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1. Introduction  

 

1.1. Cross-coupling reactions and their importance 

  

More than a century passed after first synthetic coupling reaction between carbons. 

This period of time was filled with great examples of how chemists can manipulate the nature 

laws. Starting from a nearly beginning when the Wurtz reaction was discovered
[1,2,3]

, the topic 

enslaved a lot of minds around the world. It worth to mention that the greatest results in field 

of coupling reactions were achieved by Grignard
[4,5]

, Sonogashira
[6,7]

, Heck
[8,9,10]

, 

Suzuki
[11,12,13]

, and Negishi
[14,15]

, however, the list can be continued. The last three scientists 

were also awarded the Nobel Prize in Chemistry for developing palladium-catalyzed cross-

coupling reactions.
[16]

 The presumed mechanism of last ones usually consists of such parts as 

oxidative addition (a), transmetalation (b), and reductive elimination (c) (Scheme 1.1.1).  

 

 
 

Scheme 1.1.1. Plausible reaction mechanism of Sonogashira cross-coupling which employs Pd-Cu catalyzed 

formation of C-C bond (3) between terminal acetylenes (2) and aryl or vinyl halides (1).
[6,7]

 

 

Transition metals and coupling reactions are widely used in organic synthesis, 

manufacture of natural products and pharmaceuticals
[17,18]

, what is more than clearly confirms 

the fact of their huge importance. A lot of forces have been applied to develop and improve 

the organometallic chemistry
[16]

, thus, there is no surprise that it was widely spread between 

all the rest fields, and photochemistry in particular.  

 

1.2. Photochemistry and photoredox catalysis 

 

The interest of photochemistry is concentrated around ability of compounds to 

transform light into chemical energy.
[19] 

At the beginning, this field was mainly dealing with 
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direct excitation of compounds with UV light and was far from being easy and accessible 

method of synthesis.
[20] 

However, the main idea of using the solar light was highly promising 

and it was obvious that such a long-term available source of free energy cannot be neglected 

by chemists. For sure it was one of the reasons to develop the field over more than a century 

to finally overcome the problem of visible light usage. This long path was filled with great 

ideas and technical solutions which resulted in such an exciting projects as photocatalytic 

water splitting
[21]

, photodynamic therapy
[22]

 or photoredox catalysis.
[23,24,25] 

The last one had a 

great impact on the organic synthesis and gave the second breath to radical chemistry.
[20]

 It 

worth to say that still the field of photocatalysis is far from efficient usage of direct sunlight, 

and would not be so popular without a huge technological progress in areas of light-emitting 

diodes and flow chemistry.
[20] 

However, it became much closer to ideal conditions when high 

atom efficiency combined with low energy cost. 

If we go back to coupling reactions and organometallic chemistry it worth to say that 

photoredox catalysis filled up these areas with significant amount of new transformations, 

also proposing alternatives and improvements for existing methods. The most prominent 

examples involves interactions between organometallic and photoredox species known as 

dual catalysis.
[26] 

The Scheme 1.2.1 below shows how iridium photocatalysts can work 

together with traditional nickel complexes and organocatalyst 4.
[27]

 In the time when nickel is 

undergoing processes of oxidative addition and reductive elimination, the iridium is doing 

only single electron transfers, being continuously excited by visible light. His photoredox 

cycle is also conjugated with organocatalyst 4, whose derivative subtracts the hydrogen atom 

from C-H nucleophile. 

 

 
 

Scheme 1.2.1. Plausible reaction mechanism of Ni-Ir-4 catalyzed cross-coupling 

between C-H nucleophiles (5) and aryl halides (6). 
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But even chemistry on radicals itself can propose a lot of valuable transformations 

such as substitution, fusion, rearrangement, cyclization, polymerization and many other 

things.
[28] 

One of them is synthesis of biaryls which are widespread over thousands of 

products such as polymers
[29]

, medical drugs
[30]

, explosives
[31]

, optoelectronics
[32]

, 

pesticides
[33]

, ligands for catalysts
[34]

 or just household chemicals. 

 

1.3. Synthesis of biaryls via radical’s coupling 

 

 The formation of aryl-aryl bond has been studied a while already. The main reaction 

mechanisms for this category are next: nucleophilic aromatic substitution (SNAr), radical-

nucleophilic aromatic substitution (SRN1), various rearrangements and oxidative/reductive 

couplings, including processes in coordination sphere of metals, Lewis/Bronsted acids, photo- 

and electrochemical methods etc.
[35] 

Obviously that radical chemistry plays an important role 

in this area, and thus a few relevant methods are going to be discussed below. 

 There are plenty of interesting transformations that are worth to be mentioned, and the 

first one is called Gomberg-Bachmann-Hey reaction (Scheme 1.3.1).
[36] 

It based on the ability 

of aryldiazonium salts (9) to decompose homolytically upon base treatment. Produced aryl 

radicals can be captured by aromatic compound of interest (10), leading to biaryl formation 

(11).  

 

 
 

Scheme 1.3.1. Plausible reaction mechanism of biaryls synthesis (11) from  

aryldiazonium salts (9) and various aromatics (10). 

 

 A few decades before that, German chemists Robert Pschorr discovered diazonium 

mediated cyclization which is formally same process but intramolecular and copper 

supported.
[37] 

Almost the same time another German chemist Ludwig Gattermann succeed in 

synthesis of symmetrical biaryls using aryldiazonium salts and copper catalyst.
[38]

 The more 

detailed study of the reaction was done by Cohen long time after (Scheme 1.3.2).
[39]

 The 
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copper species allows to generate aryl radicals from aryldiazonium salt (12), which then 

taking part in redox cycle of copper (I) catalyst leading to biaryl formation (13). 

  

 
  

Scheme 1.3.2. Plausible reaction mechanism of Cu catalyzed biaryls synthesis (13) 

from aryldiazonium salts (12). 

 

 In similar manner to Gomberg-Bachmann-Hey reaction the biaryls can be produced 

from arylboronic acids and arylhydrazines.
[40,41,42] 

These species upon contact with manganese 

(III) acetate can slowly generate free aryls radicals. Overall, this method is highly efficient 

and selective, allowing to achieve unsymmetrical biaryls in a good yield. 

 Another way of radical’s production relies on thermal decomposition of diaroyl 

peroxides.
[43] 

Again, the active species can be trapped in similar way as discussed above. The 

most famous compound of this class is benzoyl peroxide, which is commonly used as radical 

initiator in organic synthesis. 

 Even more tricky ideas come to chemist’s minds when talk is going about 

intramolecular reactions. The first example is Motherwell synthesis, where aryl-halogenated 

sulfonates and sulfonamides undergoing exiting transformation upon radical process 

induction.
[44]

 The Scheme 1.3.3 below shows what can happen with sulfonamide 14 after 

radical process was started. The path (a) leads to a formation of spirocyclic intermediate 

which subsequently extrude the sulfur dioxide forming compound 16. The last one was found 

to undergo base-induced cyclisation in lactam 17 during work up procedure. At the same time 

path (b) allows to achieve product of direct-addition (15). These two ways are competitive 

and can dominate over each other depend on substrate structure.  

 The total investigation of radical transfer reactions revealed that numerous species 

may follow the same path, and for sure this method can be efficiently used for biaryls 

synthesis.
[45]
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Scheme 1.3.3. Plausible reaction mechanism of biaryls synthesis (15-17) via intramolecular free radical 

substitutions in sulfonamides (14). 

 

 A few more ways to activate the molecules are lying under general term of oxidative 

coupling. The main interest here is dedicated to generation of aryl radical-cations, what can be 

done differently.
[35] 

 

 

 
 

Scheme 1.3.4. Plausible reaction mechanism of biaryls synthesis by Scholl (19). 
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 Produced electrophilic species can consequently be trapped the same way as it was 

with radicals; however, the mechanism is far more complicated. It may contain transfer of a 

single-electron, hydrogen atom or proton etc. The Scholl reaction on Scheme 1.3.4 is a nice 

example of such a behavior.
[46,47] 

The reaction requires usage of Lewis acids or oxidants such 

as peroxides for instance (PIDA, PIFA, t-Bu2O2 etc). Alternatively, it can also be done using 

carbocatalysis. It was shown that oxidized carbon materials can catalyze homocoupling of 

various aryls via oxidative dehydrogenation (Scheme 1.3.5).
[48]

 

  

 
 

Scheme 1.3.5. One of proposed mechanistic pathways for the homocoupling of benzo-fused heterocycles (20). 

 

 
 

Scheme 1.3.6. Proposed mechanism of dual Au-Ru catalysed arylative cyclization (24).  
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 Another example of biaryls synthesis was demonstrated using dual catalysis approach 

(Scheme 1.3.6).
[84,85] 

The aryl diazonium salt 23 interacts with ruthenium photocatalyst 

producing free radicals, which subsequently trapped by gold (I) catalyst. The next steps 

consist on the ability of gold to activate triple bond (22) towards attack of a pendant 

nucleophile such as amine or hydroxyl group (ZH), leading to cyclization. The final reductive 

elimination produces biaryl 24 in a good to excellent yield. 

 Finally, there are two more efficient methods to be discussed: electro- and 

photochemical reactions. The first one is mainly dealing with anodic oxidation of 

compounds.
[49] 

It was demonstrated that various biaryls can be synthesized through reagent- 

and metal-free oxidative dehydrogenation (Scheme 1.3.7).
[50,51,52]

 

 

 
 

Scheme 1.3.7. Proposed mechanism for anodic cross‐coupling reaction between phenol (25) and arene (26). 

   

 Another groups of scientists showed that the area of electrosynthesis application can 

be much wider, allowing to couple various important compounds such as indoles for instance 
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(Schemes 1.3.8).
[53,54]

 The naphthalene 28 being oxidized on anode is subsequently trapped by 

indole 29 forming biaryl 30 in 92% yield.  

 

 
 

Scheme 1.3.8. Presumed mechanism of anodic cross-coupling between naphthalene 28 and indole 29. 

 

 In general, the area of electrosynthesis is highly attractive among scientists, being very 

powerful technique of a green chemistry. Due to high atom efficiency, reagent- and catalyst-

free conditions it is for sure one of the best methods nowadays.  

 However, as was mentioned, there is also another big player in the field of biaryls 

synthesis. The methods that were also used in this work belong to photoredox catalysis. In 

general, it is possible to conduct the biaryl synthesis even without catalyst through photo-

dehydrohalogenation (Scheme 1.3.9).
[55,56] 

The compound 31 upon UV light treatment is 

undergoing homolythical carbon-halogen bond cleavage, subsequently cyclizing in 32. 

 

 
 

Scheme 1.3.9. Proposed mechanism for photoinduced cyclisations of 31.  

  

 But as was said above, the usage of visible light is far more attractive for numerous 

reasons. The Scheme 1.3.10 below shows an interesting example of C-N coupling on 

acridinium based photocatalyst.
[57]

 The photoexcitation of 83 promotes an electron transfer 
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from catalyst HOMO to another spin-allowed state. Produced active species have highly 

positive reduction potential (E
*
red = 2.15 V) and consequently able to be reduced by substrate 

molecule (33). The last one becomes radical-cation which is possible to trap with nucleophile 

(34) and achieve biaryl (35) as was discussed many times before. The oxygen presence makes 

possible photocatalyst regeneration, while TEMPO works as a hydrogen atom transfer agent 

significantly improving the product yield. 

 

 
 

Scheme 1.3.10. Proposed mechanism of C-N coupling between 33 and 34 via photoredox catalysis. 

 

 The Scheme 1.3.11 below shows also another way of acridinium based catalyst 

action.
[86] 

This time, the excited photocatalyst 36 was oxidized by substrate molecules 37, 

leading to free radicals formation. The last were captured by heteroarene 38 producing biaryl 
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39. Overall, the amount of articles regarding biaryl synthesis by photoredox methodology is 

huge, and field is still undergoing rapid evolution.
[24]

 

 

 
 

Scheme 1.3.11. Proposed mechanism of C-C coupling between 37 and 38 via photoredox catalysis. 

 

 As can be seen from literature overview the area of radical chemistry is highly studied 

already, but the appearance of photo- and electrochemical methods gave the opportunity to 

significantly develop the field again. These two methods comparing to others possess a set of 

advantages in terms of flexibility, toxicity, area of application and reaction efficiency of 

course. The fact that activity needs to be constantly triggered makes them easy to manage, 

allowing to stop the radical process whenever needed. As was said before, the 

electrochemistry is rather ideal tool nowadays since no additional reagents or catalysts 

required, as well as specific functionalization. But at the same time, it cannot propose to use 

direct sunlight one day to have zero energy cost. Moreover, things like dual catalysis opens 

wider window for photoactive species application, whose activity can be tuned simply by 

structural modifications. For these reasons, our own work presented here is also dedicated to 

photoredox chemistry, exploring the abilities of metal and metal-free photocatalysts. It can be 

said for sure that the interest towards green approaches will continue to grow for more than a 

decade, and hopefully this project will be useful for the future developments. 
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2. Experimental part 

 

2.1. Aims and objectives of the study 

 

The research is mainly dedicated to photocatalysed C(sp
2
)-C(sp

2
) cross-coupling 

reaction between substituted 3-bromoindoles and various aromatics. Originally, the idea was 

to modify previously discovered process on carbocatalyst
[48] 

and try to fuse different indoles 

through oxidative dehydrogenation at γ-position. Compounds 59 and 60 were prepared 

exactly for this reason, but desired outcomes were not achieved and the method was changed. 

The new hypothesis relied on recent results in field of photoredox catalysis
[58]

 (Scheme 2.1.1), 

assuming the possibility of indoles cross-coupling with different aryls. Since then, all the 

forces were applied towards starting materials synthesis (66, 67, 69, 71, and 72; Scheme 

2.1.2) and study of their photocatalytic activity. 

 

 
 

Scheme 2.1.1. Proposed mechanism for metal-free photocatalyzed cross-coupling of bromoheteroarenes (41) 

with N-methylpyrrole (42). 

