaesthetic 

selected by the World Health Organization (WHO) as an essential medicine,67 contains a 

butylamino aryl core, which can be accessed from precursor 3b by a coupling reaction 

between 1 and butylamine 2b (Scheme 5.1). The final API can then be obtained from 3b by 

simple transesterification with N,N-dimethylamino ethanol.68 

 

Scheme 5.1. Reaction scheme for the preparation of tetracaine through a photochemical aryl 

amination.
 

Despite the use of reactive aryl bromide 1, the coupling reaction with primary aliphatic 

amines is challenging and requires harsher conditions. In fact, this difference in reactivity is 

so substantial that recent studies have been published with the specific aim to improve their 

reactivity.8, 11 An optimization study was performed starting from the previous conditions 

with optimized oscillation settings (Table 5.2). Using the previously optimized conditions, 

but with a slightly elevated temperature of 60°C, product 3b was observed in only 24% yield 

(entry 1). Then, increasing the concentration to 0.4 M and the nickel loading to 5 mol%, 

without varying the photocatalyst amount, led to a reasonable increment in yield of 3b to 

38% (entry 2). An extended residence time of 60 minutes subsequently resulted in 69% yield 

(entry 3). Finally, further increasing the temperature to 80°C led to the formation of 3b in 

almost quantitative yield (94%, entry 4). 
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Table 5.2. Tetracaine precursor optimization study.a 

 

Entry Residence time 
(min) 

Temperature 
(°C) 

Conc 
(M) 

NiBr2·3H2O 
(mol%) Yieldb (%) 

1 20 60 0.2 2.5 24 

2 20 60 0.4 5 38 

3 60 60 0.4 5 69 

4 60 80 0.4 5 94 

aReaction conditions: ethyl 4-bromobenzoate (1, 5 – 10 mmol scale), butylamine (2b, 3 equiv.), NiBr2·3H2O (2.5 – 5 mol%) and CN-OA-m (3.33 mg/mL) 

in DMAc (0.2 – 0.4 M) under blue light irradiation (460 nm). Reactions were performed using a 25 mL stock solution and 20 or 60 min residence time 

(0.75 or 0.25 mL/min). bYield was determined by HPLC using 4-ethylbiphenyl as the internal standard. 

 

It is noteworthy that under these harsh reaction conditions, the formation of a small amount 

of nickel-black agglomerate was observed. Notwithstanding, the result obtained is of 

relevance for the preparation of the API precursor, since it can be produced in a significantly 

shorter reaction time, when compared with the state of the art.8, 20 Consequently, in order to 

isolate product 3b, the amination reaction was carried out over a runtime of more than four 

hours employing the optimized conditions. The coupled product 3b was collected in the 

steady state for 80 minutes (92% average HPLC assay yield), leading to an isolated yield of 

1.49 g (84%), which corresponds to a productivity of 1.12 g/h (see 5.4.7 for details). 
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5.3 Conclusions 

We demonstrated the utility of an oscillatory plug flow photoreactor, capable of handling 

solids in continuous flow for an industrially relevant metallaphotoredox C–N coupling 

reaction. A thorough investigation of the system performance in terms of RTD led to finding 

the ideal match toward processability of solids and reactor performance. Following an 

optimization study, excellent yield was achieved in a model C–N coupling reaction on multi-

gram scale, using a short residence time. A gram-scale operation of several hours runtime 

demonstrated the ability to successfully scale heterogeneous photocatalysis processes by the 

implementation of oscillatory flow reactor technology. The intensified conditions achieved 

using the flow photoreactor allowed for facile recycling of the carbon nitride photocatalyst 

over ten cycles. Finally, a pharmaceutically relevant intermediate was synthesized using 

slightly modified conditions, showing its applicability for preparative scale production of 

medicinally relevant compounds. 
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5.4 Supporting information 

5.4.1 General experimental information 

Commercial reagents and solvents were purchased (Sigma-Aldrich, Fluka, Alfa Aesar, 

Fluorochem or VWR) and used as received, without further purification, unless otherwise 

stated. 

Ethyl 4-bromobenzoate (1), pyrrolidine (2a), butylamine (2b), nickel(II) bromide trihydrate, 

and 4-ethylbiphenyl were all commercially available. Carbon nitride photocatalyst, CN-OA-

m, was synthesized according to the literature procedure.32 

 

Chromatographic purification of products was accomplished using a Biotage Isolera 

automated flash chromatography system with cartridges packed with KP-SIL, 60 Å (32–63 

μm particle size). 

For thin layer chromatography (TLC) analysis, Merck pre-coated TLC plates (silica gel 60 

GF254, 0.25 mm) were employed, using UV light as the visualizing agent (254 nm), basic 

aqueous potassium permanganate (KMnO4) stain solution or iodine and heat as developing 

agents. 

Organic solutions were concentrated under reduced pressure on a Büchi rotatory evaporator. 

 

NMR spectra were recorded on Bruker 300 MHz spectrometer (1H: 300 MHz, 13C: 75 MHz, 

19F: 282 MHz). The chemical shifts (δ) for 1H, 13C and 19F are given in ppm relative to 

residual signals of the solvent (CDCl3 at 7.26 ppm 1H-NMR and 77.16 ppm 13C-NMR). 

Coupling constants are given in Hertz (Hz). The following abbreviations are used to indicate 

the multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; ddd, 

doublet of doublet of doublets; m, multiplet. 

 

Analytical HPLC (Shimadzu LC20) analysis were carried out on a C18 reversed-phase (RP) 

analytical column (150 mm × 4.6 mm, particle size 5 μm) at 37 °C using mobile phases A 

(90:10 v/v water/acetonitrile + 0.1% TFA) and B (MeCN +0.1% TFA) at a flow rate of 1.5 

mL/min. The following gradient was applied: linear increase from 30% to 100% B over 10 

min. 
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UV-Vis spectra were recorded using a fiber-coupled Avantes Starline AvaSpec-2048 

spectrometer, with an Avantes AvaLight-DHc lamp as the light source. These spectra were 

processed using Avasoft 8.7 software. 

 

Centrifugation was performed using an Eppendorf Centrifuge 5804. 

 

Laser diffraction (LD) analyses were carried out on a Sympatec Helos H2395 particle sizing 

instrument. Approximately 1 mg of solid was added to 50 mL of deionized water in a cuvette, 

followed by a small drop of tween 80 surfactant (to aid suspension). The sample in the 

cuvette was then sonicated for approximately 5 s, and was stirred at 1000 rpm during 

measurements. Two separate 30 s measurements were taken, to cover a combined particle 

size range of 0.45-875 µm. 
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5.4.2 Photoreactor setup 

 

All photochemical reactions were conducted in a commercial continuous-flow reactor: 

Creaflow HANUTM Reactor (Figure 5.7). 

 

Figure 5.7. Photograph of commercial photoreactor setup: a) metering peristaltic pump (SF-10, Vapourtec); 

b) pulsator (Creaflow customized ProMinent (beta/4) pump with PTFE/carbon pump head); c) Reactor Module 

consisting of a HANUTM reactor and Peschl LED module; d) temperature control for reaction plate (Huber); e) 

backpressure regulator (BPR-10, Zaiput) with Creaflow pulsation dampener. Photograph of the LED control 

panel, containing the cooling system, has been omitted. 

 

Reactor module (HANUTM HX 15-C276-CUB reactor, Creaflow): A Hastelloy-based 

microstructured plug flow reactor (540 × 60 × 60 mm size; channel dimensions: 480 × 20 × 

2 mm, 15 mL internal volume) held in a PTFE housing. 

 

Light source: LED module (“novaLIGHT FLED75” water cooled high-performance LED 

array, Peschl Ultraviolet) was mounted on the top of the reactor plate (35 mm from the center 

of the reaction channel). The LED panel (460 nm) was equipped with 36 LEDs (3 strips of 

12 LEDs).  

 

Table 5.3. Power and radiation flow of LEDs used in this study. 

Wavelength (nm) 
Maximum 

Current (mA) 
Radiation Flow at 

Maximum Current (W) 
Width at 50% 
intensity (nm) 

460 700 33.75[a] 17.5 

[a]Radiative flow extrapolated from data (at lower current) provided by the LED 

manufacturer. 
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Figure 5.8. Emission spectra of LEDs used in this study (460 nm). Note: intensities are normalized. 

 

Temperature control: Thermal regulation of the reactor was carried out using a Huber 

CC304 thermostat filled with silicon oil (temperature range –20 °C to 195 °C). 

 

Metering pump: The feed mixture was conveyed through the reactor using a Vapourtec SF-

10 peristaltic pump equipped with “blue” peristaltic tubing (0.02-10.00 mL/min) as metering 

pump. 

 

Pulsator: Between the metering pump and the reactor, the feed mixture was pulsed using a 

Creaflow customized ProMinent Beta/4 pump (PTFE/carbon pump head). This had a tunable 

amplitude (<5-100%), which was experimentally found to constitute a range of 

approximately 0.04-0.44 mL per stroke (see Fig. S14). The frequency could be tuned from 

10-100%, corresponding to a range of 0.3-3 Hz. 

 

Pulsation dampener: The pulsation dampener was constituted by a piece of 1/4” PFA 

tubing, filled with air, closed on one side and connected in between the reactor output and 

the backpressure regulator through a PEEK Y-piece.  

 



 

Chapter 5 
 

314 

Back pressure regulator: A dome-type back pressure regulator (Zaiput Flow Technologies, 

BPR-10) was installed after the pulsation dampener with a set point of 3 bar. 

 

General connections: Connection between the starting mixture flask and the metering pump 

was achieved using 1/8” o.d. (~1.6 mm i.d.) PTFE tubing with PEEK fittings. Connection 

between the metering pump and the pulsator was achieved using 1/8” o.d. (~1.6 mm i.d.) 

PTFE tubing with PEEK fittings and 1/4” o.d (3.2 mm i.d.) PFA tubing with stainless steel 

(Swagelok) fittings. Reactor plate input and output, as well as pulsation dampener were 

connected using 1/4” (3.2 mm i.d.) PFA tubing (Swagelok) with PEEK fittings. 

Backpressure regulator input and output was achieved using 1/8” o.d. (1.6 mm i.d.) PFA 

tubing with PEEK fittings. Fittings were lined with PTFE tape, to ensure a tight seal. 
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5.4.3 Reactor characterization 

5.4.3.1 Control reactions examining effect of reaction protocol on 

concentration/yield 

The profile of concentration/yield under two different regimes was examined, in order to 

gain information on the cause of the unexpected trend. To determine whether this was due 

to difficulty in reaching steady state, a reaction with a “pre-filled” reactor was attempted, 

and a reaction simply using a larger volume of stock solution (50 mL rather than 25 mL). 

The results of these reactions are shown below (Figure 5.9), whereby a similar trend was 

still observed, leading to the conclusion that this is not the cause of the unexpected 

behaviour. 

 

 

Figure 5.9. Two control experiments: a) Rather than starting with a solvent-filled reactor and swapping the 

pump input to reaction mixture, a 50 mL solution of reaction mixture was circulated through the reactor, to 

ensure a constant concentration, prior to turning on the LEDs. b) The standard reaction procedure was used, 

but with a 50 mL solution of reaction material, rather than 25 mL. 
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5.4.3.2 Comparison of background reaction between two reactors 

In order to determine the cause of the unusual concentration/yield profiles observed (as 

described in the manuscript), a comparison was carried out, whereby the reaction without 

carbon nitride photocatalyst (background reaction only) was performed in the HANUTM 

reactor and Corning Lab Photo Reactor. The resulting trends are shown below (Figure 5.10 

and Figure 5.11). The difference in concentration/yield trends implies that this behaviour is 

due to the characteristics of the reactor.  

 

Figure 5.10. Results of the background reaction performed in the HANUTM reactor, without carbon nitride 

photocatalyst. This demonstrates the trend of increasing yield over time, irrespective of concentration. 
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Figure 5.11. Results of the background reaction performed in the Corning Lab Photo reactor using 395 nm 

lamps, without carbon nitride photocatalyst. This demonstrates the expected trend of increasing yield with 

increasing concentration. 

 

5.4.3.3 Correlation between pulsation amplitude and displaced volume 

An array of experiments was carried out in order to determine the physical correlation 

between the pulsation amplitude generated by the pulsator and the corresponding displaced 

volume. For this purpose, a 50 cm length of PFA tubing (1/4” o.d., ~3.2 mm i.d.) was 

installed after the pulsator and attached to a ruler (see Figure 5.12). The system was filled 

with toluene, then a solution of methylene blue in water was pumped through to provide a 

liquid/liquid biphasic mixture inside the aforementioned tubing. In absence of any net flow 

rate, the pulsator was switched on, allowing the colored slugs to move back and forth inside 

the tube. The overall motion was recorded using a camera set at high frame per seconds rate 

(240 FPS) giving the possibility to calculate the resulting displaced volume for the selected 

pulsation amplitude. 
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Figure 5.12. Tubing installed after the pulsator, attached to a ruler for the displaced volume determination. a) 

Initial position of the considered tracer slug after the backward pulsation. b) Final position of the considered 

tracer slug after the forward pulsation. 

A linear relationship was observed between the pulsation amplitude and the displaced 

volume in absence of any net flow rate (Figure 5.13). 

 

 
Figure 5.13. Correlation between pulsation amplitude and displaced volume. 
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5.4.3.4 Residence Time Distribution (RTD) experiments 

Residence time distribution (RTD) experiments were performed as shown in Scheme 5.2. 

Rose Bengal was used as a tracer in DMAc solution (10-4 M concentration) and injected via 

a Y-piece mixer between the metering pump and the pulsator, in a carrier stream of pure 

DMAc. An in-line UV/Vis flow cell was installed after the back pressure regulator and 

connected to a spectrometer. Both the reaction setups for the screening experiments (see 

Figure 5.7) and for the scale-out experiment (see Figure 5.16) have been characterized in 

terms of RTD. 

 

 

Scheme 5.2. Flow diagram showing the setup for the RTD experiments. 
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The RTD profiles for the screening experiments setup are shown in Figure 5.14 and the 

profiles for the scale-out setup are shown in Figure 5.15 

 

 

 

 

Figure 5.14. RTD profiles at 563 nm in DMAc for the screening experiments setup. Conditions: flow rate = 1 

mL/min, backpressure = 3 bar, tracer injected volume = 2 mL, optical path length = 1 cm. a) Experiments 

performed at 100% pulsation frequency and different pulsation amplitudes. b) Experiments performed at 

different pulsation frequencies. 
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Figure 5.15. RTD profiles at 563 nm in DMAc for the scale-out setup. Conditions: flow rate = 0.75 mL/min, 

backpressure = 3 bar, tracer injected volume = 1 mL, optical path length = 1 cm. a) Experiments performed at 

100% pulsation frequency and different pulsation amplitudes. b) Experiments performed at different pulsation 

frequencies. c) Experiments performed at different flow rates (at 25°C, unless differently stated). 

-0,1

0,1

0,3

0,5

0,7

0,9

1,1

1,3

1,5

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Time (min)

a No pulsation

<5% ampl

20% ampl

30% ampl

50% ampl

70% ampl

-0,1

0,4

0,9

1,4

1,9

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Time (min)

b <5% ampl_20% freq

<5% ampl_50% freq

<5% ampl_100% freq

20% ampl_100% freq

20% ampl_50% freq

no pulsation

-0,1

0,1

0,3

0,5

0,7

0,9

0 50 100 150 200

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Time (min)

c 0.75 mL/min

0.75 mL/min - 50°C

0.50 mL/min

0.25 mL/min

1.00 mL/min



 

Chapter 5 
 

322 

From each of these RTD profiles, the dimensionless Bodenstein (Bo) number was calculated, 

consisting of the mean residence time (𝑡̅ ) multiplied by two, divided by the variance (𝜎2): 

𝐵𝑜 =
2 · 𝑡̅

𝜎2
   

 

The variance can be calculated from a given RTD experiment using the following formula: 

𝜎2 =
∑ 𝑡𝑖

2 · 𝐶𝑖 · ∆𝑡

∑ 𝐶𝑖 · ∆𝑡
− 𝑡̅2 

 

A Bo value greater than 100 indicates that plug flow behavior is exhibited.62 

 

Table 5.4. RTD experiments in the scale-out setup, performed under different pulsation and flow settings, with 

their corresponding Bodenstein (Bo) numbers, to characterize the extent of axial dispersion in each case. Higher 

Bo corresponds to a lesser extent of back mixing. 

Entry 
Flow rate 
(mL/min) 

Pulsation 
Amplitude 

(mL/%) 

Pulsation 
Frequency 

(Hz/%) 

Bodenstein 
number 

1 0.75 0 / 0 0/0 48 

2 0.75 0.04 / <5 3 / 100 128 

3 0.75 0.12 / 20 3 / 100 35 

4 0.75 0.16 / 30 3 / 100 16 

5 0.75 0.24 / 50 3 / 100 13 

6 0.75 0.32 / 70 3 / 100 10 

7 0.75 0.04 / <5 1.5 / 50 153 

8 0.75 0.04 / <5 0.6 / 20 184 

9 0.75 0.12 / 20 1.5 / 50 32 

10 0.25 0.12 / 20 1.5 / 50 23 

11 0.5 0.12 / 20 1.5 / 50 25 

12 1 0.12 / 20 1.5 / 50 76 

13a 0.75 0.12 / 20 1.5 / 50 33 
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5.4.4 General procedure for the model reaction: screening 

experiments and scale-out 

 

 

Scheme 5.3. Flow diagram showing general reaction setup for screening experiments. 

 

The LED array, equipped with 460 nm LEDs, was switched on and the reaction plate 

thermostat was set to 50 °C. A mixture of ethyl 4-bromobenzoate 1 (5 mmol, 1 equiv), 

pyrrolidine 2a (15 mmol, 3 equiv), CN-OA-m (3.33 mg/mL with respect to the solvent, 83.2 

mg), nickel(II) bromide trihydrate (0.125 mmol, 2.5 mol%), 4-ethylbiphenyl (internal 

standard, 0.5 mmol, 0.1 equiv) was made up in N,N-dimethylacetamide (25 mL total volume 

in a flask, [1]0 = 0.2 M). Using the back pressure regulator, a pressure of 3 bar was set. The 

reaction mixture was degassed prior to use by sparging with an argon balloon for 15 minutes, 

then pumped through the reactor at 0.75 mL/min flow rate, corresponding to 20 min 

residence time. The pulsator was set to 20% (0.12 mL) pulsation amplitude and 50% (1.5 

Hz) pulsation frequency. Samples were collected over the time for analysis by HPLC, after 

filtration (0.45 μm syringe filter).  

 

For the scale-out experiment, the setup shown in Figure 5.16 was used. A mixture of ethyl 

4-bromobenzoate 1 (75 mmol, 1 equiv), pyrrolidine 2a (225 mmol, 3 equiv), CN-OA-m 

(3.33 mg/mL, with respect to the solvent, 832 mg),  nickel(II) bromide trihydrate (1.88 

mmol, 2.5 mol%), 4-ethylbiphenyl (internal standard, 7.5 mmol, 0.1 equiv) was made up in 

N,N-dimethylacetamide (250 mL total volume in a flask, [1]0 = 0.3 M). Using the back 

pressure regulator, a pressure of 3 bar was set. The reaction mixture was degassed prior to 

use by sparging with an argon balloon for 30 minutes, then pumped through the reaction 

plate at 0.75 mL/min flow rate, corresponding to 20 min residence time, 20% (0.12 mL) 

pulsation amplitude and 50% (1.5 Hz) pulsation frequency. In order to avoid particle settling 
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in the tubing, a vibrating motor (Figure 5.17) was installed on the peristaltic pump inlet and 

a small argon bubble was introduced to the system from the headspace of the starting mixture 

vessel every 15 minutes. Samples were collected over the time for analysis by HPLC, after 

filtration (0.45 μm syringe filter). The processed mixture, containing compound 3a, was 

collected in the steady state over 270 min (4 hours and 30 min, from minute 50 to minute 

320, providing a theoretical yield of 60.75 mmol, see Figure 5.18). 

The crude reaction mixture was centrifuged at 6000 rpm for 5 minutes and the liquid phase 

was carefully separated before being diluted with water and extracted with ethyl acetate. The 

combined organic phases were washed with water, NaHCO3 saturated solution and brine, 

dried over sodium sulfate and concentrated. The crude product was purified by trituration 

with petroleum ether and filtration to give the corresponding aryl amino compound 3a. 

 

 

Figure 5.16. Photograph of commercial photoreactor setup for the scale-out experiment: a) metering peristaltic 

pump (Vapourtec); b) pulsator; c) reactor module housing, within the reaction plate and the LED module on 

the top; d) backpressure regulator with pulsation dampener; e) temperature control for the reactor (Huber). 
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Figure 5.17. Photograph of commercial vibrating motor and the battery power supply installed on the 

peristaltic pump inlet.48 

 

 

Figure 5.18. HPLC yield profile of the model reaction samples collected over the run time. 

 

Ethyl 4-(pyrrolidin-1-yl)benzoate (3a). Prepared according to the scale-

out procedure C1. The product 3 was obtained as an off-white solid (12.05 

g, 90% yield). The characterization of the compound matches the data 

reported in the literature.27 
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Figure 5.19. Photograph of the isolated coupling product 3a. 
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5.4.5 General procedure for the tetracaine precursor synthesis: 

Screening experiments and isolation run 

 

 

Scheme 5.4. Flow diagram showing the reaction setup for the tetracaine intermediate 3b synthesis. 

 

The LED array, equipped with 460 nm LEDs, was switched on and the reaction plate 

thermostat was set to 80 °C. A mixture of ethyl 4-bromobenzoate 1 (10 mmol, 1 equiv), 

butylamine 2b (30 mmol, 3 equiv), CN-OA-m (3.33 mg/mL with respect to the solvent, 83.2 

mg), nickel(II) bromide trihydrate (0.5 mmol, 5 mol%), 4-ethylbiphenyl (internal standard, 

1 mmol, 0.1 equiv) was made up in N,N-dimethylacetamide (25 mL total volume in a flask, 

[1]0 = 0.4 M). Using the back pressure regulator, a pressure of 3 bar was set. The reaction 

mixture was degassed prior to use by sparging with an argon balloon for 15 minutes, then 

pumped through the reactor at 0.25 mL/min flow rate, corresponding to 60 min residence 

time. Samples were collected over the time for analysis by HPLC, after filtration (0.45 μm 

syringe filter).  

 

For the isolation run experiment, setup shown in Figure 5.16 was used. A mixture of ethyl 

4-bromobenzoate 1 (30 mmol, 1 equiv), butylamine 2b (90 mmol, 3 equiv), CN-OA-m (3.33 

mg/mL with respect to the solvent, 250 mg),  nickel(II) bromide trihydrate (1.5 mmol, 5 

mol%), 4-ethylbiphenyl (internal standard, 3 mmol, 0.1 equiv) was made up in N,N-

dimethylacetamide (75 mL total volume in a flask, [1]0 = 0.4 M). Using the back pressure 

regulator, a pressure of 3 bar was set. The reaction mixture was degassed prior to use by 

sparging with an argon balloon for 30 minutes, then pumped through the reactor at 0.25 

mL/min flow rate, corresponding to 60 min residence time. In order to avoid particles settling 

in the tubing, a vibrating motor (Figure 5.17) was installed on the peristaltic pump inlet and 

a small argon bubble was let enter to the system from the headspace of the starting mixture 

vessel every 15 minutes. Samples were collected over the time for analysis by HPLC, after 

filtration (0.45 μm syringe filter). The processed mixture, containing compound 3b, was 
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collected in the steady state over 80 min (from minute 140 to minute 220, providing a 

theoretical yield of 8 mmol, see Figure 5.20). 

