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A. Introduction 

 

Photoredox catalysis with visible light1, 2 Ƴŀȅ ƴƻǘ ȅŜǘ ōŜ ŀ ŎƘŜƳƛǎǘΩǎ ŦƛǊǎǘ ŎƘƻƛŎŜ ǘƻ ǘŀŎƪƭŜ ǎȅƴǘƘŜǘƛŎ 

problems because of old prejudices deriving from UV photochemistry and an unawareness of its 

possibilities. However, using visible light offers a variety of advantages, starting from unique 

reactivities, the ease of handling the reactions and the ubiquitous availability of solar or artificial 

light. For most reactions a small LED or ordinary light bulb is sufficient; no special glassware or safety 

procedures are required.  

Most organic molecules do not absorb light in the visible region and therefore a photoredox catalyst 

is required to transfer the energy of the photon to the reagent. This offers the advantage that the 

target molecule itself is not excited and cannot undergo undesired side reactions without activation 

by the catalyst. The energy is either transferred by sensitization or electron transfer, whereof the 

later will be discussed here. Many metal complexes, mostly containing a ruthenium, iridium or 

copper central ion, and some organic molecules offer this trait. 3, 4, 5 

The most prominent one is tris(bipyridine)ruthenium(II) (1) (Figure 1)2, 6, 7, 8 and this article will give an 

overview of its manifold applications in photoredox catalysis.  

 

       

Figure 1. Tris(bipyridine)ruthenium(II) (1). 

 

This complex is mostly used as dichloride hexahydrate salt which is commercially available. Other 

commonly used anions are (PF6)
- and (BF4)

-. The complex was first reported by Burstall et al. back in 

1936 and can be synthesized starting from RuCl3 according to a procedure by Young et al.2, 9 

Many organic molecules can be activated by 1, and the number of reactions utilizing this is growing 

every day. First reports using Ru(bpy)3Cl2 date back to the late 70s, when this concept was known as 

photo sensitized reactions, but has not received much attention until recent years when the field was 

revived by David MacMillan, 10 Tehshik Yoon11 and Corey Stephenson.12 
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Table 1. Photophysical and electrochemical properties of Ru(bpy)3
2+

 (1). 

ŜȄŎƛǘŀǘƛƻƴ ˂max 452 nm  E1/2
a) (RuII* /RuI) + 0.77 V 

ŜƳƛǎǎƛƻƴ ˂max 615 nm  E1/2
a) 

(Ru
II
/Ru

I
) - 1.33 V 

excited state lifetime 1100 ns  E1/2
a) 

(Ru
III
/Ru

II
*)  - 0.81 V 

   E1/2
a) (RuIII/RuII) + 1.29 V 

a) Measurements conducted in acetonitrile at room temperature and values are given in Volt vs. a saturated 

calomel electrode (SCE).  

 

An explanation for the current increased interest in photochemistry are the demand for novel, 

environmental begin reaction and new developments in the field of lighting devices such as LEDs and 

fluorescent light bulbs. LEDs have a narrow emission peak and can therefore excite the catalyst at or 

close to its maximum absorption and no energy is wasted in the generation of photons that cannot 

be absorbed by the catalyst and may cause side reactions.  

The simplest setup for a photoreaction consists of a vessel, e.g. a round-bottom flask or a snap cap 

vial, containing the reaction solution which is irradiated by an external lighting source, such as a light 

bulb, a LED or the sun.  

A better option to transfer light directly into the reaction solution is via an optical fiber (Figure 2). 

Applying such a setup minimizes the amount of light that is lost through absorption by the glass wall 

of the vessel and therefore more of the emitted photons can excite the photocatalyst compared to a 

classical setup. In addition, it is possible to heat or cool the solution to any desired temperature 

without taking precautions for the light source.  

 

      

Figure 2. Irradiation systems using optical fibers. 
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A convenient setup developed by Reiser et al. is depicted in figure 2.13 A LED with an appropriate 

wavelength to activate the catalyst channels light into a glass rod whose other end is inside a Schlenk 

tube containing the reaction solution.  

Because of its maximum absorption at 452 nm blue LEDs are most efficient to excite Ru(bpy)3
2+ (1). In 

general, photoredox catalysts have a very high extinction coefficient. The molar absorptivity of 

Ru(bpy)3
2+ (1) at 452 nm is ʁ  Ґ мпΦс Ƴa-1 cm-1.6 

 

ὃ ÌÇ ‐ ὧ Ὠ   (Eq. 1) 

Ὠ  
 

 
                (Eq. 2) 

A :˂ molar absorbance; I0: intensity of the incident light; I: intensity of the transmitted lightΤ ʶΥ ƳƻƭŀǊ absorptivity; c:  molar 

concentration ; d: depth of penetration.  

 

Solving the Beer-Lambert law (Eq. 1) for a typical photoredox reaction with a concentration of  

1 mmol/l Ru(bpy)3
2+ (1 mol% Ru(bpy)3

2+ at a substrate concentration of 0.1 mol/l) reveals that 99% of 

the incident light are absorbed within 1.4 mm and 99.9% do not penetrate the flask further than  

2.1 mm. 

Employing 5 mol% of catalyst at the same substrate concentration of 0.1 mol/l resulting in a catalyst 

concentration of 5 mmol/l, 99% of the incident light are already absorbed within 0.3 mm. Therefore a 

high surface area is beneficial in order to excite as many catalyst molecules at the same time as 

possible. This can for example be achieved by employing a micro reactor (Figure 3). These systems 

consist of glass or plastic plate containing a long, thin channel through which the reaction solution is 

pumped at a defined speed. The reactor is irradiated from above with an appropriate light source. 

This offers a variety of advantages. Because the channels are very thin, nearly every catalyst 

molecule can be excited by the incident light. The speed of pumping and therefore the reaction time 

can be controlled very precisely with the help of a syringe or HPLC pump. Exposure of the reaction 

mixture to the light source before and after passing the reactor is avoided, thus preventing 

decomposition and side reactions. Also the temperature can be controlled and changed rapidly due 

to the small dimensions of the micro reactor. The disadvantages of this system are the high costs of 

the reactors and the pump system. In addition the channels can be blocked easily by precipitates 

which are difficult to remove.  
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Figure 3. Micro reactor system for photocatalysis.  

 

A more cost efficient alternative are FEP (fluorinated ethylene propylene copolymer) tube reactors. 

They can be assembled by wrapping a FEP tube around a cylinder, for example a beaker, and putting 

the light source inside. By changing the length of the tube, the internal volume of the reactor can be 

adjusted to the demands of the reaction. Stephenson et al. and Zeitler et al. demonstrated the 

advantages of micro reactors and tube reactors compared to batch systems.14, 15 

 

At first a simplified picture of the mode of actions of tris(bipyridine)ruthenium(II) (1) is given in 

Scheme 1; a more detailed discussion can be found below.  

By absorption of a photon Ru(bpy)3
2+ is transferred to the excited state Ru(bpy)3

2+*. Depending on 

the other reactants present, the excited photocatalyst can undergo either reductive or oxidative 

quenching. Reductive quenching is found when the catalyst accepts an electron from a donor D and 

lowers thereby its oxidation state to RuI. Ru(bpy)3
2+ is regenerated by donation of an electron to a 

suitable acceptor A.  

 

 

Scheme 1. Photocatalytic reaction of Ru(bpy)3
2+

 (1) (D: electron donor, A: electron acceptor). 

 

The oxidative quenching cycle operates in the opposite way. By donation of an electron from excited 

Ru(bpy)3
2+*  to an acceptor A the oxidation state is raised to RuIII. Regeneration of the ground state 

Ru(bpy)3
2+ takes place by accepting an electron from a present donor D.  
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More information about each step can be obtained by applying quantum mechanics and taking a 

look at the Jablonski diagram (Scheme 2). Powered by the absorption of a photon a metal centered 

electron is transferred to an unoccupied ligand orbital resulting in the S1 state (Scheme 2, B). This is 

called a metal to ligand charge transfer (MLCT), resembling a formal oxidation of the metal core  

and a single electron reduction (SET) of the ligand. Instead of losing its energy by fluorescence or 

thermal vibration, Ru(bpy)3
2+ undergoes intersystem crossing (ISC) to a more stable triplet state 

(Scheme 2, C).  

 

 

Scheme 2. Jablonski diagram of a photocatalyst interaction with another molecule. 

 

This triplet state with a metal centered hole and a ligand centered additional electron is the catalytic 

active species. The catalyst can donate the additional ligand centered electron to an acceptor 

(Scheme 2, path A, oxidative quenching cycle) or accept an electron leading to a reduction of the 

metal core (Scheme 2, path B, reductive quenching cycle). 

Ru(bpy)3
2+ in its ground state is regenerated either by accepting an electron from a donor into a 

metal centered orbital (path A) or by donating one from the ligand to an acceptor (path B). 
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In general, tris(bipyridine)ruthenium(II) (1) serves as an electron pump, shuttling electrons from a 

donor to an acceptor. It is commercially available at a reasonable price or can be synthesized starting 

from RuCl3. ¢ƘŜ Ŏŀǘŀƭȅǎǘ ƛǎ ŜȄŎƛǘŜŘ ōȅ ōƭǳŜ ƭƛƎƘǘ ό˂max = 452 nm) and can undergo, starting from its 

excited triplet state, either reductive or oxidative quenching.  
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1. Photocatalytic Reactions Proceeding via the Reductive Quenching Cycle 

of Ru(bpy)3
2+ 

 

The most utilized reaction pathway is the reductive quenching cycle, where excited Ru(bpy)3
2+* in its 

triplet state accepts an electron from a substrate molecule which is oxidized at the time (Scheme 3). 

The oxidation potential of this step is E1/2 (RuII*/RuI) = + 0.77 V vs. SCE in acetonitrile.6 A more 

detailed picture is given in chapter 1.1. 

 

  

Scheme 3. Jablonski diagram of the transition Ru(bpy)3
2+* Ą Ru(bpy)3

+. 

 

By donating an electron from a ligand centered orbital to a substrate molecule Ru(bpy)3
+
 is oxidized 

to Ru(bpy)3
2+ regenerating the initial state of the catalyst (Scheme 4) and reducing the substrate. The 

reduction potential of this step is E1/2
 (RuII/RuI) = - 1.33 V vs. SCE in acetonitrile.6 More information on 

this transformation is found in chapter 1.2. 

 

 

Scheme 4. Jablonski diagram of the transition Ru(bpy)3
+ -> Ru(bpy)3

2+. 
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1.1 Reactions initiated by Substrate Oxidation 

 

The reactions discussed in this chapter have in common that the photochemical transformation is 

initiated by the oxidation of a substrate. Most molecules addressable in this step have in common 

that they contain a nitrogen atom. These are for example tetrahydroisoquinoline derivatives (Scheme 

5, 7, 9, 10, 11, 12, 14, and 17), dihydroacridine derivatives (Scheme 15), aniline derivatives (Scheme 

14), imine derivatives (Scheme 19), hydrazones (Scheme 20) and N- -hcentered radicals (Scheme 28). 

Some of the reactions only require the oxidation of the substrate (Scheme 5, 8, 9, 10, 17, 18, 19 and 

20). In those cases the catalyst is regenerated by a sacrificial electron acceptor. Oxygen is used most 

frequently as electron acceptor and also molecules with an activated carbon-bromine bond, e.g. 

bromotrichloromethane (8). On the other hand there are reactions that require, after the initial 

oxidation, a reduction to finish the transformation (Scheme 11, 13 and 14). These processes are 

overall redox neutral and often very atom economic.  

 

Stephenson et al. were the first to report a photocatalytic oxidation of tetrahydroisoquinoline 2a to 

the corresponding iminium ion 6a.16 This cation is trapped subsequently by deprotonated 

nitromethane (3) in an aza-Henry type reaction giving rise to nitro compound 4a in up to 81% yield 

using Ru(bpy)3Cl2 (1·Cl2) (Scheme 5).  

 

 

Scheme 5. Photocatalytic aza-Henry reaction. 

 

The first step of the proposed reaction mechanism is the transfer of an electron from isoquinoline 2a 

into a metal orbital of excited Ru(bpy)3
2+*  following the Jablonski diagram shown in Scheme 3. Arising 

Ru(bpy)3
+ is reoxidized with the help of a sacrificial electron donor, in this case molecular oxygen 

(Scheme 4). The reduced donor O2
ς abstracts a hydrogen atom from 5a leading to the formation of 

iminium ion 6a, the proposed key intermediate. In the final step 6a is attacked by deprotonated 

nitromethane 23 forming the final product 4a (Scheme 6). 
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Scheme 6. Mechanism of a photocatalytic aza-Henry reaction. 

 

Two years later the group of Corey Stephenson developed a method to generate the stable 

isoquinoline iminium ion [6a·Br] with the help of bromotrichloromethane (8).17 In the first step one 

electron from isoquinoline 2a is transferred to excited Ru(bpy)3
2+*  forming radical cation 5a. In 

contrast to the mechanism in Scheme 5, where Ru(bpy)3
2+ (1) is regenerated by O2, 1 is regenerated 

by reduction of bromotrichloromethane to radical anion 9 which splits into a bromide ion and 

trichloromethane radical 10.  

 

 

Scheme 7. Generation of stable isoquinoline iminium ions (6a·Br).  
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Radical 10 abstracts a hydrogen atom from the N- -hposition of 5a resulting in the formation of 

chloroform and iminium ion 6 which is stabilized by bromide (Scheme 7). When 2a was fully 

converted to stable [6a·Br], the light was switched off and a nucleophile was added.  

This method enabled Stephenson et al. to broaden the scope of nucleophiles because no interaction 

of the active catalyst or other reactive species generated during the irradiation process and the 

nucleophile can take place. Apart from nitromethane (3) they were able to use, amongst others, allyl 

silane 12, siloxyfurane 13 and malonate 14. Most interestingly, also a photocatalytic alkynylation was 

performed by addition of alkyne 15 and copper(I)bromide as co-catalyst (Scheme 8). 

 

 

Scheme 8. Scope of nucleophilic trapping of iminium ion 22a·Br.  