 

Due to the fact that β-functionalization of indoles was reported already, the interest 

towards γ-position remained unchanged. The indoles themselves are very important class of 

compounds in pharmaceutical industry.
[59,60] 

Among the indole core-containing medicine, β- 

and γ-arylindoles belong to group of most promising candidates for drug development.
[59] 

Thus, the improvement of existing functionalization methods as well as developing the new 

one is constantly of a great demand. 
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Scheme 2.1.2. Short summary of experimental parts 2.3 and 2.4 regarding indoles synthesis and 

functionalization. Compounds 66, 67, 69, 71, and 72 were used to study photocatalysed cross-coupling 

reaction between brominated indoles and various aryls such as N-methylpyrrole. 

 

Unfortunately, it was not that easy to mimic the process on Scheme 2.1.1 at γ-position 

of indoles. When the method on Rhodamine-6G (40) did not work, the search for alternative 

photocatalysts was conducted (Scheme 2.1.3). The usage of common photosensitizers such as 

Eosin Y (45) and Ru(bpy)3Cl2 (46) did not result in cross-coupling product formation.  
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Scheme 2.1.3. A set of photocatalysts that were initially tried. 

 

After a while the applicable catalysts were finally found. The first option was based on 

usage of acridinium based photocatalysts
[62]

 starting from compound 90. During reaction 

optimization it was able to grant 68% yield of a target biaryl 84. Later, a few other acridinium 

catalysts (77 and 83) were prepared and tested, giving up to 78% yield of a product. The 

second found option was based on iridium complexes
[63] 

 such as 92, resulting in 80% yield 

for a model reaction.  

The equipment and procedures that were used for the photocatalysed cross-coupling 

reactions are highly similar to reported in literature.
[61] 

Most of photocatalysts used in this 

work absorb the light in violet-blue region, thus, the blue LEDs were used as a source of 

excitation. The reactor itself is built in a way that four experiments can be simultaneously 

conducted. The 20 mL glass vials for the experiments are commercially available and used 

together with septums and Schlenk line to adjust the atmosphere of interest. The temperature 

control was done by in-built water cooling system which also protects the light emitters from 

overheating. The loading of the reactions was chosen in a way to make single transformations 

cheap and informative. Overall, the system allows conducting reproducible experiments of 

any reaction time and perfectly fits the equipment requirements. 
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2.2. General information 

 

Unless otherwise noted, all reagents and solvents were purchased from commercial 

suppliers (Sigma-Aldrich, Acros, Alfa Aesar, Fluorochem, TCI) and used without further 

purification. Anhydrous and oxygen-free solvents were obtained using common distillation, 

drying (activated 4 Å molecular sieves) and degassing (freeze-pump-thaw method) 

procedures. Reactions were carried under air, unless stated otherwise. TLCs were performed 

using Supelco analytical silica gel on Al foils with fluorescence indicator 254 nm from 

Sigma-Aldrich. Column chromatography’s were carried on silica gel 40-63 μm from VWR 

Chemicals and driven by pressurized air; the columns were packed using slurry method. 

NMRs were recorded on Bruker Avance 400 or 500 MHz and the FIDs were treated with 

MestRe Nova software. The chemical shifts are given relative to the residual signal of the 

solvent (CDCl3: δ (
1
H) = 7.26 ppm, δ (

13
C) = 77.16 ppm; CD2Cl2: δ (

1
H) = 5.32 ppm, δ (

13
C) 

= 53.84 ppm; DMSO-d6: δ (
1
H) = 2.50 ppm; δ (

13
C) = 39.52 ppm; C6D6: δ (

1
H) = 7.16 ppm, δ 

(
13

C) = 128.06 ppm), or relative to an external standard (TMS: δ (
1
H) = 0 ppm, δ (

13
C) = 0 

ppm).
[64] 

IR spectrums were recorded with Bruker Alpha-T FTIR spectrometer while HRMS 

data were obtained using Bruker Daltonics – micrOTOF – benchtop ESI-TOF MS. Most of 

compounds in the report were synthesized following procedures modified from literature. 

 

2.3. Synthesis of indole precursors and related building blocks 

 

Synthesis of methyl 3-amino-4-bromobenzoate (48)
[65]

 

 

  
 

Scheme 2.3.1. Synthesis of methyl 3-amino-4-bromobenzoate (48). 

 

 Methyl 4-bromo-3-nitrobenzoate (47) (0.50 g, 1.92 mmol, 1 eq) was dissolved in 5.00 

mL of MeOH, placed in a 10 mL round-bottomed flask equipped with magnetic stirring bar 

and water condenser. The obtained solution was mixed with iron powder (0.38 g, 6.73 mmol, 

3.5 eq) and 1M HCl (1.92 mL, 1.92 mmol, 1 eq), followed by stirring at 80 °C for 5.5 h until 

full conversion of starting material. The reaction was monitored with TLC (Hex/EtOAc = 

10/1, precursor Rf = 0.43, product Rf = 0.32), and upon completion the final mixture (pH 

should not be acidic, otherwise the mixture should firstly be treated with K2CO3) was cooled 

to RT and filtered through a pad of Celite. The filter cake was washed with a small amount of 

MeOH and the resulting total filtrate was diluted with 4 mL of water and extracted with 

EtOAc (3 x 15 mL). The combined organic phases were washed with brine and dried over 

Na2SO4. Drying on vacuum afforded 48 as light yellow solid (0.36 g, 81%). 
1
H NMR (500 
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MHz, DMSO-d6) δ 7.47 (d, J = 8.3 Hz, 1H), 7.41 (d, J = 2.1 Hz, 1H), 7.02 (dd, J = 8.3, 2.1 

Hz, 1H), 5.62 (s, 2H), 3.81 (s, 3H). 

 

Synthesis of 2-bromo-4,5-dimethoxyaniline (50)
[66]

 

 

  
 

Scheme 2.3.2. Synthesis of 2-bromo-4,5-dimethoxyaniline (50). 

 

 1-Bromo-4,5-dimethoxy-2-nitrobenzene (49) (0.50 g, 1.91 mmol, 1 eq) was dissolved 

in 5.00 mL of MeOH, placed in a 10 mL round-bottomed flask equipped with magnetic 

stirring bar and water condenser. The obtained solution was mixed with iron powder (0.37 g, 

6.68 mmol, 3.5 eq) and 1M HCl (1.91 mL, 1.91 mmol, 1 eq), followed by stirring at 80 °C for 

2 h until full conversion of starting material. The reaction was monitored with TLC 

(Hex/EtOAc = 4/1, precursor Rf = 0.58, product Rf = 0.43), and upon completion the final 

mixture (pH should not be acidic, otherwise the mixture should firstly be treated with K2CO3) 

was cooled to RT and filtered through a pad of Celite. The filter cake was washed with a 

small amount of MeOH, and the resulting total filtrate was diluted with 4 mL of water and 

extracted with EtOAc (3 x 15 mL). The combined organic phases were washed with brine and 

dried over Na2SO4. Drying on vacuum afforded 50 as light yellow solid (0.42 g, 95%). 
1
H 

NMR (500 MHz, DMSO-d6) δ 6.90 (s, 1H), 6.50 (s, 1H), 4.83 (s, 2H), 3.67 (s, 3H), 3.63 (s, 

3H). 

 

Synthesis of 1,2-dimethoxy-4-nitro-5-(phenylethynyl)benzene (51)
[67]

 

 

  
 

Scheme 2.3.3. Synthesis of 1,2-dimethoxy-4-nitro-5-(phenylethynyl)benzene (51). 

 

 The 25 mL Schlenk tube equipped with magnetic stirring bar was dried under vacuum 

using butan-propan Bunsen burner, refilled with argon and left for cooling. It was then opened 

to introduce 1-bromo-4,5-dimethoxy-2-nitrobenzene (49) (1.00 g, 3.82 mmol, 1 eq) and 
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PdCl2(PPh3)2 (67 mg, 0.10 mmol, 0.025 eq) inside under mild flow of argon. The resulting 

mixture of solids was then introduced to the glovebox, where CuI (18 mg, 0.10 mmol, 0.025 

eq) and 6.11 mL of anhydrous and oxygen-free THF were added. The Schlenk tube was then 

closed with a septum and removed from the glovebox. The rest of reagents such as pre-

distilled TEA (1.06 mL, d = 0.73 g/mL, 7.61 mmol, 2 eq) and phenylacetylene (0.46 mL, d = 

0.93 g/mL, 4.20 mmol, 1.1 eq) were added to the mixture using syringes. The solution quickly 

became dark and dense, and was stirred under argon at 40 °C for 2.5 h until full conversion of 

starting material. The reaction was monitored with 
1
H NMR and TLC (Hex/EtOAc = 4/1, 

precursor Rf = 0.58, product Rf = 0.55 (yellow spot)), and upon completion the final mixture 

was cooled to RT and filtered through a pad of Celite. The filter cake was washed with a 

small amount of THF and the resulting total filtrate was concentrated under vacuum. The 

obtained crude residue was purified by column chromatography (Hex/EtOAc = 4/1) to afford 

51 as yellow solid (1.07 g, 99%). 
1
H NMR (500 MHz, DMSO-d6) δ 7.73 (s, 1H), 7.62 – 7.54 

(m, 2H), 7.50 – 7.43 (m, 3H), 7.34 (s, 1H), 3.95 (s, 3H), 3.92 (s, 3H). 

 

Synthesis of 4,5-dimethoxy-2-(phenylethynyl)aniline (52) 

 

 
 

Scheme 2.3.4. Synthesis of 4,5-dimethoxy-2-(phenylethynyl)aniline (52). 

  

 1,2-Dimethoxy-4-nitro-5-(phenylethynyl)benzene (51) (1.07 g, 3.78 mmol, 1 eq) was 

dissolved in a mixture of 20.00 mL of MeOH and 40.00 mL of EtOAc, placed in a 100 mL 

round-bottomed flask equipped with magnetic stirring bar and water condenser. The obtained 

solution was mixed with iron powder (1.05 g, 18.89 mmol, 5 eq), NH4Cl (0.40 g, 7.55 mmol, 

2 eq) and distilled water (1.36 mL, 75.54 mmol, 20 eq), followed by stirring at 90 °C for 18.5 

h until full conversion of starting material. The reaction was monitored with TLC 

(Hex/EtOAc = 4/1, precursor Rf = 0.55, product Rf = 0.22), and upon completion the final 

mixture was cooled to RT and filtered through a pad of Celite. The filter cake was washed 

with a small amount of EtOAc and the resulting total filtrate was dried over Na2SO4 and 

concentrated under vacuum. The purification was done through water-free acid/base 

extraction. The obtained residue was dissolved in Et2O and slowly mixed with 1 mL of 4M 

HCl/dioxane under vigorous stirring. The resulting precipitate was filtered and washed with 

Et2O several times. Finally, the obtained filter cake of hydrochloride was mixed with 

TEA/EtOAc, and after a few minutes the suspension was filtered. A new filter cake was 

washed with EtOAc several times, and the resulting total filtrate was concentrated under 

vacuum to afford 52 as orange solid (0.82 g, 86%). 
1
H NMR (400 MHz, DMSO-d6) δ 7.58 – 
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7.53 (m, 2H), 7.41 – 7.31 (m, 3H), 6.78 (s, 1H), 6.40 (s, 1H), 5.15 (s, 2H), 3.71 (s, 3H), 3.65 

(s, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 151.18, 145.45, 139.98, 130.86, 128.50, 127.72, 

123.43, 115.18, 98.73, 96.04, 92.72, 87.63, 56.25, 55.15. IR (neat, cm
-1

): 3454.75, 3355.51, 

3075.46, 3058.86, 3004.19, 2995.80, 2964.78, 2941.83, 2910.94, 2866.33, 2836.61, 2206.46, 

2196.45, 1617.44, 1595.44, 1575.72, 1520.74, 1505.44, 1489.20, 1466.18, 1453.88, 1445.88, 

1414.46, 1364.35, 1301.98, 1253.47, 1221.52, 1208.23, 1171.01, 1162.98, 1105.99, 1071.40, 

1026.44, 1002.14, 869.35, 846.80, 828.43, 764.87, 694.48, 539.34, 524.74, 512.86. HRMS 

(ESI
+
): exact m/z calculated for C32H31N2O4 (2M+H)

+
: 507.2278; found: 507.2266. 

 

Synthesis of methyl 4-[(4-methoxyphenyl)ethynyl]-3-nitrobenzoate (53) 

 

 
 

Scheme 2.3.5. Synthesis of methyl 4-[(4-methoxyphenyl)ethynyl]-3-nitrobenzoate (53). 

 

 The 10 mL Schlenk tube equipped with magnetic stirring bar was dried under vacuum 

using butan-propan Bunsen burner, refilled with argon and left for cooling. It was then opened 

to introduce methyl 4-bromo-3-nitrobenzoate (47) (200 mg, 0.77 mmol, 1 eq) and 

PdCl2(PPh3)2 (14 mg, 0.02 mmol, 0.025 eq) inside under mild flow of argon. The resulting 

mixture of solids was then introduced to the glovebox, where CuI (4 mg, 0.02 mmol, 0.025 

eq) and 2.15 mL of anhydrous and oxygen-free THF were added. The Schlenk tube was then 

closed with a septum and removed from the glovebox. The rest of reagents such as pre-

distilled TEA (2.94 mL, d = 0.73 g/mL, 21.09 mmol, 27.4 eq) and 4-ethynylanisole (0.12 mL, 

d = 1.02 g/mL, 0.92 mmol, 1.2 eq) were added to the mixture using syringes. The solution 

quickly became yellow-green and dense, and was stirred under argon at 40 °C for 1 h until 

full conversion of starting material. The reaction was monitored with TLC (Hex/EtOAc = 9/1, 

precursor Rf = 0.45, product Rf = 0.26 (yellow spot)), and upon completion the final mixture 

was cooled to RT and filtered through a pad of Celite. The filter cake was washed with EtOAc 

and the resulting total filtrate was concentrated under vacuum. The obtained crude residue 

was purified by column chromatography (Hex/EtOAc = 9/1) to afford 53 as orange solid (202 

mg, 84%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.57 (d, J = 1.7 Hz, 1H), 8.25 (dd, J = 8.1, 1.8 

Hz, 1H), 7.96 (d, J = 8.1 Hz, 1H), 7.57 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 8.9 Hz, 2H), 3.92 (s, 

3H), 3.83 (s, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 164.13, 160.72, 148.76, 134.91, 133.75, 

133.33, 129.60, 125.28, 121.79, 114.74, 112.87, 100.31, 83.72, 55.44, 52.89. 