The crude mixture was centrifuged at 6000 rpm for 5 minutes and the liquid phase was 

carefully separated before being evaporated under reduced pressure. The residue was 

purified by column chromatography (petroleum ether/ethyl acetate 80:20) to give the 

corresponding tetracaine precursor 3b. 

 

 

Figure 5.20. HPLC yield profile of the tetracaine precursor samples collected over the run time. 

 

Ethyl 4-(butylamino)benzoate (3b). Prepared according to the 

isolation run procedure C2. The product 3b was obtained as white 

solid (1.49 g, 84% yield). The characterization of the compound 

matches the data reported in the literature.69 
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5.4.6 Optimization of the reaction conditions for the model 

reaction 

A series of optimization experiments were performed using ethyl 4-bromobenzoate (1) and 

pyrrolidine (2a) as model reagents in order to explore the reaction parameters. These 

experiments were carried out following General Procedure 5.4.4. Yields were determinate 

by calibrated HPLC analysis using 4-ethylbiphenyl as the internal standard: 

[𝟑𝒂] =  (
𝐴𝑟𝑒𝑎 (𝟑𝒂)

𝐴𝑟𝑒𝑎 (𝐼𝑆)
− 𝑐) ×

[𝐼𝑆]

𝑘
 

 

Figure 5.21. HPLC calibration curve for the model reaction. 
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Table 5.5. Screening of the reaction parameters (residence time, temperature and pulsation amplitude and 

frequency). Reactions were performed on 5 mmol scale, 25 mL stock solution. [a]Yields were determined by 

HPLC using 4-ethylbiphenyl as the internal standard at the concentration maximum. [b]50% LED power. 

 

Entry 
Residence 

Time 
Temperature 

Pulsation 
Amplitude 

Pulsation 
Frequency 

Yield[a] 

1 15 min 40°C 70% 100% 66% 

2 15 min 50°C 70% 100% 77% 

3 15 min 50°C 30% 100% 83% 

4 15 min 50°C 20% 100% 86% 

5 20 min 50°C 20% 100% 94% 

6 20 min 50°C 20% 50% 99% 

7 20 min 50°C 20% 50% 89%[b] 
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A series of experiments were performed to optimize the pulsation amplitude in order to find 

a suitable match between an appropriate carbon nitride dispersion and the minimum 

longitudinal diffusion (back mixing). For the physical correlation between the numerical 

values of the pulsation amplitude and the displaced volume see 5.4.3.3. 

 

Figure 5.22. Effect of the pulsation amplitude. Reaction conditions: 15 min residence time, 50°C. Yields and 

concentrations were determined by HPLC using 4-ethylbiphenyl as the internal standard. 

 

Figure 5.23. Effect of the pulsation frequency. Reaction conditions: 20 min residence time, 50°C. Yields and 

concentrations were determined by HPLC using 4-ethylbiphenyl as the internal standard. 
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Figure 5.24. Concentration/yield profile of the reaction performed in the new setup at 0.3 M. Reaction 

conditions: 20 min residence time, 50°C. Yields and concentrations were determined by HPLC using 4-

ethylbiphenyl as the internal standard. 
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5.4.7 Optimization of the reaction conditions for the tetracaine 

precursor synthesis 

A series of optimization studies were performed using ethyl 4-bromobenzoate (1) and 

butylamine (2b) as reagents to prepare the tetracaine precursor (3b) at 20% pulsation 

amplitude and 50% pulsation frequency. These experiments were carried out following 

General Procedure 5.4.5. Yields were determinate by calibrated HPLC analysis using 4-

ethylbiphenyl as the internal standard. 

[𝟑𝒃] =  (
𝐴𝑟𝑒𝑎 (𝟑𝒃)

𝐴𝑟𝑒𝑎 (𝐼𝑆)
− 𝑐) ×

[𝐼𝑆]

𝑘
 

 

Figure 5.25. HPLC calibration curve for the tetracaine precursor. 
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Table 5.6. Screening of the reaction parameters (residence time, temperature, concentration, Ni loading) for 

the tetracaine precursor synthesis. Reactions were performed on 5 to 10 mmol scale, 25 mL stock solution at 

20% pulsation amplitude and 50% pulsation frequency. CN-OA-m loading was kept the same for all the 

experiments carried out. [a]Yields were determined by HPLC using 4-ethylbiphenyl as the internal standard at 

the concentration maximum. 

 

Entry 
Residence 

Time 
Temperature Concentration NiBr2·3H2O Yield[a] 

1 20 min 60°C 0.2 M 2.5 mol% 24% 

2 20 min 60°C 0.3 M 2.5 mol% 30% 

3 20 min 60°C 0.4 M 5 mol% 38% 

4 60 min 60°C 0.4 M 5 mol% 69% 

5 60 min 73°C 0.4 M 5 mol% 85% 

6 60 min 80°C 0.4 M 5 mol% 94% 

 

 

Figure 5.26. Effect of the temperature. Reaction conditions: 60 min residence time, 5 mol% NiBr2·3H2O, 

0.4 M. Yields and concentrations were determined by HPLC using 4-ethylbiphenyl as the internal standard. 
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5.4.8 Particle size distribution (PSD) of CN-OA-m 

In order to determine the particle size distribution (PSD) of the CN-OA-m, a series of Laser 

Diffraction (LD) measurements were carried out. Preliminarily, a mixture of CN-OA-m in 

DMAc (3.33 mg/mL) was pumped through the reaction system (screening experiments 

setup, Figure 5.7) at 0.75 mL/min, 20% pulsation amplitude and 50% pulsation frequency to 

simulate a reaction. Therefore, the particles that can pass through the apparatus can be 

separated from those which in the tubing after the reactor. The latter ones were finally 

removed by flushing the system at 10 mL/min flow rate and maximum pulsation. The two 

materials were individually collected, analyzed by LD using the parameters defined in 

section 5.4.1 and compared with the unprocessed CN-OA-m. The resulting PSD profiles are 

shown in Figure 5.27. 

The D10, D50 and D90 values for these particles were recorded: 

D10 = Diameter at which 10% of particles are smaller. 

D50 = Median particle diameter. 

D90 = Diameter at which 90% of particles are smaller. 

 

The particles passed through the system have shown a PSD centered on ≈ 5 μm (D10 = 0.9 

μm, D50 = 4.3 μm, D90 = 15 μm, Figure 5.27 b). On the other hand, particles which stuck 

in the tubing have shown a PSD centered on ≈ 20 μm (D10 = 7 μm, D50= 20 μm, D90 = 40 

μm, Figure 5.27 c). Both the distributions are present in the unprocessed CN-OA-m PSD 

(Figure 5.27 a).  

Ball milling of the material was attempted (Retsch MM 400 mill) in efforts to reach a single 

size distribution, but this failed to show any change from the original PSD (Figure 5.27 a).  
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Figure 5.27. PSD profiles obtained from LD analysis. a) unprocessed CN-OA-m; b) particles passed through 

the reactor system; c) particles which stuck in the tubing after the reactor. 
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Copies of NMR spectra of isolated compounds 

Copies of NMR spectra of isolated compounds are available in the Supporting Information 

through the website of the Publisher. DOI: https://doi.org/10.1039/D0RE00036A 
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Abstract 

Metallaphotocatalysis typically requires a photocatalyst to harness the energy of visible-light 

and transfer it to a transition metal catalyst to trigger chemical reactions. The most prominent 

example is the merger of photo- and nickel catalysis that unlocked various cross-couplings. 

The high reactivity of excited photocatalyst can, however, lead to unwanted side reactions 

limiting this approach. Here we show that a bipyridine ligand that is subtly decorated with 

two carbazole groups forms a nickel complex that absorbs visible-light and promotes several 

carbon–heteroatom cross-couplings in absence of an exogenous photocatalysts. The ligand 

can be polymerized in a simple one-step procedure to afford a porous organic polymer that 

can be used for heterogeneous nickel catalysis in the same reactions. The material can be 

easily recovered and reused multiple times maintaining high catalytic activity and 

selectivity. 

  



 

Chapter 6 
 

346 

Specific contribution 

Dr. B. Pieber, C. Cavedon and I conceived the idea behind the project.  

N. Richter, C. Cavedon and I verified the feasibility of this approach by screening and 

optimizing the coupling protocols.  

C. Cavedon and I evaluated the scope and limitations of the C–S, C–N and C–O protocols.   

S. Vogl synthesized the homogeneous and polymeric ligand and performed material 

characterizations.  

I studied the recycling of the heterogeneous catalytic system.  

C. Cavedon and I organized the data and wrote the manuscript. 

Dr. B. Pieber, Prof. A. Thomas and Prof. P. H. Seeberger revised and corrected the 

manuscript. 

  



 

Chapter 6 
 

347 

6.1 Introduction 

Strategic carbon–carbon and carbon–heteroatom bond formations are among the most 

important transformations in the synthesis of fine chemicals.1-2 Nickel catalysts are 

intensively studied as an abundant alternative to palladium catalysts, but reductive 

elimination is challenging limiting this approach.3-4 This problem was successfully tackled 

by combining nickel- and photocatalysis (Figure 6.1, a).5-7 Suitable photocatalysts for dual 

photo/nickel catalytic carbon–heteroatom cross-couplings range from ruthenium and iridium 

polypyridyl complexes and organic dyes to heterogeneous semiconductors.6 Moreover, 

nickel complexes and visible-light photocatalysts were combined in bifunctional 

heterogeneous materials, such as metal-organic frameworks,8-9 organic polymers,10 or 

functionalized semiconductors.11-14 Although dual photo/nickel catalytic is attractive, the 

need of a photocatalyst is a drawback. Common, homogeneous noble-metal based 

photocatalysts that are mainly applied are expensive, not easily recyclable and unsustainable. 

Moreover, their high reactivity upon excitation can trigger unwanted side-reactions15 and 

deactivation of the nickel catalyst,16 resulting in low selectivities and severe reproducibility 

issues. 

The first mechanistic hypothesis for dual photo/nickel catalyzed carbon–heteroatom cross-

couplings suggested that energy- or electron transfer between the photocatalyst and a 

thermodynamically stable NiII intermediate triggers reductive elimination of the desired 

product.6, 17 Recently, this proposal was withdrawn by several studies, which provided 

evidence that these reactions proceed through NiI/NiIII cycles without a NiII resting state.18-

21 Doyle and colleagues showed that upon absorption of light, NiII(dtbbpy) aryl halide 

complexes (dtbbpy = 4,4’-di-tert-butyl-2,2’-bipyridyl) undergo Ni–aryl homolysis to form 

a catalytically active NiI catalyst.22-23 This observation was expanded to a synthetic protocol 

for C–O and C–N cross-couplings using UV-light irradiation.24-25 More recently, pulse 

radiolysis together with spectroelectrochemistry indicated that Ni0/NiII comproportonation 

generates a NiI bipyridyl species that rapidly undergoes oxidative addition with 

iodobenzene.21 Moreover, Nocera and coworkers showed that sub-stoichiometric amounts 

of zinc can be used instead of a photocatalyst and light for C–N and C–O cross-couplings.26 

Here, the metal reductant was proposed to generate the active NiI catalyst from a NiII pre-

catalyst that engages in a thermally sustained NiI/NiIII cycle.  
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Based on these mechanistic findings, we questioned whether a visible-light-mediated 

approach to nickel-catalyzed carbon–heteroatom cross-couplings without an exogenous 

photocatalyst or reductant is feasible. The development of a benchstable NiII pre-catalyst 

that can be directly activated by visible-light would overcome the drawbacks associated with 

the price and reactivity of many photocatalysts without using highly energetic UV-light. We 

hypothesized that this can be realized via the modification of a bipyridyl ligand with a 

structural motif that extends the absorption of an in situ formed NiII pre-catalyst to visible-

light. We speculated that such a complex might form the key NiI species upon irradiation 

through, for example, homolytic fission of a Ni-halogen bond, or intramolecular charge 

transfer.  

Here we show that this can be indeed achieved by decorating 2-2’-bipyridine with two 

carbazole units (Figure 6.1, b). This ligand enables visible-light-mediated cross-couplings 

of several nucleophiles with aryl halides. Moreover, we demonstrate that the ligand can be 

polymerized to yield a conjugated microporous polymer that serves as a recyclable 

heterogeneous macroligand for metallaphotocatalytic carbon–heteroatom couplings. 

 

Figure 6.1. Strategies for visible-light mediated nickel catalyzed carbon–heteroatom cross-couplings. a, 

Dual photo/nickel catalysis requires exogenous photocatalysts. b, Visible-light-mediated nickel catalysis 

through ligand modification (this work). 
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6.2 Ligand design and evaluation 

NiII(dtbbpy) aryl halide complexes catalyze cross-couplings using UV-light (390 nm 

LEDs).22-23 These catalysts are synthesized from Ni(COD)2 using glove-box- or Schlenk 

techniques,22-23 which, together with the constraint to high energy photons, limits their 

practicability. In dual photo/nickel catalysis, on the contrary, Ni(2,2’-bipyridyl)X2 (X = Cl, 

Br) complexes that form in situ from cheap, benchstable NiII salts and the corresponding 

ligand can be used. 5-7 The UV-Vis absorption spectrum of a mixture of NiCl2∙glyme (glyme 

= 1,2-dimethoxyethane) and dtbbpy in DMAc (N,N-dimethylacetamide) shows that the 

resulting complex only absorbs light below 320 nm (Fig. S5). To shift the absorption towards 

the visible-light spectrum, we synthesized 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy) via a 

copper-catalyzed Ullmann coupling between 5,5’-dibromo-bipyridine and 9H-carbazole 

(Figure 6.2, a).27 The UV-Vis spectrum of czbpy shows a strong absorption band centered 

at ~350 nm (Figure 6.8). More importantly, dissolving NiCl2·glyme and czbpy in DMAc 

resulted in a complex that absorbs visible-light up to 450 nm (see chapter 6.5). 

This single, high yielding modification of a commercially available bypridine derivative 

resulted in an in situ formed nickel catalyst which mitigates the necessity of exogeneous 

photocatalysts (Figure 6.2, b). The ligand was suitable for the coupling of aryl halides with 

sulfinates, carboxylic acids, and sulfonamides. The coupling of 4-iodobenzotrifluoride and 

a sodium sulfinate salt (C–S coupling), which was previously reported using combinations 

of a nickel catalyst with iridium28 or ruthenium29-30 polypyridyl complexes as photocatalyst, 

afforded sulfone 1 in excellent yield after 22 h irradiation with blue light (440 nm, entry 1). 

No conversion was detected when the reaction was carried out in the dark (entry 2). 

Sodium sulfinates and aryl halides can assemble in electron-donor acceptor (EDA) 

complexes and afford sulfones upon UV light irradiation.31 Accordingly, even in absence of 

NiCl2·glyme small amounts of 1 were formed (entry 3), due to partial emission in the UV 

region of the light source. When 2,2’-bipyridine (bpy), 9H-carbazole or a combination of 

bpy and 9H-carbazole were used, the desired product was also formed, although with 

significantly lower selectivity (entry 4-6).  

The C–O arylation of 4-iodobenzotrifluoride with N-Boc-proline under optimized conditions 

resulted in 88% of the desired product (2). No product formation was observed in the dark, 

without NiCl2·glyme, or when 9H-carbazole was used as ligand (entry 8-10). While 

optimized conditions resulted in 88% of the desired product (2), only small amounts (<10 
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%) of 2 were formed using bpy, or bpy together with 9H-carbazole (entry 9, 11). This 

supports our hypothesis that czbpy enables activation of nickel catalysts with wavelengths 

above 400 nm, which are not accessible to bpy complexes.  

Under optimized conditions, the light-mediated, nickel-catalyzed N-arylation of 

sulfonamides afforded 3 in 75% yield (entry 13). Light and the nickel salt were crucial for 

product formation (entry 13-14). Partial consumption of the starting material in the absence 

of a nickel salt (entry 15) might be a result of a photocatalytic activation of aryl iodides.15 

Product formation was not detected using bpy as ligand (entry 17), but significant amounts 

of 3 were obtained in presence of 9H-carbazole (entry 16) or a combination of 9H-carbazole 

and bpy (entry 16, 18). Although such reactivity was not observed in the other coupling 

protocols, this effect might result from formation of photoactive Ni-carbazole complexes. It 

was recently shown that carbazole acts as a strong σ-donating ligand that reduces the energy 

difference in MLCT transitions that account for light absorption of nickel complexes.32-33 

Electron paramagnetic resonance (EPR) spectroscopy was carried out to shed some light on 

the reaction mechanism. Up to two signals were found depending on the solution 

composition in frozen solution (see SI). The first signal with a linewidth of approx. 20 G 

was found in all solutions and appeared to be light-independent. We assign this signal to a 

CuII∙czbpy complex, owing to a residual Cu contamination from the ligand preparation 

process (~ 1 mg g-1 as measured by ICP-OES analysis). A second, narrow signal occurred 

upon illumination and rapid freezing to <25 K, when at least Ni∙czbpy and an aryl iodide (4-

iodobenzotriflouride) were present. A kinetic analysis of a related protocol using exogenous 

photocatalysts showed a rate dependence on the aryl halide, which was assigned to a direct 

photocatalytic activation.15  Due to its nature (microwave power saturation and linewidth), 

the light-dependent EPR-signal is of organic origin without involvement of Ni. Therefore 

we tentatively assign this signal to an elusive paramagnetic species that results from a light-

induced reaction between a Ni∙czbpy species and the aryl iodide, suggesting that the aryl 

iodide may play a role in the activation of the pre-catalyst. No signal for the proposed NiI 

intermediate was detected, which can be rationalized instability of such three-coordinate Ni 

halide complexes, or rapid oxidative addition.21 
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Figure 6.2 │Ligand synthesis, optimized reaction conditions and control experiments. a, The ligand for 

photocatalyst-free, visible-light-mediated nickel catalysis was synthesized via an Ullmann C–N coupling. b, 

Optimized Conditions and control experiments for the coupling of 4-iodobenzotrifluoride with sodium p-

toluensulfinate, N-Boc-proline and p-toluensulfonamide. 
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6.3 Scope and limitations 

Next, we explored the scope and limitations of photocatalyst-free, visible-light-mediated 

carbon–heteroatom cross-couplings (Table 6.1). Several aromatic sulfinate salts were 

successfully coupled with 4-iodobenzotrifluoride (Table 6.1, a, 1, 4-7). Optimized reaction 

conditions did not result in the desired product using sodium methane sulfinate. It is 

noteworthy that this substrate was earlier reported as a successful coupling partner when  

NiCl2·bpy was used in combination with tris(2,2’-bipyridyl)dichlororuthenium(II) 

hexahydrate as exogenous photocatalyst.29 With regard to the aryl iodide, the reaction 

affords the corresponding sulfones in presence of electron withdrawing groups such as 

trifluoromethyl (1), nitrile (8), ketone (9-11), amide (12), boron pinacolate ester (13), and 

methyl ester (14). Para- (9) and ortho- (11) substitution showed similar reactivity, whereas 

meta-substitution (10) required a longer reaction time for full conversion. Electron-rich aryl 

iodides, such as 4-iodotoluene (15) and 4-iodoanisole (16), were suitable substrates and the 

presence of an unprotected amine group (17) was tolerated. Coupling of 2-iodothiophene 

(18) and 4-iodopyridine (19) showed that heteroaryl iodides are suitable substrates.  

A comparison of different aryl halides showed that an aryl iodide reacts significantly faster 

than the corresponding bromide (14). This is in contrast to dual nickel/photocatalytic 

protocols, in which iodides and bromides exhibit similar reactivity.28, 30 Aryl chlorides 

undergo nickel/photocatalytic reactions when more electrondonating ligand 4,4’-dimethoxy-

bpy is used,28 but czbpy was not suitable for aryl chloride. These observations were applied 

for selective couplings of aryl iodides that contain a chloride (20) or a bromide substituent 

(21). Moreover, diarylated product 22 was synthesized from 1,4-diiodobenzene using 3 

equivalents of sodium p-toluensulfinate. 

Good to excellent isolated yields were obtained for the C–O arylation of 4-

iodobenzotrifluoride with aliphatic and aromatic carboxylic acids (Table 6.1, b, 2, 23-26). 

Further, a range of aryl iodides containing electron-withdrawing groups afforded the 

corresponding products (2, 27-35). The influence of substituents on reactivity is highlighted 

by the longer reaction times required for the coupling of meta-substituted (27, 29, 31) aryl 

iodides, compared to their para-substituted analogues (28, 30, 32). The coupling of ortho-

substituted aryl iodides was not possible in case of 2-iodoacetophenone, 2-iodobenzonitrile, 

but 36 was successfully synthesized from methyl 3-methyl-4-iodobenzoate. A heteroaryl 

iodide was also susceptible to the optimized reaction conditions (38). High electron densities 
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on the aryl iodide decreased their reactivity towards the C–O coupling, as showcased for the 

series 4-iodobenzene (38), 4-iodotoluene (39) and 4-iodoanisole (40). Similar to the C–S 

coupling described above, aryl iodides work best in the reaction (32, 90% from Ar-I). The 

reaction is rather slow using the corresponding bromide (46% NMR yield from Ar-Br), and 

a chloride afforded only traces of the desired product. As a result, 1-chloro-4-iodobenzene 

(41) coupled selectively on the iodo-position, but 1-bromo-4-iodobenzene reacted 

unselectively. All of these results are in agreement with previous reports on the dual 

nickel/photocatalytic cross-coupling of carboxylic acids with aryl halides, indicating that the 

photocatalyst-free strategy follows a similar mechanism.11, 15, 26, 34-35 

Aromatic as well as aliphatic sulfonamides (3, 42-46) gave selective C–N cross-couplings 

with 4-iodobenzotrifluoride (Table 6.1, c), even though long reaction times were necessary 

in case of electron-withdrawing groups (43, 46). In contrast to the previous C–S and C–O 

coupling, reactivity is not affected by the substitution pattern of the aryl iodide (47-49, 54) 

or by the presence of either electron-withdrawing or electron-donating functional groups (3, 

47-53, 56-58). Heteroaryl halides are problematic substrates in dual nickel/photocatalytic 

sulfonamidation protocols and require a ligand-free approach at elevated temperature.36 

Under our optimized conditions 3-iodopyridine gave 55 in good yield, but no product was 

observed for 2-iodothipohene. Aryl bromides were previously coupled with sulfonamides 

using combinations of nickel and iridium catalysts.36 Our screening of different halides, 

showed that bromides are suitable substrates but reactivity of iodides is superior (52, 84% 

from Ar-I, 31% NMR yield from Ar-Br within 24h). Aryl chlorides are not reactive and 59 

was obtained with good selectivity from 1-chloro-4-iodobenzene. 