 

By combining this method with asymmetric anion binding catalysis, Stephenson and Jacobsen 

showed that silyl ketene acetal 16 can be enantioselective coupled to the preformed iminium ion 

[6a·Cl].18 Chiral thiourea derivative 17 proofed to be the right co-catalyst for this reaction. The 

stoichiometric oxidant and the counterion had to be changed to CCl4 and Cl- respectively. In addition 

the solvent was changed from acetonitrile to the less polar solvent methyl tert-butyl ether (MTBE) 

after the initial conversion of isoquinoline 2a (Scheme 9) to [6a·Cl]. This step was necessary to 

enhance the formation of the chiral catalyst-counterion-substrate transition complex.  
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Scheme 9. Enantioselective synthesis of ̡-amino esters. 

 

The position of a substituent on the N-aryl moiety had a greater influence on the enantioselectivity 

of the reaction than its electronic nature. In general ortho substituted N-aryl isoquinolines let to 

higher enantioselectivities compared to para substituted ones (cf. 11f and 11g). On the other hand, 

the electronic nature of substituents on the tetrahydroisoquinoline ring had a severe influence on 

the enantioselectively. Electron poor substrates usually gave higher yields and/or higher selectivity 

than electron rich ones (cf. 11k and 11m) (Scheme 9).  

 

The concept of photoredox catalysis was combined with organocatalysis by Rueping et al. in order to 

perform photocatalytic Mannich reactions.19 They were able to couple acetone with isoquinoline 2 

using Ru(bpy)3(PF6)2 (1·(PF6)2) and L-proline (18) as catalysts (Scheme 10). The key intermediate in 

this step is iminium ion 6 and the pathway for its formation is the same as proposed by Stephenson 

et al. (Scheme 6).16 6 is trapped by enamine 19 which is formed from acetone and L-proline (18) 

yielding product 20 in excellent yield.  
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Scheme 10. Photocatalytic Mannich reaction. 

 

Interestingly, the yield of the reaction decreases if a more powerful light source, like a LED, is used. 

This observation suggests that iminium ion 6a decomposes under these conditions and its 

concentration has to be low in comparison to the nucleophile in order be trapped immediately after 

its generation. Modifications on the N-aryl moiety of isoquinoline 2 reduce the yield of 20b-e as well 

as modifications on the tetrahydroisoquinoline core (cf. 22). The reaction works best with acetone, 

switching to butanone nearly bisects the yield of 21. (Scheme 10) 

 

Reiser et al. were able to show that not only iminium ions can be generated with the help of 

Ru(bpy)3
2+ (1) but also N- -hradicals (Scheme 11).20 These radicals were trapped by enone 23 via a 

photocatalytic conjugate addition. The proposed reaction mechanism uses the oxidative power of 

Ru(bpy)3
2+* as well as the reductive power of Ru(bpy)3

+. No sacrificial electron donor or acceptor is 

needed in this reaction and the molecular formula of the product is the same as the combination of 

isoquinoline 2 and enone 23 making the reaction atom economic. However, oxygen has to be 

excluded to block the reaction pathway for reoxidation of Ru(bpy)3
+ by the latter, contrasting 

reactions discussed earlier (cf. Scheme 6, 7). 
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Scheme 11. Photocatalytic conjugate addition.  

 

At first excited Ru(bpy)3
2+* is reduced by isoquinoline 2 to Ru(bpy)3

+ generating radical cation 5 

following the Jablonski diagram shown in Scheme 3. N- -hradical 25 is then generated by loss of a 

proton. 25, being a nucleophilic radical, is able to attack an enone such as 23 ƛƴ ʲ-position. The 

ǊŜǎǳƭǘƛƴƎ ʰ-carbonyl radical 26 is reduced by Ru(bpy)3
+ regenerating the photoredox catalyst. After a 

subsequent protonation product 24 is formed (Scheme 11).  

The applicable enones range from ketone and chalcone, giving 24a-c, to aldehydes and nitriles, giving 

24d-e.  
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Scheme 12. Photocatalytic formation of dihydroindolo isoquinoline derivatives 52. 

 

Also two intramolecular examples were realized where not only a photocatalytic conjugate addition 

takes place but also a dehydrogenation leading to dihydroindolo isoquinoline moieties (Scheme 12). 

 

Yoon et al. showed that the yield of product 24a can be increased to 90% and that the reaction time 

can be shortened to 5 h by the addition of trifluoroacetic acid (TFA) and elevated temperatures of  

50 °C.21 They found that Brønsted acids with a pKa value close to 1 increase the yield significantly due 

to protonation of the enone. In addition they were able to identify the rate determining step of this 

reaction by kinetic isotope effect (KIE) studies.  

 

 

Scheme 13. Reaction mechanism of a photocatalytic conjugate addition with Brønsted acid co-catalyst.  

 

Without the addition of TFA the rate determining step is the addition of N- -hradical 25a to enone 

23a. By protonating enone species 29, TFA is accelerating this step so it is no longer rate determining. 

With the help of the KIE studies they could rule out that the oxidation of isoquinoline 2a by the 

excited photocatalyst is a dominant pathway in this process. The authors suggest that the new rate 
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determiniƴƎ ǎǘŜǇ ƛǎ ǘƘŜ ǊŀŘƛŎŀƭ ŎƘŀƛƴ ǇǊƻǇŀƎŀǘƛƻƴ ōȅ ʰ-keto radical 30 abstracting a hydrogen atom 

from isoquinoline 2a (Scheme 13). 

 

 

Scheme 14. Photocatalytic conjugate addition with Brønsted acid co-catalyst. 

 

The reaction tolerates electron donating as well as electron withdrawing substituents on the N-aryl 

moiety of 2 though ortho substitution decreases the yield (cf. 24a, 24b, 24f, 24g). The isoquinoline 

moiety can bear groups of various electronic natures with little effect on the yield (cf. 31). On the 

other hand, N-alkyl substituted isoquinolines do not react at all and other aniline derivatives such as 

32 at diminished reaction rates. With respect to the enone system 23 the reaction proceeds well with 

aliphatic as well as aromatic substituents on the enone (cf.24h-k). Due to the poor electrophilicity of 

acrylic acid esters the yield of 24j ŘŜŎǊŜŀǎŜǎΦ ʰ-Substituted enones lead to good yields in this reaction 

ǿƘƛƭŜ ʲ-substituted ones decrease it (cf. 24l, 24m) (Scheme 14).  
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The -ɹC-H activation of acridine derivatives was discovered by Pandey et al.22 They were able to 

oxidize dihydroacridine 33 with excited Ru(bpy)3
2+*. The formed radical cation 34 rearranges under 

loss of a proton to the corresponding N- -ɹradical 35 which can be trapped with an enone system or 

nitrostyrene yielding radical 36 (Scheme 15).  

 

 

Scheme 15. tƘƻǘƻŎŀǘŀƭȅǘƛŎ ʴ-C-H alkylation of acridine derivatives.  

 

After reduction of 36 by Ru(bpy)3
+ and subsequent protonation, the final product 37 is obtained and 

the catalyst is regenerated. The yields range from 87% if methyl cinnamate is used as enone to 30% 

employing coumarin (Scheme 15). 
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In 2011 Xiao et al. extended the concept of photocatalytical iminium ion generation by their further 

transformation to 1,3-dipols 41.23 They were able to trap these 1,3-dipols with electron poor olefins 

42 in a [3+2] photocycloaddition yielding 44 (Scheme 16).  

 

 

Scheme 17. Photocatalytic [2+3] cycloaddition.  
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In the first step excited Ru(bpy)3
2+* (1*) oxidizes tetrahydroisoquinoline 38 to radical cation 39. An 

oxygen radical anion O2
ως, generated by the oxidation of Ru(bpy)+, subsequently abstracts a proton 

from the radical cation 39 leading to iminium ion 40 following the mechanism shown in Scheme 5. 

The formation of iminium ion 40 is followed by an abstraction of another proton at ǘƘŜ ʰ-carbonyl 

position of 40, generating zwitterion 41. This zwitterion couples with the electron deficient olefin 42 

in a [3+2] cycloaddition. A subsequent oxidative aromatization of 43 leads to the final product 44. 

The reaction works well with maleimide (cf. 44a-c) and styrene derivatives (cf. 45a-c) as 

dipolarophiles. Also some alkynes (cf. 46) and maleic anhydride (cf. 47) can be used however with 

decreased yield (Scheme 17). 

 

The C-C bond of 1,2-diamines can be cleaved with the help of Ru(bpy)3Cl2 (1·Cl2). Wang et al. utilized 

this concept to perform aza-Henry reactions.24 Diamine 48 is oxidized to a radical cation by excited 

Ru(bpy)3
2+*  which cleaves afterwards into amine radical 49 and iminium ion 50. The catalyst is 

regenerated by oxygen as shown in Scheme 5. 50 is attacked by a deprotonated nitro compound, 

giving rise to product 53 (Scheme 18).  

 

 

Scheme 18. Photocatalytic oxidative cleavage of C-C bonds and subsequent aza-Henry reaction. 

 

Nitro compounds with aromatic as well as aliphatic moieties can be used giving rise to 53a-c. Also 

other tert. 1,2-diamines are applicable in good to excellent yields (cf. 53d) (Scheme 18).  
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Another example combining organo catalysis with photoredox catalysis is the oxidative cleavage of  

C-C bond in aldehydes 54 performed by Xia et al.25  

 

 

Scheme 19. Photocatalytic cleavage of aldehydes.  

 

Piperidine served as organocatalyst converting aldehyde 54 to enamine 56. This enamine is oxidized 

by excited Ru(bpy)3
2+* to the corresponding radical cation 57. Ru(bpy)3

2+ is regenerated by reducing 

molecular oxygen to O2
ως, which combines with 57 to form 1,2-dioxetane 58. After fragmentation of 

58 by cycloreversion, carbonyl compound 55 is obtained truncated by one carbon compared to 

aldehyde 54 (Scheme 19). 

In most of the suitable substrates R1 is aromatic. Also some aliphatic examples, like carbocylces or 

alkyl chains, have been used, however, demanding prolonged reaction times (Scheme 19). 
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So far, all presented reactions involving amines led to the activation of a carbon in close proximity to 

a nitrogen atom. The first photochemical generation of N-centered radical 62 in hydrazones 

catalyzed by Ru(bpy)3
2+ (1) was achieved by Xiao et al.26 They were able to add these radicals in an 

intramolecular 5-exo-trig cyclization to an allyl moiety forming pyrazoline derivative 60 (Scheme 20). 

In the first step of the proposed reaction mechanism, hydrazone 59 is deprotonated by NaOH. The 

resulting anion 61 is oxidized to the corresponding N-centered radical 62 by excited Ru(bpy)3
2+*. This 

radical attacks the allyl system in a 5-exo-trig cyclization leading to the formation of radical 63 that 

abstracts a hydrogen atom from a solvent molecule to give rise to the final product 60. Proof for the 

assumed mechanism was obtained by trapping radical 63 with TEMPO. 

 

 

Scheme 20. Photocatalytic generation of N-centered hydrazonyl radicals and formation of pyrazoline 

derivatives.  
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The reaction can be conducted with a broad variety of aryl hydrazones 59 and both steric as well as 

electronic variations of the aryl moiety have little influence on the reaction (cf. 60a-e). Other suitable 

residues are cyclohexyl, tert-butyl and benzyl moieties (cf. 60f-h) (Scheme 20). 

 

1.2 Reactions initiated by Substrate Reduction 

 

The reactions discussed in this chapter have in common that the photochemical transformation is 

initiated by the reduction of a substrate. Ru(bpy)3
+ can reduce a variety of activated carbon halogen 

bonds (Scheme 21, 23, 25, 26, 27 and 29) forming carbon centered radicals and halogen anions. 

Another class of substrates are carbonyl compounds with a ŦǳƴŎǘƛƻƴŀƭƛǘȅ ŀǘ ǘƘŜ ʰ-carbonyl position 

(scheme 30, 31). Some of the reactions discussed in this chapter only require a reduction. In those 

cases excited Ru(bpy)3
2+* is reduced to Ru(bpy)3

+  by a sacrificial electron donor (Scheme 21, 23, 24, 

25, 26, 27 and 30). Commonly used electron donors are tert. amines such as triethylamine, 

diisopropylethylamine (DIPEA) and Hantzsch ester (82). On the other hand there are reactions that 

require, after the initial reduction, an oxidation to lose the additional electron and to finish the 

transformation (Scheme 28, 31, 32 and 33).  

 

One of the first examples of a photochemical dehalogenation of activated carbon-halogen-bonds was 

reported by Kellogg et al. in 1985.27 They were able to reduce C-· ōƻƴŘǎ ʰ ǘƻ ŎŀǊōƻƴȅƭ Ǉƻǎƛǘƛƻƴǎ ƛƴ 

64a, 64c, 64d ŀƴŘ ʰ ǘƻ ƴƛǘǊƛƭŜǎ ƛƴ 64b (Scheme 21). In addition also the C-Cl bond in 64e could be 

cleaved. 

 

Scheme 21. Photocatalytic dehalogenation of activated carbon halogen bonds.  
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In the first step of the catalytic cycle, excited Ru(bpy)3
2+*  oxidizes 65, which serves here as sacrificial 

electron donor, to its corresponding radical cation 68. Ru(bpy)3
+ is then capable of reducing the C-Br 

bond of acetophenone 64a leading to the formation of carbon centered radical 67 and a bromide 

anion. This radical abstracts a hydrogen atom from 68 giving rise to product 66 (Scheme 22). 

 

Scheme 22. Proposed reaction mechanism of a reductive dehalogenation. 

 

Another dehalogenation of activated C-X bonds was developed by Stephenson et al.12 With the help 

of this reaction bromopyrroloindoline 70 ŀƴŘ ʰ-carbonyl compounds 72 and 73 could be selectively 

dehalogenated (Scheme 23).  

 

 

Scheme 23. Photocatalytic reductive dehalogenation.  
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By accepting an electron from DIPEA, Ru(bpy)3
+ is generated as catalytic active species. Ru(bpy)3

+
  is 

then capable of reducing an activated C-X bond giving rise to radical anion 74 which splits into carbon 

centered radical 75 and a halogen anion. The radical is trapped by formic acid furnishing the final 

product 76 (Scheme 24). 

 

 

Scheme 24. Proposed reaction mechanism for a reductive dehalogenation.  