 

Synthesis of methyl 3-amino-4-[(4-methoxyphenyl)ethynyl]benzoate (54) 
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Scheme 2.3.6. Synthesis of methyl 3-amino-4-[(4-methoxyphenyl)ethynyl]benzoate (54). 

 

 Methyl 4-[(4-methoxyphenyl)ethynyl]-3-nitrobenzoate (53) (99 mg, 0.32 mmol, 1 eq) 

was dissolved in a mixture of 2.00 mL of MeOH and 4.00 mL of EtOAc, placed in a 10 mL 

round-bottomed flask equipped with magnetic stirring bar and water condenser. The obtained 

solution was mixed with iron powder (89 mg, 1.59 mmol, 5 eq), NH4Cl (34 mg, 0.64 mmol, 2 

eq) and distilled water (0.12 mL, 6.36 mmol, 20 eq), followed by stirring at 90 °C for 4 h until 

full conversion of starting material. The reaction was monitored with TLC (Hex/EtOAc = 4/1, 

precursor Rf = 0.52, product Rf = 0.26), and upon completion the final mixture was cooled to 

RT and filtered through a pad of Celite. The filter cake was washed with a small amount of 

EtOAc and the resulting total filtrate was concentrated under vacuum. The obtained crude 

residue was purified by column chromatography (Hex/EtOAc = 4/1) to afford 54 as orange 

solid (70 mg, 78%). 
1
H NMR (400 MHz, DMSO-d6) δ 7.58 (d, J = 8.9 Hz, 2H), 7.37 (d, J = 

1.6 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.10 (dd, J = 8.0, 1.7 Hz, 1H), 6.98 (d, J = 8.9 Hz, 2H), 

5.75 (s, 2H), 3.82 (s, 3H), 3.80 (s, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 166.22, 159.54, 

149.34, 133.05, 131.71, 129.85, 116.07, 114.41, 114.25, 114.23, 110.39, 96.49, 84.69, 55.28, 

52.02. 

 

Synthesis of tert-butyl [4,5-dimethoxy-2-(phenylethynyl)phenyl]carbamate (55) 

 

 
 

Scheme 2.3.7. Synthesis of tert-butyl [4,5-dimethoxy-2-(phenylethynyl)phenyl]carbamate (55). 
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 4,5-Dimethoxy-2-(phenylethynyl)aniline (52) (100 mg, 0.39 mmol, 1 eq) was 

dissolved in 1.50 mL of EtOAc, placed in a 5 mL round-bottomed flask equipped with 

magnetic stirring bar and water condenser. The obtained solution was mixed with TEA (61 

μL, d = 0.73 g/mL, 0.43 mmol, 1.1 eq) and Boc2O (95 mg, 0.43 mmol, 1.1 eq), followed by 

stirring at 50 °C for 48 h until full conversion of starting material. The reaction was monitored 

with TLC (Hex/EtOAc = 4/1, precursor Rf = 0.22, product Rf = 0.62), and upon completion 

the final mixture was cooled to RT and concentrated under vacuum. The obtained crude 

residue was purified by column chromatography (Hex/EtOAc = 4/1) to afford 55 as white 

solid (60 mg, 43%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.39 (s, 1H), 7.57 – 7.49 (m, 2H), 7.46 

– 7.36 (m, 3H), 7.18 (s, 1H), 7.04 (s, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 1.45 (s, 9H). 
13

C NMR 

(101 MHz, DMSO-d6) δ 153.11, 149.47, 145.35, 133.60, 131.13, 128.65, 128.44, 122.80, 

114.20, 107.72, 107.57, 92.70, 86.63, 79.15, 55.79, 55.55, 28.10. IR (neat, cm
-1

): 3410.80, 

3082.85, 2998.41, 2978.91, 2963.58, 2939.89, 2917.02, 2864.53, 2833.59, 2203.70, 1724.91, 

1615.48, 1593.01, 1529.53, 1516.62, 1490.26, 1464.26, 1451.54, 1413.99, 1390.44, 1353.50, 

1297.87, 1251.89, 1229.75, 1209.89, 1150.69, 1106.95, 1070.51, 1041.65, 1027.00, 994.50, 

916.85, 852.38, 772.07, 760.75, 692.08, 648.79, 555.47, 514.36, 497.11. HRMS (ESI
+
): exact 

m/z calculated for C21H23NNaO4 (M+Na)
+
: 376.1519; found: 376.1502. 

 

Synthesis of N-[4,5-dimethoxy-2-(phenylethynyl)phenyl]-4-methylbenzenesulfonamide (56) 

 

 
 

Scheme 2.3.8. Synthesis of N-[4,5-dimethoxy-2-(phenylethynyl)phenyl]-4-methylbenzenesulfonamide (56). 

 

 4,5-Dimethoxy-2-(phenylethynyl)aniline (52) (100 mg, 0.39 mmol, 1 eq) was 

dissolved in 1.00 mL of EtOAc, placed in a 5 mL round-bottomed flask equipped with 

magnetic stirring bar and water condenser. The obtained solution was mixed with TEA (55 

μL, d = 0.73 g/mL, 0.39 mmol, 1 eq) and TsCl (75 mg, 0.39 mmol, 1 eq), followed by stirring 

at 50 °C for 48 h until full conversion of starting material. The reaction was monitored with 

TLC (Hex/EtOAc = 4/1, precursor Rf = 0.22, product Rf = 0.36), and upon completion the 

final mixture was cooled to RT and concentrated under vacuum. The obtained crude residue 

was purified by column chromatography (Hex/EtOAc = 4/1) to afford 56 as white solid (100 

mg, 62%). 
1
H NMR (400 MHz, DMSO-d6) δ 9.69 (s, 1H), 7.55 (d, J = 8.3 Hz, 2H), 7.45 – 

7.36 (m, 5H), 7.17 (d, J = 7.9 Hz, 2H), 6.94 (s, 1H), 6.80 (s, 1H), 3.74 (s, 3H), 3.71 (s, 3H), 

2.23 (s, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 149.13, 146.94, 142.76, 137.49, 131.23, 

130.86, 129.33, 128.39, 128.31, 126.76, 122.86, 114.18, 111.24, 110.69, 91.87, 86.29, 55.70, 

55.51, 20.89. IR (neat, cm
-1

): 3270.30, 3069.62, 2999.41, 2966.42, 2934.90, 2847.02, 

1606.63, 1597.10, 1510.62, 1489.91, 1462.44, 1447.93, 1390.63, 1351.08, 1331.19, 1257.11, 
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1245.13, 1211.40, 1172.58, 1160.90, 1152.12, 1090.68, 1003.47, 902.70, 812.97, 761.43, 

695.78, 671.50, 583.34, 553.06, 533.32, 496.73. HRMS (ESI
+
): exact m/z calculated for 

C23H21NNaO4S (M+Na)
+
: 430.1083; found: 430.1089. 

 

Synthesis of 2-(phenylethynyl)aniline (58)
[68]

 

 

 
 

Scheme 2.3.9. Synthesis of 2-(phenylethynyl)aniline (58). 

 

 The 50 mL Schlenk flask equipped with magnetic stirring bar was dried under vacuum 

using butan-propan Bunsen burner, refilled with argon and left for cooling. It was then opened 

to introduce 2-iodoaniline (57) (1.00 g, 4.57 mmol, 1 eq) and PdCl2(PPh3)2 (64 mg, 0.09 

mmol, 0.02 eq) inside under mild flow of argon. The resulting mixture of solids was then 

introduced to the glovebox, where CuI (17 mg, 0.09 mmol, 0.02 eq) was added. The Schlenk 

tube was then closed with a septum and removed from the glovebox. The rest of reagents such 

as pre-distilled TEA (23.00 mL, d = 0.73 g/mL, 313.08 mmol, 68.6 eq) and phenylacetylene 

(0.55 mL, d = 0.93 g/mL, 5.02 mmol, 1.1 eq) were added to the mixture using syringes. The 

solution quickly became yellow-green and dense, and was stirred under argon at 40 °C for 6 h 

until full conversion of starting material. The reaction was monitored with TLC (Hex/EtOAc 

= 10/1, precursor Rf = 0.48, product Rf = 0.36 (yellow spot)), and upon completion the final 

mixture was cooled to RT and filtered through a pad of Celite. The filter cake was washed 

with a small amount of EtOAc and the resulting total filtrate was concentrated under vacuum. 

The obtained crude residue was purified by column chromatography (Hex/EtOAc = 10/1) to 

afford 58 as yellow solid (0.82 g, 93%). 
1
H NMR (400 MHz, DMSO-d6) δ 7.64 – 7.56 (m, 

2H), 7.45 – 7.34 (m, 3H), 7.23 (dd, J = 7.7, 1.6 Hz, 1H), 7.08 (ddd, J = 8.6, 7.3, 1.6 Hz, 1H), 

6.73 (dd, J = 8.2, 1.1 Hz, 1H), 6.54 (td, J = 7.4, 1.1 Hz, 1H), 5.49 (s, 2H). 
13

C NMR (101 

MHz, DMSO-d6) δ 149.61, 131.75, 131.20, 129.80, 128.53, 128.18, 122.99, 115.77, 113.93, 

105.41, 93.81, 86.94. IR (neat, cm
-1

): 3480.26, 3466.04, 3383.13, 3367.93, 3076.05, 3059.27, 

3048.49, 3029.22, 2205.68, 1610.32, 1591.84, 1566.88, 1495.11, 1482.39, 1454.03, 1440.05, 

1310.01, 1257.45, 1151.01, 1069.32, 1023.28, 914.45, 858.33, 744.26, 688.75, 560.17, 

526.06, 515.50, 480.40. HRMS (ESI
+
): exact m/z calculated for C28H23N2 (2M+H)

+
: 

387.1856; found: 387.1872. 

 

2.4. Synthesis and functionalization of indoles 

 

Synthesis of methyl 2-(4-methoxyphenyl)indole-6-carboxylate (59) 
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Scheme 2.4.1. Synthesis of methyl 2-(4-methoxyphenyl)indole-6-carboxylate (59). 

 

 (IPr)AuCl (13 mg, 0.02 mmol, 0.05 eq) was mixed with AgOTs (6 mg, 0.02 mmol, 

0.05 eq) and 2.40 mL of EtOH in a small 5 mL glass vial equipped with magnetic stirring bar. 

The resulting mixture was stirred for 15 min and then filtered. The obtained filtrate was added 

to a solution of methyl 3-amino-4-[(4-methoxyphenyl)ethynyl]benzoate (54) (115 mg, 0.41 

mmol, 1 eq) in 2.40 mL of CHCl3, placed in a 10 mL round-bottomed flask equipped with 

magnetic stirring bar. The obtained mixture was stirred at RT for 24 h until full conversion of 

starting material. The reaction was monitored with 
1
H NMR, and upon completion the final 

mixture was concentrated under vacuum. The obtained crude product was recrystallized from 

MeOH to afford 59 as white solid (81 mg, 70%). 
1
H NMR (400 MHz, DMSO-d6) δ 11.80 (s, 

1H), 8.02 (p, J = 0.8 Hz, 1H), 7.84 (d, J = 8.8 Hz, 2H), 7.61 (dd, J = 8.3, 1.5 Hz, 1H), 7.57 (d, 

J = 8.3 Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H), 6.89 (dd, J = 2.2, 0.9 Hz, 1H), 3.85 (s, 3H), 3.82 (s, 

3H). 

 

Synthesis of 5,6-dimethoxy-2-phenylindole (60) 

 

 
 

Scheme 2.4.2. Synthesis of 5,6-dimethoxy-2-phenylindole (60). 

  

 (IPr)AuCl (12 mg, 0.02 mmol, 0.025 eq) was mixed with AgOTs (6 mg, 0.02 mmol, 

0.025 eq) and 5.00 mL of EtOH in a small 10 mL glass vial equipped with magnetic stirring 

bar. The resulting mixture was stirred for 15 min and then filtered. The obtained filtrate was 
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added to a solution of 4,5-dimethoxy-2-(phenylethynyl)aniline (52) (200 mg, 0.79 mmol, 1 

eq) in 5.00 mL of CHCl3, placed in a 25 mL round-bottomed flask equipped with magnetic 

stirring bar. The obtained mixture was stirred at RT for 24 h until full conversion of starting 

material. The reaction was monitored with 
1
H NMR, and upon completion the final mixture 

was concentrated under vacuum. The obtained crude residue was purified by column 

chromatography (Hex/EtOAc = 4/1) to afford 60 as white solid (140 mg, 70%). 
1
H NMR (400 

MHz, DMSO-d6) δ 11.22 (s, 1H), 7.76 (dd, J = 8.4, 1.2 Hz, 2H), 7.42 (t, J = 7.8 Hz, 2H), 7.24 

(t, J = 7.4 Hz, 1H), 7.03 (s, 1H), 6.90 (s, 1H), 6.75 (dd, J = 2.3, 0.8 Hz, 1H), 3.79 (s, 3H), 3.76 

(s, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 146.76, 144.77, 135.90, 132.60, 131.66, 128.81, 

126.57, 124.28, 121.45, 102.38, 98.63, 94.85, 55.85, 55.64. IR (neat, cm
-1

): 3347.36, 3080.01, 

3053.17, 3004.49, 2961.06, 2931.12, 2902.13, 2834.19, 1627.59, 1601.86, 1589.31, 1541.52, 

1490.46, 1474.58, 1458.75, 1449.66, 1442.11, 1397.15, 1342.44, 1298.10, 1273.62, 1247.53, 

1212.32, 1169.66, 1129.86, 1070.72, 1058.98, 1029.12, 1000.62, 907.85, 873.65, 843.78, 

832.35, 797.63, 761.66, 745.83, 729.22, 692.05, 625.06, 577.43, 515.25. HRMS (ESI
+
): exact 

m/z calculated for C16H15NNaO2 (M+Na)
+
: 276.0995; found: 276.1000. 

 

Synthesis of tert-butyl 2-phenylindole-1-carboxylate (62)
[69]

 

 

 
 

Scheme 2.4.3. Synthesis of tert-butyl 2-phenylindole-1-carboxylate (62). 