Unfortunately this ligand was not suitable for the coupling of aryl halides with amines, thiols 

or alcohols that were previously reported using dual nickel/photocatalytic methods.6 

Attempts to form carbon–carbon bonds through coupling of aryl halides with 

borontrifluorides37 or α-silylamines38 were also unsuccessful or suffered from low selectivity 

(Table 6.31). 
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Table 6.1. Visible-light-mediated nickel-catalyzed C–S, C–O and C–N cross-couplings.a 

  
aReaction conditions: aryl halide (300 µmol), nucleophile (a, sodium sulfinate, 600 µmol; b, carboxylic acid, 450 µmol; c, sulfonamide, 

450 µmol), NiCl2·glyme (15 µmol), czbpy (15 µmol), base (b, N-tert-butylisopropylamine, 900 µmol; c, 1,8-diazabicyclo[5.4.0]undec-7-
ene, 450 µmol), solvent (a, DMAc, 6 mL; b, DMSO, 3 or 6 mL; c, DMSO, 6 mL), 440 nm LED (2 lamps at full power) at room temperature. 

Isolated yields are reported. NMR yields are in parantheses and were calculated via 1H-NMR analysis using 1,3,5-trimethoxybenzene or 

maleic acid as internal standard. n.d. = not detected. Bpin = boronic acid pinacolate ester. 
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6.4 Polymerization of czbpy for heterogeneous, visible-light-

mediated nickel catalysis 

Having shown that czbpy serves as a versatile ligand for visible-light-mediated cross-

couplings via homogeneous nickel-catalysis without an exogenous photocatalyst, we aimed 

to extend this approach to develop a heterogeneous, recyclable catalytic system.39 Defined 

porous materials are ideal candidates for immobilization of metal catalysts, as they enable 

optimal access to the catalytic sites. The microporous organic polymer network poly-czbpy 

was synthesized from czbpy via oxidative polymerization with iron(III) chloride and exhibits 

a Brunauer-Emmett-Teller surface area (SBET) of 853 m2 g-1 (Figure 6.3, a).40 In accordance 

with the literature,40 the chemical structure of poly-czbpy was confirmed by 13C CPMAS 

NMR spectroscopy (Figure 6.4) showing signals between 130 and 152 ppm, which verify 

the existence of bipyridine moieties within the structure. Additionally, at 137 ppm a signal 

corresponding to carbons in vicinity to carbazolyl nitrogen CAr-N was detected. Ni@poly-

czbpy was subsequently prepared by refluxing a suspension of poly-czbpy and NiCl2 in 

methanol. Investigation of the porosity by nitrogen sorption measurements after the 

metalation showed a decreased BET surface of 470 m2 g-1 due to the immobilization of the 

Ni(II) complex. Presence of nickel shifts the absorption of the material up to 650 nm (Figure 

6.3, b), while the metal-free ligand framework poly-czbpy absorbs until 550 nm. 

Characterization of Ni@poly-czbpy by X-ray photoelectron spectroscopy (XPS) confirmed 

successful immobilization of Ni(II) species on the polymeric material. The N 1s core 

spectrum (Fig. 3c) contains three signals for nitrogen: i) an intense peak at 400.4 eV 

corresponding to polymerized carbazole moieties, ii) a signal at 399.7 eV which is assigned 

to N-Ni coordination of the Ni(II)-complex and iii) a low-intensity peak at 400.2 eV deriving 

from bipyridine nitrogen species which are not coordinated to nickel. The Ni 2p spectrum 

(Figure 6.3, d) shows a doublet and its corresponding satellites. Peaks located at 855.6 eV 

and 873.3 eV are assigned to 2p3/2 and 2p1/2 signals for Ni(II) species, respectively. ICP-OES 

analysis indicated presence of 3.7% w/w of nickel on the material Ni@poly-czbpy, 

corresponding to an occupation of 40% of bipyridine functionalities. Furthermore, scanning 

electron microscopy (SEM) images of Ni@poly-czbpy show the morphology of the 

amorphous polymeric particles analyzed by elemental mapping (Figure 6.5). The images 

depict a homogeneous distribution of nickel, nitrogen and chlorine within the material. 
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After confirming that poly-czbpy is suitable to coordinate and immobilize nickel atoms, its 

use in the previously optimized coupling reactions was studied (Fig. 3e). The desired C–S, 

C–O and C–N coupling products were obtained by irradiation at 440 nm of mixtures of 

NiCl2·glyme (5 mol%) and poly-czbpy (5 mol%), but the selectivity of the reactions was 

lower than using homogeneous conditions.  

Next, we sought to study the recyclability of the heterogeneous catalytic system based on 

poly-czbpy. Poly-czbpy was recovered after the C–S coupling reaction by centrifugation and 

was, after washing, reused for the same reaction (Fig. 3f). Initial results confirmed that poly-

czbpy can be recycled ten times without significant loss in reactivity (orange bars). The 

addition of the nickel salt at each reaction cycle was unnecessary in a second set of 

experiments (green bars) and selectivity of the reaction improved upon washing and reusing 

the material without addition of fresh nickel salt (1st cycle: 78% yield, 2nd cycle: 90% yield). 

According to ICP-OES analysis, 40% of the pyridine sites in poly-czbpy coordinate to 

nickel. Therefore, equimolar amounts of nickel and poly-czbpy lead to an excess of unligated 

nickel in solution, which presumably has a detrimental effect on the selectivity. This was 

confirmed during a series of experiments using lower nickel salt/macroligand ratio (2.5 

mol% of NiCl2·glyme, 5 mol% poly-czbpy) that improved selectivity for all transformations 

(Table 6.23 – 6.25). A final recycling experiment in which 2.5 mol% of NiCl2·glyme was 

loaded only for the first reaction (Figure 6.3, f, blue bars) resulted in excellent yields for the 

C–S coupling reaction without significant loss in activity during ten recycling experiments.  

The 2p Ni XPS spectra (Figure 6.10) of the recycled catalyst confirm that the Ni(II) species 

remained intact within the polymer network demonstrating the recyclability of the material. 

The signals for the doublet were detected at 856.6 eV (2p3/2) and 874.6 eV (2p1/2), 

respectively. Furthermore, 1s N XPS core-level spectra (Fig. S7) show that by single 

addition of Ni(II) precursor predominantly the pyridinic nitrogen signal at 399.2 eV was 

detected due to relatively low amount of Ni(II) coordinated to bipyridine, while by adding 

Ni(II) after each cycle mainly Ni-N coordination signals at 399.7 eV occur. 
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Figure 6.3. Heterogeneous visible-light-mediated nickel catalysis with poly-czbpy. 

a, Preparation of the porous organic polymer poly-czbpy and metalation with nickel. b, Characterization of 

poly-czbpy and Ni@poly-czbpy by UV-visible spectroscopy. XPS analysis of Ni@czbpy: N 1s (c) and Ni 2p 

core-level spectra (d). e, Heterogeneous visible-light-mediated nickel catalysis using poly-czbpy. f, Recycling 

of the catalyst in the C–S coupling reaction. Reaction conditions: 4-iodobenzotrifluoride (300 µmol), sodium 

p-toluensulfinate (600 µmol), NiCl2·glyme (7.5-15 µmol), poly-czbpy (7.43 mg), DMAc (6 mL), 440 nm LED 

(2 lamps at full power) at room temperature. Yields were calculated via 1H-NMR analysis using 1,3,5-

trimethoxybenzene as internal standard. Orange: 5 mol% of NiCl2·glyme at each reaction cycle; green: 5 mol% 

of NiCl2·glyme only for the first cycle; blue: 2.5 mol% of NiCl2·glyme only for the first cycle. 

 

 

 



 

Chapter 6 
 

358 

6.5 Conclusion 

Combining a Ni(II) salt with czbpy results in a homogeneous complex that absorbs up to 

450 nm and enables visible-light-mediated carbon–heteroatom cross-couplings  without 

exogenous photocatalysts. Selective C–S, C–O and C–N bond formations were achieved by 

coupling aryl iodides with sodium sulfinates, carboxylic acids or sulfonamides, respectively.  

A porous organic polymer that was prepared by oxidative polymerization of czbpy, is 

suitable for immobilization of nickel and enables heterogeneous, visible-light-mediated 

nickel catalysis. The heterogeneous material recovered after the reaction can be reused, 

maintaining a high activity over 10 reaction cycles. EPR experiments indicated an 

involvement of the aryl iodide for the light-mediated activation of the pre-catalyst. Further 

investigations to understand the mechanism are currently underway in our laboratory. 
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6.6 Supporting information 

 

6.6.1 General remarks 

All reagents and solvents were purchased from commercial suppliers and used without 

further purification. Sodium 2-naphthalenesulfinate,41 sodium 4-tert-

butylbenzenesulfinate41 and 1-((trimethylsilyl)methyl)piperidine38 were prepared according 

to previously reported procedures. LED lamps for photocatalytic experiments were 

purchased from Kessil Lightning.42 1H-, 13C-, and 19F spectra were recorded on a Varian 400 

spectrometer (400 MHz, Agilent), an AscendTM 400 spectrometer (400 MHz, cryoprobe, 

Bruker) and a Varian 600 spectrometer (600 MHz, Agilent) at 298 K, and are reported in 

ppm relative to the residual solvent peaks. Peaks are reported as: s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet or unresolved, with coupling constants in Hz. Analytical 

thin layer chromatography (TLC) was performed on pre-coated TLC-sheets (ALUGRAM 

Xtra SIL G/UV254 sheets, Macherey-Nagel) and visualized with 254 nm light or staining 

solutions followed by heating. Purification of final compounds was carried out by flash 

chromatography using Silica 60 M (0.04-0.063 mm) silica gel (Sigmal Aldrich). UV/Vis 

spectra were recorded using a UV-1900 spectrometer (Shimadzu) for samples in solution 

and a Cary 5000 UV−Vis−NIR spectrometer (Agilent, USA) for solid samples. High-

resolution mass spectral data were obtained using a Waters XEVO G2-XS 4K spectrometer 

with the XEVO G2-XS QTOF capability kit (ESI) and a Micromass GC-TOF micro (Water 

Inc.) (EI). X-ray photoelectron spectroscopy (XPS) data were obtained from an ESCA-

Lab220i-XL electron spectrometer. The Brunauer−Emmett−Teller specific surface area 

(SBET) was calculated based on the nitrogen sorption isotherms collected at 77 K using a 3-

flex surface characterization analyzer (Micromeritics Instrument Corporation, USA). Nickel 

contents were measured by inductively coupled plasma-optical emission spectroscopy (ICP-

OES 715 ES, Varian, USA) after digesting the polymers in a mixture of nitric acid and 

sulfuric acid (V:V = 2:1).  
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6.6.2 Preparation czbpy, poly-czbpy and Ni@poly-czbpy 

 

 

5,5’-Di(9H-carbazol-9-yl)-2,2’-bipyridine (czbpy) was prepared by adapting a literature 

procedure.27  

In an Argon atmosphere, a mixture of 5,5’-dibromo-2,2’-bipyridine (500 mg, 1.59 mmol), 

carbazole (586 mg, 3.5 mmol), copper(I) iodide (61 mg, 0.32 mmol), 18-crown-6 (84 mg, 

0.32 mmol), potassium carbonate (549 mg, 3.98 mmol) in 1,3-dimethyl-3,4,5,6-tetrahydro-

2(1H)-pyrimidinone (DMPU, 1.67 mL) was placed in a pre-heated 100 mL Schlenk flask. 

The flask was connected to a reflux condenser before the mixture was stirred for 24 h at 190 

°C using an oil bath. The yellow reaction solution turned to a black viscous oil after 24 h, at 

which point was quenched with 2 M HCl (100 mL). The mixture was extracted with 

dichloromethane (2x125 mL) and washed with NH3·H2O (25%, 60 mL) and water (100 mL). 

The organic layer was dried over magnesium sulfate and the solvent was removed in vacuo. 

The crude product was purified by column chromatography on amino-functionalized silica 

gel (gradient 0-50% dichloromethane/cyclohexane). The obtained yellow solid was further 

purified by recrystallization from cyclohexane/dichloromethane (9:1) to afford the title 

compound as a light-yellow crystalline solid (540 mg, 1.11 mmol, 70 %).  

1H NMR (400 MHz, CDCl3) δ 9.03 (d, J = 1.8 Hz, 2H), 8.81 (d, J = 7.7 Hz, 2H), 8.19 (d, J 

= 7.7 Hz, 4H), 8.15 (dd, J = 8.4, 2.6 Hz, 2H), 7.55 – 7.44 (m, 8H), 7.36 (m, 4H). 13C NMR 

(101 MHz, CDCl3) δ 153.5, 147.5, 140.6, 135.5, 135.2, 126.6, 124.0, 122.5, 121.0, 120.8, 

109.6. HRMS (ESI) m/z calcd for C34H23N4 [(M+H)+] 487.1923, found 487.1918. This data 

are in full agreement with those reported in literature.43 
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Preparation of poly-czbpy 

The porous organic polymer poly-czbpy was prepared by oxidative polymerization of 5,5’-

di(9H-carbazol-9-yl)-2,2’-bipyridine (czbpy), according to literature.27 Under an Argon 

atmosphere, 5,5‘-di(9H-carbazol-9-yl)-2,2‘-bipyridine (200 mg, 0.41 mmol) was dissolved 

in anhydrous chloroform (30 mL) and was added dropwise to an iron(III) chloride (1200 mg, 

7.40 mmol, 18 eq) suspension in anhydrous chloroform (30 mL). The reaction mixture was 

stirred for 24 h at room temperature. Methanol (50 mL) was added to quench the reaction. 

The yellow solid was filtered off and was refluxed in a mixture of hydrochloric acid solution 

(6 M, 50 mL) and methanol (50 mL) for 24 h. The process was repeated 3 times before the 

filtration cake was washed with aqueous ammonia solution (10 wt%), water and methanol. 

The resulting yellow polymer was purified by Soxhlet extraction from methanol overnight 

and dried in a vacuum oven at 80 °C. The product was obtained as yellow powder (188 mg, 

95%). 

13C CPMAS NMR (100 MHz, 10 kHz, 25°C): δ = 152, 137, 130, 121, 106 ppm. 

SABET: 853 m2 g-1 

 

Preparation of Ni@poly-czbpy 

Poly-czbpy (100 mg, 0.21 mmol based on monomer) was dispersed in a methanolic solution 

of NiCl2 (42 mL, 5 mM) under inert atmosphere and refluxed for 24 hours while gently 

stirring. After filtration on a glass frit, the residue was washed with chloroform and dried in 

an oven at 80 ºC to afford Ni@poly-czbpy as a brown solid.  

SABET: 470 m2 g-1 
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Figure 6.4. 13C CPMAS NMR spectrum of poly-czbpy.  

 

 

 
Figure 6.5: Scanning electron microscopy and elemental mapping of Ni@poly-czbpy. Elemental 

mapping of carbon (green), nitrogen (pink), chlorine (blue) and nickel (yellow). 

 

6.6.3 Experimental setup for photochemical experiments 

Photochemical experiments involving visible light irradiation were carried out using Kessil 

PR160L-440 (440nm, blue light) or Kessil PR160L-525 (525 nm, green light) LED lamps 

with the respective power settings.42 One or two lamps were used, depending on the required 

light intensity to irradiate reaction vessels located on a stirring plate (lamp-vessel distance: 

4.5 cm; stirring speed: 800 rpm, Figure 6.5). To avoid heating of the reaction mixture, fans 

were used for cooling.  
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Figure 6.4. Emission spectra of Kessil PR160L-400 (blue) and Kessil PR160L-525 (green) LED lamps. 

 

Figure 6.5. Configuration of the experimental setup using one or two LED lamps.  
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6.6.4 UV-visible spectroscopy measurements 
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Figure 6.6. UV-visible spectra of 5,5’-di-carbazolyl-2,2’-bipyridyl (czbpy) and mixtures of NiCl2·glyme and 

czbpy or 4,4’-di-tert-butyl-2,2’-bipyridyne (dtbbpy) in DMAc (10µM). 
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6.6.5 Optimization of the C–S cross-coupling using homogeneous 

visible-light-mediated nickel catalysis 

 

General procedure for screening experiments 

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with a nickel salt (5-

10 µmol), 5,5’-dicarbazlyl-2,2’-bipyridyl (czbpy, 5-10 µmol), 4-iodobenzotrifluoride (100-

200 µmol) and sodium p-toluensulfinate (100-200 µmol). The solvent (anhydrous, 1-2 mL) 

was added and the vessel was sealed with a septum and Parafilm. The mixture was stirred 

for 1 minute at high speed, followed by sonication for 5 minutes and degassing by bubbling 

argon for 10 minutes. The reaction mixture was stirred at 800 rpm and irradiated with 440 

nm LED lamps using the reported power settings. After the respective reaction time, 1,3,5-

trimethoxybenzene (16.8 mg, 100 µmol, 1 equiv) was added to the reaction vessel, the 

mixture was shaken and an aliquote (20 µL) was removed, diluted with DMSO-d6 and 

analyzed by 1H NMR.  

 

Initial screening experiments 

Table 6.2. Screening experiments for the coupling of 4-iodobenzotrifluoride and sodium p-toluensulfinate.a 

 

Entry Variation Conversion [%]b 1 [%]c 

1 None 18 18 

2 
NiCl2·glyme (10 mol%), czbpy (10 

mol%) 
41 34 

3 525 nm (1 lamp at 50% power) - n.d. 

4 No irradiation - n.d. 

5 dtbbpy instead of czbpy 9 6 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 1 

mL), 440 nm LED (1 lamp at 50% power). bConversion of 4-iodobenzotrifluoride determined by 
1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. dtbbpy 

= 4,4’-di-tert-butyl-2,2’-bipyridyl. n.d. = not detected. 
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Solvent screening 

 

Table 6.3. Solvent screening for the coupling of 4-iodobenzotrifluoride and sodium p-toluensulfinate.a 

 

Entry Solvent Conversion [%]b 1 [%]c 

1 DMSO 18 18 

2 DMFd - 16 

3 DMAc 31 27 

4 MeCN - n.d. 

5 Acetonee - n.d. 

6 THFe - n.d. 

7 Dioxane - n.d. 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), Solvent (anhydrous, 1 

mL), 440 nm LED (1 lamp at 50% power). bConversion of 4-iodobenzotrifluoride determined by 
1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. dSubstrate and product ratios 

calaculated from 19F NMR. eDegassed by three cycles of freeze-pump-thaw. glyme = 1,2-

dimethoxyethane. n.d. = not detected. 
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Screening of nickel salts 

 

Table 6.4. Screening of nickel salts for the coupling of 4-iodobenzotrifluoride and sodium p-toluensulfinate.a 

 

Entry Nickel salt Conversion [%]b 1 [%]c 

1 NiCl2·glyme 31 27 

2 NiCl2 12 12 

3 NiCl2·6H2O 9 8 

4 NiBr2·glyme 19 19 

5 NiBr2 4 4 

6 NiBr2·3H2O 22 20 

7 NiI2 6 6 

8 Ni(SO4)2·6H2O - n.d. 

9 Ni(ClO4)2·6H2O 13 10 

10 Ni(NO3)·6H2O 10 10 

11 Ni(OAc)2·4H2O 12 3 

12 Ni(OTf)2 - n.d. 

13 Ni(acac)2 - n.d. 

14 Ni(COD)(DQ) 12 3 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

nickel salt (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMAc (anhydrous, 1 mL), 

440 nm LED (1 lamp at 50% power). bConversion of 4-iodobenzotrifluoride determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR 

using 1,3,5-trimethoxybenzene as internal standard. n.d. = not detected. glyme = 1,2-

dimethoxyethane. acac = acetylacetonate. COD = 1,5-cyclooctadiene. DQ = duroquinone. 
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After showing that NiCl2·glyme as nickel source gives best results, different conditions were 

compared.  

NiCl2·glyme and czbpy were mixed in THF in the reaction flask and gently heated for 10 

minutes to preform the nickel complex. After removing THF under vacuum, 4-

iodobenzonitrile, sodium p-toluensulfinate and DMAc were added and the reaction mixture 

was irradiated for the corresponding time. This preligation procedure provided lower yield 

(Table 6.5 entry 2). Further, a ligand-to-nickel ratio of 2:1 didn’t improve the yield as well 

(entry 3). 

 

Table 6.5. Screening of different ligation conditions.a 

 

Entry Variation Conversion [%]b 1 [%]c 

1 None 31 27 

2 Preligation 21 15 

3 czbpy (10 mol%) 30 26 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5-10 µmol), DMAc (anhydrous, 

1 mL), 440 nm LED (1 lamp at 50% power). bConversion of 4-iodobenzotrifluoride determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. 
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Base screening 

 

Table 6.6. Base screening for the coupling of 4-iodobenzotrifluoride and sodium p-toluensulfinate.a 

 

Entry Base Conversion [%]b 1 [%]c 

1 None 31 27 

2 BIPA 30 22 

3 DIPEA 34 30 

4 NBu3 29 26 

5 NEt3 27 20 

6 Pyridine 32 25 

7 2,6-Lutidine 19 19 

8 DBU 33 n.d. 

9 Quinuclidine 22 15 

10 DABCO 36 30 

11 Na2HPO4 36 31 

12 Na2CO3 18 18 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), Base (20 µmol), DMAc 

(anhydrous, 1 mL), 440 nm LED (1 lamp at 50% power). bConversion of 4-iodobenzotrifluoride 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-

dimethoxyethane. BIPA = N-tert-butylisopropylamine. DIPEA = N,N-diisopropylethylamine. 

DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. DABCO = 1,4-diazabicyclo[2.2. 2]octane. n.d. = not 

detected. 

 

Although the nucleophile is already a salt, the addition of a base was evaluated. Only slightly 

better yields were obtained using 20 mol% of N,N-diisopropylethylamine (DIPEA, Table 

6.6, Entry 3), 1,4-diazabicyclo[2.2. 2]octane (DABCO, entry 10) and sodium hydrogen 

phosphate (Na2HPO4, entry 11).  
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Optimization of stoichiometry, light irradiation and concentration 

 

Table 6.7. Optimization of stoichiometry and light irradiation for the coupling of 4-iodobenzotrifluoride and 

sodium p-toluensulfinate.a 

 

Entry Ar-I Ar-SO2Na Lamps, power Conversion [%]b 1 [%]c 

1 100 µmol 200 µmol 1, 50% 31 27 

2 100 µmol 200 µmol 1, 100% 36 36 

3 100 µmol 200 µmol 2, 100% 92 89 

4 100 µmol 150 µmol 1, 100% 47 39 

5 100 µmol 120 µmol 1, 100% 40 36 

6 100 µmol 120 µmol 2, 100% 73 62 

7 100 µmol 110 µmol 1, 100% 42 35 

8 150 µmol 100 µmol 1, 100% 26 21 

aReaction conditions: 4-iodobenzotrifluoride (100-150 µmol), sodium p-toluensulfinate (100-200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMAc (anhydrous, 1 mL), 440 

nm LED. bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene 

as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. glyme = 1,2-dimethoxyethane.  

 

 
Table 6.8. Different concentrations for the coupling of 4-iodobenzotrifluoride and sodium p-toluensulfinate.a 

 

Entry Concentration Conversion [%]b 1 [%]c 

1 0.05 M 60 55 

2 0.1 M 36 36 

3 0.2 M 32 32 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMAc (anhydrous, 0.5-

2.0 mL), 440 nm LED (1 lamp at full power). bConversion of 4-iodobenzotrifluoride determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane.  
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Optimized conditions and control experiments 

 
Table 6.9. Optimized conditions and control experiments for the coupling of 4-

iodobenzotrifluoride and sodium p-toluensulfinate.a 

 

Entry Variation Time [h] 
Conversion 

[%]b 
1 [%]c 

1 None 22 > 99 92 

3 NiCl2·glyme (2.5 mol%) & czbpy (2.5 

mol%) 
22 82 71 

4 Solvent = DMAc/H2O 99:1 22 > 99  90 

5 T = 70 °C 7 > 99 88 

6 No NiCl2·glyme 22 86 17 

7 no light 22 - n.d. 