 

A year later Stephenson et al. presented a method to trap and transfer the carbon radicals 75 

generated by cleavage of a C-X bond.28 They showed that 2-bromomalonate (64d) can be reduced to 

its corresponding radical anion which cleaves to a malonate radical 75d and a bromide ion as 

depicted in the mechanism in Scheme 24. 75d can add to a variety of electron rich heterocycles 

leading to the formation of a new C-C bond. Apart from indoles (cf. 79a-c) also pyrrole (cf. 79d) and 

furan (cf. 79e) are suitable substrates. The yield was significantly increased by substituting Et3N with 

4-methoxy-N,N-diphenylaniline (Scheme 25).  

 

 

Scheme 25. Functionalization of electron rich heterocycles.  
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Gagné et al. showed that glycosyl halide 80 can be cleaved with a similar method as presented 

above.29 Excited Ru(bpy)3
2+* is reduced by DIPEA. Afterwards Ru(bpy)3

+ reduces 80 to glycosyl radical 

84 which was trapped by alkene 81 leading to the formation of radical 85. This radical abstracts a 

hydrogen atom from Hantzsch ester (82) forming product 83 (Scheme 26).  

 

Scheme 26. Addition of glycosyl halides (66) to alkenes. 

 

A double dehalogenation of vicinal bromides was performed by Reiser et al. utilizing visible light 

photoredox catalysis.30 In this case an unusual redox mediator was used to generate Ru(bpy)3
+ in 

order to have a not nucleophilic electron donor: a combination of 1,5-dimethoxynaphthalene (DMN) 

as mediator and ascorbate as sacrificial electron donor. Under these conditions a variety of enones 

could be synthesized. In the assumed reaction mechanism excited Ru(bpy)3
2+* oxidizes DMN to a 

radical cation which will accept an electron from ascorbate. Ru(bpy)3
+ on the other hand reduces 
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vicinal dibromide 87, leading to radical anion 88. After rapid elimination of one halogen the resulting 

-hacyl radical 89 is further reduced to the corresponding enolate 90, which eliminates once more a 

bromide leading to enone 91 in good yields (Scheme 27).  

 

 

Scheme 27. Reductive double dehalogenation (HA = ascorbic acid). 

 

Good yields were obtained for cinnamate 91a, chromanone 91b and ester 91d. Substrates without 

an aromatic moiety can also be applied but with reduced yields. ¢ƘŜ ŘŜōǊƻƳƛƴŀǘƛƻƴ ƻŦ ʰ-bromo and 

ʰΣʰ-dibromo carbonyl compounds is also possible via this method (Scheme 28).  

 

 

Scheme 28. Reductive dehalogenation of h -bromo carbonyl compound.  
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MacMillan and his co-workers were able to combine enamine catalysis and photoredox catalysis to 

achieve an enantioselective alkylation of aldehydes (Scheme 29).10 This report received great 

attention in the organic community and marked in 2008 the starting point of todays increased 

interest in this field.  

 

 

Scheme 29. Enantioselective alkylation of aldehydes. (FG: functional group) 

 

This reaction involves an oxidation of the substrate but the transformation is initiated by the 

reduction of halocarbon 95. After the reduction by Ru(bpy)3
+, which was previously generated by an 

sacrificial electron donor like 2,6-lutidine (96), 95 splits into a bromide ion and carbon radical 99. This 
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radical will attack chiral enamine 100 formed by organo catalyst 96 and aldehyde 94. Only the si-face 

is accessible for radical 99. The resulting N- -hradical 101 is oxidized to the corresponding iminium ion 

102 by excited Ru(bpy)3
2+*. Upon hydrolysis the final product 98 is released (Scheme 29).  

Suitable aldehydes 94 for this reaction are bearing mostly long alkyl chains, but also benzyl or 

cyclohexyl moieties can be used (cf. 98a-e). All precursor 95 bear a ōǊƻƳƛƴŜ ǎǳōǎǘƛǘǳŜƴǘ ƛƴ ǘƘŜ ʰ-

carbonyl position, for example a-bromo malonates or phenacyl bromide have been successfully 

utilized. 

 

A photocatalytic epoxide and aziridine opening was developed by Fensterbank et al.31 By employing 

the reductive quenching cycle and using DIPEA as reducing agent for Ru(bpy)2+* , they were able to 

transfer an electron into the carbonyl moiety of 103. This radical anion is rearranging to an oxygen or 

nitrogeƴ ŎŜƴǘŜǊŜŘ ŀƴƛƻƴ ŀƴŘ ŀƴ ʰ-carbonyl radical in 105.  

 

 

Scheme 30. Photocatalytic opening of epoxides and aziridines.  

 

Radical 105 can be trapped either by a proton source like Hantzsch ester (82) or by allyl sulfonides 

(107) (Scheme 30). No full conversion could be reached with sterically hindered ʰΣ̡-epoxy ketones. 

 

Using classic photocatalysis hard UV light is required to excite an alkene directly to perform a [2+2] 

cycloaddition. Photosensitized radical reactions using 9,10-dicyanoanthracene as catalyst were 

developed by Pandey et al. in the middle of the 90´s.32 Employing Ru(bpy)3Cl2 (1·Cl2) as catalyst, the 
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group of Tehshik Yoon was able to activate linked (bis)-enone system 109.11 With the help of this 

reaction they were able to build up bicyclic heptanes 110 very efficiently.  

 

 

Scheme 31. Proposed reaction mechanism of a [2+2] photocycloaddition reaction.  

 

At first, excited Ru(bpy)3
2+* is reduced to Ru(bpy)3

+ with the help of DIPEA. In the next step enone 

109 is activated by a Lewis acid making the reduction by Ru(bpy)3
+ more feasible. The resulting 

radical 112 attacks an adjacent enone leading to a five membered ring 113. Under formation of a 
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cyclobutane moiety a second C-C bond in 115 is formed. The additional electron is either donated to 

a DIPEA radical cation or the excited Ru(bpy)3
2+* resulting in a radical propagation (Scheme 31). 

The reaction works very well if at least one substituent is aromatic giving rise to 110a-c. No product 

can be obtained if ƴƻ ʰ-aryl substituent is present (Scheme 31).  

 

A year later, Yoon et al. were able to photocatalytically couple unlinked enones yielding 

cyclobutanes.33 Recently, Yoon et al. reported an enantioselective version of this reaction by 

replacing LiBF4 with a chiral Lewis acid.34 The best results were obtained using a combination of 

Eu(OTf)3 and ligand 118. This way product 119 could be obtained with an enantiomeric excess of 

93%ee (Scheme 32).  

 

 

Scheme 32. Enantioselective photocatalytic [2+2] cycloaddition reaction.  
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Not only enones proofed to be good substrates, also ʰΣʲ-cyclopropyl ketones 120 are feasible for this 

reaction. Yoon et al. were able to develop a photocatalytic [3+2] cycloaddition employing these 

substrates (Scheme 33).35  

 

 

Scheme 33. Photocatalytic [3+2] cyclization reaction.  

 

The proposed reaction mechanism is similar to the one for [2+2] cycloadditions. Excited Ru(bpy)3
2+* 

is reduced by tetramethylethylenediamine (TMEDA) to Ru(bpy)3
+ which reduces a Lewis acid 

activated enone 120 to a radical. Upon epoxide opening an attack ƻŦ ǘƘŜ ʴ-carbonyl radical to the 

adjacent alkene takes place in intermediate 122. The second C-C-bond is formed between the 

aliphatic radical and the enole system in 123 generating the second ring system (Scheme 33). The 

alkene moiety can also be an alkyne, furnishing a cyclopentene ς cyclopentane framework (cf. 121c).  

 

An example combining transition metal catalysis and photoredox catalysis was reported by Sanford 

et al.36 They were able to substitute boronic acid moieties into trifluoromethyl groups with the help 

of a copper(I) acetate and Ru(bpy)3Cl2 (1·Cl2). In the first step excited Ru(bpy)3
2+* oxidizes copperI to 

copperII. The photocatalyst is regenerated by reducing CF3I (124) to a radical anion which splits into 

CF3 radical (127) and I-. Radical 127 adds to the copperII species 128 raising the oxidation state to 
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copperIII in 129. By ligand exchange one of the ligands is substituted with an aryl residue resulting out 

of boronic acid 124. In the last step a reductive elimination gives rise to product 126 (Scheme 34).  

 

Scheme 34. Photocatalytic trifluoromethylation of boronic acids.  

 

The substrate scope of 124 ranges from phenyl and naphthyl derivatives to pyridines and furans (cf. 

126a-d). In addition not only trifluoromethyl groups (125) can be incorporated via this method but 

also longer perfluorinated alkyl chains (cf. 132). 

 

Overall, most photoredox reactions utilize the reductive reaction pathway of Ru(bpy)3
2+ described in 

chapter 1.1 and 1.2. Often applied molecules addressable with these redox potentials are tert. 

amines and carbonyl compounds bearing either a halogen atom or an alkene ƛƴ ʰ-carbonyl position. 
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2. Photocatalytic Reactions Proceeding via the Oxidative Quenching Cycle 

of Ru(bpy)3
2+ 

 

 

Scheme 35. Jablonski Diagram of the transition Ru(bpy)3
2+

* -> Ru(bpy)3
3+

. 

 

Apart from accepting an electron, leading to the reductive quenching cycle, excited Ru(bpy)3
2+* can 

also donate an electron to another molecule via the oxidative pathway (Scheme 35). 

Ru(bpy)3
2+* is a moderate reducing agent, the half-wave potential is E1/2

 (RuIII/RuII*) = -0.81 V vs. SCE 

in acetonitrile. In comparison the reduction potential of Ru(bpy)3
+ is  E1/2

 (RuII/RuI) = - 1.33 V vs. SCE in 

acetonitrile.6 However, excited Ru(bpy)3
2+*  can still reduce some activated carbon halogen bonds, 

e.g. tetrabromomethane (140ύ ƻǊ ¦ƳŜƳƻǘƻΩǎ ǊŜŀƎŜƴǘ ό150ύΣ ǿƘŜǊŜŀǎ ʰ-carbonyl radicals can no 

longer be reduced. In addition, the reductive power of Ru(bpy)3
2+*  is can be used to generate aryl 

radicals from diazonium salts, sulfonyl chlorides or diaryl iodonium salts (Scheme 42-44).  

 

In order to regenerate Ru(bpy)3
2+, Ru(bpy)3

3+ has to accept an electron from a substrate molecule 

into the metal centered HOMO. At the same time the oxidation state of the substrate is raised by 

one (Scheme 36).  

 

 

Scheme 36. Jablonski Diagram of the transition Ru(bpy)3
3+

 -> Ru(bpy)3
2+

. 
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It is the oxidation potential of E1/2
 (RuIII/RuII) = +1.29 V vs. SCE in acetonitrile, compared to  

E1/2 (RuII* /RuI) = + 0.77 V vs. SCE in acetonitrile for Ru(bpy)3
2+*, that makes the oxidative quenching 

cycle appealing to synthetic chemists.6 In contrast to excited Ru(bpy)3
2+* , which can, in general, 

oxidize tert. amines and hydrazones, Ru(bpy)3
3+ is also capable of oxidizing benzylic radicals to 

cations (Scheme 41 and 42).  

 

2.1 Reactions initiated by Substrate Reduction 

 

The reactions discussed in this chapter have in common that the photochemical transformation is 

initiated by the reduction of a substrate. Most of the reactions require after the initial reduction an 

oxidation to lose the additional electron and finish the transformation. These processes are therefore 

overall redox neutral and no sacrificial electron donor is required.  

 

One early example proceeding via the oxidative quenching cycle using a sacrificial electron donor was 

given by Willner et al.37 They were able to conduct the debromination of 1,2-dibromo-1,2-

diphenylethane (133) with the help of di-octyl viologen (C8V, 134a) as redox mediator and 

Ru(bpy)3Cl2 (1·Cl2) (Scheme 37).  

 

 

Scheme 37. Photocatalytic debromination of 1,2-dibromo-1,2-diphenylethane (133).  

 

A biphasic system of water and ethyl acetate was used as reaction media. In the proposed reaction 

mechanism excited Ru(bpy)3
2+*, located in the aqueous phase, reduces 134a to radical cation 137a. 

An electron transfer between two radical cations 137a generates neutral C8V (138a) and 134a. 138a 

will than transfer two electrons to 1,2-dibromo-1,2-diphenylethane (133) initiating the formation of 

stilbene (135) (Scheme 38).  
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Scheme 38. Reaction mechanism of a photocatalytic debromination of 1,2-dibromo-1,2-diphenylethane (133).  

 

A remarkable reaction employing the oxidative pathway was developed by Stephenson et al. in 

2011.38 They were able to convert many alcohols to halides with the help of a photochemically 

generated Vilsmeier-Haack reagent (147) (Scheme 39).  
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Scheme 39. Photocatalytic conversion of alcohols to halides. 

 

The reaction tolerates many functional groups like amino, ether, tosly, carboxybenzyl, silyl groups or 

esters (cf. 141a-c). Phenols cannot be transformed to halides via this reaction. In addition, not only 

the conversion of alcohols to bromides is possible via this route but also to iodides (cf. 142a-b). In 

this case CBr4 (140) is replaced with iodoform (Scheme 39). 

 

 

Scheme 40. Mechanism of a photocatalytic conversion of alcohols to halides. 

 

In the proposed reaction mechanism, excited Ru(bpy)3
2+* reduces CBr4 (140) to a bromide ion and 

CBr3 radical 143. This radical couples with DMF (144) leading to N- -hradical 145 which is oxidized by 

Ru(bpy)3
3+ to the corresponding iminium ion 146. The later can be either attacked directly by alcohol 

139 giving rise to 148 or a bromide forming 147 which is converted to 148 by an attack of alcohol 

139. By the attack of a bromide ion, 148 splits into DMF and the final product 141 (Scheme 40). 
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A versatile reaction sequence to functionalize styrene derivatives 149 with trifluoromethyl groups 

was developed by Atika et al.39 Also an aminotrifluoromethylation can be performed using this 

reaction, enabling them to functionalize styrene 149 with a trifluoromethyl group and an amide 

moiety.40  

In the proposed reaction mechanism, Umemoto´s reagent (150) is reduced by excited Ru(bpy)3
2+*, 

generating a CF3 radical (152). This radical adds to a styrene derivative leading to the more stable 

benzylic radical 153. Upon oxidation to the corresponding cation 154, a Ritter type reaction takes 

place, furnishing the desired product 151 (Scheme 41). 