 

 2-Phenylindole (61) (0.50 g, 2.59 mmol, 1 eq) and DMAP (10 mg, 0.08 mmol, 0.03 

eq) were placed in a 5 mL round-bottomed flask equipped with magnetic stirring bar. The 

solution of Boc2O (0.62 g, 2.85 mmol, 1.1 eq) in 1.50 mL of ACN was then added to the 

mixture and the resulting suspension was stirred at RT for 24 h until full conversion of 

starting material. The reaction was monitored with TLC (Hex/EtOAc = 10/1, precursor Rf = 

0.40, product Rf = 0.67), and upon completion the final mixture was concentrated under 

vacuum. The obtained crude residue was purified by column chromatography (Hex/EtOAc = 

20/1) to afford 62 as white solid (0.75 g, 99%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.10 (d, J = 

8.8 Hz, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.52 – 7.37 (m, 5H), 7.34 (td, J = 7.8, 1.3 Hz, 1H), 7.26 

(td, J = 7.5, 1.0 Hz, 1H), 6.72 (s, 1H), 1.25 (s, 9H). 
13

C NMR (101 MHz, DMSO-d6) δ 149.46, 

140.10, 136.80, 134.08, 128.75, 128.47, 127.92, 127.67, 124.32, 122.99, 120.67, 114.50, 

109.52, 83.42, 27.02. IR (neat, cm
-1

): 3048.66, 3024.90, 2991.28, 2980.28, 2933.64, 1726.17, 

1604.06, 1492.85, 1452.52, 1440.71, 1426.59, 1396.00, 1366.47, 1359.18, 1335.92, 1326.62, 

1262.03, 1223.27, 1180.88, 1152.84, 1133.22, 1108.60, 1071.98, 1042.62, 1032.86, 1016.05, 

973.00, 936.39, 923.28, 854.67, 842.98, 825.57, 812.21, 771.67, 761.64, 748.17, 700.40, 

677.50, 664.75, 637.56, 607.19, 495.99, 466.10, 449.01. HRMS (ESI
+
): exact m/z calculated 

for C19H19NNaO2 (M+Na)
+
: 316.1308; found: 316.1307. 
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Synthesis of 1-[(4-methylphenyl)sulfonyl]-2-phenylindole (63) 

 

 
 

Scheme 2.4.4. Synthesis of 1-[(4-methylphenyl)sulfonyl]-2-phenylindole (63). 

 

 2-Phenylindole (61) (0.50 g, 2.59 mmol, 1 eq) was dissolved in 20.00 mL of 

anhydrous DMF, placed under argon flow into a three-necked 50 mL round-bottomed flask 

equipped with magnetic stirring bar, thermometer and ice cooling bath. After solution was 

cooled down to 0 °C, the small portions of NaH (0.12 g of 60% dispersion in mineral oil, 3.10 

mmol, 1.2 eq) were carefully added one by one maintaining the temperature between 0 and 5 

°C. The obtained mixture was stirred under argon at 0 °C for 20 min, followed by a dropwise 

addition of Ts2O (1.01 g, 3.10 mmol, 1.2 eq). The resulting solution was slowly warmed to 

RT and stirred for another 2.5 h. Upon completion the final mixture was carefully poured in 

100 mL of cold water. The resulting suspension was extracted with EtOAc (3 x 50 mL), and 

the combined organic phases were washed with brine and dried over Na2SO4. The obtained 

solution was concentrated under vacuum and the residue was purified by column 

chromatography (Hex/EtOAc = 10/1, precursor Rf = 0.40, product Rf = 0.22) to afford 63 as 

light yellow solid (0.57 g, 63%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.14 (d, J = 8.3 Hz, 1H), 

7.57 – 7.44 (m, 6H), 7.38 (ddd, J = 8.5, 7.3, 1.4 Hz, 1H), 7.34 – 7.17 (m, 5H), 6.81 (s, 1H), 

2.26 (s, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 145.09, 141.73, 137.51, 133.36, 132.06, 

130.32, 129.88, 129.69, 128.59, 127.61, 126.25, 125.00, 124.62, 121.10, 116.04, 114.11, 

20.96. IR (neat, cm
-1

): 3097.73, 3067.06, 3052.24, 3027.25, 2952.72, 2922.26, 2850.77, 

1705.39, 1594.53, 1450.63, 1365.91, 1296.12, 1184.57, 1165.88, 1111.70, 1090.43, 1051.37, 

980.17, 837.63, 807.00, 757.69, 713.02, 698.29, 671.25, 655.69, 631.40, 579.38, 569.47, 

555.72, 538.82, 487.01, 448.03. HRMS (ESI
+
): exact m/z calculated for C21H17NNaO2S 

(M+Na)
+
: 370.0872; found: 370.0859. 

 

Synthesis of 1-tert-butyl 2-ethyl 6-methoxyindole-1,2-dicarboxylate (65) 

 

 
 

Scheme 2.4.5. Synthesis of 1-tert-butyl 2-ethyl 6-methoxyindole-1,2-dicarboxylate (65). 
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 Ethyl 6-methoxyindole-2-carboxylate (64) (100 mg, 0.46 mmol, 1 eq) and DMAP (1.7 

mg, 0.01 mmol, 0.03 eq) were placed in a 5 mL round-bottomed flask equipped with 

magnetic stirring bar. The solution of Boc2O (109.5 mg, 0.50 mmol, 1.1 eq) in 0.50 mL of 

ACN was then added to the mixture, followed by stirring at RT for 24 h until full conversion 

of starting material. The reaction was monitored with TLC (Hex/EtOAc = 20/1, product Rf = 

0.34), and upon completion the final mixture was concentrated under vacuum. The obtained 

crude residue was purified by column chromatography (Hex/EtOAc = 20/1) to afford 65 as 

white solid (131 mg, 90%). 
1
H NMR (400 MHz, DMSO-d6) δ 7.60 (d, J = 8.6 Hz, 1H), 7.48 

(d, J = 2.2 Hz, 1H), 7.23 (d, J = 0.8 Hz, 1H), 6.95 (dd, J = 8.7, 2.3 Hz, 1H), 4.29 (q, J = 7.1 

Hz, 2H), 3.83 (s, 3H), 1.57 (s, 9H), 1.31 (t, J = 7.1 Hz, 3H). 
13

C NMR (101 MHz, DMSO-d6) 

δ 160.95, 159.34, 148.83, 138.46, 129.00, 123.42, 120.70, 115.32, 113.15, 97.54, 84.66, 

61.01, 55.38, 27.29, 14.07. IR (neat, cm
-1

): 2987.23, 2943.69, 2909.88, 2842.49, 1733.44, 

1716.58, 1622.79, 1553.27, 1488.77, 1366.59, 1317.13, 1277.03, 1213.81, 1167.81, 1153.49, 

1128.34, 1066.94, 1027.66, 976.51, 841.89, 800.74, 781.68, 765.87, 735.32, 621.22, 601.64, 

471.02. HRMS (ESI
+
): exact m/z calculated for C17H21NNaO5 (M+Na)

+
: 342.1312; found: 

342.1309. 

 

Synthesis of tert-butyl 3-bromo-2-phenylindole-1-carboxylate (66) 

 

 
 

Scheme 2.4.6. Synthesis of tert-butyl 3-bromo-2-phenylindole-1-carboxylate (66). 

  

 Tert-butyl 2-phenylindole-1-carboxylate (62) (0.50 g, 1.70 mmol, 1 eq) and NBS (0.30 

g, 1.70 mmol, 1 eq) were dissolved in 5.00 mL of DMF, placed in a 10 mL round-bottomed 

flask equipped with magnetic stirring bar. The resulting mixture was stirred at RT for 24 h 

until full conversion of starting material. The reaction was monitored with 
1
H NMR, and upon 

completion the final mixture was poured in 65 mL of water. The obtained precipitate was 

filtered and washed with water. The filter cake was washed out to other flask using DCM and 

the obtained solution was dried over Na2SO4. Drying on vacuum afforded 66 as white solid 

(0.58 g, 91%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.17 (d, J = 8.3 Hz, 1H), 7.55 (ddd, J = 7.6, 

1.4, 0.7 Hz, 1H), 7.53 – 7.43 (m, 6H), 7.40 (td, J = 7.3, 1.1 Hz, 1H), 1.18 (s, 9H). 
13

C NMR 

(101 MHz, DMSO-d6) δ 148.65, 136.59, 135.23, 132.24, 129.69, 128.35, 128.02, 127.76, 

125.86, 123.79, 119.12, 114.88, 99.39, 83.90, 26.88. IR (neat, cm
-1

): 3052.74, 2984.49, 

2935.70, 1727.54, 1564.80, 1492.74, 1472.79, 1446.15, 1426.89, 1366.58, 1356.20, 1334.39, 

1323.28, 1271.25, 1256.69, 1222.19, 1145.65, 1053.17, 1016.32, 958.95, 867.22, 853.23, 
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823.69, 778.96, 765.19, 748.25, 703.96, 625.14, 451.92. HRMS (ESI
+
): exact m/z calculated 

for C19H18BrNNaO2 (M+Na)
+
: 394.0413; found: 394.0418. 

 

Synthesis of 3-bromo-1-[(4-methylphenyl)sulfonyl]-2-phenylindole (67) 

 

 
 

Scheme 2.4.7. Synthesis of 3-bromo-1-[(4-methylphenyl)sulfonyl]-2-phenylindole (67). 

 

 1-[(4-Methylphenyl)sulfonyl]-2-phenylindole (63) (360 mg, 1.04 mmol, 1 eq) and 

NBS (194 mg, 1.09 mmol, 1.05 eq) were dissolved in 5.00 mL of DMF, placed in a 10 mL 

round-bottomed flask equipped with magnetic stirring bar. The resulting mixture was stirred 

at RT for 24 h until full conversion of starting material. The reaction was monitored with 
1
H 

NMR, and upon completion the final mixture was poured in 25 mL of water. The resulting 

suspension was extracted with DCM (3 x 10 mL), and the combined organic phases were 

washed with brine and dried over Na2SO4. The obtained solution was concentrated under 

vacuum and the residue was purified by column chromatography (Hex/EtOAc = 60/1) to 

afford 67 as light orange solid (370 mg, 84%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.21 (d, J = 

8.3 Hz, 1H), 7.56 – 7.41 (m, 8H), 7.36 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 7.8 Hz, 2H), 2.29 (s, 

3H). 
13

C NMR (101 MHz, DMSO-d6) δ 145.63, 137.55, 135.65, 133.40, 131.08, 130.01, 

129.70, 129.28, 129.03, 127.70, 126.59, 126.41, 125.22, 119.67, 115.79, 103.24, 21.03. IR 

(neat, cm
-1

): 3056.36, 2919.98, 1595.85, 1493.53, 1446.92, 1373.15, 1217.18, 1188.21, 

1174.33, 1120.59, 1086.79, 1011.92, 810.07, 774.33, 753.28, 697.31, 659.54, 629.98, 583.90, 

568.62, 540.98, 449.15. HRMS (ESI
+
): exact m/z calculated for C21H16BrNNaO2S (M+Na)

+
: 

447.9977; found: 447.9961. 

 

Synthesis of 3-bromo-1-methyl-2-phenylindole (69)
[70]

 

 

 
 

Scheme 2.4.8. Synthesis of 3-bromo-1-methyl-2-phenylindole (69). 
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 1-Methyl-2-phenylindole (68) (0.50 g, 2.41 mmol, 1 eq) and DMSO (0.17 mL, d = 

1.10 g/mL, 2.41 mmol, 1 eq) were dissolved in 10.00 mL of EtOAc, placed in a 25 mL round-

bottomed flask equipped with magnetic stirring bar. The HBr (0.49 g of 40% aqueous 

solution, 2.41 mmol, 1 eq) was then added to the mixture, followed by stirring at 60 °C for 10 

min until full conversion of starting material. The reaction was monitored with TLC 

(Hex/EtOAc = 10/1, precursor Rf = 0.80, product Rf = 0.70), and upon completion the final 

mixture was concentrated under vacuum to afford 69 as light blue solid (0.62 g, 90%). 
1
H 

NMR (400 MHz, DMSO-d6) δ 7.63 – 7.50 (m, 6H), 7.48 (ddd, J = 7.9, 1.3, 0.7 Hz, 1H), 7.30 

(ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 7.21 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 3.67 (s, 3H). 
13

C NMR 

(101 MHz, DMSO-d6) δ 137.69, 136.40, 130.52, 129.72, 128.83, 128.56, 126.28, 122.78, 

120.52, 118.34, 110.69, 88.64, 31.60. IR (neat, cm
-1

): 3050.04, 3027.42, 2944.08, 1463.91, 

1440.69, 1338.88, 1322.26, 1233.86, 1215.51, 1152.54, 1104.56, 1019.98, 1008.91, 944.63, 

792.58, 750.30, 735.39, 700.65, 616.49, 584.95, 548.46, 488.42, 443.79. HRMS (ESI
+
): exact 

m/z calculated for C15H12BrNNa (M+Na)
+
: 285.0148; found: 285.0148. 

 

Synthesis of ethyl 3-bromoindole-2-carboxylate (71)
[71]

 

 

 
 

Scheme 2.4.9. Synthesis of ethyl 3-bromoindole-2-carboxylate (71). 

 

 Ethyl indole-2-carboxylate (70) (0.50 g, 2.64 mmol, 1 eq) was dissolved in 1.30 mL of 

DMF, placed in a 5 mL round-bottomed flask equipped with magnetic stirring bar, 

thermometer and ice cooling bath. After the mixture was cooled down to 0 °C, the solution of 

NBS (0.47 g, 2.64 mmol, 1 eq) in 1.80 mL of DMF was added dropwise over 20 min period. 