8 525 nm 22 - n.d. 

9 4-bromobenzotrifluoride 22 32 27 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (2.5-5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 2.5-5 µmol), DMAc (anhydrous, 2 

mL), 440 or 525 nm LED (2 lamps at full power). bConversion of 4-iodobenzotrifluoride determined by 
1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. n.d. = not detected.  
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Table 6.10. Comparison of different ligands for the coupling of 4-iodobenzotrifluoride and 

sodium p-toluensulfinate.a 

 

Entry Lignad system Time [h] 
Conversion 

[%]b 
1 [%]c 

1 czbpy (5 mol%) 22 > 99 92 

2 carbazole (10 mol%) 22 20 6 

3 bpy (5 mol%) 22 57 34 

4 bpy (5 mol%) & carbazole (10 

mol%) 
22 >99 62 

5 poly-czbpy (5 mol%)d 24 95 77 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), ligand, DMAc (anhydrous, 2 mL), 440 nm LED (2 lamps at full power). 
bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. dThe amount of poly-czbpy was calculated using the molecular weight of the monomer. 

glyme = 1,2-dimethoxyethane. czbpy = 5,5’-dicarbazolyl-2,2’-bipyridyl. bpy = 2,2’-bipyridyl.  

 

 

Reactivity of different aryl halides  

 
Table 6.11. Coupling of sodium p-toluensulfinate and methyl 4-halobenzoates.a 

 

Entry Aryl halide Conversion [%]b 14 [%]c 

1 Methyl 4-chlorobenzoate - n.d. 

2 Methyl 4-bromobenzoate 27 15 

3 Methyl 4-iodobenzoate >99 92 

aReaction conditions: aryl halide (100 µmol), sodium p-toluensulfinate (200 µmol), 

NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMAc 

(anhydrous, 2 mL), 440 nm LED (2 lamps at full power). bConversion of aryl halide 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-

dimethoxyethane. n.d. = not detected.  
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6.6.6 Scope of the C–S cross-coupling using homogeneous visible-

light-mediated nickel catalysis 

 

General procedure  

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with NiCl2·glyme 

(3.3 mg, 15 µmol, 5 mol%), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 7.3 mg, 15 µmol, 5 

mol%), the aryl iodide (300 µmol) and the sodium sulfinate (600 µmol, 2 equiv). DMAc 

(anhydrous, 6 mL) was added and the vessel was sealed with a septum and Parafilm. The 

mixture was stirred for 1 minute at high speed, followed by sonication for 5 minutes and 

degassing by bubbling argon for 10 minutes. The reaction mixture was stirred at 800 rpm 

and irradiated with two LED lamps (440 nm) at full power. After the respective reaction 

time, maleic acid (34.9 mg, 300 µmol, 1 equiv) was added to the reaction vessel, the mixture 

was shaken and an aliquote (20 µL) was diluted in DMSO-d6 and analyzed by 1H NMR. 

The NMR sample and the reaction mixture were combined, diluted with aqueous 

hydrochloric acid (0.5 M, 60 mL) and extracted with ethyl acetate (3 x 40 mL). The 

combined organic layers were washed with brine (2 x 40 mL), dried over Na2SO4 and 

concentrated under reduced pressure. The residue was purified by flash chromatography on 

silica gel using mixtures of hexane/ethyl acetate to obtain the desired product. 
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Table 6.12. Scope of the C–S coupling reaction.a 

Product Reaction time NMR yieldb Isolated yield 

 

22 hours 91% 89% 

 

22 hours 90% 75% 

 

24 hours 85% 84% 

 

24 hours 97% 91% 

 

24 hours - 40% 

 

24 hours 98% 97% 

 

24 hours 93% 93% 

 

40 hours 77% 71% 

 

24 hours 95% 90% 

 

64 hours 87% 82% 
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Product Reaction time NMR yieldb Isolated yield 

 

30 hours 76% 48% 

 

24 hours 86% 80% 

 

53 hours 74% 74% 

 

30 hours 87% 82% 

 

36 hours 97% 94% 

 

48 hours 80% 77% 

 

24 hours 82% 79% 

 

46 hours 80% 75% 

 

29 hours - 76% 

 

24 hours 82% 71% 

aReaction conditions according to general procedure. bNMR yields determined by 1H-NMR using 

maleic acid as internal standard 
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Experimental data 

 

 

4-Tosylbenzotrifluoride (1) was obtained from 4-iodobenzotrifluoride (81.6 mg, 300 µmol) 

and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography 

(10% ethyl acetate/hexane) afforded the title compound as a yellowish solid (79.8 mg, 266 

µmol, 89%).  

Reaction time: 22 hours. NMR yield: 91%. 

1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.2 Hz, 2H), 7.84 (d, J = 8.3 Hz, 2H), 7.75 (d, J 

= 8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 2.41 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 145.71, 

145.08, 137.70, 134.77 (q, J = 33.1 Hz), 130.31, 128.17, 128.08, 126.51 (q, J = 3.7 Hz), 

123.25 (q, J = 273.1 Hz), 21.75. 19F NMR (376 MHz, CDCl3) δ -63.19. These data are in 

full agreement with those reported in literature.28  

 

 

1-(Phenylsulfonyl)-4-(trifluoromethyl)benzene (4) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and sodium benzenesulfinate (98.5 mg, 600 

µmol). Purification by flash chromatography (gradient 5-15% ethyl acetate/hexane) afforded 

the title compound as a white solid (64.0 mg, 224 µmol, 75%).  

Reaction time: 22 hours. NMR yield: 90%. 

1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.2 Hz, 2H), 7.96 (d, J = 7.5 Hz, 2H), 7.76 (d, J 

= 8.3 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.53 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, CDCl3) 

δ 145.31, 140.65, 134.93 (q, J = 33.1 Hz), 133.92, 129.67, 128.33, 128.01, 126.57 (q, J = 

3.7 Hz), 123.21 (q, J = 273.1 Hz). 19F NMR (376 MHz, CDCl3) δ -63.21. These data are in 

full agreement with those reported in literature.30  
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1-Chloro-4-((4-(trifluoromethyl)phenyl)sulfonyl)benzene (5) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and sodium 4-chlorobenzenesulfinate (119.2 mg, 

600 µmol). Purification by flash chromatography (gradient 3-10% ethyl acetate/hexane) 

afforded the title compound as a white solid (81.0 mg, 253 µmol, 84%). 

Reaction time: 24 hours. NMR yield: 85% 

1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.1 Hz, 2H), 7.89 (d, J = 8.7 Hz, 2H), 7.78 (d, J 

= 8.3 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 144.94, 140.80, 

139.20, 135.25 (q, J = 33.1 Hz), 130.05, 129.49, 128.35, 126.73 (q, J = 3.6 Hz), 123.17 (q, 

J = 273.2 Hz). 19F NMR (376 MHz, CDCl3) δ -63.24. HRMS (EI) m/z calcd for 

C13H8ClF3O2S [(M)+] 319.9886, found: 319.9884. 

 

 

1-tert-Butyl-4-((4-(trifluoromethyl)phenyl)sulfonyl)benzene (6) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and sodium 4-tert-butylbenzenesulfinate (132.2 

mg, 600 µmol). Purification by flash chromatography (5% ethyl acetate/hexane) afforded 

the title compound as a white solid (93.8 mg, 274 µmol, 91%)  

Reaction time: 24 hours. NMR yield: 97% 

1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.1 Hz, 2H), 7.87 (d, J = 8.6 Hz, 2H), 7.76 (d, J 

= 8.3 Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 1.31 (s, 9H). 19F NMR (376 MHz, CDCl3) δ -63.16. 

13C NMR (101 MHz, CDCl3) δ 157.96, 145.66, 137.57, 134.75 (q, J = 33.0 Hz), 128.25, 

127.90, 126.71, 126.51 (q, J = 3.7 Hz), 123.27 (q, J = 273.0 Hz), 35.38, 31.10. These data 

are in full agreement with those reported in literature.44  
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2-((4-(Trifluoromethyl)phenyl)sulfonyl)naphthalene (7) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and sodium 2-naphthalensulfinate (128.5 mg, 600 

µmol). Purification by flash chromatography (gradient 5-10% ethyl acetate/hexane) afforded 

the title compound as a yellowish solid (40.5 mg, 120 µmol, 40%).  

Reaction time: 24 hours. NMR yield: not determined due to signal overlap. 

1H NMR (400 MHz, CDCl3) δ 8.60 (s, 1H), 8.13 (d, J = 8.3 Hz, 2H), 8.00 (d, J = 7.5 Hz, 

1H), 7.96 (d, J = 8.7 Hz, 1H), 7.90 (d, J = 9.3 Hz, 1H), 7.85 (dd, J = 8.7, 2.0 Hz, 1H), 7.77 

(d, J = 8.5 Hz, 2H), 7.70 – 7.60 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 145.40, 137.44, 

135.37, 134.97 (q, J = 33.1 Hz), 132.36, 130.13, 129.79, 129.69, 129.61, 128.40, 128.14, 

128.04, 126.60 (q, J = 3.7 Hz), 123.23 (q, J = 274.1 Hz), 122.65. 19F NMR (376 MHz, 

CDCl3) δ -63.21. HRMS (EI) m/z calcd for C17H11F3O2S [(M)+] 336.0432, found: 336.0438. 

 

 

4-Tosylbenzonitrile (8) was obtained from 4-iodobenzonitrile (68.7 mg, 300 µmol) and 

sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography (15% 

ethyl acetate/hexane) afforded the title compound as a yellowish solid (74.7 mg, 290 µmol, 

97%).  

Reaction time: 24 hours. NMR yield: 98% 

1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 8.3 Hz, 2H), 7.82 (d, J = 8.1 Hz, 2H), 7.78 (d, J 

= 8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 2.41 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 146.31, 

145.36, 137.18, 133.13, 130.38, 128.21, 128.12, 117.31, 116.78, 21.75. These data are in 

full agreement with those reported in literature.28 
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4-Tosylacetophenone (9) was obtained from 4-iodoacetophenone (73.8 mg, 300 µmol) and 

sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography 

(gradient 15-25% ethyl acetate/hexane) afforded the title compound as a white solid (76.8 

mg, 280 µmol, 93%).  

Reaction time: 24 hours. NMR yield: 93% 

1H NMR (400 MHz, CDCl3) δ 8.07 – 7.96 (m, 4H), 7.83 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.1 

Hz, 2H), 2.61 (s, 3H), 2.40 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 196.83, 145.96, 144.90, 

140.29, 137.91, 130.24, 129.15, 128.04, 127.95, 27.02, 21.75. These data are in full 

agreement with those reported in literature.28  

 

 

3-Tosylacetophenone (10) was obtained from 3-iodoacetophenone (73.8 mg, 300 µmol) 

and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography 

(gradient 10-30% ethyl acetate/hexane) afforded the title compound as a colorless oil (58.2 

mg, 212 µmol, 71%). 

Reaction time: 40 hours. NMR yield: 77% 

1H NMR (400 MHz, CDCl3) δ 8.51 – 8.39 (m, 1H), 8.15 – 8.02 (m, 2H), 7.83 (d, J = 8.3 Hz, 

2H), 7.60 (t, J = 7.8 Hz, 1H), 7.30 (d, J = 8.1 Hz, 2H), 2.62 (s, 3H), 2.39 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 196.30, 144.77, 143.03, 138.02, 137.99, 132.52, 131.64, 130.20, 

129.89, 127.91, 127.27, 26.81, 21.69. HRMS (EI) m/z calcd for C15H14O3S [(M)+] 274.0664, 

found: 274.0666. 
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2-Tosylacetophenone (11) was obtained from 2-iodoacetophenone (73.8 mg, 300 µmol) 

and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography 

(gradient 10-20% ethyl acetate/hexane) afforded the title compound as a colorless oil (73.8 

mg, 269 µmol, 90%).   

Reaction time: 24 hours. NMR yield: 95% 

1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 7.8 Hz, 1H), 7.81 (d, J = 8.3 Hz, 2H), 7.58 (td, J 

= 7.5, 1.3 Hz, 1H), 7.52 (td, J = 7.7, 1.3 Hz, 1H), 7.31 – 7.25 (m, 3H, contains residual 

solvent signal of CDCl3), 2.67 (s, 3H), 2.37 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 203.49, 

144.53, 142.29, 138.40, 138.38, 133.30, 129.92, 129.88, 129.82, 128.15, 126.01, 32.10, 

21.68. HRMS (EI) m/z calcd for C15H14O3S [(M)+] 274.0664, found: 274.0667.  

 

 

4-Tosylbenzamide (12) was obtained from 4-iodobenzamide (74.1 mg, 300 µmol) and 

sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography 

(gradient 50-100% ethyl acetate/hexane) afforded the title compound as a white solid (67.4 

mg, 245 µmol, 82%).  

Reaction time: 64 hours. NMR yield: 87% 

1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.4 Hz, 2H), 7.90 (d, J = 8.5 Hz, 2H), 7.83 (d, J 

= 8.3 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 2.41 (s, 3H). 1H NMR (400 MHz, DMSO-d6) δ 8.17 

(s, 1H), 8.08 – 7.94 (m, 4H), 7.86 (d, J = 8.2 Hz, 2H), 7.63 (s, 1H), 7.43 (d, J = 8.1 Hz, 2H), 

2.36 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 166.53, 144.67, 143.57, 138.76, 137.77, 

130.30, 128.71, 127.57, 127.27, 21.06. These data are in full agreement with those reported 

in literature.31  
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4,4,5,5-tetramethyl-2-(4-tosylphenyl)-1,3,2-dioxaborolane (13) was obtained from 2-(4-

iodophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (99.0 mg, 300 µmol) and sodium p-

toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography (gradient 10-

40% ethyl acetate/hexane) afforded the title compound as a yellowish solid (51.3 mg, 143 

µmol, 48%). The low isolated yield is a result of product decomposition that was also 

observed during TLC analysis. 

Reaction time: 30 hours. NMR yield: 76% 

1H NMR (400 MHz, CDCl3) δ 7.99 – 7.85 (m, 4H), 7.80 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 8.5 

Hz, 2H, contains residual solvent signal of CDCl3), 2.37 (s, 3H), 1.32 (s, 12H). 13C NMR 

(101 MHz, CDCl3) δ 144.32, 144.15, 138.62, 135.56, 133.11 (br. s), 130.02, 127.82, 126.58, 

84.53, 24.95, 21.68. HRMS (EI) m/z calcd for C19H23BO4S [(M)+] 358.1410, found: 

358.1416. 

 

 

 

Methyl 4-tosylbenzoate (14) was obtained from methyl 4-iodobenzoate (78.6 mg, 300 

µmol) and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash 

chromatography (gradient 15-25% ethyl acetate/hexane) afforded the title compound as a 

white solid (70.1 mg, 241 µmol, 80%)  

Reaction time: 24 hours. NMR yield: 86% 

1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.6 Hz, 2H), 7.98 (d, J = 8.6 Hz, 2H), 7.83 (d, J 

= 8.3 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 3.92 (s, 3H), 2.39 (s, 3H).13C NMR (101 MHz, 

CDCl3) δ 165.63, 145.98, 144.85, 137.91, 134.19, 130.51, 130.21, 128.02, 127.64, 52.78, 

21.73. 

These data are in full agreement with those reported in literature.28 
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4,4'-Sulfonylbis(methylbenzene) (15) was obtained from 4-iodotoluene (65.4 mg, 300 

µmol) and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash 

chromatography (gradient 5-10% ethyl acetate/hexane) afforded the title compound as a 

white solid (54.4 mg, 221 µmol, 74%). 

Reaction time: 53 hours. NMR yield: 74% 

1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 4H), 7.28 (d, J = 7.9 Hz, 4H, contains 

residual solvent signal of CDCl3), 2.38 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 144.05, 

139.16, 129.98, 127.68, 21.68. These data are in full agreement with those reported in 

literature.45  

 

 

4-Tosylanisole (16) was obtained from 4-iodoanisole (70.2 mg, 300 µmol) and sodium p-

toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography (gradient 20-

40% ethyl acetate/hexane) afforded the title compound as a white solid (64.9 mg, 247 µmol, 

82%). 

Reaction time: 30 hours. NMR yield: 87% 

1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 9.0 Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.34 – 7.17 

(m, 2H, contains residual solvent signal of CDCl3), 6.94 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H), 

2.38 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 163.32, 143.85, 139.51, 133.63, 129.94, 129.81, 

127.47, 114.55, 55.75, 21.66. These data are in full agreement with those reported in 

literature.31  
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4-Tosylaniline (17) was obtained from 4-iodoaniline (65.7 mg, 300 µmol) and sodium p-

toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography (gradient 0-4% 

ethyl acetate/dichloromethane) afforded the title compound as a white solid (70.1 mg, 283 

µmol, 94%). 

Reaction time: 36 hours. NMR yield: 97% 

1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.7 Hz, 2H), 7.25 (d, J 

= 7.9 Hz, 2H, contains residual solvent signal of CDCl3), 6.64 (d, J = 8.7 Hz, 2H), 4.12 (br. 

s, 2H), 2.38 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 150.93, 143.44, 140.16, 130.17, 129.86, 

129.84, 127.29, 114.30, 21.65. These data are in full agreement with those reported in 

literature.28 

 

 

2-Tosylthiophene (18) was obtained from 4-iodoanisole (63.0 mg, 300 µmol) and sodium 

p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography (gradient 5-

10% ethyl acetate/hexane) afforded the title compound as a white solid (54.9 mg, 230 µmol, 

77 %). 

Reaction time: 48 hours. NMR yield: 80%. 

1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 8.4 Hz, 2H), 7.67 (dd, J = 3.8, 1.4 Hz, 1H), 7.62 

(dd, J = 5.0, 1.4 Hz, 1H), 7.31 (d, J = 7.9 Hz, 2H), 7.06 (dd, J = 5.0, 3.8 Hz, 1H), 2.41 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 144.47, 143.62, 139.25, 133.69, 133.17, 130.08, 127.89, 

127.51, 21.73. These data are in full agreement with those reported in literature45 
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4-Tosylpyridine (19) was obtained from 4-iodopyridine (61.5 mg, 300 µmol) and sodium 

p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash chromatography (gradient 20-

50% ethyl acetate/hexane) afforded the title compound as a white solid (55.2 mg, 237 µmol, 

79%).  

Reaction time: 24 hours. NMR yield: 82% 

1H NMR (400 MHz, CDCl3) δ 8.79 (d, J = 5.7 Hz, 2H), 7.83 (d, J = 8.3 Hz, 2H), 7.74 (d, J 

= 6.0 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 2.41 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 151.21, 

150.23, 145.53, 136.72, 130.37, 128.28, 120.59, 21.77. These data are in full agreement with 

those reported in literature.46  

 

 

1-Chloro-4-tosylbenzene (20) was obtained from 1-chloro-4-iodobenzene (71.5 mg, 300 

µmol) and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash 

chromatography (5% ethyl acetate/hexane) afforded the title compound as a yellowish solid 

(60.0 mg, 225 µmol, 75%). 

Reaction time: 46 hours. NMR yield: 80% 

1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 8.4 Hz, 2H), 7.46 (d, J 

= 8.6 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 2.40 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 144.64, 

140.66, 139.80, 138.36, 130.18, 129.68, 129.11, 127.84, 21.73. These data are in full 

agreement with those reported in literature.45  
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1-Bromo-4-tosylbenzene (21) was obtained from 1-bromo-4-iodobenzene (84.9 mg, 300 

µmol) and sodium p-toluensulfinate (106.9 mg, 600 µmol). Purification by flash 

chromatography (gradient 5-20% ethyl acetate/hexane) afforded the title compound as a 

yellowish solid (70.9 mg, 228 µmol, 76%). 

Reaction time: 29 hours. NMR yield: not calculated due to signal overlap. 

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.67 (m, 4H), 7.61 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.2 

Hz, 2H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 144.65, 141.11, 138.20, 132.62, 

130.16, 129.13, 128.30, 127.79, 21.71. These data are in full agreement with those reported 

in literature.47  

 

 

1,4-Ditosylbenzene (22) was obtained from 1,4-diiodobenzene (99.0 mg, 300 µmol) and 

sodium p-toluensulfinate (160.4 mg, 900 µmol). Purification by flash chromatography 

(gradient 20-100% ethyl acetate/hexane) afforded the title compound as a yellowish solid 

(81.9 mg, 212 µmol, 71%).  

Reaction time: 24 hours. NMR yield: 82% 

1H NMR (400 MHz, CDCl3) δ 8.01 (s, 4H), 7.80 (d, J = 8.3 Hz, 4H), 7.31 (d, J = 8.1 Hz, 

4H), 2.40 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 146.40, 145.27, 137.35, 130.35, 128.51, 

128.16, 21.78. These data are in full agreement with those reported in literature.45  
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6.6.7 Optimization of the C–O cross-coupling using homogeneous 

visible-light-mediated nickel catalysis 

 

General procedure for screening experiments 

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with a nickel salt (5 

µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 2.4 mg, 5 µmol), 4-iodobenzotrifluoride 

(27.2 mg, 100 µmol) and N-(tert-butoxycarbonyl)proline (32.3 mg, 150 µmol). DMSO 

(anhydrous, 2 mL) and N-tert-butylisopropylamine (BIPA, 34.6 mg, 300 µmol) were added 

and the vessel was sealed with a septum and Parafilm. The mixture was stirred for 1 minute 

at high speed, followed by sonication for 5 minutes and degassing by bubbling argon for 10 

minutes. The reaction mixture was stirred at 800 rpm and irradiated with 440 nm LED lamps 

using the respective power settings. After the respective reaction time, 1,3,5-

trimethoxybenzene (16.8 mg, 100 µmol, 1 equiv) was added to the reaction vessel, the 

mixture was shaken and an aliquote (300 µL) was removed, diluted with DMSO-d6 and 

analyzed by 1H NMR.  

 

Screening of nickel salts 

 
Table 6.13. Screening of nickel salts for the coupling of 4-iodobenzotrifluoride and N-Boc-proline.a 

 

Entry Nickel salt Conversion [%]b 2 [%]c 

1 NiCl2·glyme >99 88 

2 NiBr2·glyme 46 39 

3 NiBr2·3H2O >99 90 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), (tert-butoxycarbonyl)proline (N-

Boc-proline, 150 µmol), N-tert-butylisopropylamine (BIPA, 150 µmol), nickel salt (5 µmol), 

5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 mL), 440 nm LED (1 

lamp at full power). bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane.  
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Optimized conditions and control experiments 

 
Table 6.14. Optimized conditions and control experiments for the coupling of                             

4-iodobenzotrifluoride and N-Boc-proline.a 

 

Entry Variation Time [h] Conversion [%]b 2 [%]c 

1 None 18 >99 88 

2 
carbazole (10 mol%) instead of 

czbpy 
18 0 n.d. 