As substrates served a variety of styrene derivatives 149 bearing differently functionalized aromatic 

systems (cf. 151a-e). Also dihydronaphthalene, cinnamic ester, steroids and protected amino acids 

can be used (Scheme 41). 

 

 

Scheme 41. Photocatalytic aminotrifluoromethylation reaction.  
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A photocatalytic version of the Meerwein arylation was reported by König et al. This reaction enables 

the chemist to couple aryl diazonium salts to alkenes or aryl moieties. In the first step diazonium salt 

155 is reduced by excited Ru(bpy)3
2+* to radical anion 156. After decomposition, aryl radical 157 adds 

to olefin 158. Newly formed radical 159 is oxidized by Ru(bpy)3
3+ leading to the formation of cation 

160. In a Meerwein arylation addition reaction, a nucleophile adds to cation 160. Using the later 

pathway König et al. developed a photocatalytic amino-arylation of styrene (Scheme 42).41  

 

 

Scheme 42. Photocatalytic Meerwein arylation reactions.  

 

The reaction can be conducted with functionalized diazonium salts. Functional groups tolerated on 

the diazonium salt are: nitro groups, ethers, halides and trifluoromethyl groups (cf. 162a-g). Aliphatic 

nitriles like acetonitrile serve as R-CN source 161 in this reaction (Scheme 42). Other photocatalytic 

Meerwein arylation reactions were reported by Deronzier et al.,42 Sanford et al.,43 Glorius et al.44 and 

König et al.45 
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Another way to generate aryl radicals via photoredox catalysis was explored by Li et al.46 Subjecting 

aryl sulfonyl chloride 163 to visible light irradiation in the presence of Ru(bpy)3
2+ as catalyst cleaves 

the Ar-SO2Cl bond and forms an aryl radical 167 after reduction of 163 to the corresponding radical 

anion 166 (Scheme 43).  

 

  

Scheme 43. Tandem cyclization of 1,6-enynes with arylsulfonyl chlorides.  
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This aryl radical attacks alkyne 164 which undergoes two cyclizations leading to the formation of 

product 165. 

Nitro and nitrile groups increase the reactivity of the sulfonyl chloride; halogens like chloro decrease 

it. The reaction works well with many benzylated alkynes giving rise to different substituted 

benzo[b]fluorenes 165a-h (Scheme 43).  

 

Aryl radicals 176 can also be generated photocatalytically starting from diaryliodonium salt 171. Xiao 

et al. developed a method to couple those aryl radicals 176 to arenes and heteroarenes.47  

 

 

Scheme 44. Photocatalytic arylation of aromatic compounds.  

 

The assumed reaction mechanism is similar to the two previous reports, only the leaving group 

differs. Diaryliodonium salt 171 is reduced in the first step by excited Ru(bpy)3
2+*. This leads, after 
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cleavage of radical 174, to the formation of iodoarene 175 and the desired aryl radical 176. The thus 

obtained radical 176, adds to N-methylpyrrole (172). The intermediate radical 177 is subsequently 

oxidized by Ru(bpy)3
3+ to the corresponding cation 178. The aromaticity is restored by elimination of 

a proton forming the final product 173 (Scheme 44).The reaction works best with N-methylpyrrole 

(172), but also other (hetero)arenes like benzothiophene and benzene can be used. A broad variety 

of differently substituted diaryliodonium salts 171 can be applied. The position of the substituent has 

no significant influence on the yield of the reaction. On the other hand, the electronic nature of the 

substituent has a sever influence on the yield; electron withdrawing substituents lead to higher yields 

than electron donating ones (cf. 173a-g) (Scheme 44). 

 

The most employed photocatalytic way to generate aryl radicals is by using diazonium salts. Its 

chemistry is well explored and the preparation of many diazonium salts is known.48 Using aryl 

sulfonyl chlorides as aryl source enables the chemist to functionalize alkynes and synthesize complex 

polycyclic compounds. Diaryliodonium salts are useful to functionalize heteroaromatic compounds 

like pyrroles and benzothiophene. 

 

2.2 Reactions initiated by Substrate Oxidation 

 

As was already shown in Scheme 37, a well-established way to generate Ru(bpy)3
3+ selectively is by 

addition of a viologen derivative 134 as electron acceptor. Yoon et al. used this mechanism for a 

photocatalytic [2+2] cycloaddition of bis-styrene derivatives 181 (Scheme 45).49  

 

 

Scheme 45. Photocatalytic [2+2] cycloadditions of (bis)-styrene derivatives. 
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The styrene moiety has to bear an electron donating substituent in para or ortho position in order to 

be electron rich enough to conduct this reaction. At least two styrene moieties have to be present in 

the molecule (cf. 182h). Styrenes with substituents in meta position are not electron rich enough. 

Formation of 182c could not be observed. The highest yield was obtained for 182g where one 

styrene moiety was electron rich and one was electron poor and decreased when two electron rich 

styrenes were present as in 182f. In addition not only styrenes linked via oxygen could be applied in 

this reaction but also ones linked via nitrogen yielding 182j. 

 

 

Scheme 46. Mechanism of a photocatalytic [2+2] cycloadditions of (bis)-styrene derivatives.  

 

In contrast to the previously reported [2+2] addition which works by reducing an enone system to a 

corresponding radical anion, this time radical cation 183 is generated as active intermediate. 183 

attacks the opposite styrene systems and the reaction proceeds as depicted in Scheme 46. 

 

As could be shown in Chapter 1 and 2, many interesting and synthetically viable transformations can 

be conducted using Ru(bpy)3
2+ as visible light photoredox catalyst and its number is growing every 

day. Many reactions require only oxygen or cheap amine bases like Et3N as stoichiometric reagent or 

they are redox neutral making photoredox catalysis an economical as well as ecological benign 

process. Some enantioselective reactions are known. However, so far always in combination with a 

co-catalyst that introduces the chirality. One of the great challenges for the future will be the 

development of photoredox catalysts that can introduce chirality on their own without the need for a 

co-catalyst. A chiral photocatalyst with an iridium center that can be used for enantioselective C-C 

bond formations was developed recently by Meggers et al.50  
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B. Main Part 

 

1. Photocatalytic Conjugate Additions 

1.1 Initial Position 

 

In the course of my Master thesis, Deepak Jadhav and I were able to develop a novel photocatalytic 

conjugate addition driven by visible light.51 With this unprecedented reaction, we were able to 

couple a variety of Michael acceptors 23 with N-aryltetrahydroisoquinoline derivatives 2 in moderate 

to good yields (Table 2). 

 

Table 2. Ru(bpy)3Cl2 (1·Cl2) catalyzed photocatalytic conjugate additions. 
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Other groups working with isoquinoline derivative 2 propose an iminium ion 6 as active intermediate 

in their reaction mechanisms.52 Exemplary a Lewis base catalyzed Mannich reaction developed by 

Rueping et al. is displayed in Scheme 47 (cf. Introduction, Scheme 10).53 

 

 

Scheme 47. Photocatalytic Mannich reaction. 

 

In contrast to the above mentioned reaction, it is unlikely that the conjugate addition discovered by 

our group is proceeding via intermediate 6. In case of the depicted Mannich reaction (Scheme 47) 2 

is coupled with a nucleophile, while in our case 2 is coupled with an electrophile. Therefore it is more 

likely that the reaction proceeds via N- -hradical 25 (Scheme 48), instead of an iminium ion 6.  

 

 

Scheme 48. Proposed mechanism for the photocatalytic N- -hfunctionalization. 

 

In the first step, excited Ru(bpy)3
2+* accepts an electron from isoquinoline 2a forming radical cation 

5a (Scheme 48). By loss of a proton, the postulated N- -hradical 25a is generated which attacks enone 
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23a ǎǳōǎŜǉǳŜƴǘƭȅΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ʰ-carbonyl radical 26a is reduced by Ru(bpy)+, forming anion 186a 

which is protonated to yield the final product 24a.  

 

In addition to the studied intermolecular N- -hfunctionalizations, molecules 27a and 27b were 

synthesized to investigate intramolecular cyclizations. Instead of the expected 1,4 addition products, 

the dihydroindolo isoquinoline derivatives 28a and 28b were obtained (Scheme 49). This means that 

the initial 1,4 addition is followed by a dehydrogenation merging the two aryl groups to one 

ŜȄǘŜƴŘŜŘ ˉ-system. The different electronic properties of 27 and the additional dehydrogenation 

step are most likely the reason for the low obtained yields of 28a in 28% and 28b in 35%, 

respectively.  

 

 

Scheme 49. Synthesis of dihydroindolo isoquinoline derivatives 28a and 28b. 

 

In conclusion, a novel photocatalytic reaction to functionalize isoquinolines at the N- -hposition was 

discovered. A variety of Michael acceptors was applicable in this reaction. Small modifications of the 

isoquinoline were also tolerated but led in most cases to a reduced yield. Besides, the reaction is 

completely atom economical; every single atom of the reactants can be found in the product and no 

sacrificial electron donor or acceptor is required.  
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The aim of the following investigations is to gain a deeper insight in the N- -hactivation of tert. amines 

and the coupling of Michael acceptors to the resulting radicals. In the beginning different known 

photoredox catalysts were screened. The first one, tetra-butylammonium decatungstate (TBADT, 

190) is activated by UV light and was used successfully by Albini et al. in similar reactions (Chapter 

1.2).54 Our group discovered that Cu(dap)2Cl (195) can be activated by visible light, driving forward 

ATRA reactions (Chapter 1.3).55 The photoredox catalyst [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) is well 

established in the photochemical community possessing similar reactivities as Ru(bpy)3Cl2 (1·Cl2) 

(Chapter 1.4).56 [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (216·PF6) has a great oxidation and reduction potential 

and was therefore appealing for the transformation of tert. amines with greater oxidation potentials 

compared to isoquinolines (Chapter 1.7).  

It was envisioned to enhance the rate of the reaction and the yield with the help of additives. 

Therefore the influence of different Brønsted bases (Chapter 1.4), Lewis acids (Chapter 1.7) and 

combinations of proton donors and acceptors (Chapter 1.6) for the reaction was investigated.  

In Chapter 1.5 novel amines were examined for their applicability in this transformation and in 

Chapter 1.6 micro reactors as irradiation devices are described.  
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1.1 TBADT as photocatalyst for N- -hactivation 

 

Polyoxometalates (POM) are metal oxide clusters that form in self-assembly in the presence of a 

chelating counter ion. POM´s contain at least three metal atoms that are coordinated octahedral. 

These octahedrons are linked together by shared oxygen atoms. Due to ligand to metal charge 

transfer (LMCT) from the oxygen to the metal these complexes exhibit large absorption bands, 

usually in the ultra violet (UV) regime of the electromagnetic spectrum. Therefore they have been 

used numerous times as photocatalysts.57 

 

One prominent example for a polyoxometalate based catalyst is tetra-butylammonium 

decatungstate (TBADT, (n-Bu4N)4W10O32, 190) which is activated by UV-light.58 It can be easily 

prepared by stirring sodium tungstate in oxygen enriched water for 12 h. After slow acidification with 

hydrochloric acid, the product can be precipitated through addition of (n-Bu)4NCl.59 The absorption 

maxima of the LMCT band is located at 323 nm with an extinction coefficient of  

ʶ Ґ 1.35 x 104 l mol-1 cm-1.60 

 

The group of Angelo Albini used this catalyst for alkylations of electrophilic alkenes (Scheme 50),61 

acylations of electrophilic olefins,62 radical C-H functionalization of amides63 and the synthesis of  

2-substituted 1,3-benzodioxoles64.  

 

 

Scheme 50. Photocatalytical alkylation of acrylonitrile (23g).54 

 

The mechanism for this reaction, depicted in Scheme 51, is similar to the mechanism we propose for 

the photocatalytic conjugate addition (Chapter 1.1, Scheme 48).  
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Scheme 51. Reaction mechanisms for the alkylation of alkenes with the help of TBADT (190). 

 

Based on this similarity it was envisioned to use TBADT (190) as UV-photoredoxcatalyst for the  

N- -hactivation of tert. ŀƳƛƴŜΦ ! с ² ŦƭǳƻǊŜǎŎŜƴǘ ǘǳōŜ ǿƛǘƘ ŀ ƳŀȄƛƳǳƳ ŜƳƛǎǎƛƻƴ ŀǘ ˂max=360 nm. Was 

chosen as light source Therefore an experiment was conducted if the catalyst can be activated with 

this light source. To our delight, product 191 was furnished when acrylonitrile (23i)  

(1 equiv.) was mixed with isopropyl alcohol (189) (5 equiv.) in degassed acetonitrile (Scheme 52 A) ) 

even though the reaction time had to be extended to 3.5 d. Those conditions should be suitable to 

test if TBADT can be used for the N- -hactivation of 2a. If these experiments would yield any product, 

further reactions will be conducted with a more appropriate light source.  

 

 

Scheme 52. Photocatalytic N- -hactivation with TBADT (190). 



Main Part    Photocatalytic Conjugate Additions 

59 
 

Changing the substrate from isopropyl alcohol (189) to isoquinoline 2a in degassed acetonitrile, no 

conversion and no product formation could be detected within 2.5 d according to TLC and NMR 

analysis, so the reaction was terminated (Scheme 52 B) ). Using methyl vinyl ketone (23a), instead of 

acrylonitrile, (23i) led also to no conversion (Scheme 52 C) ). Only isoquinoline 2a was detectable via 

1H-NMR after removing solvent and 23a in vacuo. 

Additionally the same experiments were conducted without degassing the reaction mixture. Also in 

this case, nearly no conversion and no product formation could be observed when 2a and either 23a 

or 23g were irradiated in the presence of TBADT (190) in acetonitrile for 24 h.  

With the help of these experiments it could be proven, that TBADT is not a suitable catalyst for 

photocatalytic N- -hactivation of amines under UV-light irradiation.  
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1.2 Cu(dap)2Cl as photocatalyst for N- -hactivation 

 

In search for another visible light photoredoxcatalyst, capable of enhancing the N- -hactivation of 

tert. amines, Cu(dap)2Cl (dap = 2,9-bis(p-anisyl)-l, 10-phenanthroline) (195) was investigated. This 

complex was first reported in literature 1987 by Sauvage et al. for C-C bond formations under 

photocatalytic conditions (Scheme 53).65 

 

 

Scheme 53. Photocatalytic dimerization of nitrobenzene derivative 194 in the presence of catalyst Cu(dap)2Cl 

(195).65  

 

Michael Pirtsch from our group discovered that electron transfer from 195 is not only possible under 

UV-irradiation, but also visible light irradiation can be utilized. Reiser et al. were able to apply this 

concept to a variety of ATRA reactions (Scheme 54).55  
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Scheme 54. Photochemical ATRA reactions driven by Cu(dap)2Cl (195).55  

 

Due to these promising results, Cu(dap)2Cl (195) was applied in photocatalytic conjugate additions. 