The resulting solution was slowly warmed to RT and stirred for another 1 h until full 

conversion of starting material. The reaction was monitored with 
1
H NMR and TLC 

(Hex/EtOAc = 3/1, precursor Rf = 0.66, product Rf = 0.61), and upon completion the final 

green mixture was poured in 40 mL of water. The obtained precipitate was filtered and 

washed with water. The filter cake was washed out to other flask using DCM and the obtained 

solution was dried over Na2SO4. Drying on vacuum afforded 71 as white solid (0.67 g, 95%). 
1
H NMR (400 MHz, DMSO-d6) δ 12.22 (s, 1H), 7.54 (dq, J = 8.2, 0.9 Hz, 1H), 7.49 (dt, J = 

8.3, 1.0 Hz, 1H), 7.36 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.20 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 

4.38 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 
13

C NMR (101 MHz, DMSO-d6) δ 160.10, 

135.81, 126.81, 125.95, 123.88, 121.16, 120.08, 113.06, 95.93, 60.81, 14.23. IR (neat, cm
-1

): 

3292.36, 2984.96, 2900.19, 1683.25, 1619.08, 1515.20, 1472.77, 1378.49, 1332.81, 1259.71, 

1227.18, 1198.35, 1145.72, 1034.09, 1013.99, 914.68, 861.62, 773.92, 756.72, 739.57, 

678.36, 643.69, 603.74, 565.52, 432.14. HRMS (ESI
+
): exact m/z calculated for 

C11H10BrNNaO2 (M+Na)
+
: 289.9787; found: 289.9781. 
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Synthesis of 1-tert-butyl 2-ethyl 3-bromoindole-1,2-dicarboxylate (72) 

 

 
 

Scheme 2.4.10. Synthesis of 1-tert-butyl 2-ethyl 3-bromoindole-1,2-dicarboxylate (72). 

 

 Ethyl 3-bromoindole-2-carboxylate (71) (200 mg, 0.75 mmol, 1 eq) and DMAP (3 mg, 

0.02 mmol, 0.03 eq) were placed in a 5 mL round-bottomed flask equipped with magnetic 

stirring bar. The solution of Boc2O (179 mg, 0.82 mmol, 1.1 eq) in 0.43 mL of ACN was then 

slowly added to the mixture, followed by stirring at RT for 5 min until full conversion of 

starting material. The reaction was monitored with TLC (Hex/EtOAc = 3/1, precursor Rf = 

0.61, product Rf = 0.85), and upon completion the final mixture was quenched with 1M 

aqueous solution of citric acid (1 mL). The resulting emulsion was extracted with DCM (3 x 2 

mL), and the combined organic phases were washed with water and dried over Na2SO4. The 

obtained solution was concentrated under vacuum to afford 72 as colorless dense oil (247 mg, 

90%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.05 (dt, J = 8.5, 0.9 Hz, 1H), 7.64 – 7.53 (m, 2H), 

7.44 (ddd, J = 8.1, 7.2, 0.9 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 1.58 (s, 9H), 1.34 (t, J = 7.1 Hz, 

3H). 
13

C NMR (101 MHz, DMSO-d6) δ 160.45, 147.81, 134.67, 128.21, 128.04, 127.00, 

124.42, 120.46, 114.79, 101.55, 85.89, 61.98, 27.30, 13.95. IR (neat, cm
-1

): 2981.25, 2936.86, 

2908.25, 2872.36, 1730.61, 1545.98, 1477.13, 1447.15, 1370.02, 1312.86, 1226.62, 1199.66, 

1148.69, 1115.47, 1080.16, 1014.21, 966.37, 871.11, 855.91, 839.57, 763.55, 745.04, 705.11, 

611.66, 470.01. HRMS (ESI
+
): exact m/z calculated for C16H18BrNNaO4 (M+Na)

+
: 390.0311; 

found: 390.0326. 

 

2.5. Synthesis of photocatalysts 

 

Synthesis of 2,4,6-trimethylbenzoyl chloride (74)
[73]

 

 

 
 

Scheme 2.5.1. Synthesis of 2,4,6-trimethylbenzoyl chloride (74). 
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 2,4,6-Trimethylbenzoic acid (73) (2.00 g, 12.18 mmol, 1 eq) was placed under argon 

flow in a 5 mL round-bottomed flask equipped with magnetic stirring bar and water 

condenser. SOCl2 (1.78 mL, d = 1.63 g/mL, 24.36 mmol, 2 eq) was then added to acid and the 

resulting mixture was stirred under argon at 80 °C for 3 h until full conversion of starting 

material. The reaction was monitored with 
1
H NMR, and upon completion the final mixture 

was concentrated under vacuum to afford 74 as light yellow oil (2.21 g, 99%). 
1
H NMR (400 

MHz, DMSO-d6) δ 6.87 (s, 2H), 2.23 (s, 9H). 

 

Synthesis of tris(3,5-dimethoxyphenyl)amine (76)
[72]

 

 

 
 

Scheme 2.5.2. Synthesis of tris(3,5-dimethoxyphenyl)amine (76). 

 

 The 100 mL Schlenk flask equipped with magnetic stirring bar was dried under 

vacuum using butan-propan Bunsen burner, refilled with argon and left for cooling. It was 

then opened to introduce 3,5-dimethoxyaniline (75) (1.00 g, 6.53 mmol, 1 eq) previously 

purified with activated charcoal, 1-bromo-3,5-dimethoxybenzene (3.14 g, 14.47 mmol, 2.22 

eq) and chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)]palladium(II) (95) (50 mg, 0.10 

mmol, 0.015 eq) inside under mild flow of argon. The resulting mixture of solids was then 

introduced to the glovebox, where t-BuONa (2.51 g, 26.11 mmol, 4 eq) and 50.00 mL of 

anhydrous and oxygen-free THF were added. The Schlenk tube was then closed with a 

septum and removed from the glovebox. The reactor was then equipped with water condenser 

and the obtained brown solution was stirred under argon at 60 °C for 19 h until full 

conversion of starting material. The reaction was monitored with TLC (Hex/EtOAc = 3/1, 

product Rf = 0.69), and upon completion the final mixture was quenched with 50 mL of water. 

The resulting mixture was extracted with EtOAc (3 x 50 mL), and the combined organic 

phases were washed with brine and dried over Na2SO4. The obtained solution was 

concentrated under vacuum and the residue was recrystallized from Hex/EtOAc to afford 76 

as light orange solid (2.61 g, 94%). 
1
H NMR (400 MHz, DMSO-d6) δ 6.24 (t, J = 2.2 Hz, 3H), 

6.12 (d, J = 2.2 Hz, 6H), 3.66 (s, 18H). 
13

C NMR (101 MHz, DMSO-d6) δ 161.12, 122.33, 

109.45, 99.86, 55.57. IR (neat, cm
-1

): 3005.10, 2996.02, 2983.53, 2956.35, 2933.88, 2836.24, 

1583.93, 1471.88, 1452.29, 1418.42, 1353.72, 1201.45, 1173.01, 1150.86, 1067.31, 1010.45, 

991.65, 924.86, 833.11, 811.88, 730.84, 687.02, 538.14. HRMS (ESI
+
): exact m/z calculated 

for C24H28NO6 (M+H)
+
: 426.1911; found: 426.1898. 
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Synthesis of 10-(3,5-dimethoxyphenyl)-9-mesityl-1,3,6,8-tetramethoxyacridinium 

tetrafluoroborate (77)
[72]

 

 

 
 

Scheme 2.5.3. Synthesis of 77. 

 

 Tris(3,5-dimethoxyphenyl)amine (76) (200 mg, 0.47 mmol, 1 eq) was dissolved in 

1.50 mL of anhydrous and oxygen-free PhCl, placed under argon flow in a 5 mL round-

bottomed flask equipped with magnetic stirring bar and water condenser. 2,4,6-

trimethylbenzoyl chloride (74) (180 mg, 0.99 mmol, 2.1 eq) and TfOH (42 μL, d = 1.70 g/mL, 

0.47 mmol, 1 eq) were then added slowly one by one and the resulting mixture was stirred 

under argon at 80 °C for 18 h until full conversion of starting material. The reaction was 

monitored with 
1
H NMR, and upon completion the final mixture was washed with aqueous 

0.2M NaBF4 (3 x 5 mL) and water (2 x 15 mL). The resulting solution was concentrated 

under vacuum and the residue was purified by column chromatography (DCM → DCM/DMF 

= 3/1). The obtained product was then crystallized using Hex to afford 77 as orange solid (256 

mg, 85%). 
1
H NMR (400 MHz, DMSO-d6) δ 6.99 (d, J = 2.3 Hz, 2H), 6.95 (s, 2H), 6.94 (t, J 

= 2.3 Hz, 1H), 6.74 (d, J = 2.3 Hz, 2H), 6.12 (d, J = 2.3 Hz, 2H), 3.85 (s, 6H), 3.82 (s, 6H), 

3.46 (s, 6H), 2.37 (s, 3H), 1.80 (s, 6H). 
13

C NMR (101 MHz, DMSO-d6) δ 167.34, 162.39, 

161.79, 159.03, 144.51, 139.96, 137.63, 135.49, 131.62, 126.71, 112.95, 105.66, 103.15, 

97.54, 92.57, 57.44, 56.42, 56.00, 20.82, 19.79. 
19

F NMR (376 MHz, DMSO-d6) δ -148.32. 

IR (neat, cm
-1

): 3084.34, 2947.08, 2843.56, 1600.27, 1568.92, 1512.57, 1463.37, 1414.31, 

1371.23, 1262.00, 1204.92, 1157.49, 1047.43, 994.07, 826.43, 753.65, 674.50, 509.25. 

HRMS (ESI
+
): exact m/z calculated for C34H36NO6 (M–BF4)

+
: 554.2537; found: 554.2513. 

 

Synthesis of 1,1'-methylenebis(2-bromo-4-tert-butylbenzene) (79)
[74]

 

 

 
 

Scheme 2.5.4. Synthesis of 1,1'-methylenebis(2-bromo-4-tert-butylbenzene) (79). 
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 1,1'-Methylenebis(4-tert-butylbenzene) (78) (2.00 g, 7.13 mmol, 1 eq) and iron 

powder (40 mg, 0.71 mmol, 0.1 eq) were mixed with 7.20 mL of DCM, placed under argon 

flow in a two-necked 25 mL round-bottomed flask equipped with magnetic stirring bar and 

ice cooling bath. After solution was cooled down to 10 °C, a solution of Br2 (0.77 mL, d = 

3.12 g/mL, 14.98 mmol, 2.1 eq) in 3.60 mL of DCM was added dropwise over 30 min period. 

The resulting mixture was stirred under argon at 15 °C for 30 min, and then 1 h at RT until 

full conversion of starting material. The reaction was monitored with 
1
H NMR and TLC (Hex, 

precursor Rf = 0.43, product Rf = 0.63), and upon completion the final mixture was quenched 

with 10 mL of saturated NaHSO3 aqueous solution. The resulting mixture was extracted with 

DCM (3 x 10 mL), and the combined organic phases were washed with brine and dried over 

Na2SO4. The obtained solution was concentrated under vacuum and the residue was purified 

by column chromatography (Hex) to afford 79 as white solid (2.32 g, 74%). 
1
H NMR (400 

MHz, Benzene-d6) δ 7.70 (d, J = 2.0 Hz, 2H), 6.96 (dd, J = 8.1, 2.0 Hz, 2H), 6.84 (d, J = 7.9 

Hz, 2H), 4.29 (s, 2H), 1.07 (s, 18H). 
13

C NMR (101 MHz, Benzene-d6) δ 151.69, 136.60, 

130.88, 130.14, 125.48, 124.99, 41.69, 34.40, 31.14. IR (neat, cm
-1

): 2959.74, 2903.01, 

2867.18, 1746.51, 1602.66, 1548.31, 1489.50, 1462.72, 1426.26, 1385.85, 1360.42, 1280.90, 

1258.88, 1201.91, 1114.08, 1039.01, 917.01, 875.28, 861.85, 839.47, 818.07, 800.49, 750.62, 

716.04, 703.22, 660.23, 610.80, 597.95, 446.05, 410.31. HRMS (ESI
+
): exact m/z calculated 

for C21H26Br2Na (M+Na)
+
: 459.0293; found: 459.0298. 

 

Synthesis of bis(2-bromo-4-tert-butylphenyl)methanol (80)
[75]

 

 

 
 

Scheme 2.5.5. Synthesis of bis(2-bromo-4-tert-butylphenyl)methanol (80). 

 

 The 10 mL Schlenk tube equipped with magnetic stirring bar was dried under vacuum 

using butan-propan Bunsen burner, refilled with argon and left for cooling. It was then opened 

to introduce 1,1'-methylenebis(2-bromo-4-tert-butylbenzene) (79) (100 mg, 0.23 mmol, 1 eq) 

inside under mild flow of argon. The flask was then introduced to the glovebox, where t-

BuONa (44 mg, 0.46 mmol, 2 eq) and 0.57 mL of anhydrous and oxygen-free DMSO were 

added. The Schlenk tube was then closed and removed from the glovebox. The mixture was 

evacuated and refilled with oxygen from a balloon three times. The resulting suspension was 

stirred under O2 at 50 °C for 30 min until full conversion of starting material. The reaction 

was monitored with TLC (Hex/EtOAC = 10/1, product Rf = 0.50), and upon completion the 

final mixture was quenched with 3 mL of water. The resulting mixture was extracted with 

DCM (3 x 2 mL), and the combined organic phases were washed with brine and dried over 

Na2SO4. The obtained solution was concentrated under vacuum and the residue was purified 

by column chromatography (Hex/EtOAC = 20/1) to afford 80 as white solid (70 mg, 68%). 
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1
H NMR (400 MHz, Benzene-d6) δ 7.64 (d, J = 2.0 Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 7.05 

(dd, J = 8.2, 2.0 Hz, 2H), 6.51 (d, J = 4.3 Hz, 1H), 2.01 (d, J = 4.3 Hz, 1H), 1.05 (s, 18H). 
13

C 

NMR (101 MHz, Benzene-d6) δ 152.80, 139.27, 130.18, 129.10, 124.88, 124.39, 74.22, 

34.49, 31.08. IR (neat, cm
-1

): 3329.20, 2962.35, 2903.36, 2867.42, 1602.03, 1552.85, 

1483.59, 1461.48, 1385.52, 1362.21, 1276.39, 1260.90, 1199.59, 1114.58, 1048.51, 1014.01, 

877.56, 847.00, 826.81, 805.01, 797.52, 727.57, 697.84, 669.22, 626.59, 609.56, 442.65. 

HRMS (ESI
+
): exact m/z calculated for C21H26Br2NaO (M+Na)

+
: 475.0243; found: 475.0246. 

 

Synthesis of bis(2-bromo-4-tert-butylphenyl)methanone (81) 

 

 
 

Scheme 2.5.6. Synthesis of bis(2-bromo-4-tert-butylphenyl)methanone (81). 