3 bpy (5 mol%) instead of czbpy   18 8 4 

4 
bpy (5 mol%) & carbazole (10 

mol%) instead of czbpy 
18 14 8 

5 No NiCl2·glyme 18 0 n.d. 

6 No czbpy 18 0 n.d. 

7 No BIPA 18 5 5 

8 No light 18 0 n.d. 

9 poly-czbpy (5 mol%)d 24 75 53 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), (tert-butoxycarbonyl)proline (N-Boc-proline, 

150 µmol), N-tert-butylisopropylamine (BIPA, 150 µmol) NiCl2·glyme (5 µmol), 5,5’-dicarbazolyl-2,2’-

bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 mL), 440 nm LED (1 lamp at full power). bConversion 

of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 
cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. dThe amount 

of poly-czbpy was calculated using the molecular weight of the monomer. glyme = 1,2-dimethoxyethane. 

bpy = 2,2’-bipyridyl.  
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Reactivity of different aryl halides 

 

Table 6.15. Coupling of N-Boc-proline and methyl 4-halobenzoates.a 

 

Entry Aryl halide Conversion [%]b 32 [%]c 

1 Methyl 4-chlorobenzoate 5 1 

2 Methyl 4-bromobenzoate 78 46 

3 Methyl 4-iodobenzoate >99 84 

aReaction conditions: aryl halide (100 µmol), (tert-butoxycarbonyl)proline (N-Boc-proline, 

150 µmol), N-tert-butylisopropylamine (BIPA, 150 µmol) NiCl2·glyme (5 µmol), 5,5’-

dicarbazolyl-2,2’-bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 mL), 440 nm LED (2 

lamps at full power). bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane.  
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6.6.8 Scope of the C–O cross-coupling using homogeneous 

visible-light-mediated nickel catalysis 

 

General procedure  

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with NiCl2·glyme 

(3.3 mg, 15 µmol, 5 mol%), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 7.3 mg, 15 µmol, 5 

mol%), the aryl iodide (300 µmol) and the carboxylic (450 µmol, 1.5 equiv). DMSO 

(anhydrous, 3 mL) was added, followed by N-tert-butylisopropylamine (BIPA, 103.8 mg, 

0.9 mmol, 3.0 equiv), before sealing the vessel with a septum and Parafilm. The mixture was 

sonicated for 5 minutes and degassed by bubbling argon for 10 minutes. The reaction mixture 

was stirred at 800 rpm and irradiated with two LED lamps (440 nm) at full power. After the 

respective reaction time, maleic acid (34,9 mg, 300 µmol, 1.0 equiv) was added to the 

reaction vessel, the mixture was stirred and an aliquote (~200 µL) was removed, diluted with 

DMSO-d6 and analyzed by 1H NMR. The NMR sample was combined with the reaction 

mixture, diluted with H2O (40 mL) and extracted with dichloromethane (3 x 40 mL). The 

combined organic phases were washed with brine (50 mL), dried over Na2SO4 and 

concentrated. The residue was purified by flash chromatography on silica gel using mixtures 

of hexane/ethyl acetate to obtain the desired product. 

 

In case of 23, 24, 25 and 26, the reaction was slow using the above reported conditions. Less 

concentrated conditions (300 µmol of the aryl iodide in 6 mL of DMSO) resulted in faster 

reactions for these substrates.   
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Table 6.16. Scope of the C–O coupling reaction.a 

Product Reaction time NMR yieldb Isolated yield 

 

24 hours 92% 91% 

 

96 hours 85% 80% 

 

96 hours 87% 82% 

 

96 hours 
full  

conversion 
63% 

 

96 hours 70% 67% 

 

48 hours 86% 82% 

 

24 hours 92% 90% 

 

48 hours 88% 83% 

 

24 hours 94% 92% 

 

48 hours 87% 85% 
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Product Reaction time NMR yieldb Isolated yield 

 

24 hours 91% 90% 

 

48 hours 94% 89% 

 

24 hours 96% 91% 

 

30 hours 96% 77% 

 

24 hours 74% 73% 

 

24 hours 85% 79% 

 

64 hours 81% yield 79% 

 

64 hours 73% 67% 

 

64 hours 65% 49% 

 

30 hours 93% 89% 

aReaction conditions according to general procedure. bNMR yields determined by 1H-NMR using 

maleic acid as internal standard 
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Experimental data 

 

1-(tert-Butyl) 2-(4-(trifluoromethyl)phenyl) pyrrolidine-1,2-dicarboxylate (2) was 

obtained from 4-iodobenzotrifluoride (81.6 mg, 300 µmol) and (tert-butoxycarbonyl)proline 

(96.9 mg, 450 µmol). Purification by flash chromatography (gradient 0-5% ethyl 

acetate/hexane) afforded the title compound as a colorless oil (98.5 mg, 274 µmol, 91%).  

Reaction time: 24 hours. NMR yield: 92% 

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.67 (m, 2H), 7.30 – 7.22 (m, 2H, contains 

residual solvent signal of CDCl3), 4.51 (dd, J = 8.5, 4.4 Hz, 0.4H), 4.44 (dd, J = 8.7, 4.4 Hz, 

0.6H), 3.71 – 3.42 (m, 2H), 2.44 – 2.27 (m, 1H), 2.24 – 2.12 (m, 1H), 2.12 – 1.93 (m, 2H), 

1.52 – 1.45 (m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor 

rotamer are enclosed in parenthesis δ (171.27) 171.16, (154.50) 153.63, (153.31) 153.07, 

128.16 (d, J = 32.6 Hz) (127.99 (d, J = 32.8 Hz)), 126.91 (q, J = 3.7 Hz) (126.74 (q, J = 3.8 

Hz)), (123.83 (d, J = 271.9 Hz)) 123.74 (d, J = 272.1 Hz). (122.03) 121.66, 80.37 (80.18), 

59.16 (59.08), (46.66) 46.47, 31.04 (29.99), 28.41, (24.58) 23.74. 19F NMR (564 MHz, 

CDCl3) rotameric mixture δ -62.22, -62.28. These data are in full agreement with those 

previously published in the literature.34 

 

 

4-(Trifluoromethyl)phenyl cyclohexanecarboxylate (23) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and cyclohexanecarboxylic acid (57.7 mg, 450 

µmol), using 6 mL of DMSO as solvent. Purification by flash chromatography (gradient 0-

3% ethyl acetate/hexane) afforded the title compound as a white solid (65.3 mg, 240 µmol, 

80%).  

Reaction time: 96 hours. NMR yield: 85% 

1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H), 2.58 (tt, J 

= 11.2, 3.7 Hz, 1H), 2.13 – 2.02 (m, 2H), 1.87 – 1.78 (m, 2H), 1.75 – 1.66 (m, 1H), 1.66 – 

1.53 (m, 2H), 1.46 – 1.22 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 174.02, 153.45, 127.89 
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(q, J = 32.8 Hz), 126.73 (q, J = 3.8 Hz), 123.92 (q, J = 272.1 Hz), 122.09, 43.17, 28.89, 

25.66, 25.31. 19F NMR (564 MHz, CDCl3) δ -62.21. These data are in full agreement with 

those reported in literature.48 

 

4-(Trifluoromethyl)phenyl benzoate (24) was obtained from 4-iodobenzotrifluoride (81.6 

mg, 300 µmol) and benzoic acid (55.0 mg, 450 µmol), using 6 mL of DMSO as solvent. 

Purification by flash chromatography (gradient 0-3% ethyl acetate/hexane) afforded the title 

compound as a white solid (65.4 mg, 246 µmol, 82%).  

Reaction time: 96 hours. NMR yield: 87% 

1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 7.0 Hz, 2H), 7.72 (d, J = 8.5 Hz, 2H), 7.68 (t, J 

= 7.5 Hz, 1H), 7.54 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H). 13C NMR (101 MHz, CDCl3) 

δ 164.69, 153.51 (d, J = 1.5 Hz), 134.01, 130.29, 128.98, 128.73, 128.19 (q, J = 33.0 Hz), 

126.89 (q, J = 3.7 Hz), 123.95 (q, J = 271.9 Hz), 122.31. 19F NMR (564 MHz, CDCl3) δ -

62.16. These data are in full agreement with those reported in literature.26 

 

 

4-(Trifluoromethyl)phenyl 4-methoxybenzoate (25) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and 4-methoxybenzoic acid (68.5 mg, 450 µmol), 

using 6 mL of DMSO as solvent. Purification by flash chromatography (gradient 0-3% ethyl 

acetate/hexane) afforded the title compound as a white solid (56.2 mg, 190 µmol, 63%).  

Reaction time: 96 hours. NMR analysis: full conversion of aryl iodide.  

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 9.0 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.34 (d, J 

= 8.4 Hz, 2H), 7.00 (d, J = 9.0 Hz, 2H), 3.91 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.40, 

164.20, 153.62, 132.45, 127.83, 126.82 (q, J = 3.8 Hz), 125.30, 122.35, 121.19, 113.99, 

55.59. 19F NMR (564 MHz, CDCl3) δ -62.16. These data are in full agreement with those 

reported in literature.49 
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4-(Trifluoromethyl)phenyl 2-(4-isobutylphenyl)propanoate (26) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and ibuprofen (92.8 mg, 450 µmol), using 6 mL 

of DMSO as solvent. Purification by flash chromatography (gradient 0-3% ethyl 

acetate/hexane) afforded the title compound as a colorless oil (72.9 mg, 200 µmol, 67%). 

Reaction time: 96 hours. NMR yield: 70% 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 8.3 Hz, 1H), 7.29 (d, J = 8.1 Hz, 2H), 7.15 (d, J 

= 8.3 Hz, 2H), 7.12 (d, J = 8.2 Hz, 1H), 3.95 (q, J = 7.1 Hz, 1H), 2.47 (d, J = 7.2 Hz, 2H), 

1.87 (m, 1H), 1.61 (d, J = 7.1 Hz, 3H), 0.91 (d, J = 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) 

δ 172.75, 153.41 (d, J = 1.5 Hz), 141.09, 136.86, 129.65, 128.02 (q, J = 32.8 Hz), 127.22, 

126.71 (q, J = 3.7 Hz), 123.90 (d, J = 271.9 Hz), 121.97, 45.29, 45.08, 30.24, 22.41, 18.45. 

19F NMR (564 MHz, CDCl3) δ -62.19. HRMS (EI) m/z calcd for C20H21F3O2 [(M)+] 

350.1491, found: 350.1491 

 

 

2-(3-Acetylphenyl) 1-(tert-butyl) pyrrolidine-1,2-dicarboxylate (27) was obtained from 

3-iodoacetophenone (78.8 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded 

the title compound as a colorless oil (82.4 mg, 247 µmol, 82%). 

Reaction time: 48 hours. NMR yield: 86% 

1H NMR (400 MHz CDCl3) rotameric mixture δ 7.84 – 7.76 (t, J = 7.4 Hz, 1H), 7.68 – 7.63 

(m, 1H), 7.51 – 7.42 (m, 1H), 7.36 – 7.26 (m, 1H), 4.51 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.45 (dd, 

J = 8.7, 4.3 Hz, 0.6H), 3.66 – 3.39 (m, 2H), 2.60 – 2.54 (m, 3H), 2.46 – 2.27 (m, 1H), 2.24 

– 2.09 (m, 1H), 2.08 – 1.88 (m, 2H), 1.48 – 1.44 (m, 9H). 13C NMR (101 MHz, CDCl3) 

rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ (197.11) 

196.86, (171.56) 171.53, (154.50) 153.67, (150.99) 150.82, 138.57 (138.43), 129.80 

(129.64), (126.48) 126.01, 125.99 (125.76), (121.34) 120.93, 80.34 (80.11), 59.13 (59.07), 
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(46.66) 46.47, 31.05 (30.00), 28.43, (26.72) 26.72, (24.58) 23.75. These data are in full 

agreement with those previously published in the literature.34 

 

2-(4-Acetylphenyl) 1-(tert-butyl) pyrrolidine-1,2-dicarboxylate (28) was obtained from 

4-iodoacetophenone (78.8 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded 

the title compound as a colorless oil (89.8 mg, 269 µmol, 90%). 

Reaction time: 24 hours. NMR yield: 92% 

1H NMR (400 MHz, CDCl3) rotameric mixture δ 8.02 – 7.94 (m, 2H), 7.23 – 7.15 (m, 2H), 

4.50 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.44 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.67 – 3.42 (m, 2H), 2.60 

– 2.55 (m, 3H), 2.45 – 2.27 (m, 1H), 2.23 – 2.11 (m, 1H), 2.08 – 1.89 (m, 2H), 1.49 – 1.40 

(m, 9H).13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are 

enclosed in parenthesis δ (196.96) 196.79, (171.21) 171.15, 154.53 (154.48), 154.24 

(153.63), 134.81 (134.70), 130.05 (129.92), (121.70) 121.34, 80.34 (80.15), 59.18 (59.10), 

(46.66) 46.47, 31.04 (29.99), 28.41, 26.65, (24.58) 23.76. These data are in full agreement 

with those previously published in the literature.35 

 

 

1-(tert-Butyl) 2-(3-cyanophenyl) pyrrolidine-1,2-dicarboxylate (29) was obtained from 

3-iodobenzonitrile (68.7 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded 

the title compound as a colorless oil (78.6 mg, 248 µmol, 82%). 

Reaction time: 48 hours. NMR yield: 88%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.58 – 7.32 (m, 4H), 4.52 – 4.42 (m, 1H), 

3.67 – 3.39 (m, 2H), 2.48 – 2.27 (m, 1H), 2.22 – 1.87 (m, 3H), 1.54 – 1.37 (m, 9H). 13C NMR 

(101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in 

parenthesis δ (171.22) 171.09, (154.50) 153.55, (150.91) 150.69, 130.55 (130.38), 129.69 

(129.59), (126.61) 126.15, (125.29) 124.92, (117.86) 117.75, (113.59) 113.38, 80.42 
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(80.27), (59.07) 59.03, (46.66) 46.46, 31.04 (29.97), 28.43 (28.41), 24.63 (23.74). These 

data are in full agreement with those previously published in the literature.34  

 

 

1-(tert-Butyl) 2-(4-cyanophenyl) pyrrolidine-1,2-dicarboxylate (30) was obtained from 

4-iodobenzonitrile (68.7 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded 

the title compound as a colorless oil (87.6 mg, 277 µmol, 92%). 

Reaction time: 24 hours. NMR yield: 94% 

1H NMR (400 MHz, CDCl3) rotameric mixture, δ 7.74 – 7.65 (m, 2H), 7.29 – 7.22 (m, 2H, 

contains residual solvent signal of CDCl3), 4.49 (dd, J = 8.6, 4.6 Hz, 0.5H), 4.44 (dd, J = 

8.7, 4.4 Hz, 0.5H), 3.65 – 3.38 (m, 2H), 2.48 – 2.30 (m, 1H), 2.20 – 1.88 (m, 3H), 1.51 – 

1.44 (m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer 

are enclosed in parenthesis δ (171.01) 170.88, (154.50) 154.11, 153.82 (153.54), 133.81 

(133.66), (122.71) 122.31, (118.33) 118.15, (109.91) 109.71, 80.43 (80.28), 59.14 (59.07), 

(46.66) 46.47, (31.03) 29.96, 28.41, (24.63) 23.76. These data are in full agreement with 

those previously published in the literatfure.34  

 

 

1-(tert-Butyl) 2-(3-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate (31) was 

obtained from methyl 3-iodobenzoate (78.6 mg, 300 µmol) and (tert-butoxycarbonyl)proline 

(96.9 mg, 450 µmol). Purification by flash chromatography (gradient 0-10% ethyl 

acetate/hexane) afforded the title compound as a colorless oil (89.2 mg, 255 µmol, 85%). 

Reaction time: 48 hours. NMR yield: 87% 

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.94 – 7.87 (m, 1H), 7.77 – 7.73 (m, 1H), 

7.49 – 7.40 (m, 1H), 7.36 – 7.27 (m, 1H), 4.52 (dd, J = 8.6, 4.3 Hz, 0.4H), 4.45 (dd, J = 8.7, 

4.3 Hz, 0.6H), 3.92 – 3.88 (m, 3H), 3.67 – 3.39 (m, 2H), 2.46 – 2.27 (m, 1H), 2.23 – 2.11 

(m, 1H), 2.11 – 1.89 (m, 2H), 1.51 – 1.41 (m, 9H). 13C NMR (101 MHz, CDCl3) rotameric 

mixture, resonances for minor rotamer are enclosed in parenthesis δ 171.47, (166.19) 166.05, 
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(154.48) 153.70, (150.71) 150.53, 131.76 (131.59), 129.56 (129.41), 127.12 (127.04), 

(126.34) 125.81, (122.67) 122.48, 80.37 (80.09), 59.15 (59.05), 52.37 (52.28), (46.64) 46.48, 

31.05 (30.00), 28.42, (24.55) 23.74. These data are in full agreement with those previously 

published in the literature.34 

 

 

1-(tert-Butyl) 2-(4-(methoxycarbonyl)phenyl) pyrrolidine-1,2-dicarboxylate (32) was 

obtained from methyl 4-iodobenzoate (78.6 mg, 300 µmol) and (tert-butoxycarbonyl)proline 

(96.9 mg, 450 µmol). Purification by flash chromatography (gradient 0-10% ethyl 

acetate/hexane) afforded the title compound as a colorless oil (94.5 mg, 270 µmol, 90%). 

Reaction time: 24 hours. NMR yield: 91% 

1H NMR (400 MHz, CDCl3) rotameric mixture, δ 8.10 – 8.01 (m, 2H), 7.20 – 7.13 (m, 2H), 

4.52 (dd, J = 8.6, 4.3 Hz, 0.4H), 4.46 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.93 – 3.85 (m, 3H), 3.67 

– 3.41 (m, 2H), 2.45 – 2.26 (m, 1H), 2.21 – 2.09 (m, 1H), 2.08 – 1.88 (m, 2H), 1.50 – 138 

(m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are 

enclosed in parenthesis δ (171.17) 171.12, (166.34) 166.20, (154.47) 154.19, 153.64, 131.25 

(131.11), 127.83 (127.67), (121.52) 121.16, 80.34 (80.13), 59.19 (59.10), 52.24 (52.18), 

(46.65) 46.46, 31.02 (29.97), 28.41, (24.55) 23.73. These data are in full agreement with 

those previously published in the literature.34  

 

1-(tert-Butyl) 2-(4-carbamoylphenyl) pyrrolidine-1,2-dicarboxylate (33) was obtained 

from 4-iodobenzamide (74.1 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (50% ethyl acetate/hexane) afforded the title 

compound as a colorless oil (90.2 mg, 270 µmol, 89%). 

Reaction time: 48 hours. NMR yield: 94%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.89 – 7.76 (m, 2H), 7.12 (d, J= 8.7 Hz, 

2H), 6.74 – 6.22 (m, 2H), 4.52 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.4 Hz, 0.6H), 

3.66 – 3.38 (m, 2H), 2.43 – 2.25 (m, 1H), 2.21 – 2.09 (m, 1H), 2.06 – 1.84 (m, 2H), 1.51 – 
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1.35 (m, 9H).13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer 

are enclosed in parenthesis δ (171.42) 171.33, (168.93) 168.79, 154.55 (153.72), (153.42) 

153.23, 131.25 (131.11), 129.11 (128.98), (121.58) 121.26, 80.39 (80.22), 59.17 (59.10), 

(46.69) 46.47, 30.99 (29.98), 28.40, (24.54) 23.72. HRMS (ESI) m/z calcd for for 

C17H24N2NaO5
 [(M+Na)+] 357.1421, found: 357.1397. 

 

1-(tert-Butyl) 2-(4-formylphenyl) pyrrolidine-1,2-dicarboxylate (34) was obtained from 

4-iodobenzaldehyde (69.6 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded 

the title compound as a colorless oil (87.2 mg, 273 µmol, 91%). 

Reaction time: 24 hours. NMR yield: 96%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 9.98 (s, 0.6H), 9.97 (s, 0.4H), 7.95 – 7.86 

(m, 2H), 7.32 – 7.24 (m, 2H, contains residual solvent signal of CDCl3), 4.51 (dd, J = 8.5, 

4.4 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.66 – 3.40 (m, 2H), 2.46 – 2.29 (m, 1H), 

2.22 – 2.10 (m, 1H), 2.11 – 1.90 (m, 2H), 1.51 – 1.41 (m, 9H). 13C NMR (101 MHz, CDCl3) 

rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ (190.989) 

190.81, (171.10) 171.02, (155.55) 155.24, (154.49) 153.60, 134.09 (134.00), 131.30 

(131.19), (122.31) 121.93, 80.38 (80.20), 59.20 (59.11), (46.66) 46.47, 31.04 (29.99), 28.42, 

(24.59) 23.75. These data are in full agreement with those previously published in the 

literature.34  

 

 

1-(tert-Butyl) 2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl) pyrrolidine-

1,2-dicarboxylate (35) was obtained from 4-iodophenylboronic acid pinacol ester (99.0 mg, 

300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 µmol). Purification by flash 

chromatography (gradient 0-10% ethyl acetate/hexane) afforded the title compound as a 

white solid (96.1 mg, 230 µmol, 77%).  
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In order to avoid hydrolysis of the boronic acid ester, no washing with a NaOH solution can 

be carried out and mixed fractions have to be discarded or further purified by a second 

column chromatography step. 

Reaction time: 30 hours. NMR yield: 96%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.87 – 7.77 (m, 2H), 7.14 – 7.05 (m, 2H), 

4.51 (dd, J = 8.6, 4.2 Hz, 0.4H), 4.43 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.67 – 3.38 (m, 2H), 2.44 

– 2.26 (m, 1H), 2.25 – 2.14 (m, 1H), 2.10 – 1.86 (m, 2H), 1.49 – 1.41 (m, 9H), 1.33 (s, 12H). 

13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed 

in parenthesis δ 171.35, (154.46) 153.75, (153.34) 153.10, 136.24 (136.13), 126.65 (br s), 

(120.85) 120.50, 83.94 (83.87), 80.26 (79.99), 59.23 (59.11), (46.64) 46.46, 31.03 (30.00), 

(28.43) 28.40, 24.86, (24.51) 23.73. These data are in full agreement with those previously 

published in the literature.34  

 

 

1-(tert-Butyl) 2-(4-(methoxycarbonyl)-2-methylphenyl) pyrrolidine-1,2-dicarboxylate 

(36) was obtained from methyl 4-iodo-3-methylbenzoate (77.8 mg, 300 µmol) and (tert-

butoxycarbonyl)proline (96.9 mg, 450 µmol). Purification by flash chromatography 

(gradient 0-10% ethyl acetate/hexane) afforded the title compound as a colorless oil (79.3 

mg, 218 µmol, 73%). 

Reaction time: 24 hours. NMR yield: 74%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.96 – 7.83 (m, 2H), 7.12 – 7.05 (m, 1H), 

4.57 – 4.48 (m, 1H), 3.89 – 3.85 (m, 3H), 3.65 – 3.40 (m, 2H), 2.45 – 2.28 (m, 1H), 2.27 – 

2.11 (m, 4H), 2.10 – 1.89 (m, 2H), 1.50 – 1.41 (m, 9H). 13C NMR (101 MHz, CDCl3) 

rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ (170.95) 

170.71, (166.52) 166.39, (154.42) 153.71, 153.02 (152.77), 132.76 (132.63), (130.69) 

130.23, 128.64 (128.53), 127.91 (127.80), (122.00) 121.56, 80.37 (80.06), 59.06 (59.01), 

52.18 (52.12), (46.62) 46.43, 31.16 (30.11), 28.42, (24.56) 23.62, 16.25 (16.18). These data 

are in full agreement with those previously published in the literature.34  

 



 

Chapter 6 
 

400 

 

1-(tert-Butyl) 2-(pyridin-3-yl) pyrrolidine-1,2-dicarboxylate (37) was obtained from 3-

iodopyridine (77.8 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 µmol). 