195 has a broad absorption band in the range of 400 ς 600 nm and the excited state lasts for 270 ns. 

[Cu(dap)2]
+*  has a reduction potential of E1/2(CuII/CuI*) = -1.43 V vs. SCE and is therefore a better 

reductant than Ru(bpy)3
+ (E1/2(RuII/RuI) = -1.33 V vs. SCE).66 The oxidation potential has a value of 

E1/2(CuII/CuI) = 0.62 V vs. SCE and is therefore in the range of the isoquinoline derivative 2a  

(Eox = 0.66 V vs. SCE).65 So far, no reaction using an oxidation by Cu(dap)2
2+ as step in catalysis is 

known.67 But in summer 2011, after Michael Pirtsch´s discovery that 195 can be excited by visible 

light, hopes were high that also a substrate oxidation can be performed. The catalytic cycle should be 

initiated by the reduction of the enone generating Cu(dap)2
2+ which should be able to oxidize 

isoquinoline 2 to its radical cation and from there on the mechanism would be the same as 

postulated above (Scheme 48).  

In order to investigate this idea, isoquinoline 2a (1 equiv.), Cu(dap)2Cl (195) (5 mol%) and either 

methyl vinyl ketone (23a, 3 equiv.) or chalcone (23b, 1.1 equiv.) were dissolved in acetonitrile and 

degassed by the freeze pump thaw method.  

 

Table 3. Photocatalytic N- -hactivation with Cu(dap)2Cl (195). 

 

entry R1 R2 time [h] conversion  yield 

1 H H 20 7%  0% 

2 Ph Ph 20 2% 0% 

 

In both cases no product formation could be observed according to TLC and crude 1H-NMR analysis 

with p-nitrobenzaldehyde as NMR internal standard (Table 3). Because the results in the presence of 

photocatalyst Ru(bpy)3Cl2 (1·Cl2) were superior compared to 195, no further studies using 195 for 

photocatalytic N- -hactivation were conducted.  
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1.3 [Ir(ppy)2(dtbbpy)]PF6 as photocatalyst for N- -hactivation 

 

Not only octahedral ruthenium complexes exhibit an important class of visible light photoredox 

catalysts. Also complexes with iridium as central atom find broad application.56 One prominent 

example is [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) (ppy = 2-phenylpyridine; dtbbpy = 4,4'-di-tert-butyl-2,2'-

bipyridine) (Figure 4).  

 

              

Figure 4. [Ir(ppy)2(dtbbpy)]PF6 (204·PF6): Structure and powder.  

 

It was first synthesized and characterized by Malliaras et al. in 2004. Its emission maximum is located 

at 581 nm which corresponds to 2.13 eV.68 The redox potentials vs. a saturated calomel electrode 

(SCE) in acetonitrile are depicted in Scheme 55. 

 

 

Scheme 55. General reaction pathway and redox potentials of [Ir(ppy)2(dtbbpy)]PF6 (204).
52b)

 

 

MacMillan et al. reported the use of this complex for the enantioselective addition of trifluoromethyl 

groups to aldehydes in 2009.69 In the first step aldehyde 94 and chiral organocatalyst 96 form 

enamine 100 which is enantioselectively attacked by a CF3-radical (127), generated previously 

through photo-catalytic electron transfer and subsequent cleavage of trifluoroiodomethane (125). 

The final product 205 is formed by oxidation of intermediate 206 and subsequent hydrolysis of the 

organocatalyst product complex (Scheme 56).  
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Scheme 56. Reaction pathway of the enantioselective trifluoromethylation of aldehydes.69  

 

With the help of this reaction, MacMillan et al. were able to enantioselectively add different 

fluoroalkyl radicals to a variety of aldehydes. 

 

As already discussed in the introduction, Stephenson et al. were able to develop a photocatalytic 

aza-Henry reaction. This reaction can not only be conducted using Ru(bpy)3Cl2 (1·Cl2) as photoredox 

catalyst but also with [Ir(ppy)2(dtbbpy)]PF6 (204·PF6). This finally led to the full establishment of 204 

as photocatalyst in the synthetic community. Applying Ru(bpy)3Cl2 (1·Cl2) as photocatalyst for the 
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aza-Henry reaction with 2a gave rise to product 4a in up to 73% yield (cf. Introduction, Scheme 5). 

Through the use of photocatalyst [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) the yield could even be increased to 

92%.52b) 

 

Scheme 57. Proposed reaction mechanism of a photocatalytic aza-Henry reaction.52b) 

 

With this method Stephenson et al. were able to functionalize a variety of N-aryltetrahydro-

isoquinoline derivative 2 with nitromethane (3) or nitroethane in good to excellent yields, forming a 

basis for a variety of other photochemical transformations using 2 as substrate.  

 

Due to its interesting redox properties, [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) was employed in a 

photocatalytic conjugate addition reaction (Scheme 58). The catalyst was prepared according to 

literature procedures.68 If not otherwise stated, all conjugate additions reactions were degassed 

using three freeze pump thaw cycles prior to irradiation. This was necessary to exclude oxygen, 

which is known to oxidize IrII to IrIII and lead to the formation of iminium ion 6 (cf. Scheme 47) 

 

 

Scheme 58. Photocatalytic conjugate addition using [Ir(ppy)2(dtbbpy)]PF6 (204·PF6). 
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To our delight, when methyl vinyl ketone (23a) was used as Michael acceptor, product 24a could be 

isolated in 68% yield within 24 h using 2 mol% of catalyst 204 compared to 58% yield using 

Ru(bpy)3Cl2 (1·Cl2) (Scheme 58).51  

 

A screening regarding catalyst loading and the influence of additives was performed to determine 

the best reaction conditions.  

To find the optimal catalyst loading the reaction was conducted using 0.5 mol%, 1 mol% and 2 mol% 

of the new catalyst 204. When 0.5 mol% of catalyst 204 was employed 38% of product 24a was 

formed within 24 h (entry 1, Table 4). Using 1 mol% of catalyst 204 increased the yield of 24a to 66% 

(entry 2, Table 4) and 2 mol% furnished conjugate addition product 24a in 68% yield within 24 h. As 

the yield was not significantly increased when 2 mol% instead of 1 mol% of 204 were used, further 

optimization experiments to determine the influence of bases on the reaction were performed in the 

presence of 1 mol% of the iridium photoredox catalyst 204.  

 

Table 4. Optimization of the photocatalytic N- ςhactivation using 204. 

 

a) Yield determined by 
1
H-NMR-analysis using 1,2 dicyanobenzene as internal standard. 

 

entry 2a 23a additive 
catalyst loading 

/ [mol%] 

yielda) 

24a 

1 1 equiv. 3 equiv. - 0.5 38% 

2 1 equiv. 3 equiv. - 1.0 66% 

3 1 equiv. 3 equiv. - 2.0 68% 

4 1 equiv. 3 equiv. 
NaOAc 

1.1 equiv 
1.0 64% 

5 1 equiv. 3 equiv. 
K2CO3 

1.1 equiv. 
1.0 46% 

6 1 equiv. 3 equiv. 
imidazole 

1.1 equiv. 
1.0 0% 
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One of the key steps in the proposed reaction mechanism is the deprotonation of isoquinoline radical 

cation 5 to radical 25 (Chapter 1.1, Scheme 48). Therefore it was explored if the addition of different 

bases could further increase the yield. Addition of 1.1 equiv. of sodium acetate had no influence on 

the reaction (64% yield, entry 4, Table 4). Potassium carbonate (1.1 equiv.) on the other hand 

decreased the yield to 46% (entry 5, Table 4) and no product formation was observed when  

1.1 equiv. of imidazole were employed (entry 6, Table 4). This observation might not only be caused 

by the basicity of imidazole. It is also possible that this N-heterocycle is causing a ligand exchange in 

catalyst 204. Overall, the addition of a base to promote deprotonation of intermediate radical cation 

5 has no beneficial effect on the reaction.  

 

Next the influence of water in the reaction media was investigated. Water can serve as proton 

shuttle and therefore accelerate the deprotonation of the radical cation intermediate and the 

protonation of the final product. This screening was conducted in a micro reactor purchased from 

LTF with an internal volume of 1.7 mL. More information about this micro reactor system is given in 

Chapter 1.6. The reaction solution was pumped through the reactor at a speed of 1 mL/h, which 

corresponds to a retention time in the system of 1 h 50 min. Catalyst 204 (2 mol%) was employed 

and 0% (v/v), 5% (v/v) and 10% (v/v) of water were added to obtain a fully dissolved and clear the 

solvent.  

 

Table 5. Water as additive for photocatalytic conjugate additions.  

 

entry 2a 23a 
water /  

[% (v/v)] 

yielda) 

24a 

1 1 equiv. 3 equiv. 0 46% 

2 1 equiv. 3 equiv. 5 46% 

3 1 equiv. 3 equiv. 10 0% 

a) Yield determined by 1H-NMR-analysis using 1,2 dicyanobenzene as internal standard. 

 

As depicted in entry 1 (Table 5) product 24a could be obtained in 46% yield within 2 h using a micro 

reactor system. The same yield was obtained when the solvent contained 5% (v/v) water (entry 2, 



Main Part    Photocatalytic Conjugate Additions 

67 
 

Table 5). No product formation was observed when the solvent mixture contained more than  

5% (v/v) water (entry 3, Table 5). These experiments showed that up to 5% (v/v) water is neither 

increasing nor decreasing the yield and beyond this the yield decreases.  

 

In further experiments the substrate scope of the reaction using catalyst 204 was determined. Due to 

the different electronic and steric properties, compared to methyl vinyl ketone (23a), chalcone 23b 

was investigated next. To find the optimal reaction conditions first the catalyst loading and 

afterwards the ratio of 2a to chalcone 23b was optimized. In contrast to methyl vinyl ketone (23a), 

which polymerizes upon irradiation with visible light, 23b is photostable, only a E/Z isomerization of 

the double bond can be observed.  

 

Table 6. Photocatalytic conjugate addition using chalcone 23b and catalyst 204. 

 

entry 2a 23b 
catalyst loading 

/[mol%] 

yield 

24c 

1 1 equiv. 1.1 equiv. 1.0 48%a) 

2 1 equiv. 1.1 equiv. 2.0 73%a) 

3 1 equiv. 1.1 equiv. 5.0 91%a) / 83%b) 

4 1 equiv.. 1.1 equiv 10.0 34%a) 

5 2 equiv. 1.0 equiv. 5.0 76%a) 

6 1 equiv.  1.5 equiv.  5.0 83%a) 

7 1 equiv. 3.0 equiv. 5.0 67%a) 

a) Yield determined by 1H-NMR-analysis using 3-nitrobenzaldehyde as internal standard; b) isolated yield. 

 

Using 1 mol% and 2 mol% of 204 product 24c was formed in 48% and 73% yield (entry 1 - 2, Table 6). 

To our delight, employing 5 mol% of catalyst 204 furnished product 24c in an increased yield of 91% 

(entry 3, Table 6). Subsequent isolation yielded 83% of 24c. Thus, yields obtained in the presence of 

iridium catalyst 204 are significantly better than using Ru(bpy)3Cl2 (1·Cl2). However, the yield 

decreased dramatically when 10 mol% of catalyst 204 were employed (entry 4, Table 6). Therefore 

this coupling works best in the presence of 5 mol% of [Ir(ppy)2(dtbbpy)]PF6 (204·PF6).  
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In another set of experiments the optimal ratio of isoquinoline 2a to chalcone 23b was determined 

(entry 3 and 5 ς 7, Table 6). Using an excess of 2.0 equiv. of isoquinoline 2a led to a decreased yield 

of 76% (entry 5, Table 6) compared to the use of a slight excess of 1.1 equiv. of chalcone 23b (entry 

3, Table 6). Further increasing the amount of chalcone 23b to 1.5 equiv. (entry 6, Table 6) and 

3.0 equiv. (entry 7, Table 6) resulted in reduced yields of 83% and 67% of product 24c. Thus a ratio of 

2a to 23b of 1:1.1 and a catalyst loading of 5 mol% are regarded to be the optimal reaction 

conditions, resulting in the formation of 91% of product 24c. In conclusion, the same reaction 

conditions that proofed to be best using Ru(bpy)3Cl2 (1·Cl2) as catalyst are also the optimized 

conditions for [Ir(ppy)2(dtbbpy)]PF6 (204·PF6).  

 

Photocatalytic conjugate additions using [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) as catalyst were performed 

with the same substrates that were applicable using Ru(bpy)3Cl2 (1·Cl2). The optimized reaction 

conditions are shown in Table 7.  

 

Product 24a could be obtained in 68% yield using 1 equiv. of 2a, 3 equiv. of 23a and 2 mol% of 204 

(entry 1, Table 7). Performing the same reaction with the more electron rich 2-(4-methoxyphenyl)-

1,2,3,4-tetrahydroisoquinoline (2b), 5 mol% of catalyst 204 were necessary to obtain 37% of 24b 

(entry 2, Table 7). The same trend was observed when Michael acceptor 23b instead of 23a was 

employed. As shown in Table 7, product 24c could be obtained in 83% isolated yield using 1.0 equiv. 

of 2a, 1.1 equiv. of 23b and 5 mol% of catalyst [204·PF6] (entry 3, Table 7). Exchanging the 

isoquinoline to 2b reduced the yield to 33% (entry 4, Table 7) compared to 43% using [1·Cl2] as 

catalyst. The same trend was observed for the coupling of 2b with 23a where the yield decreased 

from 61% using catalyst [1·Cl2] to 43% using catalyst 204. Thus, catalyst 204 is regarded not to be 

optimal to activate isoquinoline 2b. Product 24e was furnished in 93% yield (entry 5, Table 7), the 

highest isolated yield in this conjugate addition. Chalcone 23d bearing a furan moiety could be 

coupled to isoquinoline 2a in 60% (entry 6, Table 7). Using methacrolein (23e) led to 50% of product 

24g using only 2 mol% of catalyst (entry 7, Table 7). Coupling product 24h could be furnished in 34% 

yield using 3 ŜǉǳƛǾΦ ƻŦ ʴ-butyrolactone and 5 mol% of catalyst (entry 8, Table 7). Employing 3 equiv. 

of acrylonitrile (23g) in this reaction yielded product 24i in 31% (entry 9, Table 7). A comparison of 

these results with the results obtained using Ru(bpy)3Cl2 (1·Cl2) is given in Chapter 1.8. 
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Table 7. Photocatalytic conjugate additions using [Ir(ppy)2(dtbbpy)]PF6 (204·PF6). 