 

 Bis(2-bromo-4-tert-butylphenyl)methanol (80) (1.61 g, 3.54 mmol, 1 eq), PhI(OAc)2 

(1.88 g, 5.84 mmol, 1.65 eq) and TEMPO (122 mg, 0.78 mmol, 0.22 eq) were dissolved in 

17.70 mL of DCM, placed under argon flow in a 25 mL round-bottomed flask equipped with 

magnetic stirring bar. The resulting mixture was stirred under argon at RT for 24 h until full 

conversion of starting material. The reaction was monitored with TLC (Hex/EtOAc = 9/1, 

precursor Rf = 0.60, product Rf = 0.80), and upon completion the final mixture was 

concentrated under vacuum and the residue was purified by column chromatography 

(Hex/EtOAC = 60/1) to afford 81 as light yellow dense oil (1.54 g, 96%). 
1
H NMR (400 

MHz, Benzene-d6) δ 7.64 (d, J = 1.8 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 6.95 (dd, J = 8.1, 1.9 

Hz, 2H), 1.00 (s, 18H). 
13

C NMR (101 MHz, Benzene-d6) δ 194.42, 156.28, 137.71, 131.64, 

131.42, 124.61, 121.83, 34.78, 30.81. IR (neat, cm
-1

): 2962.51, 2904.23, 2868.70, 1676.78, 

1594.41, 1542.66, 1477.85, 1461.82, 1382.41, 1362.93, 1294.42, 1249.23, 1112.08, 1054.00, 

1037.02, 934.40, 881.97, 831.43, 772.91, 748.66, 693.33, 663.93, 554.07, 444.83. HRMS 

(ESI
+
): exact m/z calculated for C21H25Br2O (M+H)

+
: 451.0267; found: 451.0271. 

 

Synthesis of 3,6-di-tert-butyl-10-phenylacridin-9(10H)-one (82)
[76]

 

 

 
 

Scheme 2.5.7. Synthesis of 3,6-di-tert-butyl-10-phenylacridin-9(10H)-one (82). 
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 The 10 mL Schlenk tube equipped with magnetic stirring bar was dried under vacuum 

using butan-propan Bunsen burner, refilled with argon and left for cooling. It was then opened 

to introduce bis(2-bromo-4-tert-butylphenyl)methanone (81) (200 mg, 0.44 mmol, 1 eq) and 

chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)]palladium(II) (95) (11 mg, 0.02 mmol, 

0.05 eq) inside under mild flow of argon. The resulting mixture of solids was then introduced 

to the glovebox, where t-BuONa (94 mg, 0.97 mmol, 2.2 eq) and 0.66 mL of anhydrous and 

oxygen-free toluene were added. The Schlenk tube was then closed with a septum and 

removed from the glovebox. Finally, the pre-distilled aniline (42 μL, d = 1.02 g/mL, 0.46 

mmol, 1.05 eq) was added to the mixture and the reactor was equipped with water condenser. 

The obtained brown solution was stirred under argon at 80 °C for 39 h until full conversion of 

starting material. The reaction was monitored with TLC (Hex/EtOAc = 9/1, precursor Rf = 

0.80, product Rf = 0.20), and upon completion the final mixture was quenched with 2 mL of 

water. The resulting mixture was extracted with DCM (3 x 2 mL), and the combined organic 

phases were washed with brine and dried over Na2SO4. The obtained solution was 

concentrated under vacuum and the residue was purified by column chromatography 

(Hex/EtOAC = 9/1) to afford 82 as light yellow solid (113 mg, 67%). 
1
H NMR (400 MHz, 

DMSO-d6) δ 8.29 (d, J = 8.5 Hz, 2H), 7.84 – 7.78 (m, 2H), 7.77 – 7.72 (m, 1H), 7.54 (d, J = 

6.9 Hz, 2H), 7.42 (dd, J = 8.5, 1.7 Hz, 2H), 6.68 (d, J = 1.7 Hz, 2H), 1.14 (s, 18H). 
13

C NMR 

(101 MHz, DMSO-d6) δ 175.88, 156.37, 142.80, 138.34, 131.12, 129.88, 129.79, 126.12, 

119.71, 119.13, 112.65, 34.99, 30.48. IR (neat, cm
-1

): 3060.33, 2961.87, 2951.91, 2902.31, 

2306.98, 1633.98, 1605.63, 1541.68, 1495.59, 1440.48, 1412.86, 1362.69, 1306.69, 1274.07, 

1252.56, 1196.22, 1103.80, 996.25, 935.54, 868.87, 847.89, 786.79, 777.74, 708.40, 681.34, 

633.67, 488.20. HRMS (ESI
+
): exact m/z calculated for C27H30NO (M+H)

+
: 384.2322; found: 

384.2337. 

 

Synthesis of 3,6-di-tert-butyl-9-mesityl-10-phenylacridinium tetrafluoroborate (83)
[72]

 

 

 
 

Scheme 2.5.8. Synthesis of 3,6-di-tert-butyl-9-mesityl-10-phenylacridinium tetrafluoroborate (83). 

 

 The 10 mL Schlenk tube equipped with magnetic stirring bar was dried under vacuum 

using butan-propan Bunsen burner, refilled with argon and left for cooling. It was then 

introduced to the glovebox, where Mg (95 mg, 3.92 mmol, 3.44 eq) and 2.90 mL of 

anhydrous and oxygen-free THF were added. The Schlenk tube was then closed with a 

septum and removed from the glovebox. Finally, the Mg was activated with iodine and 2-

bromo-1,3,5-trimethylbenzene (0.54 mL, d = 1.32 g/mL, 3.56 mmol, 3.13 eq) was slowly 
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added dropwise to the mixture. The obtained solution was stirred under argon at RT for 1 h 

until full conversion of starting material. Then, the resulting reagent was added dropwise to 

previously prepared solution of 3,6-di-tert-butyl-10-phenylacridin-9(10H)-one (82) (437 mg, 

1.14 mmol, 1 eq) in 33 mL of anhydrous and oxygen-free THF, placed in a 50 mL Schlenk 

flask equipped with magnetic stirring bar. The resulting mixture was stirred under argon at 

RT for 24 h, and then 72 h at 50 °C until full conversion of starting material. The reaction was 

monitored with 
1
H NMR, and upon completion the final mixture quenched with 30 mL of 

saturated NaHCO3 aqueous solution. The resulting mixture was extracted with DCM (3 x 30 

mL), and the combined organic phases were washed with brine and dried over Na2SO4. The 

obtained solution was concentrated under vacuum and the resulting red oil was dissolved in 

19.50 ml of Et2O, placed in a 50 mL round-bottomed flask equipped with magnetic stirring 

bar. A solution of Et2O·HBF4 (0.19 mL, d = 1.18 g/mL, 1.38 mmol, 1.22 eq) in 3.60 mL of 

Et2O was then carefully added and the obtained mixture was stirred at RT for 1 h until full 

conversion of starting material. The final suspension was concentrated under vacuum and the 

residue was purified by column chromatography (EtOAc). The obtained product was then 

crystallized using Hex to afford 83 as yellow solid (535 mg, 82%). 
1
H NMR (400 MHz, 

CD2Cl2) δ 8.01 – 7.94 (m, 3H), 7.88 – 7.83 (m, 4H), 7.63 – 7.57 (m, 2H), 7.42 (t, J = 1.2 Hz, 

2H), 7.22 (s, 2H), 2.50 (s, 3H), 1.83 (s, 6H), 1.30 (s, 18H). 
13

C NMR (101 MHz, CD2Cl2) δ 

164.81, 163.41, 142.56, 141.16, 137.24, 136.32, 132.70, 132.30, 129.59, 129.13, 128.35, 

128.18, 124.62, 115.32, 37.22, 30.48, 21.59, 20.41. 
19

F NMR (376 MHz, CD2Cl2) δ -153.32. 

IR (neat, cm
-1

): 2963.20, 2956.19, 2921.48, 2910.76, 2867.28, 1612.75, 1575.67, 1539.79, 

1482.02, 1454.78, 1440.01, 1364.63, 1254.48, 1100.78, 1052.43, 1028.22, 1001.07, 846.90, 

832.09, 785.93, 676.10, 625.53, 582.72, 517.91. HRMS (ESI
+
): exact m/z calculated for 

C36H40N (M–BF4)
+
: 486.3155; found: 486.3174. 

 

2.6. Photocatalysed cross-coupling reactions 

 

Synthesis of tert-butyl 3-(1-methylpyrrol-2-yl)-2-phenylindole-1-carboxylate (84) 

 

 
 

Scheme 2.6.1. Synthesis of tert-butyl 3-(1-methylpyrrol-2-yl)-2-phenylindole-1-carboxylate (84). 

  

 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where tert-butyl 3-bromo-2-phenylindole-1-carboxylate (66) (50 mg, 0.13 mmol, 1 

eq), 9-mesityl-10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 eq) and 0.10 mL 
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of anhydrous and oxygen-free ACN were added. The vial was then closed with a septum and 

removed from the glovebox. Finally, the N-methylpyrrole (42) (238 μL, d = 0.91 g/mL, 2.69 

mmol, 20 eq) and DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq) were added to the 

mixture under mild flow of argon. The obtained solution was then stirred under argon and 

blue LEDs light irradiation at RT for 20 h. The reaction was monitored with TLC 

(Hex/EtOAc = 10/1, precursor Rf = 0.67, product Rf = 0.59), and upon completion the 

resulting mixture was purified by column chromatography (Hex/EtOAc = 150/1) to afford 84 

as light yellow solid (34 mg, 68%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.16 (dt, J = 8.3, 0.9 

Hz, 1H), 7.44 – 7.23 (m, 8H), 6.72 (dd, J = 2.7, 1.8 Hz, 1H), 6.01 (dd, J = 3.5, 2.7 Hz, 1H), 

5.99 (dd, J = 3.5, 1.8 Hz, 1H), 3.10 (s, 3H), 1.21 (s, 9H). 
13

C NMR (101 MHz, DMSO-d6) δ 

149.40, 137.65, 135.60, 133.30, 129.69, 129.56, 127.62, 127.54, 124.76, 123.46, 123.25, 

122.62, 119.64, 114.56, 113.46, 110.63, 107.34, 83.44, 33.81, 26.94. IR (neat, cm
-1

): 3058.18, 

2983.22, 2940.36, 1733.04, 1716.92, 1453.90, 1442.28, 1349.80, 1320.39, 1288.87, 1259.06, 

1222.42, 1147.77, 1101.65, 1050.11, 945.37, 855.58, 790.12, 752.32, 724.69, 707.48, 697.53, 

607.21. HRMS (ESI
+
): exact m/z calculated for C24H25N2O2 (M+H)

+
: 373.1911; found: 

373.1921. 

 

Synthesis of ethyl 3-(1-methylpyrrol-2-yl)indole-2-carboxylate (85) 

 

 
 

Scheme 2.6.2. Synthesis of ethyl 3-(1-methylpyrrol-2-yl)indole-2-carboxylate (85). 

 

 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where tert-butyl ethyl 3-bromoindole-2-carboxylate (71) (36 mg, 0.13 mmol, 1 eq), 

9-mesityl-10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 eq) and 0.10 mL of 

anhydrous and oxygen-free ACN were added. The vial was then closed with a septum and 

removed from the glovebox. Finally, the N-methylpyrrole (42) (238 μL, d = 0.91 g/mL, 2.69 

mmol, 20 eq) and DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq) were added to the 

mixture under mild flow of argon. The obtained solution was then stirred under argon and 

blue LEDs light irradiation at RT for 20 h. The reaction was monitored with TLC 

(Hex/EtOAc = 3/1, precursor Rf = 0.61, product Rf = 0.51), and upon completion the resulting 

mixture was purified by column chromatography (Hex/EtOAc = 60/1) to afford 85 as white 

solid (17 mg, 47%). 
1
H NMR (400 MHz, DMSO-d6) δ 11.96 (s, 1H), 7.49 (dt, J = 8.3, 1.0 Hz, 

1H), 7.40 (d, J = 8.2 Hz, 1H), 7.30 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.08 (ddd, J = 8.0, 6.9, 1.0 

Hz, 1H), 6.87 (dd, J = 2.7, 1.8 Hz, 1H), 6.12 (dd, J = 3.5, 2.7 Hz, 1H), 6.06 (dd, J = 3.5, 1.8 

Hz, 1H), 4.23 (d, J = 7.5 Hz, 2H), 3.37 (s, 3H), 1.20 (t, J = 7.1 Hz, 3H). 
13

C NMR (101 MHz, 
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DMSO-d6) δ 160.93, 136.15, 128.09, 125.07, 124.86, 124.46, 122.50, 120.98, 120.40, 113.50, 

112.53, 109.41, 106.96, 60.21, 33.82, 14.04. HRMS (ESI
+
): exact m/z calculated for 

C16H16N2NaO2 (M+Na)
+
: 291.1104; found: 291.1096. 

 

Synthesis of 1-methyl-3-(1-methylpyrrol-2-yl)-2-phenylindole (86) 

 

 
 

Scheme 2.6.3. Synthesis of 1-methyl-3-(1-methylpyrrol-2-yl)-2-phenylindole (86). 

 

 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where 3-bromo-1-methyl-2-phenylindole (69) (39 mg, 0.13 mmol, 1 eq), 9-mesityl-

10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 eq) and 0.10 mL of anhydrous 

and oxygen-free ACN were added. The vial was then closed with a septum and removed from 

the glovebox. Finally, the N-methylpyrrole (42) (238 μL, d = 0.91 g/mL, 2.69 mmol, 20 eq) 

and DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq) were added to the mixture under mild 

flow of argon. The obtained solution was then stirred under argon and blue LEDs light 

irradiation at RT for 20 h. The reaction was monitored with TLC (Hex/EtOAc = 10/1, 

precursor Rf = 0.70, product Rf = 0.62), and upon completion the resulting mixture was 

purified by column chromatography (Hex/EtOAc = 150/1) to afford 86 as white solid (6 mg, 

16%). 
1
H NMR (400 MHz, DMSO-d6) δ 7.56 (d, J = 8.6 Hz, 1H), 7.46 – 7.38 (m, 3H), 7.35 

(dd, J = 8.0, 1.6 Hz, 3H), 7.24 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.14 – 7.07 (m, 1H), 6.71 – 6.66 

(m, 1H), 6.04 – 6.00 (m, 1H), 5.96 (dd, J = 3.5, 1.8 Hz, 1H), 3.72 (s, 3H), 3.05 (s, 3H). HRMS 

(ESI
+
): exact m/z calculated for C20H19N2 (M+H)

+
: 287.1543; found: 287.1550. 