Purification by flash chromatography (gradient 15-33% ethyl acetate/hexane) afforded the 

title compound as a colorless oil (68.9 mg, 236 µmol, 79%). 

Reaction time: 24 hours. NMR yield: 85%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 8.50 – 8.37 (m, 2H), 7.55 – 7.44 (m, 1H), 

7.37 – 7.28 (m, 1H), 4.50 (dd, J = 8.5, 4.5 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.64 

– 3.39 (m, 2H), 2.44 – 2.27 (m, 1H), 2.11 – 2.09 (m, 1H), 2.06 – 1.87 (m, 2H), 1.48 – 1.38 

(m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are 

enclosed in parenthesis δ (171.26) 171.24, (154.47) 153.57, (147.55) 147.29, 147.02 

(146.72), (143.06) 142.96, (129.46) 128.86, 124.04 (123.96), 80.39 (80.21), 59.06 (59.02), 

(46.64) 46.45, 31.06 (30.00), 28.40, (24.59) 23.74. HRMS (ESI) m/z calcd for 

C15H20N2NaO4 [(M+H)+] 293.1495, found: 293.1465. 

 

 

1-(tert-Butyl) pyrrolidine-1,2-dicarboxylate (38) was obtained from iodobenzene (61.2 

mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 µmol). Purification by flash 

chromatography (gradient 0-8% ethyl acetate/hexane) afforded the title compound as a 

colorless oil (69.0 mg, 237 µmol, 79%). 

Reaction time: 64 hours. NMR yield: 81%  

1H NMR (400 MHz CDCl3) rotameric mixture δ 7.42 – 7.31 (m, 2H), 7.26 – 7.17 (m, 1H), 

7.14 – 7.05 (m, 2H), 4.51 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.45 (dd, J = 8.7, 4.3 Hz, 0.6H), 3.67 

– 3.39 (m, 2H), 2.44 – 2.26 (m, 2H), 2.22 – 2.11 (m, 1H), 2.11 – 1.87 (m, 2H), 1.52 – 1.40 

(m, 9H). 13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are 

enclosed in parenthesis δ 171.63, (154.46) 153.76, (150.80) 150.59, 129.51 (129.36), 125.95 

(125.79), (121.48) 121.15, 80.21 (79.96), 59.19 (59.09), (46.64) 46.46, 31.07 (30.03), 28.44, 

(24.50) 23.71. These data are in full agreement with those previously published in the 

literature.50 
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1-(tert-Butyl) 2-(4-tolyl) pyrrolidine-1,2-dicarboxylate (39) was obtained from 4-

iodotoluene (65.4 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 µmol). 

Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded the 

title compound as a colorless oil (61.5 mg, 201 µmol, 67%). 

Reaction time: 64 hours. NMR yield: 73%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.20 – 7.11 (m, 2H), 7.00 – 6.93 (m, 2H), 

4.51 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.43 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.68 – 3.39 (m, 2H), 2.41 

– 2.26 (m, 4H), 2.22 – 2.10 (m, 1H), 2.09 – 1.87 (m, 2H), 1.51 – 1.43 (m, 9H).13C NMR 

(101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are enclosed in 

parenthesis δ 171.80, (154.48) 153.79, (148.55) 148.35, 135.59 (135.38), 130.00 (129.85), 

(121.14) 120.82, 80.17 (79.92), 59.19 (59.07), (46.63) 46.45, 31.07 (30.03), (28.58) 28.44, 

(24.49) 23.71, 20.88. HRMS (ESI) m/z calcd for C17H23NNaO4
 [(M+Na)+] 328.1519, found: 

328.1493. 

 

 

1-(tert-Butyl) 2-(4-methoxyphenyl) pyrrolidine-1,2-dicarboxylate (40) was obtained 

from 4-iodoanisole (70.2 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 450 

µmol). Purification by flash chromatography (gradient 0-10% ethyl acetate/hexane) afforded 

the title compound as a colorless oil (47.1 mg, 147 µmol, 49%). 

Reaction time: 64 hours. NMR yield: 65%  

1H NMR (400 MHz, CDCl3) rotameric mixture δ 7.05 – 6.95 (m, 2H), 6.91 – 6.82 (m, 2H), 

4.49 (dd, J = 8.6, 4.4 Hz, 0.4H), 4.42 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.80 – 3.76 (m, 3H), 3.65 

– 3.39 (m, 2H), 2.42 – 2.24 (m, 1H), 2.21 – 2.09 (m, 1H), 2.08 – 1.89 (m, 2H), 1.48 – 1.44 

(m, 9H).13C NMR (101 MHz, CDCl3) rotameric mixture, resonances for minor rotamer are 

enclosed in parenthesis δ 171.97, 157.29 (157.22), (154.45) 153.78, (144.28) 144.06, 

(122.22) 121.90, 114.50 (114.37), (80.17) 79.93, 59.15 (59.04), 55.60, (46.63) 46.45, 31.07 
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(30.03), 28.44, (24.50) 23.71. HRMS (ESI) m/z calcd for C17H23NNaO5
 [(M+Na)+] 

344.1468, found : 344.1443. 

 

 

1-(tert-Butyl) 2-(4-chlorophenyl) pyrrolidine-1,2-dicarboxylate (41) was obtained from 

1-chloro-4-iodobenzene (71.6 mg, 300 µmol) and (tert-butoxycarbonyl)proline (96.9 mg, 

450 µmol). Purification by flash chromatography (gradient 0-5% ethyl acetate/hexane) 

afforded the title compound as a colorless oil (86.9 mg, 267 µmol, 89%). 

Reaction time: 30 hours. NMR yield: 93%  

1H NMR (400 MHz CDCl3) rotameric mixture δ 7.37 – 7.29 (m, 2H), 7.08 – 7.00 (m, 2H), 

4.49 (dd, J = 8.6, 4.3 Hz, 0.4H), 4.42 (dd, J = 8.7, 4.4 Hz, 0.6H), 3.64 – 3.39 (m, 2H), 2.43 

– 2.26 (m, 1H), 2.20 – 1.87 (m, 3H), 1.49 – 1.42 (m, 9H). 13C NMR (101 MHz, CDCl3) 

rotameric mixture, resonances for minor rotamer are enclosed in parenthesis δ (171.48) 

171.41, (154.47) 153.67, (149.27) 149.05, 131.31 (131.15), 129.57 (129.41), (122.88) 

122.51, 80.28 (80.09), 59.14 (59.04), (46.64) 46.45, 31.04 (29.99), 28.42, (24.55) 23.73. 

These data are in full agreement with those previously published in the literature.34   
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6.6.9 Optimization of the C–N cross-coupling using homogeneous 

visible-light-mediated nickel catalysis 

 

General procedure for screening experiments 

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with a nickel salt (5 

µmol), 5,5’-dicarbazlyl-2,2’-bipyridyl (czbpy, 5 µmol), 4-iodobenzotrifluoride (100 µmol) 

and the p-toluensulfonamide (150 µmol). The solvent (anhydrous, 2 mL) was added, 

followed by the base (150 µmol), before sealing the vessel with a septum and Parafilm. The 

mixture was stirred for 1 minute at high speed, followed by sonication for 5 minutes and 

degassing by bubbling argon for 10 minutes. The reaction mixture was stirred at 800 rpm 

and irradiated with one LED lamp (440 nm) using full power. After the respective reaction 

time, 1,3,5-trimethoxybenzene (16.8 mg, 100 µmol, 1 equiv) was added to the reaction 

vessel, the mixture was shaken and an aliquote (20 µL) was removed, diluted with DMSO-

d6 and analyzed by 1H NMR. 

 

 

 

Screening of nickel salts 

 

Table 6.17. Screening of nickel salts for the coupling of 4-iodobenzotrifluoride and p-toluensulfonamide.a 

 

Entry Nickel salt Conversion [%]b 3 [%]c 

1 NiCl2·glyme 98 80 

2 NiBr2·glyme 69 55 

3 NiBr2·3H2O 63 46 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), p-toluensulfonamide (150 µmol), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 150 µmol), nickel salt (5 µmol), 5,5’-dicarbazlyl-2,2’-

bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 mL), 440 nm LED (2 lamps at full power). 
bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. glyme = 1,2-dimethoxyethane. 
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Base screening 

 

Table 6.18. Base screening for the coupling of 4-iodobenzotrifluoride and p-toluensulfonamide.a 

 

Entry Base Conversion [%]b 3 [%]c 

1 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) 98 80 

2 
7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-en 

(MTBD) 
98 74 

3 1,1,3,3-Tetramethylguanidine (TMG) 65 61 

4 
2-tert-Butyl-1,1,3,3-tetramethylguanidine 

(BTMG) 
18 18 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), p-toluensulfonamide (150 µmol), base (150 

µmol), NiCl2·glyme (5 µmol), 5,5’-dicarbazlyl-2,2’-bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 

mL), 440 nm LED (2 lamps at full power). bConversion of 4-iodobenzotrifluoride determined by 1H-

NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 

1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. 

 

Solvent screening 

Table 6.19. Solvent screening for the coupling of 4-iodobenzotrifluoride and p-toluensulfonamide.a 

 

Entry Solvent Time [h] Conversion [%]b 3 [%]c 

1 DMSO 18 98 80 

2 MeCN 18 43 40 

3 DMAc 18 62 39 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), p-toluensulfonamide (150 µmol), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 150 µmol), NiCl2·glyme (5 µmol), 5,5’-dicarbazlyl-2,2’-

bipyridyl (czbpy, 5 µmol), solvent (anhydrous, 2 mL), 440 nm LED (2 lamps at full power). 
bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene as 

internal standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. glyme = 1,2-dimethoxyethane. 
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Optimized conditions and control experiments 

 
Table 6.20. Optimized conditions and control experiments for the coupling of     

4-iodobenzotrifluoride and p-toluensulfonamide.a 

 

Entry Variation Time [h] Conversion [%]b 3 [%]c 

1 None 18 87 75 

2 
carbazole (10 mol%) instead of 

czbpy 
18 42 32 

3 bpy (5 mol%) instead of czbpy 18 3 n.d. 

4 bpy (5 mol%) & carbazole (10 

mol%) instead of czbpy 
18 61 51 

5 No NiCl2·glyme 18 18 n.d. 

6 No czbpy 18 - n.d. 

7 No DBU 18 5 5 

8 No light 18 - n.d. 

9 poly-czbpy (5 mol%)d 24 98 59 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), p-toluensulfonamide (150 µmol), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 150 µmol), NiCl2·glyme (5 µmol), 5,5’-dicarbazlyl-2,2’-

bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 mL), 440 nm LED (2 lamps at full power). bConversion 

of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 
cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. dThe amount 

of poly-czbpy was calculated using the molecular weight of the monomer. glyme = 1,2-dimethoxyethane. 

bpy = 2,2’-bipyridyl. n.d. = not detected. 
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Reactivity of different aryl halides 

 

Table 6.21. Coupling of p-toluensulfonamide and methyl 4-halobenzoates.a 

 

Entry Aryl halide Time [h] Conversion [%]b 52 [%]c 

1 Methyl 4-chlorobenzoate 24 - n.d. 

2 Methyl 4-bromobenzoate 24 57 31 

3 Methyl 4-iodobenzoate 24 >99 82 

aReaction conditions: aryl halide (100 µmol), p-toluensulfonamide (150 µmol), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU, 150 µmol), NiCl2·glyme (5 µmol), 5,5’-dicarbazlyl-2,2’-

bipyridyl (czbpy, 5 µmol), DMSO (anhydrous, 2 mL), 440 nm LED (2 lamps at full power). bConversion 

of aryl halide determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-

dimethoxyethane. n.d. = not detected. 
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6.6.10 Scope of the C–N cross-coupling using homogeneous 

visible-light-mediated nickel catalysis 

 

General procedure  

An oven dried vial (19 x 100 mm) equipped with a stir bar was charged with NiCl2·glyme 

(3.3 mg, 15 µmol, 5 mol%), 5,5-dicarbazolyl-2,2’-bipyridyl (czbpy, 7.3 mg, 15 µmol, 5 

mol%), the aryl iodide (300 µmol) and the sulfonamide (450 µmol, 1.5 equiv). DMSO 

(anhydrous, 6 mL) was added, followed by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 68.5 

mg, 450 µmol, 1.5 equiv), before sealing the vessel with a septum and Parafilm. The mixture 

was stirred for 1 minute at high speed, followed by sonication for 5 minutes and degassing 

by bubbling argon for 10 minutes. The reaction mixture was stirred at 800 rpm and irradiated 

with two LED lamps (440 nm) at full power. After the respective reaction time, maleic acid 

(34.8 mg, 300 µmol, 1.0 equiv) was added to the reaction vessel, the mixture was stirred and 

an aliquote (20 µL) was removed, diluted with DMSO-d6 and analyzed by 1H NMR. The 

NMR sample and the reaction mixture were combined and diluted with water (60 mL). The 

aqueous phase was extracted with ethyl acetate (3 x 40 mL). The combined organic layers 

were washed with brine (2 x 40 mL), dried over Na2SO4 and concentrated. The residue was 

purified by flash chromatography on silica gel using mixtures of hexane/ethyl acetate to 

obtain the desired product. 

 

In some cases, we were not able to determine NMR yields reliably. In these cases, only 

consumption of the starting material (conversion) and isolated yields were determined.  
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Table 6.22. Scope of the C–O coupling reaction.a 

Product Reaction time NMR yieldb Isolated yield 

 

20 hours 
full 

conversion 
89% 

 

20 hours 
full 

conversion 
86% 

 

48 hours 
full  

conversion 
86% 

 

23 hours 83% yield 80% 

 

22 hours 78% yield 77% 

 

115 hours 74% yield 72% 

 

18 hours 
full 

conversion 
82% 

 

20 hours 
full 

conversion  
80% 

 

32 hours 82% yield 81% 

 

18 hours 89% yield 63% 
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Product Reaction time NMR yieldb Isolated yield 

 

66 hours 89% yield 86% 

 

24 hours 95% yield 84% 

 

22 hours 
full 

conversion 
72% 

 

72 hours 
full 

conversion 
78% 

 

30 hours 76% yield 74% 

 

68 hours 
full 

conversion 
89% 

 

68 hours - 83% 

 

43 hours 
95% 

conversion 
84% 

 

24 hours 86% yield 83% 

 

96 hours 65% yield 61% 

aReaction conditions according to general procedure. bNMR yields determined by 1H-NMR using 

maleic acid as internal standard 
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Experimental data 

 

 

4-Methyl-N-(4-(trifluoromethyl)phenyl)benzenesulfinamide (3) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 5-20% ethyl acetate/hexane) afforded the 

title compound as a yellowish solid (84.2 mg, 267 µmol, 89%).  

Reaction time: 20 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.42 (br. s, 

1H), 7.27 (d, J = 7.8 Hz, 2H, contains residual solvent signal of CDCl3), 7.19 (d, J = 8.3 Hz, 

2H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 144.71, 140.04, 135.77, 130.10, 127.39, 

126.78 (q, J = 3.8 Hz), 126.78 (q, J = 32.9 Hz), 124.01 (d, J = 270.9 Hz), 119.75, 21.72. 19F 

NMR (376 MHz, CDCl3) δ -62.24. These data are in full agreement with those reported in 

literature.51  

 

 

N-(4-(Trifluoromethyl)phenyl)benzenesulfonamide (42) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and benzenesulfonamide (70.7 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-20% ethyl acetate/hexane) afforded the 

title compound as a white solid (77.6 mg, 258 µmol, 86%).  

Reaction time: 20 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.92 – 7.86 (m, 2H), 7.82 (br. s, 1H), 7.58 (t, J = 7.5 Hz, 1H), 

7.51 – 7.44 (m, 4H), 7.22 (d, J = 8.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 139.82, 138.57, 

133.60, 129.39, 127.21, 126.89 (d, J = 32.8 Hz), 126.68 (q, J = 3.7 Hz), 123.89 (q, J = 271.7 

Hz), 119.78. 19F NMR (564 MHz, CDCl3) δ -62.26. These data are in full agreement with 

those reported in literature.52 
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4-(Trifluoromethyl)-N-(4-(trifluoromethyl)phenyl)benzenesulfonamide (43) was 

obtained from 4-iodobenzotrifluoride (81.6 mg, 300 µmol) and 4-

(trifluoromethyl)benzenesulfonamide (101.3 mg, 450 µmol). Purification by flash 

chromatography (10% ethyl acetate/hexane) afforded the title compound as a white solid 

(95.2 mg, 258 µmol, 86%).  

Reaction time: 48 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.2 Hz, 2H), 7.75 (d, J = 8.3 Hz, 2H), 7.61 (s, 

1H), 7.52 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

142.11, 139.09, 135.25 (q, J = 33.3 Hz), 127.74, 127.53 (q, J = 32.8 Hz), 126.91 (q, J = 3.8 

Hz), 126.60 (q, J = 3.7 Hz), 123.73 (q, J = 271.8 Hz), 122.97 (q, J = 273.2 Hz), 120.20. 19F 

NMR (564 MHz, CDCl3) δ -62.40, -63.29. HRMS (EI) m/z calcd for C14H9F6NO2S [(M)+] 

369.0258, found: 369.0256. 

 

 

N-(4-(Trifluoromethyl)phenyl)cyclopropanesulfonamide (44) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and cyclopropanesulfonamide (54.5 mg, 450 

µmol). Purification by flash chromatography (gradient 10-20% ethyl acetate/hexane) 

afforded the title compound as a white solid (63.7 mg, 240 µmol, 80%).  

Reaction time: 23 hours. NMR yield: 83%. 

1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 7.16 (s, 

1H), 2.60 – 2.51 (m, 1H), 1.27 – 1.21 (m, 2H), 1.05 – 0.98 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 140.26, 126.87 (q, J = 32.9 Hz), 126.82 (q, J = 3.8 Hz), 123.94 (q, J = 271.3 Hz), 

119.95, 30.41, 5.84. 19F NMR (564 MHz, CDCl3) δ -62.22. HRMS (EI) m/z calcd for 

C10H10F3NO2S [(M)+] 265.0384, found: 265.0390.  
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N-(4-(Trifluoromethyl)phenyl)methanesulfonamide (45) was obtained from 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and methanesulfonamide (42.8 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-20% ethyl acetate/hexane) afforded the 

title compound as a white solid (55.6 mg, 232 µmol, 77%).  

Reaction time: 22 hours. NMR yield: 78%. 

1H NMR (400 MHz, CDCl3) δ 7.65 – 7.57 (m, 2H), 7.39 (s, 1H), 7.36 – 7.29 (m, 2H), 3.10 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 140.07, 127.04 (q, J = 3.7 Hz), 126.93 (q, J = 32.9 

Hz), 123.89 (q, J = 271.5 Hz), 119.13, 39.88. 19F NMR (564 MHz, CDCl3) δ -62.27. These 

data are in full agreement with those reported in literature.52 

 

. 

1,1,1-Trifluoro-N-(4-(trifluoromethyl)phenyl)methanesulfonamide (46) was obtained 

from 4-iodobenzotrifluoride (81.6 mg, 300 µmol) and trifluoromethanesulfonamide (42.8 

mg, 450 µmol). Purification by flash chromatography (gradient 5-20% ethyl acetate/hexane) 

afforded the title compound as a white solid (63.2 mg, 216 µmol, 72%).  

Reaction time: 115 hours. NMR yield: 74%. 

1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 7.29 (s, 

1H). 13C NMR (101 MHz, CDCl3) δ 137.12, 129.32 (q, J = 33.2 Hz), 127.04 (q, J = 3.7 Hz), 

123.5 (q, J = 271.5 Hz), 122.21, 119.6 (q, J = 322.7 Hz). 19F NMR (377 MHz, CDCl3) δ -

62.65, -75.49. These data are in full agreement with those reported in literature.53 

 

 

N-(4-Cyanophenyl)-4-methylbenzenesulfinamide (47) was obtained from 4-

iodobenzonitrile (68.7 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 1-3% ethyl acetate/dichloromethane) 

afforded the title compound as a white solid (67.3 mg, 247 µmol, 82%).  
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Reaction time: 18 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.7 Hz, 2H), 7.28 (d, J 

= 7.9 Hz, 2H, contains residual solvent signal of CDCl3), 7.15 (d, J = 8.7 Hz, 2H), 2.40 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 145.00, 141.08, 135.64, 133.74, 130.19, 127.38, 119.44, 

118.58, 107.87, 21.76. These data are in full agreement with those reported in literature.54 

 

 

N-(3-Cyanophenyl)-4-methylbenzenesulfonamide (48) was obtained from 3-

iodobenzonitrile (68.7 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-20% ethyl acetate/hexane) afforded the 

title compound as a white solid (65.3 mg, 240 µmol, 80%).  

Reaction time: 20 hours. NMR yield: 80%. 

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.4 Hz, 2H), 7.66 (s, 1H), 7.40 – 7.38 (n, 1H), 

7.37 – 7.34 (m, 3H), 7.27 (d, J = 8.0 Hz, 2H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

144.75, 137.79, 135.38, 130.35, 130.06, 128.47, 127.23, 124.98, 123.47, 118.13, 113.33, 

21.63. These data are in full agreement with those reported in literature.55  

 

 

N-(2-Cyanophenyl)-4-methylbenzenesulfonamide (49) was obtained from 2-

iodobenzonitrile (68.7 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-15% ethyl acetate/hexane) afforded the 

title compound as a colorless oil (66.2 mg, 243 µmol, 81%).  

Reaction time: 32 hours. NMR yield: 82%. 

1H NMR (400 MHz, CDCl3) δ 7.75 – 7.67 (m, 3H), 7.58 – 7.52 (m, 1H), 7.47 (dd, J = 7.8 

Hz, 1.6 Hz, 1H), 7.28 – 7.23 (m, 2H, contains residual solvent signal of CDCl3), 7.17 (td, J 

= 7.6 Hz, 1.1 Hz, 1H), 7.13 (br. s, 1H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 144.78, 

139.35, 135.43, 134.22, 132.80, 129.97, 127.39, 125.18, 121.72, 115.74, 104.26, 21.64. 

These data are in full agreement with those reported in literature.56 
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N-(3-Acetylphenyl)-4-methylbenzenesulfonamide (50) was obtained from 3-

iodoacetophenone (73.8 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (1st gradient 10-20% ethyl acetate/hexane; 2nd 15% 

ethyl acetate/hexane) afforded the title compound as a white solid (54.7 mg, 189 µmol, 63%).  

Reaction time: 18 hours. NMR yield: 89%. 