 

entry 2 23 
cat. loading / 

[mol%] 
24 

1 
 

2a 1 equiv. 

 

23a 3.0 equiv. 

2.0 

24a 68% 

2 

2b 1 equiv. 

 

23a 3.0 equiv. 

5.0 

24b 37%  

3 
 

2a 1 equiv. 

 

23b 1.1 equiv. 

5.0 

24c 83% (70:30 dr) 

4 

2b 1 equiv. 

 

23b 1.4 equiv 

5.5 

24d 33% (66:34 dr) 

5 
 

2a 1 equiv. 
 

23c 1.4 equiv. 

7.0 

 

24e 93% (60:40 dr) 
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entry 2 23 
cat. loading / 

[mol%] 
24 

 6 

 
2a 1 equiv. 

 
23d 1.1 equiv. 

5.0 

 
24f 60% (1:1 dr) 

7 

 
2a 1 equiv. 

 
23e 3.0 equiv. 

2.0 

 
24g 50% (7:3 dr) 

8 
 

2a 1 equiv.  

 

23f 3 equiv.  

5.0 

 

24h 34% (54:46 dr) 

9 
 

2a 1 equiv. 

 

23g 3.0 equiv. 
5.0 

 

24i 31% 
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In addition to the above depicted intermolecular examples, two intramolecular examples were 

applied in a conjugate addition using [204·PF6] as photocatalyst that have also worked with 

Ru(bpy)3Cl2 (1·Cl2) (Scheme 59). Molecules 27 were obtained by an aldol condensation using KOH 

starting from acetone (188a) or acetophenone (188b) and 2-(3,4-dihydro-isoquinolin-2(1H)-

yl)benzaldehyde (187) as reported before (Chapter 1.1 Scheme 49).51  

 

 

Scheme 59. Intramolecular photocatalytic conjugate additions.  

 

The reaction did not proceed well which was similar to our report for Ru(bpy)3Cl2 (1·Cl2). Most likely 

this is due to the fact that not only a photocatalytic conjugate addition takes place but also a 

deƘȅŘǊƻƎŜƴŀǘƛƻƴΣ ƭŜŀŘƛƴƎ ǘƻ ŀƴ ŜȄǘŜƴŘŜŘΣ ǎƛƴƎƭŜ ˉ-system. No full conversion could be obtained even 

after prolonged reaction times of 48 h. Due to very similar Rf values of product and starting material, 

separation via column chromatography was very difficult. The best isolated yield of 14% for product 

28a and 18% for product 28b was obtained using 5 mol% [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) after 24 h.   
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1.5 Screening for novel suitable amines 

 

In contrast to the broad scope of applicable enone systems, so far only isoquinoline derivatives could 

be used as tert. amines. Therefore other phenyl bearing tert. amines were investigated in 

combination with catalyst 204 to see if the desired conjugate addition products are obtained. Di-

methyl aniline 208 and diethyl aniline 210 are commercially available; whereas phenylpyrrolidine 212 

and phenylpiperidine 214 were synthesized according to a procedure by Buchwald et al.70  

 

Table 8. Aniline derivatives as substrates for photocatalytic conjugate additions.  

 

entry aniline derivative  product yield  

1 
 

208 

 

209 

12% 

2 
 

210 

 

211 

0% 

3 

 

212 

 

213 

28% 

4 

 

214 

 

215 

0% 
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Product 209 could be isolated in 12% yield using 1 equiv. of dimethyl aniline (208), 3 equiv. of methyl 

vinyl ketone (23a) and 2 mol% of catalyst 204 after 24 h of external irradiation with a blue LED  

(entry 1, Table 8). Employing diethyl aniline 210 under otherwise identical conditions did not lead to 

the formation of product 211 (entry 2, Table 8). To our delight, product 213 was furnished in up to 

28% yield when a mixture of 1 equiv. of 212, 3 equiv. of 23a and 2 mol% of 204 was irradiated for  

24 h (entry 3, Table 8). When switching from pyrrolidine 212 to piperidine 214, again no conjugate 

addition product could be observed (entry 4, Table 8). 
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1.6 Micro reactor systems  

 

Due to the low yields obtained, when the reaction mixture was irradiated from the outside using a 

snap-cap vial and a single LED, it was envisioned to increase the yield by conducting the reactions in a 

micro reactor.  

Photocatalysts have a high extinction coefficient, for example, [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) has an 

ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ʶ = 4920 M-1 cm-1.71 At a catalyst concentration of 2 mmol/l, which corres-

ponds to the standard reaction conditions using 2 mol% of catalyst, 99% of the incident light is 

absorbed after 2 ƳƳ ŀƴŘ ƭŜǎǎ ǘƘŀƴ м҉ ǇŜƴŜǘǊŀǘŜǎ ŦǳǊǘƘŜǊ ǘƘŀƴ о ƳƳΦ ¢ƘŜǊŜŦƻǊŜ ŎƭƻǎŜ ǘƻ ƴƻ Ŏŀǘŀƭȅǎǘ 

molecules are excited beyond this layer making round bottom flasks and snap ςcap vials unfavorable. 

On the other hand, increasing the surface area and decreasing the depth of the solution at the same 

time would allow the light to penetrate the whole solution and excite all available catalyst molecules. 

Both can be achieved with the help of a micro reactor.  

 

 

Figure 5. LTF-V micro reactor system with irradiation unit in metal frame.  

 

All of the following experiments were performed in a LTF-V reactor developed by LTF GmbH. The 

reactor consists of two borosilicate glass plates in which a semicircular channel is carved. These two 

glass plates are glued together so one round channel is created (Figure 5). In- and outlet are 

mounted to the glass plate via ŀ мκпέ ¦bC ŦƛǘǘƛƴƎΦ ¢ƘŜ ŎƘŀƴƴŜƭ Ƙŀǎ ŀ ŘƛŀƳŜǘŜǊ ƻŦ м ƳƳ ŀƴŘ ŀ ǾƻƭǳƳŜ 

of 1.7 mL. The glass plates fit into a metal frame. Through tubing underneath this frame external 

cooling or heating can be applied. On top an array of eight LEDs of any color can be installed for 

irradiation (Figure 5). The reaction solution is pumped through the reactor by a syringe pump and 

collected in a Schlenk flask with an attached bubbler to exclude oxygen and prevent excess pressure.  
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The coupling of phenyl pyridine (212) and methyl vinyl ketone (23a) was chosen as model reaction. 

The ratio of substrates was kept constant for all experiments using 1 equiv. of 212 and  

3 equiv. of 23a. Catalyst and retention time, which corresponds to the pump speed, were varied.  

 

Table 9. Micro reactor studies.  

 

entry catalyst 
catalyst 
loading  

pump 
speed 

retention 
time 

additives 
yield 
213 

1 1·Cl2 5 mol% 0.33 mL/h 5 h 10 min - 17%a) 

2 1·Cl2 5 mol% 0.33 mL/h 5 h 10 min 
CsF ( 1.0 equiv.) 

iPrOH (10 equiv.) 
28%a) 

3 1·Cl2 5 mol% 0.25 mL/h 6 h 50 min 
CsF ( 1.0 equiv.) 

iPrOH (10 equiv.) 
7%a) 

4c) 1·Cl2 5 mol%.  15 h 
CsF ( 1.0 equiv.) 

iPrOH (10 equiv.) 
15%a) 

5 204·PF6 5 mol% 0.50 mL/h 3 h 30 min - 27%a) 

6 204·PF6 5 mol% 0.33 mL/h 5 h 10 min - 32%b) 

7 204·PF6 2 mol% 1.00 mL/h 1 h 50 min - 44%a) 

8c)  204·PF6 2 mol%  24 h - 28%a) 

1·Cl2: Ru(bpy)3Cl2; 204·PF6: [Ir(ppy)2(dtbbpy)]PF6. a) isolated yield; b) yield determined by 1H-NMR-analysis 

using 3-nitrobenzaldehyde as internal standard; c) reaction conducted in a snap-cap vial.  

 

According to the proposed reaction mechanism the initially formed radical cation of the tert. amine is 

deprotonated in order to form the radical intermediate. But as depicted in Chapter 1.4, Table 4,  

entry 4 ς 6, the sole addition of a base does not increase the yield. Later on in the reduction step an 

anion is generated which is protonated giving rise to the final product. Therefore the addition of a 

base might be beneficial for the deprotonation step and the presence of a proton source for the 

protonation of the carbanion. In order to confirm this assumption, caesium fluoride (CsF) as mild 

base and isopropyl alcohol (iPrOH) as proton source were added in some reactions. 
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The reactions were conducted using 1 equiv. of 212, 3 equiv of 23a, an additive if indicated and 

catalyst 1 or 204 in acetonitrile. The solution was degassed using three freeze pump thaw cycles, 

taken up in a syringe and pumped through the micro reactor at the indicated speed.  

Pumping a solution containing 212, 23a and 5 mol% of 1 through a micro reactor at a speed of  

0.33 mL/h yielded already 17% of product 213 (entry 1, Table 9). The yield could be further increased 

to 28% by the addition of 1 equiv. of CsF and 10 equiv. of isopropyl alcohol under otherwise identical 

conditions (entry 2, Table 9). Increasing the reaction time by decreasing the pumping speed to 

0.25 mL/h lowered the yield to 7% (entry 3, Table 9). This indicates that the product might not be 

stable under photochemical conditions. Due to these results, a control experiment was conducted in 

a snap cap vial using CsF (1.0 equiv.) and iPrOH (10 equiv.). In this case, product 213 could be isolated 

in 15% after 15 h (entry 4, Table 9). In conclusion, with a yield of 28% the best results with 1 as 

catalyst were obtained using 1 equiv. of CsF and 10 equiv. of iPrOH in a micro reactor at a pump rate 

of 0.33 mL/h.  

Changing the catalyst to [Ir(ppy)2(dtbbpy)]PF6 (204·PF6), product 213 could be isolated in 27% yield 

when the reaction solution was pumped through the micro reactor at a speed of 0.5 mL/h (entry 5, 

Table 9). This is already very close to the result obtained using a snap-cap vial for this reaction (entry 

8, Table 9). Decreasing the pump rate to 0.33 mL/h, the optimal rate using Ru(bpy)3Cl2 (1·Cl2), had 

close to no influence on the yield of the reaction (entry 6, Table 9). On the other hand the yield could 

be increased to 44% when the pump rate was increased to 1 mL/h and the catalyst loading was 

reduced to 2 mol% (entry 7, Table 9).  

Therefore the best yields in order to synthesize 4-(1-phenylpyrrolidin-2-yl)butan-2-one (213) were 

obtained using a micro reactor and [Ir(ppy)2(dtbbpy)]PF6 (204·PF6). The yield increases from 28% 

using a snap cap vial to 44% using a micro reactor system. Employing a proton source and a base at 

the same time was shown to have a beneficial effect in combination with Ru(bpy)3Cl2 (1·Cl2). Overall 

the product seems to be unstable under photochemical conditions; hence a short retention time and 

low catalyst loading are beneficial.  

 

  



Main Part    Photocatalytic Conjugate Additions 

77 
 

Due to these promising results, an experiment was conducted to test if N-phenylpiperidine (214) can 

be activated by 204 in a micro reactor. The best conditions for the synthesis of 213 were applied and 

N-phenylpiperidine (214) (1 equiv.) was mixed with 3 equiv of 23a and 2 mol% of 204 in acetonitrile, 

degassed and pumped through a micro reactor but again no product formation could be observed 

(Scheme 60).  

 

 

Scheme 60. Phenylpiperidine (214) as substrate for photocatalytic conjugate additions in a micro reactor. 
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1.7 [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 as photocatalyst for N- -hactivation 

 

Due to its great oxidation as well as reduction potential, [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (216·PF6) 

(dtbbpy: 4,4'-di-tert-butyl-2,2'-bipyridine; dF(CF3)ppy: 2-(2,4-ŘƛƅǳƻǊƻ-phenyl)-5-ǘǊƛƅǳƻǊƻƳŜǘƘȅƭ-

pyridine) was another promising catalyst for photocatalytic conjugate additions. Especially the 

reductive catalytic pathway with an oxidation potential of E1/2(Ir
III*/I rII) = +1.21 V vs. SCE in MeCN and 

a reduction potential of E1/2(Ir
III/(Ir II) = -1.37 V vs. SCE in MeCN is very appealing. 216 was developed 

by Malliaras et al. in 2005 and can be synthesized according to a procedure in the same publication 

(Scheme 61).72 Stephenson et al. first reported its use as photoredox catalyst for the ATRA reaction of 

bromomalonates and olefins.73  

 

 

Scheme 61. Structure and photocatalytic properties of [Ir{dF(CF3)ppy}2(dtbbpy)]+ (216) (dtbbpy: 4,4'-di-tert-

butyl-2,2'-bipyridine; dF(CF3)ppy: 2-(2,4-ŘƛƅǳƻǊƻǇƘŜƴȅƭύ-5-ǘǊƛƅǳƻǊƻ-methylpyridine).72 

 

With the help of the new, powerful catalyst it was intended to further increase the yield of the 

conjugate addition of phenylpyrrolidine (212) and methyl vinyl ketone (23a). The reactions were 

conducted using 1 equiv. of 212, 3 equiv. of 23a and catalyst [216·PF6] in acetonitrile. The solution 

was degassed using three freeze pump thaw cycles, taken up in a syringe and pumped through the 

micro reactor at the indicated speed.  