 

Synthesis of 1-tert-butyl 2-ethyl 3-(1-methylpyrrol-2-yl)indole-1,2-dicarboxylate (87) 

 

 
 

Scheme 2.6.4. Synthesis of 1-tert-butyl 2-ethyl 3-(1-methylpyrrol-2-yl)indole-1,2-dicarboxylate (87). 
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 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where 1-tert-butyl 2-ethyl 3-bromoindole-1,2-dicarboxylate (72) (50 mg, 0.13 

mmol, 1 eq), 9-mesityl-10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 eq) and 

0.10 mL of anhydrous and oxygen-free ACN were added. The vial was then closed with a 

septum and removed from the glovebox. Finally, the N-methylpyrrole (42) (238 μL, d = 0.91 

g/mL, 2.69 mmol, 20 eq) and DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq) were added 

to the mixture under mild flow of argon. The obtained solution was then stirred under argon 

and blue LEDs light irradiation at RT for 20 h. The reaction was monitored with TLC 

(Hex/EtOAc = 3/1, precursor Rf = 0.85, product Rf = 0.77), and upon completion the resulting 

mixture was purified by column chromatography (Hex/EtOAc = 60/1) to afford 87 as white 

solid (31 mg, 62%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.07 (dt, J = 8.4, 0.9 Hz, 1H), 7.50 

(ddd, J = 8.4, 7.0, 1.4 Hz, 1H), 7.40 (ddd, J = 8.0, 1.4, 0.7 Hz, 1H), 7.33 (ddd, J = 7.9, 7.0, 1.0 

Hz, 1H), 6.94 (dd, J = 2.7, 1.8 Hz, 1H), 6.13 (dd, J = 3.6, 2.7 Hz, 1H), 6.10 (dd, J = 3.5, 1.8 

Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.45 (s, 3H), 1.60 (s, 9H), 1.13 (t, J = 7.1 Hz, 3H). 
13

C 

NMR (101 MHz, DMSO-d6) δ 161.52, 148.48, 134.93, 128.48, 128.45, 126.89, 123.99, 

123.89, 121.94, 121.17, 116.64, 114.63, 110.64, 107.53, 85.27, 61.29, 34.23, 27.37, 13.70. 

HRMS (ESI
+
): exact m/z calculated for C21H24N2NaO4 (M+Na)

+
: 391.1628; found: 391.1639. 

 

Synthesis of 3-bromo-2-phenylindole (88) 

 

 
 

Scheme 2.6.5. Synthesis of 3-bromo-2-phenylindole (88). 

 

 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where ethyl 3-bromo-1-[(4-methylphenyl)sulfonyl]-2-phenylindole (67) (57 mg, 

0.13 mmol, 1 eq), 9-mesityl-10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 

eq) and 2.50 mL of anhydrous and oxygen-free ACN were added. The vial was then closed 

with a septum and removed from the glovebox. Finally, the TEA (28 μL, d = 0.73 g/mL, 0.20 

mmol, 1.5 eq) was added to the mixture under mild flow of argon. The obtained solution was 

then stirred under argon and blue LEDs light irradiation at RT for 20 h. The reaction was 

monitored with TLC (Hex/EtOAc = 10/1, precursor Rf = 0.22, product Rf = 0.46), and upon 

completion the resulting mixture was purified by column chromatography (Hex/EtOAc = 

60/1) to afford 88 as white solid (28 mg, 77%). 
1
H NMR (400 MHz, DMSO-d6) δ 11.86 (s, 

1H), 7.90 (d, J = 7.2 Hz, 2H), 7.55 (t, J = 7.7 Hz, 2H), 7.50 – 7.40 (m, 3H), 7.23 (ddd, J = 8.3, 

7.0, 1.3 Hz, 1H), 7.15 (t, J = 7.4 Hz, 1H). 
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Synthesis of tert-butyl 3-(5-methylfuran-2-yl)-2-phenylindole-1-carboxylate (89) 

 

 
 

Scheme 2.6.6. Synthesis of tert-butyl 3-(5-methylfuran-2-yl)-2-phenylindole-1-carboxylate (89). 

 

 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where tert-butyl 3-bromo-2-phenylindole-1-carboxylate (66) (50 mg, 0.13 mmol, 1 

eq), 9-mesityl-10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 eq) and 0.10 mL 

of anhydrous and oxygen-free ACN were added. The vial was then closed with a septum and 

removed from the glovebox. Finally, the 2-methylfuran (243 μL, d = 0.91 g/mL, 2.69 mmol, 

20 eq) and DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq) were added to the mixture under 

mild flow of argon. The obtained solution was then stirred under argon and blue LEDs light 

irradiation at RT for 20 h. The reaction was monitored with TLC (Hex/EtOAc = 10/1, 

precursor Rf = 0.67, product Rf = 0.59), and upon completion the resulting mixture was 

purified by column chromatography (Hex/EtOAc = 150/1) to afford 89 as white solid (4 mg, 

8%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.20 (d, J = 8.2 Hz, 1H), 8.06 (d, J = 7.1 Hz, 1H), 

7.51 – 7.39 (m, 6H), 7.36 (td, J = 7.5, 1.3 Hz, 1H), 6.01 – 5.98 (m, 1H), 5.60 (d, J = 3.2 Hz, 

1H), 2.28 (d, J = 1.0 Hz, 3H), 1.17 (s, 9H). HRMS (ESI
+
): exact m/z calculated for 

C24H23NNaO3 (M+Na)
+
: 396.1570; found: 396.1568. 

 

Synthesis of tert-butyl 3-(4,5-dimethoxy-2-methylphenyl)-2-phenylindole-1-carboxylate (91) 

 

 
 

Scheme 2.6.7. Synthesis of tert-butyl 3-(4,5-dimethoxy-2-methylphenyl)-2-phenylindole-1-carboxylate (91). 
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 The 20 mL glass vial equipped with magnetic stirring bar was introduced to the 

glovebox, where tert-butyl 3-bromo-2-phenylindole-1-carboxylate (66) (50 mg, 0.13 mmol, 1 

eq), 9-mesityl-10-methylacridinium perchlorate (90) (11 mg, 0.03 mmol, 0.2 eq) and 0.10 mL 

of anhydrous and oxygen-free ACN were added. The vial was then closed with a septum and 

removed from the glovebox. Finally, the 1,2-dimethoxy-4-methylbenzene (386 μL, d = 1.06 

g/mL, 2.69 mmol, 20 eq) and DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq) were added 

to the mixture under mild flow of argon. The obtained solution was then stirred under argon 

and blue LEDs light irradiation at RT for 20 h. The reaction was monitored with TLC 

(Hex/EtOAc = 10/1, precursor Rf = 0.67, product Rf = 0.20), and upon completion the 

resulting mixture was purified by column chromatography (Hex/EtOAc = 150/1) to afford 91 

as white solid (11 mg, 18%). 
1
H NMR (400 MHz, DMSO-d6) δ 8.18 (dt, J = 8.4, 0.9 Hz, 1H), 

7.37 (ddd, J = 8.5, 7.2, 1.3 Hz, 1H), 7.35 – 7.20 (m, 6H), 7.14 (dq, J = 7.7, 0.8 Hz, 1H), 6.78 

(s, 1H), 6.68 (s, 1H), 3.73 (s, 3H), 3.56 (s, 3H), 1.84 (s, 3H), 1.21 (s, 9H). 
13

C NMR (101 

MHz, DMSO-d6) δ 149.57, 147.87, 146.15, 136.02, 135.60, 133.60, 129.54, 129.30, 128.96, 

127.57, 127.32, 124.59, 123.53, 123.10, 121.36, 119.57, 115.00, 114.64, 113.29, 83.19, 55.43, 

55.24, 26.99, 19.17. HRMS (ESI
+
): exact m/z calculated for C28H29NNaO4 (M+Na)

+
: 

466.1989; found: 466.1990. 
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3. Results and discussions 

 

3.1. Synthesis and functionalization of indoles 

 

 The first parts of experimental section show that the synthesis of substituted indoles 

can be done via several consecutive steps. For instance the procedure for 59 and 60 consist of 

three steps where the reactions can be easily monitored with TLC and NMR (Scheme 3.1.1). 

The procedures (a) and (b) belong to Sonogashira cross-coupling reaction whose mechanism 

was shown on Scheme 1.1.1.  

 

 
 

Scheme 3.1.1. Synthesis routes of 59 and 60. Reaction conditions: (a) 4-Ethynylanisole, TEA, CuI, 

PdCl2(PPh3)2, THF, Argon, 40 °C; (b) Phenylacetylene, TEA, CuI, PdCl2(PPh3)2, THF, Argon, 40 °C; 

(c) Fe, NH4Cl, H2O, EtOAc/MeOH = 2/1, 90 °C; (d) (IPr)AuCl, AgOTs, EtOH/CHCl3 = 1/1, RT. 
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Procedure (c) is a common way of nitro group reduction with iron and water (the 

usage of HCl acid as was in synthesis of 48 leads to a triple bond hydrolysis, thus NH4Cl was 

used instead). The last step (d) is a gold (I) catalyzed cyclization reaction (the mechanism is 

similar to one shown on Scheme 1.3.6).  

As was said before, the main interest was focused on preparation of γ-brominated 

indoles as main precursors for the further photocatalytic study. Compounds that were finally 

used (66, 67, 69, 71, and 72) are shown on Scheme 3.1.2 below. 

  

 
 

Scheme 3.1.2. Synthesis routes of 66, 67, 69, 71, and 72. Reaction conditions: (a) Boc2O, DMAP, ACN, RT; 

(b) NBS, DMF, RT; (c) Ts2O, NaH, DMF, Argon, 0 °C - RT; (d) HBr (40% aq.), DMSO, EtOAc, 60 °C; 

(e) NBS, DMF, 0 °C - RT. 

 

There are several important things concerning the synthesis procedures that are worth 

to mention. Overall, the main difficulties were found on the brominating step. Even a small 

excess of reagent (either NBS (b) or HBr/DMSO (d) system) can lead to a multibrominated 
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side products which are hard to separate from target compound due to similar Rf value. 

Additionally, more active indoles such as ethyl indole-2-carboxylate (70) required the control 

of reaction mixture temperature, making the whole bromination process challenging.  

Some small difficulties were also found at step (c). The traditional tosylation with 

NaH/TsCl system was giving poor product yield because of side reaction at γ-position of 

indole (3-chloro-2-phenylindole was found to be main side product). In order to eliminate the 

undesired process the TsCl was changed by Ts2O. 

It may be noted that the functionalization of α-position goes much faster in case of γ-

brominated indoles (71) against non-brominated species (61). This feature can be used to 

decrease significantly the total reaction time, especially knowing that introduction of EWG in 

α-position (62) reduce the activity of indoles towards γ-bromination. This difference in time is 

clearly visible comparing the routes for 66 and 72 (Scheme 3.1.2). 

 As was stated before, the obtained substituted 3-bromoindoles (66, 67, 69, 71, and 72) 

were initially used to study the photocatalysed cross-coupling reaction with N-methylpyrrole 

(42). Unfortunately, the previously reported route with Rhodamine-6G (40)
[58]

 did not work 

for γ-substitution. And to make a desired process possible, a few other common 

photocatalysts were tried: Eosin Y (45), Ru(bpy)3Cl2 (46), and 9-mesityl-10-

methylacridinium perchlorate (90). It was found that from this set only Fukuzumi 

photocatalyst gives a cross-coupling product; while the rest of catalysts are inactive (the 

option based on iridium complexes was found much later). In order to optimize the reaction a 

few conditions were varied, and one of steps was to improve the catalyst performance.  

 

3.2. Synthesis of photocatalysts 

 

 This part of experimental section is dedicated to a synthesis of two alternative 

photocatalysts, compounds 77 and 83. According to a literature search, both of them have 

higher structural stability and excited state lifetime in comparison to 90 that was initially 

used.
[77,78] 

The synthetic route towards 77 was simply reproduced from literature
[72]

, but the 

path for 83 was mostly different from a reported one.
[57,78] 

The synthesis of 77 consists of 

three steps ((a) - (c), Scheme 3.2.1). The (a) step is a Buchwald-Hartwig amination on 

palladium catalyst 95. Procedure (b) stands for a common way of acyl chloride synthesis from 

carboxylic acids. The last step (c) is a coupling between 74 and 76. The purification of a final 

product 77 was challenging, thus instead of crystallization from diethyl ether the column 

chromatography was used.  

The synthesis of 83 consists of five consecutive steps ((a) - (e), Scheme 3.2.2). The 

problems on the first step are mainly connected to temperature control and iron powder 

quality. The more active iron may start the reaction even at 0 °C, but in our case it was 

impossible to do. At the same time, the increasing of a temperature or direct use of 

FeCl3/FeBr3 even at 0 °C leads to multibrominated side products which are hard to separate. 

However, it was found that the reaction can be successfully conducted at 10 °C giving 74% 

yield of a desired product 79. 

The second step was originally aimed to give a ketone 81 directly
[75]

 through base 

promoted autocatalyzed oxidation of 79. But for some reason it did not happened. The 

increasing of a reaction time led to multiple side products, forcing us to look for another 
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method or be satisfied with an alcohol intermediate (80) that can be isolated in 68% yield 

after a short time. Since the other methods towards direct ketone synthesis were more 

challenging, the procedure was not changed. 

 

 
 

Scheme 3.2.1. Synthesis route of 77. Reaction conditions: (a) 1-Bromo-3,5-dimethoxybenzene, 95, t-BuONa, 

THF, Argon, 60 °C; (b) SOCl2, Argon, 80 °C; (c) TfOH, PhCl, Argon, 80 °C. 
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The third step is a common way of oxidation with hypervalent iodine chemicals like 

PIDA. It was already said that these reagents can be used for oxidative coupling via Scholl 

reaction (Scheme 1.3.4). But they also allow to transform secondary alcohols such as 80 in 

respective ketones (81).  