1H NMR (400 MHz, CDCl3) δ 7.75 – 7.70 (m, 3H), 7.67 (t, J = 2.0 Hz, 1H), 7.46 – 7.36 (m, 

2H), 7.32 – 7.23 (m, 2H, contains residual solvent signal of CDCl3), 2.59 (s, 3H), 2.41 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 197.65, 144.36, 138.20, 137.40, 135.93, 129.93, 129.81, 

127.40, 125.73, 125.16, 120.82, 26.82, 21.69. These data are in full agreement with those 

reported in literature.54 

 

 

4-((4-Methylphenyl)sulfonamido)benzamide (51) was obtained from 4-iodobenzamide 

(74.1 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). Purification by flash 

chromatography (gradient 80-100% ethyl acetate/hexane) afforded the title compound as a 

white solid (75.0 mg, 258 µmol, 86%).  

Reaction time: 66 hours. NMR yield: 89%. 

1H NMR (400 MHz, DMSO) δ 10.59 (s, 1H), 7.82 (s, 1H), 7.72 (d, J = 8.7 Hz, 2H), 7.69 (d, 

J = 8.3 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.25 (s, 1H), 7.13 (d, J = 8.7 Hz, 2H), 2.32 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 167.23, 143.57, 140.58, 136.47, 129.83, 129.33, 128.76, 

126.76, 118.16, 20.98.  

These data are in full agreement with those reported in literature.57 

 

 

 



 

Chapter 6 
 

415 

 

Methyl 4-((4-methylphenyl)sulfonamido)benzoate (52) was obtained from methyl 4-

iodobenzoate (78.6 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 15-30% ethyl acetate/hexane) afforded the 

title compound as a white solid (76.5 mg, 251 µmol, 84%).  

Reaction time: 24 hours. NMR yield: 95%. 

1H NMR (400 MHz, DMSO-d6) δ 10.80 (br. s, 1H), 7.81 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 

8.3 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 8.8 Hz, 2H), 3.77 (s, 3H), 2.33 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 165.66, 143.71, 142.52, 136.36, 130.63, 129.87, 126.74, 

124.25, 118.08, 51.95, 20.97. These data are in full agreement with those reported in 

literature.54   

 

 

4-Methyl-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)benzenesulfonamide (53) was obtained from 2-(4-iodophenyl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (99.0 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 

450 µmol). Purification by flash chromatography (gradient 15-25% ethyl acetate/hexane) 

afforded the title compound as a white solid (80.1 mg, 215 µmol, 72%).  

Reaction time: 22 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.71 – 7.64 (m, 4H), 7.21 (d, J = 8.6 Hz, 2H), 7.06 (d, J = 8.5 

Hz, 2H), 6.74 (s, 1H), 2.36 (s, 3H), 1.31 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 144.16, 

139.36, 136.14, 136.05, 129.84, 127.40, 119.57, 83.98, 24.98, 21.68. The signal 

corresponding to the C(sp2)-B carbon was detected at 124.92 ppm in a HMBC experiment.  

These data are in full agreement with those reported in literature.58  
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Methyl 3-methyl-4-((4-methylphenyl)sulfonamido)benzoate (54) was obtained from 

methyl 4-iodo-3-methylbenzoate (77.8 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 

450 µmol). Purification by flash chromatography (gradient 10-15% ethyl acetate/hexane) 

afforded the title compound as a white solid (74.9 mg, 235 µmol, 78%).  

Reaction time: 72 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.81 – 7.77 (m, 1H), 7.77 – 7.74 (m, 1H), 7.68 (d, J = 8.4 Hz, 

2H), 7.47 (d, J = 8.5 Hz, 1H), 7.22 (d, J = 7.9 Hz, 2H), 7.05 (s, 1H), 3.86 (s, 3H), 2.37 (s, 

3H), 2.09 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.61, 144.33, 139.17, 136.28, 132.16, 

129.84, 128.80, 128.58, 127.16, 126.55, 120.96, 52.12, 21.59, 17.58. HRMS (EI) m/z calcd 

for C16H17NO4S [(M)+] 319.0878, found: 319.0877. 

 

 

4-Methyl-N-(pyridin-3-yl)benzenesulfonamide (55) was obtained from 3-iodopyridine 

(61.5 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). Purification by flash 

chromatography (gradient 15-50% ethyl acetate/hexane) afforded the title compound as a 

white solid (55.6 mg, 224 µmol, 74%).  

Reaction time: 30 hours. NMR analysis: full conversion of aryl iodide; 76% NMR yield. 

1H NMR (400 MHz, DMSO-d6) δ 10.50 (br. s, 1H), 8.27 (d, J = 2.7 Hz, 1H), 8.24 (dd, J = 

4.7, 1.5 Hz, 1H), 7.65 (d, J = 8.1 Hz, 2H), 7.49 (ddd, J = 8.3, 2.7, 1.5 Hz, 1H), 7.35 (d, J = 

8.1 Hz, 2H), 7.27 (dd, J = 8.1, 4.7 Hz, 1H), 2.32 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 

145.69, 144.10, 142.12, 136.63, 134.93, 130.32, 127.68, 127.18, 124.44, 21.43. These data 

are in full agreement with those reported in literature.59 
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4-Methyl-N-phenylbenzenesulfonamide (56) was obtained from iodobenzene (61.2 mg, 

300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). Purification by flash 

chromatography (gradient 10-20% ethyl acetate/hexane) afforded the title compound as a 

white solid (66.4 mg, 268 µmol, 89%).  

Reaction time: 68 hours. NMR analysis: full conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.3 Hz, 2H), 7.26 – 7.19 (m, 3H, contains residual 

solvent signal of CDCl3), 7.12 – 7.06 (m, 4H), 2.37 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

144.01, 136.67, 136.12, 129.78, 129.42, 127.40, 125.38, 121.60, 21.67. These data are in 

full agreement with those reported in literature.54   

 

 

N-(4-(tert-Butyl)phenyl)-4-methylbenzenesulfonamide (57) was obtained from 1-iodo-4-

tert-butylbenzene (78.0 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-20% ethyl acetate/hexane) afforded the 

title compound as a white solid (75.7 mg, 249 µmol, 83%).  

Reaction time: 68 hours. NMR yield: not calculated due to signal overlap. 

1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.4 Hz, 2H), 7.26 – 7.20 (m, 4H), 6.98 (d, J = 8.6 

Hz, 2H), 6.73 (s, 1H), 2.38 (s, 3H), 1.25 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 148.57, 

143.85, 136.47, 133.81, 129.74, 127.39, 126.30, 121.72, 34.49, 31.41, 21.70. These data are 

in full agreement with those reported in literature.36  
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N-(4-Methoxyphenyl)-4-methylbenzenesulfonamide (58) was obtained from 4-

iodoanisole (70.2 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). Purification 

by flash chromatography (gradient 10-25% ethyl acetate/hexane) afforded the title 

compound as a white solid (69.6 mg, 251 µmol, 84%).  

Reaction time: 43 hours. NMR analysis: 95% conversion of aryl iodide. 

1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 7.8 Hz, 2H), 6.98 (d, J 

= 8.9 Hz, 2H), 6.75 (d, J = 9.0 Hz, 2H), 6.62 (br. s, 1H), 3.75 (s, 3H), 2.38 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 158.05, 143.80, 136.09, 129.68, 129.01, 127.45, 125.55, 114.52, 55.53, 

21.68. These data are in full agreement with those reported in literature.54 

 

N-(4-Chlorophenyl)-4-methylbenzenesulfonamide (59) was obtained from 1-chloro-4-

iodobenzene (71.6 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-15% ethyl acetate/hexane) afforded the 

title compound as a colorless oil (70.3 mg, 250 µmol, 83%).  

Reaction time: 24 hours. NMR yield: 86%. 

1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.4 Hz, 2H), 7.44 (s, 1H), 7.23 (d, J = 8.4 Hz, 

2H), 7.20 – 7.14 (m, 2H), 7.07 – 7.01 (m, 2H), 2.37 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

144.25, 135.57, 135.20, 130.78, 129.83, 129.41, 127.30, 122.78, 21.59. These data are in 

full agreement with those reported in literature.60 

 

 

 

 

 

 



 

Chapter 6 
 

419 

 

N-(4-Iodophenyl)-4-methylbenzenesulfonamide (60) was obtained from 1,4-

diiodobenzene (99.0 mg, 300 µmol) and p-toluensulfonamide (77.0 mg, 450 µmol). 

Purification by flash chromatography (gradient 10-20% ethyl acetate/hexane) afforded the 

title compound as a white solid (68.3 mg, 183 µmol, 61%).  

Reaction time: 96 hours. NMR analysis: 85% conversion of aryl iodide; 65% NMR yield. 

1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 7.24 (d, J 

= 8.0 Hz, 2H), 7.00 (s, 1H), 6.84 (d, J = 8.7 Hz, 2H), 2.39 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ 144.38, 138.44, 136.53, 135.79, 129.95, 127.38, 123.21, 89.30, 21.71. These data 

are in full agreement with those reported in literature.60  
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6.6.11 Heterogeneous visible-light-mediated nickel catalysis 

and recycling studies 

 

Screening experiments 

 
Table 6.23. Comparison of czbpy and poly-czbpy for the coupling of 4-iodobenzotrifluoride 

and sodium p-toluensulfinate.a 

 

Entry Ligand NiCl2·glyme Conversion [%]b 1 [%]c 

1 czbpy 2.5 mol% 97 84 

2 czbpy 5 mol% 97 91 

3 poly-czbpy 2.5 mol% 96 88 

4 poly-czbpy 5 mol% 97 77 

aReaction conditions: 4-iodobenzotrifluoride (300 µmol), sodium p-toluensulfinate (600 

µmol), NiCl2·glyme (7.5-15 µmol), ligand (7.4 mg, 15 µmol), DMAc (anhydrous, 6 mL), 

440 nm LED (2 lamps at full power). bConversion of 4-iodobenzotrifluoride determined by 
1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 
1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-

dimethoxyethane. czbpy = 5,5’-dicarbazolyl-2,2’-bipyridyl. 
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Table 6.24. Comparison of czbpy and poly-czbpy for the coupling of 4-iodobenzotrifluoride 

and N-Boc-proline.a 

 

Entry Ligand NiCl2·glyme 
Conversion 

[%]b 

2 

 [%]c 

Ar-H 

[%]c 

Ar-Cl 

[%]c 

1 czbpy 2.5 mol% 98 76 14 3 

2 czbpy 5 mol% >99 88 9 n.d. 

3 poly-czbpy 2.5 mol% 97 68 7 n.d. 

4 poly-czbpy 5 mol% 75 53 18 n.d. 
aReaction conditions: 4-iodobenzotrifluoride (300 µmol), N-Boc-proline (450 µmol), N-tert-

butylisopropylamine (BIPA, 450 µmol) NiCl2·glyme (7.5-15 µmol), ligand (7.4 mg, 15 

µmol), DMSO (anhydrous, 6 mL), 440 nm LED (2 lamps at full power). bConversion of 4-

iodobenzotrifluoride determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. glyme = 1,2-dimethoxyethane. czbpy = 5,5’-dicarbazolyl-2,2’-bipyridyl. 

 

 

Table 6.25. Comparison of czbpy and poly-czbpy for the coupling of 4-iodobenzotrifluoride 

and N-Boc-proline.a 

 

Entry Ligand NiCl2·glyme Conversion [%]b 3 [%]c 

1 czbpy 2.5 mol% >99 91 

2 czbpy 5 mol% 99 90 

3 poly-czbpy 2.5 mol% >99 82 

4 poly-czbpy 5 mol% 99 59 

aReaction conditions: 4-iodobenzotrifluoride (300 µmol), p-toluene sulfonamide (450 µmol), 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 450 µmol), NiCl2·glyme (7.5-15 µmol), Ligand 

(7.4 mg, 15 µmol), DMSO (anhydrous, 6 mL), 440 nm LED (2 lamps at full power). 
bConversion of 4-iodobenzotrifluoride determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. czbpy = 5,5’-

dicarbazolyl-2,2’-bipyridyl. 
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General procedure for recycling experiments 

An oven dried vial (13 x 80 mm) equipped with a stir bar was charged with poly-czbpy 

(7.3 mg, 5 mol% calculated using monomer’s molecular weight), sodium p-toluensulfinate 

(106.9 mg, 600 µmol, 2 equiv) and NiCl2·glyme (7.5-15 µmol). Subsequently, 4-

iodobenzotrifluoride (81.6 mg, 300 µmol) and DMAc (anhydrous, 6 mL) were added and 

the vial was sealed with a septum and Parafilm. The reaction mixture was sonicated for 5 

minutes, followed by stirring to obtain a fine dispersion of the solids, before degassing by 

bubbling nitrogen for 10 min. The mixture was stirred at 800 rpm and irradiated with two 

LED lamps (440 nm) at full power. After 24 hours, 1,3,5-trimethoxybenzene (50.5 mg, 300 

µmol, 1 equiv) was added and the mixture was stirred for 5 min. The reaction mixture was 

centrifuged at 3500 rpm for 15 min.The liquid phase was carefully separated and analyzed 

by 1H-NMR. Poly-czbpy was washed  two times with DMAc (anhydrous, 6 mL, followed 

by centrifugation at 3500 rpm for 15 min and separation of the liquid phase), lyophilized 

(overnight) and reused in the next reaction.  

Reusability of the polymer poly-czbpy was tested with and without addition of NiCl2·glyme 

in each cycle (Table 5.31). 
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Table 6.26. Reusability of the polymer poly-czbpy.a 

 

Nickel loading 
5 mol%  

at each cycle 

2.5 mol% 

at each cycle 

5 mol% 

only at cycle 

1 

2.5 mol% 

only at cycle 

1 

Reaction 

Cycle 
1 [%]b 1 [%]b 1 [%]b 1 [%]b 

1 77 86 78 88 

2 78 80 90 93 

3 77 84 87 90 

4 71 83 91 93 

5 71 85 93 89 

6 73 83 90 92 

7 72 86 90 90 

8 71 87 88 90 

9 70 80 89 89 

10 67 83 87 83 

aReaction conditions: 4-iodobenzotrifluoride (300 µmol), sodium p-toluensulfinate (600 µmol), 

NiCl2·glyme (7.5-15µmol), poly-czbpy (7.3 mg, 15 µmol calculated using monomer’s molecular 

weight), DMAc (anhydrous, 6 mL), 440 nm LED (2 lamps at full power). bNMR yields determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. 
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Figure 6.10. Ni 2p XPS spectra of recycled Ni@poly-czbpy after 10 cycles applying 5 

and 2.5 mol%, respectively. 
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Figure 6.11. N 1s XPS spectra of recycled Ni@poly-czbpy after 10 cycles applying 5 and 2.5 mol%, 

respectively. 
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6.6.12  Unsuccessful coupling reactions using homogeneous 

visible-light-mediated nickel catalysis 

 

Table 6.27. Screenings for the coupling of 4-halobenzotrifluorides and pyrrolidine.a, 16, 61 

 

Entry Aryl halide Conversion [%]b 61 [%]c 

1 Bromide  2 n.d. 

2 Iodide 5 n.d. 

aReaction conditions: 4-iodobenzotrifluoride (200 µmol), pyrrolidine (600 µmol), NiBr2·3H2O (10 µmol), 5,5’-

dicarbazolyl-2,2’-bipyridyl (czbpy, 10 µmol), DMSO (anhydrous, 1 mL), 440 nm LED (1 lamp at 50% power). 
bConversion of aryl halide determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields 

determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. n.d. = not detected. 

 
Table 6.28. Screenings for the coupling of 4-halobenzotrifluorides and methanol.a, 62-63 

 

Entry Aryl halide Conversion [%]b 62 [%]c 

1 Bromide 1 n.d. 

2 Iodide <1 n.d. 

aReaction conditions: aryl halide (100 µmol), methanol (100 µmol), NiBr2·glyme (10 µmol), 5,5’-dicarbazolyl-2,2’-

bipyridyl (czbpy, 10 µmol), N,N-tert-butylisopropylamine (BIPA, 500 µmol), MeCN (anhydrous, 1 mL), 440 nm LED (1 

lamp at 50% power). bConversion of aryl halide determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal 

standard. cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-

dimethoxyethane. n.d. = not detected. 
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Table 6.29. Screenings for the coupling of 4-iodobenzotrifluoride and methyl 3-mercaptopropanoate.a, 63 

 

Entry Conversion [%]b 63 [%]c 

1 3 n.d. 

aReaction conditions: 4-iodobenzotrifluoride (100 µmol), methyl 3-mercaptopropanoate (200 µmol), NiBr2·glyme 

(10 µmol), 5,5’-dicarbazolyl-2,2’-bipyridyl (czbpy, 10 µmol), N,N-tert-butylisopropylamine (BIPA, 500 µmol), 

MeCN (anhydrous, 1 mL), 440 nm LED (1 lamp at 50% power). bConversion of 4-iodobenzotrifluoride determined 

by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. cNMR yields determined by 1H-NMR using 1,3,5-

trimethoxybenzene as internal standard. n.d. = not detected. 

 

 
Table 6.30. Screenings for the coupling of 4-halobenzotrifluorides and potassium benzyltrifluoroborate.a, 64 

 

Entry Aryl halide Conversion [%]b 64 [%]c 

1 Bromide  2 n.d. 

2 Iodide - n.d. 

aReaction conditions: aryl halide (100 µmol), potassium benzyltrifluoroborate (150 µmol), NiBr2·glyme (2.5 µmol), 5,5’-

dicarbazolyl-2,2’-bipyridyl (czbpy, 2.5 µmol), 2,6-lutidine (125 µmol), DMSO (anhydrous, 1 mL), 440 nm LED (1 lamp 

at 50% power). bConversion of aryl halide determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 
cNMR yields determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. glyme = 1,2-dimethoxyethane. 

n.d. = not detected. 
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Table 6.31. Screenings for the coupling of 4-iodobenzonitrile and 1-((trimethylsilyl)methyl)piperidine.a, 38 

  

 

Entry Variation 
Conversion 

[%]b 

65 

 [%]c 

Ar-Br 

[%]c 

Ar-Ar 

[%]c 

Ar-H  

[%]c 

Ar-OH 

[%]c 

1 None >99 38 n.d. 25 10 n.d. 

2 NiCl2·glyme >99 29 n.d. 23 20 n.d. 

3 NiBr2·glyme 88 28 8 22 11 1 

4 No NiBr2·3H2O >99 n.d. n.d. n.d. 70 n.d. 

5 Solvent = DMSO 53 n.d. 9 0 20 0 

6 Solvent = DMF >99 27 n.d.o. 10 n.d.o. 4 

7 Aryl iodide = 4-iodoanisole >99 32 n.d. 33 n.d. n.d. 

11 No czbpy >99 7 n.d. n.d. 25 n.d. 

12 No light - n.d. n.d. n.d. n.d. n.d. 

aReaction conditions: 4-iodobenzonitrile (100 µmol), 1-((trimethylsilyl)methyl)piperidine  (300 µmol), NiBr2·3H2O (5 µmol), 5,5’-

dicarbazolyl-2,2’-bipyridyl (czbpy,5 µmol), N,N-tert-butylisopropylamine (BIPA, 300 µmol), DMAc (anhydrous, 2 mL), 440 nm LED (1 

lamp at full power). bConversion of 4-iodobenzonitrile determined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. 
cDetermined by 1H-NMR using 1,3,5-trimethoxybenzene as internal standard. Glyme = 1,2-dimethoxyethane. n.d. = not detected. n.d.o. = not 

detected due to overlap with solvent’s signals. 
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6.6.13 EPR Experiments 

 

Sample Preparation 

As a basis for EPR experiments and to investigate the influence of the involved reaction 

components, several samples were prepared in DMAc: 

A) czbpy 

B) czbpy + NiCl2*glyme  

C) czbpy + NiCl2*glyme + 4-iodobenzotriflouride 

D) czbpy + NiCl2*glyme + sodium p-toluensulfinate 

E) czbpy + NiCl2*glyme + 4-iodobenzotriflouride + sodium p-toluensulfinate  

F) czbpy + 4-iodobenzotriflouride 

 

EPR samples were prepared in a glovebox (M. Braun, Germany) to minimize water 

infiltration (O2<0.1ppm, H2O<0.1ppm), using a concentration of 1.5 mM for all individual 

components. Samples were transferred into 3.9mm quartz tubes, sealed and immediately 

frozen in liquid N2.  

 

EPR Measurements 

Continuous wave EPR measurements were performed on a home-built X-band spectrometer 

employing the following devices from Bruker (Karlsruhe, Germany): microwave bridge (ER 

041 MR), microwave controller (ER 048 R), magnet power supply (ER 081 S), field 

controller (B-H-15), and a Super-HQ cavity resonator. Detection was carried out with a 

Lock-In Amplifier (SR 810 DSP) by Stanford Research Systems. Temperature stabilisation 

was accomplished by using a ESR910 He-cryostat and a temperature controller from Oxford 

instruments (Abingdon, UK). 

Capturing the light-sensitive narrow EPR signal was achieved by illuminating the sample at 

room temperature with a Kessil PR160L-440 LED for several minutes, followed by quick 

insertion of the sample in the cold probehead (T ≈ 10K). 
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Table 6.32. Overview over the occurrence of the observed broad and narrow cw EPR signals dependent on 

the sample composition and illumination state. 

 dark illuminated 

Composition Broad peak Narrow 

peak 

Broad peak Narrow 

peak 

czbpy x  x  

czbpy + NiCl2*glyme x  x  

czbpy + NiCl2*glyme + 

sodium p-toluensulfinate 

x  x  

czbpy + NiCl2*glyme + 4-

iodobenzotriflouride 

x  x x 

czbpy + NiCl2*glyme + 4-

iodobenzotriflouride + 

sodium p-toluensulfinate 

x  x x 

czbpy + 4-

iodobenzotriflouride 

x  x  

 

 

Figure 6.12. X band cw EPR spectra of czbpy + NiCl2·glyme + 4-iodobenzotriflouride after rapid freezing in 

dark conditions (dark blue) as well as after blue light llumination (light blue) 
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Figure 6.13. X band cw EPR spectra of czbpy + NiCl2·glyme mixed with various combinations of sodium p-

toluensulfinate and 4-iodobenzotriflouride, all measured after illumination with blue light and rapid freezing. 
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Copies of NMR spectra of isolated compounds 

Copies of NMR spectra of isolated compounds are available in the Supporting Information 

through the website of the Publisher. DOI: https://doi.org/10.26434/chemrxiv-2021-kt2wr 
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Chapter 7 

Discussion & Outlook 

7.1 Discussion of the individual works in a common context 

Cross-coupling reactions are essential tools for the synthesis of complex organic motifs, 

including, pharmaceuticals1 and agrochemicals2. To date, the majority of cross-coupling 

reactions proceed via palladium catalysis and many developments have enabled efficient 

couplings across a wide variety of substrate classes.3 Nevertheless, the increasing price and 

the shortage of rare noble metals has led to a scientific pursuit for more sustainable and 

abundant alternatives. Based on having similar electronic properties to palladium, nickel has 

shown promise as a capable candidate.4 In several cases nickel complexes have presented 

suitable reactivity5, yet for carbon-heteroatom cross-couplings high temperatures and 

tailored ancillary ligands6 are still required to induce the reductive elimination step of the 

thermodynamically stable key NiII intermediate. 7-8 An alternative way to destabilized the 

NiII intermediate is by oxidation to a NiIII species using stoichiometric oxidants. Currently, 

the growing societal interest in sustainability and green chemistry9
 has evolved new methods 

for such oxidations using visible light photocatalysis. By merging nickel catalysis with 

visible light photocatalysis (metallaphotocatalysis), many efficient and synthetically 

attractive methods of various carbon-carbon and carbon-heteroatom bond formations have 

been showcased.10 However, these methodologies rely on iridium and ruthenium polypyridyl 

complexes and/or synthetic organic dyes which are expensive and unrecyclable. 