At first, the optimal catalyst loading was determined. Using 1 mol% of catalyst 216 at a pump rate of 

0.33 mL/h already let to the formation of 20% of 213 (entry 1, Table 10). Doubling the catalyst 

loading to 2 mol% at the same speed yielded 35% of product 213 (entry 2, Table 10). Increasing the 

catalyst loading to 5 mol% furnished product 213 only in 39% yield (entry 3, Table 10) which is only 

slightly higher than using 2 mol% catalyst. If oxygen was present in the reaction mixture, no product 

formation could be observed (entry 4, Table 10). The catalyst loading was not further increased 

because the catalyst is very costly and the yield obtained using 5 mol% was only slightly better than 

the one using 2 mol%. Overall the catalyst could not fulfill the high expectations that arose from its 

redox properties. The yields were in the same range as using [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) but the 

preparation of 216 is more complex and the costs are higher.   
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Table 10. Micro reactor studies using catalyst [216·PF6]. 

 

entry 
catalyst 
loading  

pump 
speed 

retention 
time 

additive 
yield 
213 

1 1 mol% 0.33 mL/h 5 h 10 min h - 20% 

2 2 mol% 0.33 mL/h 5 h 10 min - 35% 

3 5 mol% 0.33 mL/h 5 h 10 min - 39% 

4 5 mol%. 0.16 mL/h 10 h 20 min air 0% 

5 2 mol% 0.50 mL/h 3 h 30 min LiBF4 (1.2 equiv.) traces 

6 2 mol% 0.33 mL/h 5 h 10 min ZnCl2 (1.3 equiv.) traces 

7 2 mol% 0.33 mL/h 5 h 10 min AlCl3 (1.3 equiv.) traces 

8 2 mol% 0.33 mL/h 5 h 10 min Ce(SO4)2 (1.3 equiv.) traces 

 

By screening different catalysts and additives, a yield of 44% was obtained for the coupling of 

phenylpyrrolidine (212) with methyl vinyl ketone (23a) (entry 7, Table 9, Chapter 1.6). In order to 

improve the yields, the influence of Lewis acids on the reaction was investigated. Lewis acids are 

known to activate carbonyl systems and their application in photoredox catalysis has been shown, 

amongst others, by Yoon et al.74 Therefore a variety of Lewis acids were added to the above 

described reaction solution. Independent of the Lewis acid, only trace amounts of product could be 

identified when they were applied as additive in photocatalytic conjugate additions (entry 5 ς 8, 

Table 10). Thus, Lewis acids are not capable of enhancing the yield of this reaction; in fact they 

impede the reaction. 
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1.8 Conclusion and Outlook 

 

To increase yield and scope of the conjugate addition developed by our group, the influence of 

different additives, new photoredox catalysts, new amine species as well as a mircoreactor system 

was investigated.  

In order to facilitate the deprotonation step of the radical cation to an N- -hradical, different bases 

were added to the reaction mixture (Chapter 1.4, Table 4, entry 4 ς 6). However, none of these bases 

could enhance the yield. The ampholyte water was tolerated in the reaction mixture in up to 5% 

(v/v), whereas higher concentrations of water decreased the yield (Chapter 1.4, Table 5). No positive 

influence could be observed when water was added. The yield of the coupling of phenylpyrrolidine 

(212) and methyl vinyl ketone (23a) was increased moderately by the addition of caesium fluoride 

(1 equiv.) and isopropyl alcohol (10 equiv.) in combination with the catalyst Ru(bpy)3Cl2 (1·Cl2) 

(Chapter 1.6, Table 9, entry 1 ς 4). With this strategy the yield was only slightly improved and 

therefore this path was no longer pursuit. In order to active the enone system, different Lewis acids 

were added to the reaction mixture. However, all of them stopped the reaction almost completely.  

Tetrabutylammonium decatungstate (TBADT, 190), Cu(dap)2Cl (195), [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) 

and [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (216·PF6) were tested as novel photoredox catalyst for the N- -h

activation of tert. amines. The first two catalysts, 190 and 195, could not drive the reaction forward 

at all. The latter two, 204 and 216, were successfully used in this reaction. Catalyst 216 let to 

comparable results as catalyst 204 but is more complex to prepare and more expensive. Depending 

on the substrate either Ru(bpy)3Cl2 (1·Cl2) or [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) proofed to be the best 

catalyst.75 The best obtained yields using each catalyst are displayed in Table 11.  

The yield decreased when catalyst 204 was employed instead of 1 for the coupling of  

2-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (2b) and isoquinoline derivatives 27a, 27b  

(cf. Table 11, 24b, 24d, 28a and 28b). Using 204 for the reaction of 2a with aliphatic enones or 

nitriles, the yields stay the same or increased slightly (cf. Table 11, 24a, 24g, 24h and 24i). To our 

delight, a moderate to great increase in product formation was observed for catalyst 204 in 

combination with chalcone derivatives (cf. Table 11, 24c, 24e and 24f). In one case the yield could be 

boosted from 56% using Ru(bpy)3Cl2 (1·Cl2) to 93% using [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) (cf. Table 11, 

24e). 
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Table 11. Comparison of the best results obtained using Ru(bpy)3Cl2 (1·Cl2) and [Ir(ppy)2(dtbbpy)]PF6 (204·PF6)  

 

 

The substrate dependency of the catalysts can be explained by the different redox potentials of 204 

and 1. 204 has a lower initial oxidation potential, therefore the oxidation of the isoquinoline 2 to a 

radical cation 5 is less feasible. On the other hand it has a greater reduction potential, improving the 

reduction of the h -carbonyl radical 26 to an anion 186 (Scheme 62).  
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Scheme 62. Proposed reaction mechanism of a photocatalytic conjugate addition.  

 

Aniline derivatives 208 and 212 could be identified as suitable substrates for this coupling but the 

yields stayed low, even when the reaction was conducted in a micro reactor system. For both of 

them [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) proofed to be the best catalyst (Scheme 63).  

 

 

Scheme 63. Photocatalytic conjugate addition using aniline derivatives.  

 

In conclusion we were able to further enhance this unprecedented photocatalytic N- -hactivation of 

tert. amines and their coupling to Michael acceptors. The yields were in a moderate to good range 

using 2-phenyl-tetrahydroisoquinoline (2a) but decreased when other tert. amines were applied.  
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All reactions discussed in chapter 1.2 to 1.5 were conducted between the end of 2010 and the end of 

2011. To the best of my knowledge there was no report on N- -hradicals generated by visible light 

photoredox catalysis without pre-functionalization until we submitted the manuscript covering this 

work to Organic Letters (Sunday, Oct, 23rd, 2011),75 apart from one report by MacMillan et al. that 

appeared online three days earlier (Thursday, Oct, 20th, 2011).76 We got aware of this publication 

later during the revision process. All other groups working in this field like Stephenson et al.,52b) 

Rueping et al.53 or König et al.77 proposed at that time an iminium ion as key intermediate.  

 

As mentioned before, MacMillan et al. were the first to report N- -hradicals generated by visible light 

photoredox catalysis as intermediate in their coupling of aniline derivative 212 and cyanobenzene 

217 (Scheme 64).76  

 

 

Scheme 64. Photocatalytic arylation of aniline derivative xx.   

 

In the proposed reaction mechanism 1,4-Dicyanobenzene (217) is reduced to the corresponding 

radical anion 222 by excited Ir(ppy)3*. Ir(ppy)3
+ on the other hand oxidizes tert. amine 212 to radical 
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cation 220. After deprotonation, radical 221 is formed which is similar to our proposed intermediate 

25 (cf. Scheme 62). Radical 221 recombines with radical anion 222 forming anion 223 which leads to 

product 219 after cleaving off a cyanide anion (Scheme 64).  

 

Right after our publication, Nishibayashi et al. ǊŜǇƻǊǘŜŘ ǘƘŜ ǇƘƻǘƻŎŀǘŀƭȅǘƛŎ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ʰ-amino 

radicals and their addition to electron deficient alkenes 227 (Scheme 65).78 The proposed reaction 

mechanism is the same as we propose for the photocatalytic conjugate addition (cf. Scheme 62). 

However, the reported substrate scope differs.  

 

 

Scheme 65. Trapping of photocatalytically generated N- -hradicals 228 with electron deficient alkenes 227.  

 

The best yields were obtained using N-methylpyrrolidone (NMP) as solvent and [Ir(ppy)2(dtbbpy)]PF6 

(204·PF6) as catalyst. Conducing experiments in MeCN or MeOH let to no product formation. In 

contrast to this, we obtained the best yields using MeCN as solvent and did not obtain any yield 

when the reaction was conducted in NMP. All reactions were conducted with [204·PF6] as catalyst 

and the formation of product 229a decreased dramatically from 90% to 35% when Ru(bpy)3BF4 

(1·BF4) was employed. In contrast to this some of our conjugate additions gave higher yields using 1 

as catalyst, primarily when isoquinolines other than 2a where used (cf. Table 11). Suitable alkenes for 

this reaction are electron deficient ethylidenemalonate 228 while our best yields were obtained with 

electron rich chalcones (cf. 229a vs. 24e). In the presented reaction, all applicable alkenes contain at 

least one ester moiety (Scheme 65). In contrast to this, esters, apart from lactone 23f, do not lead to 

any product formation employing our reaction conditions. The reaction worked well using aniline 

derivatives (cf. 229f-g) and aliphatic tert. amine (cf. 229i). A trend that was also visible in our 
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experiments using 204 as catalyst was, that methoxy substituents on the N-aryl moiety decrease the 

yields (cf. 229g vs. 24d and 24d). Overall, Nishibayashi78 and our group75 discovered nearly the same 

reaction at nearly the same time but under different reaction conditions and a different substrate 

scope.  

 

More than one year after our report75 of this reaction, Yoon et al. were able to accelerate the rate of 

this reaction and further increase the yields through the addition of 1 equiv. of trifluoroacetic acid 

(TFA) (Scheme 66).79  

 

 

Scheme 66. TFA as co-catalyst in photocatalytic conjugate additions.  

 

In this publication they showed that only acids with a pKa value very close to 1, e.g. TFA, can enhance 

this reaction by activating methyl vinyl ketone (23a). All other acids decrease the yield or stop the 

reaction completely. TFA is used to protonate the Michael system and activate it to be attacked by an 

isoquinoline radical (cf. Introduction Scheme 31).  

 

In the following years more reports on the photochemical generation of N- -hradicals got published. 

These reports are summarized, amongst others, by Xia et al.80 and, more recently, by Zhu et al.81 
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2. Photocatalytic Oxidative Mannich Reactions 

 

Mannich reactions have proven to be a useful tool in synthetic organic chemistry, being applied in 

many total syntheses.82  

In 2011 the group of Magnus Rueping developed a photocatalytic variant of the Mannich reaction (cf. 

Introduction, Scheme 10).53 They were able to couple tetrahydroisoquinoline derivative 2a and 

acetone with the help of the photoredox catalyst Ru(bpy)3PF6 (1·PF6) and L-proline (18) as co-catalyst. 

As key intermediate they propose an isoquinoline iminium ion which is attacked by an enamine. The 

same iminium ion intermediate has also been proposed by other groups using 2a as substrate in 

photoredox catalysis.52b)  

 

Not only Mannich reactions, but also vinylogous Mannich reactions are an important tool in organic 

synthesis. For example Doyle et al. ǿŜǊŜ ŀōƭŜ ǘƻ ǎƘƻǿ ǘƘƛǎ ǿƛǘƘ ǘƘŜƛǊ ǎȅƴǘƘŜǎƛǎ ƻŦ ʴ-aminoalkyl 

butenolides (232) under mild reaction conditions (Scheme 67).83 ¢ƘŜ ʴ-butyrolactone motif is found 

in nearly 10% of all natural products and therefore new ways to synthesize and functionalize these 

structures are of great interest to the synthetic community.84 

In the proposed reaction mechanism, dirhodium complex 231 oxidizes dimethylaniline (208) to 

iminium ion 233 which is subsequently attacked by furan derivative 230, a vinylogous enole, to form 

the desired product 232. tert-Butyl hydroperoxide (TBHP) serves as stoichiometric oxidizing agent, 

regenerating dirhodium complex 231 (Scheme 67).  

 

 

Scheme 67. Vinylogous Mannich reaction by Doyle et al.
83
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With these literature examples in mind we set out in fall 2011 to develop a photocatalytic vinylogous 

Mannich reaction. 230 was synthesized according to a procedure by Rosso et al. and tested 

afterwards for its photostability.85 Neither by TLC nor NMR analysis any conversion could be detected 

when 230 and Ru(bpy)3Cl2 (1·Cl2) were mixed in degassed acetonitrile and irradiated for 24 h with 

blue LEDs. Therefore it can be concluded that in the envisioned reaction 230 will not be activated by 

the catalyst itself and should only be attacked by the photochemically generated iminium ion. 

 

As shown in the previous chapter, dimethylaniline (208) was successfully deployed as substrate in 

photocatalytic conjugate additions and therefore also the iminium ion of 208 should be accessible by 

photoredox catalysis. The yields using 208 in the previous chapter were not satisfactory and 

therefore the reactions were conducted in an LTF-V micro reactor system as employed in  

chapter 1.6.  

In the first experiments the feasibility of this reaction was tested. Therefore different conditions for 

the reaction of dimethylaniline (208) and (furan-2-yloxy)triisopropylsilane (230) were screened. 

Several catalysts, different modes of action, additives and light sources were examined as well as the 

influence of oxygen on the reaction.  

 

 

Scheme 68. Oxidative quenching cycle of a photoredox catalyst (PC: photoredox catalyst, MV: methyl viologen 

(134b), D: electron donor).  