 

 
 

Scheme 3.2.2. Synthesis route of 83. Reaction conditions: (a) Br2, Fe, DCM, Argon, 10 °C - RT; (b) O2, t-

BuONa, DMSO, 50 °C; (c) PIDA, TEMPO, DCM, Argon, RT; (d) Aniline, 95, t-BuONa, toluene, Argon, 80 °C; 

(e) MesMgBr, HBF4·Et2O, THF, Argon, RT - 50 °C. 

 

The fourth step is Buchwald-Hartwig amination which worked well on low loading of 

81. However, upon increasing the scale a few side reactions occurred. One of them was 

simple cyclization of a starting material in fluorenone.  

Finally, the last step is the most difficult in a whole route starting from huge reaction 

time needed. It consists of three parts: preparation of Grignard reagent, coupling reaction 

itself and water elimination that leads to a target product 83. The purification of the last one 

was challenging in our case, thus the column chromatography together with crystallization 

were used.  

Overall, these two catalysts of interest (77 and 83) were successfully synthesized in a 

good quality and yield, and subsequently applied to studied photocatalysed process. 
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3.3. Photocatalysed cross-coupling reactions 

 

 As was mentioned before, it was found that the coupling reaction between substituted 

3-bromoindoles and N-methylpyrrole (42) works well on Fukuzumi photocatalyst. This 

process was reproduced many times and deeply studied (Scheme 3.3.1, Table 3.3.1, and 

Figure 3.3.1). 

 

 
 

Scheme 3.3.1. Optimization of a cross-coupling reaction between 66 and 42. 

 

Table 3.3.1. Optimization of a cross-coupling reaction between 66 and 42. 

№ Base 
Base 

(eq.) 

Nu 

(eq.) 

Cat.  

(eq.) 

C 

(M) 
Sol. Atm. Light 

Yield 

(%) 

HAT 

(%) 

Conv. 

(%) 

Δ  

(%) 

1
 TEA 1.5 20 0.2 0.054 ACN argon blue 20.0 -

 
>32.0

 
>12.0

 

2 TEA 0.0 20 0.2 0.054 ACN argon blue 0.0 0.0 0.0 0.0 

3 TEA 1.5 20 0.0 0.054 ACN argon blue 0.0 0.0 0.0 0.0 

4 TEA 1.5 20 0.2 0.054 ACN air blue 14.0 - >24.0 >10.0 

5 TEA 1.5 20 0.2 0.054 ACN argon no 0.0 0.0 0.0 0.0 

6 TEA 5.0 20 0.2 0.054 ACN argon blue 36.0 - >56.0 >20.0 

7 TEA 1.5 20 0.2 0.269 ACN argon blue 60.0 - >74.0 >14.0 

8 Cs2CO3 1.5 20 0.2 0.269 ACN argon blue 6.0 - >12.0 >6.0 

9 TEA 5.0 5 0.2 0.269 ACN argon blue 36.4 39.6 77.6 1.6 

10 TEA 5.0 10 0.2 0.269 ACN argon blue 50.0 39.0 89.0 0.0 

11 TEA 5.0 15 0.2 0.269 ACN argon blue 52.6 29.7 90.0 7.7 

12 TEA 5.0 20 0.2 0.269 ACN argon blue 58.0 25.6 86.2 2.6 

13 TEA 5.0 20 0.2 0.269 THF argon blue 18.0 - >26.0 >8.0 

14 TEA 5.0 20 0.2 0.269 DCE argon blue 34.0 - >40.0 >6.0 

15 DIPEA 5.0 20 0.2 0.269 ACN argon blue 60.0 21.8 89.2 7.4 

16 DBU 5.0 20 0.2 0.269 ACN argon blue 14.0 13.7 44.8 17.1 

17 Py 5.0 20 0.2 0.269 ACN argon blue 10.0 6.9 23.4 6.5 

18 TEA 5.0 20 0.2 0.269 PhCN argon blue 44.0 16.7 61.2 0.5 

19 TEA 5.0 20 0.2 1.343 ACN argon blue 66.0 20.6 90.2 3.6 

20 DIPEA 1.5 20 0.2 1.343 ACN argon blue 30.0 6.6 39.2 2.6 

21 DIPEA 10.0 20 0.2 1.343 ACN argon blue 65.0 24.4 92.2 2.8 

22 DIPEA 5.0 20 0.1 1.343 ACN argon blue 61.6 16.5 78.6 0.5 

23 DIPEA 5.0 20 0.2 1.343 ACN argon blue 68.3 19.5 87.8 0.0 

24 DIPEA 5.0 20 0.3 1.343 ACN argon blue 70.0 17.0 87.4 0.4 

25 DIPEA 1.5 20 0.2 2.686 ACN argon blue 21.8 7.6 31.8 2.4 

26 TEA 5.0 20 0.2 - no argon blue 44.0 15.7 62.4 2.7 

 

The reactions were performed with 66 (50 mg, 0.13 mmol, 1 eq), 42 as nucleophile (Nu) and 90 as catalyst 

(Cat.). The concentration is given relative to the amount of 66. The purification procedure is similar for all the 

entries (Scheme 2.6.1). For the experiments 1, 4, 6, 7, 8, 13, and 14 the amount of side HAT product 62 was not 

identified. 
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 Firstly, it was confirmed that all the components of a reaction mixture are essential as 

well as inert atmosphere. The next step was to optimize the reaction conditions by varying the 

amount of catalyst 90, N-methylpyrrole (42), base and by changing the concentration (Figure 

3.3.1). Additionally, different solvents and bases were tried. As can be seen from Table 3.3.1, 

the best results were obtained for the system with DIPEA, doing a reaction in ACN at RT for 

20 h. This study helped to improve the yield of 84 up to 68%, having 88% conversion of a 

starting material 66 (Scheme 2.5.1).  

 

   

   
 

Figure 3.3.1. Optimization of a cross-coupling reaction between 66 and 42. 
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 As was said before, one of step was to try to improve the catalyst performance. For 

this reason, a few modifications were prepared and studied. The usage of 77 gave 72% yield 

and 92% conversion for a target reaction, while 83: 78% yield and 94% conversion (Scheme 

3.3.3, Table 3.3.3).  

 It can be seen that all the time a few side reactions are present. The main one is called 

reductive dehalogenation (HAT products 62, 68 and 70) – one of the most important reactions 

on photocatalysts.
[79,80] 

Unfortunately, the only way to reduce its influence was the usage of 

nucleophile excess. A few different options were also tried (DABCO, Quinuclidine, additives 

as K2CO3, brominating agents etc), but they were not efficient at all. The other issue that 

occurred during the research was the fact that indole 67 was undergoing reductive 

detosylation process instead of a coupling one, giving around 77% yield of 88 (Scheme 2.6.5).  

 The study of the α-substituent influence revealed that reaction works better if EWG is 

used (84 and 87). In their absence, yield and conversion drops dramatically (85 and 86; 

Scheme 3.3.2, Table 3.3.2). 

 

 
 

Scheme 3.3.2. The study of the α-substituent influence. 

 

Table 3.3.2. The study of the α-substituent influence. 

Product Yield (%) HAT (%) Conversion (%) Δ (%) 

84 68.3 19.5 87.8 0.0 

85 47.2 12.2 64.2 4.8 

86 16.0 7.0 23.2 0.2 

87 61.6 7.5 70.5 1.4 

 

The reactions were performed with 66, 69, 71, or 72 (0.13 mmol, 1 eq), 42 as nucleophile (238 μL, d = 0.91 

g/mL, 2.69 mmol, 20 eq), DIPEA as base (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq), and 90 as catalyst (11 mg, 

0.03 mmol, 0.2 eq) in 0.10 mL of anhydrous and oxygen-free ACN (1.343 M relative to the amount of 

substrate). 

  

 Unfortunately, the reaction of indoles with weaker nucleophiles such as furans, 

thiophenes and benzenes gave poor yields as expected (Scheme 2.6.6, Scheme 2.6.7). The 

nucleophilicity of coupling reagent seems to be proportional to the product yield, adding more 

limitation on application field. 

 After a while, it was found that iridium based photocatalysts are also 

applicable.
[80,81,82] 

Only 1 mol% of 92 is required to conduct the process as efficiently as it 

was with 20 mol% of 83 (Scheme 3.3.3, Table 3.3.3, and Figure 3.3.2). This path seems to be 

a way cheaper option, but less sustainable due to rare transition metal usage. The lack of time 

did not allow studying this process in term of optimization, however, a quick screening of a 
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few other iridium catalysts (93 and 94) was done. They worked not as well as 92 for the yield, 

but same 100% conversion means that the starting material transformation is going more 

efficiently and might be faster than on acridinium catalysts. It also worth to mention that 

iridium catalyst has much longer excited state lifetime and durability
[72,77]

, and thus the 

required quantity for the reaction is significantly lower comparing to organic dyes.  

 

 
 

Scheme 3.3.3. Synthesis of 84 using various photocatalysts. 

 

Table 3.3.3. The study of the catalyst influence. 

Catalyst Catalyst (eq.) Yield (%) HAT (%) Conversion (%) Δ (%) 

77 0.20 72.0 20.0 92.0 0.0 

83 0.20 78.0 15.0 93.8 0.8 

90 0.20 68.3 19.5 87.8 0.0 

92 0.01 80.0 10.2 100.0 9.8 

93 0.01 36.0 12.7 100.0 51.3 

94 0.01 63.0 8.9 100.0 28.1 

 

The reactions were performed with 66 (50 mg, 0.13 mmol, 1 eq), 42 as nucleophile (238 μL, d = 0.91 g/mL, 2.69 

mmol, 20 eq), DIPEA (117 μL, d = 0.74 g/mL, 0.67 mmol, 5 eq), and 77, 83, 90, or 92-94 as catalyst in 0.10 mL 

of anhydrous and oxygen-free ACN (1.343 M relative to the amount of 66). The purification procedure is similar 

for all the entries (Scheme 2.6.1).  

 

 
 

Figure 3.3.2. The study of the catalyst influence. 
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 Finally, based on collected data and literature search
 
the next reaction mechanisms 

were assumed (Scheme 3.3.4, 3.3.5 and 3.3.6). Due to the fact that TEA/DIPEA worked much 

better than stronger (DBU) or weaker (Py) bases (Table 3.3.1), it can be concluded that they 

plays more complicated function similar to those shown on Schemes 1.2.1 and 2.1.1. Since 

transformations occur even when trapping reagent 42 is absent (HAT products, detosylation 

process on 67), the catalyst should interact mainly with indole material. At the same time, the 

occurrence of HAT process at γ-position in parallel to coupling confirms that C-Br bond 

dissociate before the nucleophile attack. And only the appearance of active electrophilic 

species such as radicals allows the fusion reactions at all. 

  

 
 

Scheme 3.3.4. The first proposed reaction mechanism for 92-94. 
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 In case of iridium catalyst the mechanism should be the same as for reductive 

dehalogenation
[80]

, except of the last step where radical species are trapped by nucleophile 

instead of going by HAT path. Still, there are two interaction sequences possible: either 

excited catalyst takes the electron from DIPEA and then gives it to substrate (Scheme 1.2.1) 

or gives its own electron to substrate firstly, and then oxidize DIPEA
[80]

. 

  

 
 

Scheme 3.3.5. The second proposed reaction mechanism for 92-94. 

 

 The case of acridinium based catalysts is more difficult since poor amount of literature 

similarities was found. The reaction conditions and outcomes are mostly similar to iridium 

case, assuming the fact that mechanism should be also quite comparable. As was discussed 

before (Scheme 1.3.10) the exited acridinium photocatalysts have highly positive reduction 
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potential
[72]

, meaning that they most likely oxidizing DIPEA at the beginning, and then 

transfer the electron towards indole (similar to Rhodamine-6G (40) at Scheme 2.1.1). 

 If we assume that exited catalyst works the same way as on Scheme 1.3.10 producing 

radical cations of indole at the beginning, then there is no way to explain the HAT product 

appearance as well as why reaction did not work with any base. On Scheme 1.3.11 it was also 

shown that exited acridinium analogs might act as reductant at first, but if it is true in our case 

then coupling or HAT product should appear even in absence of base (even stoichiometrically 

20 mol% of catalyst should produce a detectable amount of products), and this was not 

observed. All these means that mechanism on Scheme 3.3.6 is most probable. 

 

 
 

Scheme 3.3.6. Proposed reaction mechanism for 90. 
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4. Conclusions 

 

 In summary, a small research in field of photoredox catalysis was conducted. The 

work contains the procedures and spectral data regarding ground-up synthesis of 

photocatalysts 77 and 83, indoles 59 and 60, indoles functionalization in α,γ-positions 

including cross-coupling derivatives. The routes towards 83, 60 and 59 were a new one and 

many of produced compounds are unreported yet. 

 A major part of work dealt with optimization (Table 3.3.1) of a discovered fusion 

between brominated indoles and N-methylpyrrole (42), also showing that process can be 

reproduced both on metal (92-94) and metal-free photocatalysts (77, 83 and 90) giving up to 

80% yield of a target product. Among the numerous varied parameters, the change of 

concentration showed that coupling can be performed even in solvent free conditions. The 

presence of oxygen however is destructive, and can drop the yield 1.4 times. It was confirmed 

that the increased structural stability and exited state lifetime of acridimium based 

organocatalyst have highly positive effect on reaction outcome (best results with 83), but so 

far, the iridium based option (92) is more efficient and cheap. At the same time, the study of 

α-substituent influence revealed that introduction of EWG in substrate molecule allows to 

receive higher coupling product yield and conversion in general.   

 As a conclusion of current study, the chemoselectivity of the method should be studied 

more, since it was shown that N-Ts bond cleavage can easily dominate over C-Br (Scheme 

2.6.5), meaning that there are might be other exceptions as well.
[83] 

Because of side HAT 

reaction there is also a limitation on scope of coupling partners, since the reaction outcome 

strictly depend on their nucleophilicity (as was shown on compounds 89 and 91).  

 Finally, according to collected experimental data and literature search the mechanisms 

for the coupling reaction were proposed (Scheme 3.3.4, 3.3.5 and 3.3.6). The further 

developments might target the ways to eliminate the side reaction in order to decrease the 

amount of coupling partner. There are also plenty of things might work using dual catalysis 

approach if discovered processes on 83 and 92 will be combined with some other catalytic 

cycles like on Scheme 1.3.6.   
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