 

The main motivation for this thesis was the development of viable protocols which omit 

unsustainable photocatalysts for metallaphotocatalyzed carbon-heteroatom bond formations. 

To reach this goal, different key aspects were defined, and milestones were achieved during 

the thesis (Figure 7.1). The main focus of the work was the replacement of the typically 

applied iridium or ruthenium complexes for dual nickel/photocatalyzed cross-couplings. 

Such a replacement should be easily recyclable. In an ideal case a fully recyclable catalyst 

system, where also the nickel catalyst can be reused, would be developed. Initially, a 

heterogeneous semiconductor material would be synthesized and tested as surrogate of the 

noble metal photocatalyst complexes. Afterwards a tailor-made ligand design and synthesis 
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of a microporous organic polymer version of the designed ligand should enable a fully 

recyclable (photo)catalyst material for visible light-mediated nickel catalyzed carbon-

heteroatom cross-couplings without the need of an exogeneous photocatalyst. 

 

Figure 7.1. Development of dual nickel/photocatalytic cross-couplings using more sustainable and cost-

efficient methods. 

 

In stark contrast to conventional catalysis, where homogeneous catalysts are not able to be 

simply substituted by a heterogeneous material, semiconductors have already proven to be 

promising alternatives to homogeneous photocatalysts for artificial photosynthesis, waste 

water treatment, as well as organic synthesis due to their high stability and recyclability.  

These concepts can be found in Chapter 2, which was published as a review in 

ChemPhotoChem, and gives an overview about “Heterogeneous photocatalysis in organic 

synthesis”. In summation, upon light illumination a charge separation in the semiconductor 

is induced that generates an excited electron and an electron hole, which can participate in 

single electron transfer events. These electron-hole pairs can trigger the same reactions as 

the excited states of homogeneous photocatalysts. Semiconductors tunability makes them 

appealing substitutes for rare noble metal complexes in photocatalysis. Such materials that 

include microporous materials, such as conjugated organic polymers, covalent organic 

frameworks, and metal organic frameworks and can be tuned and designed on a molecular 

level.  

 

As a result of the acquired overview in Chapter 2, I focused on carbon nitrides, a class of 

organic semiconductors of rare metal complexes. The optical and electronic properties of 

carbon nitrides, can be tuned to fit the requirements of a specific reaction by manipulating 

the precursors and synthetic conditions of the polymerization. I used these organic 
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semiconductors for dual nickel/photocatalytic cross-couplings in a semi-heterogeneous 

procedure (Chapter 3-5). In this way, not only a recyclable photocatalyst for C–N and C–O 

bond formations was introduced, but for dual nickel/photocatalytic aryl amination, the scope 

was expanded by overcoming limitations for the coupling of electron-rich and electron-

neutral aryl halides. The achievement was possible due to enhanced visible light absorption 

of the applied carbon nitride material and the associated avoidance of catalyst deactivation 

through nickel-black formation. Additionally, a special flow set-up using an oscillatory 

pump and a microstructured plug flow photoreactor enabled semi-heterogeneous C–N cross-

couplings on a multi-gram scale with short reaction times. 

 

In the final chapter (Chapter 6) I describe the development of a ligand (czbpy), which 

combines a chelating bipyridyne unit and a chromophoric, redox active carbazole moiety 

that results in a nickel complex that catalyzes different carbon–heteroatom couplings in the 

presence of visible-light without an additional photocatalyst. By this means a completely 

new paradigm for visible-light mediated nickel catalyzed cross-couplings was established. 

Subsequently, a conjugated organic polymer of czbpy was synthesized and in this way a 

fully recyclable catalyst system for cross-coupling reactions obtained.  
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7.2 Semi-heterogeneous dual nickel/photocatalytic carbon-

heteroatom cross-couplings using graphitic carbon nitrides 

The first milestone towards my ultimate goal, the development of truly sustainable carbon–

heteroatom cross-couplings, was the application of a heterogeneous organic semiconductor 

as the photocatalyst in nickel catalyzed cross-couplings (Chapter 3). It was shown that in 

combination with a simple nickel complex, graphitic carbon nitrides, a class of metal-free, 

polymeric semiconductors that can be prepared from inexpensive and abundant bulk 

chemicals, can induce selective C–O cross-couplings of aryl halides and carboxylic acids 

(Scheme 7.1). The study with the title “Semi-Heterogeneous Dual Nickel/Photocatalysis 

using Carbon Nitrides: Esterification of Carboxylic Acids with Aryl Halides” was published 

in Angewandte Chemie International Edition. 

 

Scheme 7.1. Semi-heterogeneous dual nickel/ photocatalytic C–O couplings of aryl iodides and carboxylic 

acids using a carbon nitride as photocatalyst. 

 

Among the tested carbon nitrides, the material CN-OA-m, which was prepared by 

calcination of urea and oxamide at 500 ºC, followed by anaerobic polymerization at 550 ºC 

using molten potassium salts as a structural template gave the best results.11 CN-OA-m 

absorbs visible-light up to 700 nm. The heterogeneous, organic photocatalyst in combination 

with a NiII salt and a bipyridyl ligand was applicable for a broad range of substrates in the 

cross-coupling of aryl iodides with carboxylic acids under white light irradiation. 

Limitations were identified for electron-rich aryl halides. In contrast to homogeneous 

protocol that uses Ir(ppy)3 as photocatalyts12, long reactions are necessary for  aryl bromides. 

Kinetic analysis suggested that the photocatalyst facilitates oxidative addition to nickel by 

formation of aryl radicals.13 Due to the higher reduction potential of IrIII*/IrIV, −1.73 V, this 

is faster for aryl iodides and bromides in comparison to the analogous excited state of the 

used graphitic carbon nitride which have a lower potential (up to −1.65 V vs SCE) and 

minimized capacity for electron transfer. Nevertheless, the carbon nitride material shows 
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superior properties in comparison to the homogeneous iridium photocatalyst, as it can 

promote the C–O arylation using green light and can be easily recycled multiple times 

without significant loss in efficiency. 

 

By employing the same carbon nitride material for the coupling of aryl halides with amines, 

I could significantly expand the scope for dual nickel/photocatalytic C-N cross-couplings 

(Chapter 4/ Scheme 7.2). Previous reports on dual photoredox/nickel catalyzed C–N cross-

couplings suffer from low yields for electron-rich aryl halides. I could identify that the 

formation of catalytically inactive nickel-black is responsible for this limitation and causes 

severe reproducibility issues. These results were published with the title “Overcoming 

Limitations in Dual Photoredox/Nickel catalyzed C–N Cross-Couplings due to Catalyst 

Deactivation“ in Nature Catalysis. 

 

Scheme 7.2. Semi-heterogeneous dual nickel/ photocatalytic C–N couplings of aryl halides and amines using 

a carbon nitride as photocatalyst. 

During this study, I demonstrated that catalyst deactivation can be avoided by using the 

already introduced carbon nitride photocatalyst CN-OA-m. The catalyst deactivation via the 

formation of nickel black arises from the accumulation of low valent Ni0 species during the 

slow oxidative addition of electron rich aryl halides. To countermeasure this undesired 

effect, the relative rate of oxidative addition (OA) must be equal or higher than the rate of 

reductive elimination (RE) (Figure 7.3). The carbon nitride material CN-OA-m absorbs 

weakly upon green light irradiation, and this ends up in a reduced rate of reductive 

elimination compared to blue light irradiation. As a result of the broad absorption of the 

heterogeneous photocatalyst a wavelength dependent control of the rate of reductive 

elimination was achieved and consequently nickel black formation was prevented during the 

coupling of cyclic, secondary amines with electron-neutral and electron-rich aryl bromides. 

Additionally, the recycling issues of the carbon nitride were overcome by switching from 

white light to green light to avoid catalyst deactivation due to nickel black formation. In this 
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way the heterogeneous photocatalyst could be recycled by simple centrifugation over five 

cycles without drop in efficiency. 

 

Figure 7.2. Catalyst deactivation due to photo-generated Ni0 agglomerates (Nickel black). 

 

In an alternative approach, the rate of oxidative addition could be increased by using a high 

substrate concentration. In this way even blue light irradiation could be used for the efficient 

and reproducible coupling of electron-rich aryl bromides and electron-poor aryl chlorides 

with secondary amines. For less nucleophilic, primary amines, it turned out that the coupling 

with electron-rich aryl halides is accomplishable by stabilizing low valent nickel 

intermediates with MTBD as an additive. These protocols enable reproducible, selective C–

N cross-couplings of electron-poor as well as electron-rich aryl bromides and can be also 

applied for electron-poor aryl chlorides, which were previously challenging substrates for 

dual photoredox/nickel catalyzed C–N cross-coupling. 

 

Next, the problems regarding scalability were tackled by developing a suitable continuous 

flow protocol. The difficulties associated with handling solids in flow were overcome by 

combining an oscillatory pump with a microstructured plug flow photoreactor (Chapter 5). 

In the presented work “An oscillatory plug flow photoreactor facilitates semi-heterogeneous 

dual nickel/carbon nitride photocatalytic C–N couplings“ published in Reaction Chemistry 

& Engineering, a stable suspension of the photocatalyst can be maintained and in this way 
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clogging of the reactor channels was avoided. Careful tuning of the oscillator properties 

enabled an optimized residence time distribution (RTD) and a stable catalyst suspension was 

preserved. In this manner the illumination efficiency of the reaction solution was improved 

and consequently short residence times (20 min) were attained. Throughout a stable 4.5 hour 

scale-out demonstration, a model compound could be prepared on a multigram scale (Figure 

7.3).  

 

Figure 7.3. An oscillatory plug flow photoreactor facilitates semi-heterogeneous dual nickel/carbon nitride 

photocatalytic C–N couplings. 

Using these conditions, the recyclability of the photocatalyst was also demonstrated over 10 

cycles with no loss of activity. Moreover, the technology was suitable to apply the semi-

heterogeneous protocol for the gram-scale synthesis of an intermediate of the active 

pharmaceutical ingredient tetracaine. 
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7.3 Photocatalyst-free, visible-light-mediated nickel catalysis for 

carbon-heteroatom cross-couplings  

Chapter 6, consists of the work “Photocatalyst-free, visible-light-mediated nickel catalysis 

for carbon–heteroatom cross-couplings”, which is available as a preprint on ChemRxiv and 

was submitted for publication to a peer-reviewed journal. This study constitutes a paradigm 

shift in metallaphotocatalytic cross-couplings by omitting the necessity of an exogenous 

photocatalyst. 

 

The currently accepted mechanistic proposal for dual nickel/photocatalytic carbon–

heteroatom cross-couplings suggests that the role of the excited photocatalyst is an initial 

reduction  of a NiII-precatalyst, or re-activation of deactivated NiII species after off-cycle 

reactions14, to a catalytically active NiI-complex. After the initial activation, the reactions 

likely proceed through thermally sustained NiI-NiIII cycles.15-16 This mechanistic proposal 

was further supported by the results of photocatalyst-free C–O and C–N couplings of aryl 

halides using substoichometric amounts of zinc for the initial reduction of the inactive NiII 

complex to start the self-sustaining NiI/NiIII cycle.17 Simultaneously, it was shown that the 

catalytically active NiI complexes were also formed by photoexcitation and 

disproportionation of NiII complexes under UV light irradiation.18 This concept was 

subsequently employed in photocatalyst-free C–N and C–O cross-coupling reactions.19-22 

Despite that progress, the demand of UV light irradiation for excitation of these nickel 

catalysts can cause side reactions resulting in low selectivity.  

 

Together with my colleagues, I showed that the requirement of an exogenous photocatalyst 

to harness the energy of visible light for the reduction of the NiII pre-catalyst to the active 

NiI species can be overcome by a functionalized bipyridyl ligand that forms a visible-light 

responsive nickel complex. Therefore, the ligand 5,5’-dicarbazolyl-2,2’-bipyridyl23 (czbpy), 

which contains bipyridyne as chelating unit and two carbazole units that extend the 

absorption of the resulting nickel complex up to 450 nm, was synthesized. The nickel 

complex can promote cross-coupling of aryl iodides with carboxylic acids, sodium 

sulfonates, and sulfonamides under blue light irradiation without an additional photocatalyst 

(Scheme 7.3). 
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Scheme 7.3. Photocatalyst-free, visible-light-mediated nickel catalysis for C–O, C–S and C–N couplings.  

 

With the aid of FeIII chloride, the czbpy ligand can be polymerized affording a porous organic 

polymer (poly-czbpy). The formed heterogeneous ligand framework incorporates nickel by 

coordination to the nitrogen atoms of bipyridine units, which was validated by XPS analysis. 

The macrocomplex absorbs visible light up to 600 nm and is also able to catalyze the light-

mediated cross-couplings of aryl iodides with carboxylic acid, sodium sulfinates and 

sulfonamides. Interestingly, lower nickel-to-polymer ratios proved to be beneficial due to 

the optimal immobilization of nickel into the ligand framework. ICP-OES analysis proved 

that approximately 40% of the bipyridine sites in the polymer structure are accessible for the 

coordination of nickel.  Therefore, lowering the nickel salt/macroligand ratio led to less 

unligated nickel in solution, and thus less side reactions. In this way increased selectivity of 

the C–N, C–O and C–S coupling was obtained. The heterogeneous porous polymer with 

incorporated nickel can be recycled by simple centrifugation over at least 10 cycles without 

significant loss in efficiency for the C–S coupling (Figure 7.4). 

 

Figure 7.4. Recycling of the heterogeneous catalyst for the C-S coupling using different nickel loadings. 
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Due to ability of this catalytic system to use visible light to promote reaction without the 

requirement of an exogeneous photocatalyst, an adaptable catalytic instrument for nickel 

catalyzed carbon-heteroatom cross-coupling reaction was created. The possibility to form a 

heterogeneous version of the ligand, and thereby immobilize and recycle the nickel catalyst 

increases the attractiveness considerably.  
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8.4 Outlook 

In metallaphotocatalysis, a dedicated photocatalyst is commonly responsible for harvesting 

energy from light and activating the nickel catalyst towards carbon–heteroatom cross-

couplings. Most protocols in dual nickel/photoredox protocols still rely on a dedicated, 

homogeneous noble metal based photocatalyst. I showed in the first action that these noble 

metal complexes can be replaced by sustainable and recyclable heterogeneous carbon nitride 

photocatalysts. Subsequently, I showed a completely new approach, in which tailored ligand 

design enables the utilization of visible-light for the direct excitation of the nickel catalyst. 

Thereby the effectiveness and sustainability of light-mediated nickel catalyzed cross-

couplings was further increased. Polymerization of the ligand and immobilization of nickel 

into the ligand framework offers the opportunity of a fully recyclable catalyst system. 

 

Based on these achievements, the next logical step is the synthesis of new ligands by rational 

ligand design, to study structure-activity relationships, tailor the absorbance of the formed 

nickel catalysts, and thereby broaden the scope and applicability of this approach. Systematic 

modifications of both, the carbazole substituents as well as the molecular core in terms of 

substitution pattern, can be employed to alter the redox potentials and absorption properties 

of the catalysts. Tuned redox potentials could enable the application of this catalytic platform 

for various carbon-carbon bond formations. This extension of the scope would be very 

appealing for many fields like medicinal chemistry and material science, as C–C cross-

coupling methods are commonly used synthetic tools. Additionally, the possibility to couple 

nucleophiles with generally inexpensive aryl bromides or aryl chlorides, as well as 

pseudohalides would make the reaction more cost-efficient and versatile while increasing 

the interest of a broader scientific community. Furthermore, the feasibility of synthetic useful 

scale should be demonstrated. The proper strategy will be by development of a suitable 

continuous flow protocol. If the heterogeneous macroligand is employed, the combination 

of an oscillatory pump with a microstructured plug flow photoreactor, which was previously 

an excellent system for the handling of the heterogeneous carbon nitride photocatalyst, 

represents a good solution. 
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Abbreviations List 

 Photon efficiency 

 
Quantum yield 

1O2 Singlet oxygen 

3MLCT 
Triplet excited state resulting from a metal-to-ligand  

charge transfer transition 

4-CzIPN 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

A Electron acceptor 

acac Acetylacetonate 

API Active pharmaceutical ingredient 

ARS 
Alizarin red s (3,4-Dihydroxy-9,10-dioxo-9,10-dihydroanthracene 

-2-sulfonic acid) 

ATRA Atom transfer radical addition 

BET Brunauer-Emmett-Teller (surface area) 

BINAP 2,2'–Bis(diphenylphosphino)–1,1'–binaphthyl 

BIPA N-tert-Butylisopropylamine 

Bo Bodenstein number 

Boc-Pro-OH N-(tert-Butoxycarbonyl)proline 

BODIPY Boron dipyyromethenes 

Bpin Boronic acid pinacolate ester 

bpy 2,2'-Bipyridine 

bpz 2,2′-Bipyrazine 

Brettphos 
2-(Dicyclohexylphosphino)3,6-dimethoxy-2′,4′,6′- 

triisopropyl-1,1′-biphenyl 

BTMG 2-tert-Butyl-1,1,3,3-tetramethylguanidine 

Bz Benzoyl 
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CB Conduction band 

cbz Benzyloxycarbonyl 

CDC Cross-dehydrogenative coupling 

CMB-CN 
Carbon nitride material from cyanuric acid, melamine  

and barbituric acid 

CMP Conjugated microporous polymer 

CN Carbon nitride 

CN-OA-m Carbon nitride based on urea and oxamide, synthesized in molten salt 

COD 1,5-Cyclooctadiene 

COF Covalent organic framework 

ConPET Consecutive photoinduced electron transfer 

CTF Covalent triazine network 

CV Cyclic voltammetry 

CyPF-t-Bu 
(R)-1-[(SP)-2-(Dicyclohexylphosphino)ferrocenyl]ethyldi- 

tert-butylphosphine 

czbpy 5,5’-Dicarbazolyl-2,2’-bipyridyl 

D Electron donor 

d Doublet 

DABCO 1,4-Diazabicyclo[2.2. 2]octane 

Davephos 2-Dicyclohexylphosphino-2′-(N,N-dimethylamino)biphenyl 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCE Dichloroethane 

DCM Dichloromethane 

dF(CF3)ppy 2-(2,4-Difluorophenyl)-5-(trifluoromethyl)pyridine 

diglyme Diethylene glycol dimethyl ether 

DHIMQ 6,7-dihydroxy-2-methylisoquinolinium 
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DHIPQ 1,3-disubstituted-5,6-dihydropyrrolo[2,1-a]isoquinoline 

DIPEA N,N-diisopropylethylamine 

DMA or DMAc N,N-Dimethylacetamide 

DMAP N,N-Dimethylaminopyridine 

dme Dimethyl ether 

DMF N,N-Dimethylformamide 

dmg Dimethylglyoxime 

DMPU N,N’-Dimethylpropyleneurea 

DMSO Dimethylsulfoxide 

donor* Excited state partecipating in energy transfers 

dppf 1,1'-Bis(diphenylphosphino)ferrocene 

DSP Dye-sensitized photocatalyst 

DSSC Dye-sensitized solar cell 

dtbbpy 4,4’-Di-tert-butyl-2,2’-bipyridine 

EDA Electron-donor acceptor (complex) 

EdX Energy-dispersive X-ray 

EI Electronic ionization 

EnT Energy transfer 

EPR Electron paramagnetic resonance spectroscopy 

ESI Electrospray ionization 

ET Electron transfer 

EY Eosin Y 

EY* Excited state of Eosin Y 

EYox Eosin Y after oxidative quenching 

FDA Formaldehyde dimethyl acetal 

FEP Fluorinated ethylene-propylene 
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Fmoc 9-Fluorenylmethoxycarbonyl 

FTIR Fourier-transform infrared spectroscopy 

g-CN Graphitic carbon nitride 

glyme 1,2-Dimethoxyethane 

HAADF High-angle annular dark-field 

HAT Hydrogen atom transfer 

HOMO Highest occupied molecular orbital 

HPLC High-performance liquid chromatography 

HR-MS High resolution mass spectrometry 

ICP-OES Inductively coupled plasma - optical emission spectroscopy 

ISC Intersystem crossing 

Josiphos 
(2R)-1-[(1R)-1-(Dicyclohexylphosphino)ethyl]-2-(diphenylphosphino) 

ferrocene 

K-PHI Potassium poly(heptazinie imide) 

LD Laser diffraction 

LED Light emitting diode 

LUMO Lowest unoccupied molecular orbital 

m Multiplet 

MeCN Acetonitrile 

MeOH Methanol 

MLCT Metal-to-ligand charge transfer 

MOF Metal organic framework 

mpg-CN mesoporous graphitic carbon nitride 

MTBD 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-en 

n.d. Not detected 

n.d.o. Not determined due to overlapping peaks 
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NCS N-Chlorosuccinimide 

NHC N-Hetereocyclic carbenes 

NIR near-infrared 

NIS N-Iodosuccinimide 

NMR Nuclear magnetic resonance spectroscopy 

NP Nanoparticle 

Nu-H Nucleophile in its protonated form 

OA Oxidative Addition 

OMs Methanesulfonate 

OTf Trifluoromethanesulfonate 

OTs para-Toluensulfonate 

PC Photocatalyst 

PC* Excited state of the photocatalyst 

PC·+ Photocatalyst after oxidative quenching 

PC·- Photocatalyst after reductive quenching 

PET Photoinduced electron tranfer 

PFA Perfluoroalkoxy polymer 

Phos-Texas Red 
5-(3-Aminoallyl)-2′-deoxyuridine 5′-triphosphate  

triehthyl ammonium salt 

ppy 2-Phenylpyridyne 

PRC Photoredox catalysis 

PSD Particle size distribution 

PTFE Polytetrafluoroethylene 

p-TSA para-Toluensulfonic acid 

q Quartet 

QD Quantum dot 
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quinuclidine 1-Azabicyclo[2.2.2]octane 

RE Reductive Elimination 

Rhodamine B 9-(2-Carboxyphenyl)-3,6-bis(diethylamino)xanthyliumchlorid 

Rh-6G Rhodamine 6G 

RTD Residence time distribution 

s Singlet 

S0 Singlet state 

S1 Singlet excited state 

SCE Saturated calomel electrode 

SED Sacrificial electron donor 

SEM Scanning electron microscopy 

sens Sensitizer 

SET Single electron transfer 

SNAr Nucleophilic aromatic substitutions 

SMBR Serial micro-batch reactors 

STEM Scanning transmission electron microscopy 

t Triplet 

T1 Triplet excited state 

TA Transient absorption 

TBAI Tetrabutylammonium iodide 

TBD 1,5,7-Triazabycyclodec-5-ene. 

TEM Transmission electron microscopy 

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl 

TEOA Triethanolamine 

TFE Trifluoroethane 

THF Tetrahydrofurane 
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TLC Thin layer chromatography 

TMEDA N,N,N’,N’-tetramethylethylenediamine 

TMG 1,1,3,3-Tetramethylguanidine 

TMSCN Trimethylsilyl cyanide 

Tol Toluene 

Ts para-Toluensulfonyl 

UV Ultraviolet 

Vis Visible 

VB Valence band 

XPS X-ray photoelectron spectroscopy 

XRD X-ray powder diffraction 

 