 

In the first two experiments it was envisioned to address the oxidative reaction pathway of 

Ru(bpy)3Cl2 (1·Cl2) or [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) with the help of methylviologen 134b. 134b is 

used to oxidize the excited photocatalyst; in case of 1 a RuIII species is generated, in case of 204 an IrIV 

species. These oxidized catalysts exhibit strong oxidation potentials. In case of 204 the potential is 

E1/2(Ir
IV/Ir III) = 1.21 V vs. SCE in MeCN and 1 offers even a slightly higher potential of E1/2(RuIII/RuII) = 

1.26 V vs. SCE, in MeCN (Scheme 68).86 This reaction pathway was, for example, successfully used by 
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Yoon et al. to perform [2+2] photocycloaddition reactions with styrene derivatives (cf. Introduction, 

Scheme 45).87 

 

Table 12. Photocatalytic vinylogous Mannich reaction 

 

entry catalyst additive degassed 
irradiation 

device 
time yield 

1 Ru(bpy)3Cl2 (1·Cl2) 134b yes 
micro 

reactor 
3 h  

30 min 
0% 

2 
[Ir(ppy)2(dtbbpy)]PF6 

(204·PF6) 
134b yes 

micro 
reactor 

3 h  
30 min 

0% 

3 
[Ir(ppy)2(dtbbpy)]PF6 

(204·PF6) 
none yes 

micro 
reactor 

3 h  
30 min 

0% 

4 
[Ir(ppy)2(dtbbpy)]PF6 

(204·PF6) 
none no LED plate 22 h 

Product 
detectable 

 

Applying Yoon´s reaction conditions87 to this system, 230 (1 equiv.) and 208 (1.1 equiv.) were mixed 

with methylviologen (134b) (15 mol%) and 5 mol% photocatalyst in acetonitrile. The solution was 

degassed by freeze pump thaw, taken up in a syringe and pumped through a LTF micro reactor with a 

retention time of 4 h. Full conversion  but no product formation could be detected employing this 

pathway using either Ru(bpy)3Cl2 (1·Cl2) or [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) ( entry 1 ς 2, Table 12).  

Using 204 as catalyst in degassed acetonitrile utilizing the reductive quenching cycle led to no 

product formation as displayed in entry 3, Table 12. On the other hand, a promising first hit was 

found when the reaction mixture was not degassed; this implies that oxygen functions as reducing 

agent to regenerate the initial catalyst. In this case small amounts of product 232 could be detected 

via NMR analysis (entry 4, Table 12). 

 

All of the above depicted reactions did not work well or at all. It was assumed that this is due to a 

poor iminium ion generation which might be caused by a to high oxidation potential. Therefore  

p-methyl-N,N-dimethylaniline (234) was chosen as new substrate instead of dimethylaniline (208). 

234 has an oxidation potential of Eox= 0.65 V88 vs. SCE in MeCN which is roughly 0.1 V lower 

compared to dimethylaniline (208) (Eox= 0.76 V vs. SCE, in MeCN).89  
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Promising results were obtained right away when p-methyl-N,N-dimethylaniline (234) was employed 

as substrate and 204 as catalyst. The reaction mixtures were not degassed, utilizing the reductive 

pathway and pumped through a LTF micro reactor.  

 

 

 

Scheme 69. Optimization of the reaction time of photocatalytic vinylogous Mannich reaction. a) Yields 

determined by 1H-NMR analysis using p-nitrobenzaldehyde as internal standard. 

 

Within one hour already 8% product formation could be observed and after 3 h 16% of 235 could be 

detected by 1H-NMR analysis. Unfortunately the reaction did not proceed any further after 3 h. The 

maximum obtainable yield was 17% with respect to 230 (Scheme 69). 
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Based on the so far obtained results we propose the following mechanism, proceeding via the 

reductive pathway, for this reaction:  

 

 

Scheme 70. Proposed reaction mechanism of the Photocatalytic Vinylogous Mannich Reaction. 

 

It is assumed that trimethylaniline 234 in the first step reductively quenches the excited state of 204, 

forming radical cation 236 and an IrII species. This IrII complex has a reduction potential of  

E1/2(Ir
III/Ir II) = -1.51 V (vs. SCE, in MeCN) and is therefore capable of reducing molecular oxygen.56b) 

The resulting radical anion abstracts in the next step a hydrogen atom from radical cation 236, 

forming iminium ion 237. Cation 237 is subsequently attacked by vinylogous enole 230, giving rise to  

-ɹaminoalkyl butenolide 235 (Scheme 70). 

 

In order to increase the yield, the influence of sterically different silyl protection groups was 

investigated. TMS protected furan derivative 13 was prepared according to a procedure by 

Boeckmann et al.90 The following experiments were conducted using (furan-2-yl-oxy)trimethylsilane 

13 (1 equiv.), dimetyhlanilne (208) or trimethylaniline (234) (2 equiv.) and 5 mol% of 

[Ir(ppy)2(dtbbpy)]PF6 (204·PF6) in acetonitrile. The clear yellow solution was pumped through a LTF 

micro-reactor at different rates and irradiated with eight royal blue LEDs (1 W). The results are 

summarized in Table 13.  
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Table 13. Photocatalytic Vinylogous Mannich reaction with (furan-2-yloxy)trimethylsilane (13). 

 

 

entry amine time yielda) 

1 208 50 min 5% 

2 234 50 min 6% 

3 234 3 h 30 min 12% 

a) Yield determined by 
1
H-NMR analysis using p-nitrobenzaldehyde as internal standard. 

 

Using dimethylaniline (208) in this reaction yielded 5% of product within one hour (entry 1, Table 13). 

Conducting this experiment with trimethylaniline (234) led to the formation of 6% of product (entry 

2, Table 13). Prolonging the reaction time to 4 h gave rise to 12% product (entry 3, Table 13,).  

 

Additionally to this, tert-butyl(furan-2-yloxy)dimethylsilane (238) was synthesized according to a 

procedure published by Casiraghi et al.91 TBS-ethers offer a much higher stability towards acid and 

base hydrolysis or oxidations and reductions than TMS-ethers but a lower one than TIPS ethers.  

In case of stability towards acid hydrolysis the relative rates (1/krel) are: TMS (1) < TBS (20 000) < TIPS 

(700 000).92  

For this screening we used the conditions determined for substrate 234 in the experiments before 

and varied the amount of photocatalyst used. The experiments were conducted using tert-

butyl(furan-2-yloxy)dimethylsilane (238) (1 equiv.), trimethylaniline (234) (2 equiv) and 

[Ir(ppy)2(dtbbpy)]PF6 (204·PF6) as photocatalyst in acetonitrile. The clear yellow solution was pumped 

through a LTF micro reactor at a rate of 0.66 mL/h, which corresponds to a retention time of  

2 h 40 min, and was irradiated with eight royal blue LEDs (1 W).  
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Table 14. Photocatalytic Vinylogous Mannich Reaction with tert-butyl(furan-2-yloxy)dimethylsilane (238). 

 

 

entry catalyst  
loading 

time yielda) 

1 1 mol% 2 h 40 min 18% 

2 2 mol% 2 h 40 min 18% 

3 5 mol% 2 h 40 min 28% 

a) Yield determined by 1H-NMR analysis using p-nitrobenzaldehyde as internal standard. 

 

Using 2 mol% [Ir(ppy)2(dtbbpy)]PF6 (204·PF6) led to the same yield as using 1 mol% (entry 1 ς 2, Table 

14). To our delight 28% of 5-((methyl(p-tolyl)amino)methyl)furan-2(5H)-one (235) were generated 

when 5 mol% catalyst were employed in the reaction (entry 3, Table 14).  

Having the economic and ecological viability of the reaction in mind, the amount of catalyst was not 

further increased.  

 

After these promising first results, Stephenson et al. were able to publish a synthetically useful 

method to perform photocatalytic vinylogous Mannich reactions (Scheme 71).93  

 

 

Scheme 71. Photocatalytic vinylogous Mannich reaction developed by Stephenson et al.93 
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They developed an interesting method to generate a stable iminium ion of isoquinoline 2a with the 

help of BrCCl3 and were able to trap this ion with a variety of nucleophiles, amongst others with  

TMS-Furan 13 (cf. Introduction, Scheme 7-9).  

 

In conclusion a new way to functionalize ɹ-butyrolactones was established and investigated. We 

were able to obtain up to 28% yield when TBS-furan (238) (1 equiv.), trimethylaniline (234) 

(2. equiv) and [Ir(ppy)2(dtbbpy)]PF6 (204·PF6, 5 mol%) as photocatalyst were mixed and irradiated 

without degassing in a micro reactor at a pumping rate of 0.66 mL/h which correlates to a retention 

time of 2 h 40 min.  

Stephenson et al. published a very similar approach regarding the same class of substrates right after 

these promising first results; therefore this topic was not further pursued. In contrast to the method 

developed by Stephenson et al. and the Rhodium catalyzed reaction developed by Doyle et al. our 

approach does not need a sacrificial electron donor or acceptor apart from ubiquitous oxygen, 

making this process environmentally begin.  
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3. Studies towards the Synthesis of Jamtine 

 

3.1 Introduction and Retrosynthetic Analysis 

 

In this chapter, I would like to focus on our efforts to synthesize jamtine, which I undertook with 

Puneet Desai a Bachelor student from Bhopal, India.  

Jamtine (239) is a natural product occurring in the climbing shrub Cocculus hirsutus, that growth in 

the south east of Pakistan (Figure 6).94  

 

                  

Figure 6. Structure of jamtine and climbing shrub Cocculus hirsutus. 

 

The plant has various applications in the traditional local medicine. It is known to lower the level of 

blood sugar due to its antihyperglycemic activity.95 The structure was resolved by Rehman et al. in 

1987 by complex 2D-NMR studies.96 Padwa et al. published the first total synthesis of (±)-jamtine. 

The key step of their synthesis is an unselective thionium/N-acyliminium ion cascade leading to 

jamtine (239) in 13 linear steps.97  

The first asymmetric synthesis was reported a year later by Simpkins et al. They were able to 

introduce chirality by desymmetrization of a ring fused imide with the help of a chiral lithium amine 

base.98 With this method they could synthesize jamtine (239) in six linear steps with an overall yield 

of 20%.  

 

Due to our interest in photochemistry, especially the photoredox catalysis with isoquinoline 

derivatives, we intended to develop a new synthetic route for jamtine (239) with a photocatalytic key 

step. Our retrosynthetic analysis is shown in Scheme 72.  

Opening of the lactam and protection of the amine would lead to structure 240 which can be 

furnished in a Tsuji-Trost-type reaction from previously formed triflate 241. The key step is the 
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photocatalytic coupling of isoquinoline 243 and cyclohexanone derivative 244 leading to molecule 

242.  

 

 

Scheme 72. Retrosynthetic analysis of jamtine (1) with photocatalytic key step. 

 

In the envisioned forward synthesis, the first step will be a photocatalytic coupling of isoquinoline 

243 and cyclohexanone 244 in a Mannich-type fashion to give rise to addition product 242. Similar 

reactions have been performed by König et al. (Scheme 73)99 and Stephenson et al. (Scheme 74).93 

 

The group of König was able to couple dimethyl malonate 14 and isoquinoline 2a with the help of 

eosin Y (245) as photocatalyst under green light irradiation giving 11c in excellent yields (Scheme 

73).99  

 

 

Scheme 73. Oxidative coupling reaction of isoquinoline 2a and malonate 14. 
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Stephenson on the other hand used the same method as described earlier to preform iminium ions 

to perform such couplings (cf. Introduction, Scheme 7-9).93 The addition of either dimethyl malonate 

(14) or methyl acetoacetate (246) to the preformed iminium ion [6·Br] furnished the desired 

products in good yields (Scheme 74).  

 

 

Scheme 74. Photocatalytic Mannich reaction with preformed iminium ions. 

 

Based on these literature examples the oxidative coupling of isoquinoline 243 and cyclohexanone 

244 under photocatalytic conditions should be possible. The only difference would be that in this 

reaction a quaternary carbon center is formed compared to tertiary ones in the reports by König and 

Stephenson. 

 

The next step, the formation of the triflic ether, would be analogous to a method published by de 

Lera et al. (Scheme 75).100 N-phenyl triflimide (248) was used to transfer the triflate moiety.  

 

 

Scheme 75. Generation of triflate enolate 248 reported by de Lera.
100

 

 

The Tsuji-Trost reaction of molecule 241 to furnish ester 240 would be another key step of this total 

synthesis (Scheme 76 A). Similar reactions have been successfully performed in the synthesis of a 
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variety of other natural products. Exemplary, a synthesis by Williams et al. is shown in  

Scheme 76 B).101  

 

 

Scheme 76. Tsuji Trost type reactions in natural product synthesis.  

 

This would be followed by the removal of the PMP group with ceric ammonium nitrate (CAN), which 

has been demonstrated for example by Buchwald et al.102 The synthesis of jamtine (239) would be 

concluded by the formation of lactam 239 in overall 5 sequential steps (Scheme 77).  

 

 

Scheme 77. Envisioned deprotection and lactamization to obtain jamtine 239. 
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3.2 Photocatalytic oxidative coupling reactions 

 

It was envisioned to generate the iminium ion of isoquinoline 2a and trap it with a cyclohexanone 

derivative in a similar fashion as König et al. did.99 As model substrates 2-phenyl-1,2,3,4-tetra-

hydroisoquinoline (2a) and ethyl 2-oxocyclohexanecarboxylate (252) were chosen. 

By screening different photoredox catalysts the optimal catalyst for this reaction should be 

determined first (Table 15). In further experiments the right solvent and the right choice of additives 

will be investigated.  

 

Table 15. Catalyst, solvent and additive screening for suitable reaction conditions. 

 

entry catalyst solvent additive 
yield 
253 

obtained 
product 

1 Eosin Y (245) MeCN - 0 % 254 

2 Ru(bpy)3Cl2 (1·Cl2) MeCN - 0 % 254 

4 Cu(dap)2Cl (195) MeCN - 0 % 254 

3 
[Ir(dtb-bpy)(ppy)2]PF6 

(204·PF6) 
MeCN - 0 % 254 

5 
[Ir(dtb-bpy)(ppy)2]PF6 

(204·PF6) 
DMF - 0 % - 

6 
[Ir(dtb-bpy)(ppy)2]PF6 

(204·PF6) 
DCM - 0 % - 

7 Ru(bpy)3Cl2 (1·Cl2) MeCN 5 % (v/v) H2O 0 % 254 

8 Ru(bpy)3Cl2 (1·Cl2) MeCN NaCO3 (1.3 equiv.) 0 % 254 

9 Ru(bpy)3Cl2 (1·Cl2) MeCN Cu(OTf)2 (1.3 equiv.) 0 % - 

10 Ru(bpy)3Cl2 (1·Cl2) MeCN NaOH (1.3 equiv.) 0 % 254 

11 Ru(bpy)3Cl2 (1·Cl2) MeCN TFA (1.3 equiv.) 0 % - 

12a Ru(bpy)3Cl2 (1·Cl2) DMF BrCCl3 (3 equiv.) 0 % - 

a): 2a, BrCCl3 (8) and Ru(bpy)3Cl2 (1·Cl2) were irradiated in DMF for 3 h to preform the iminium ion.93 Then irradiation was 

stopped and 252 added.  














































































































































































































































