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ABSRTCAT

Transition metal free, difunctionalization of olefins by radical and nucleophile is presented in this

6 allows the

difunctionalizationn of alkenes with radicals derived from thioxanthene, xanthene and

thiophenols together with nitrile and alcohol nucleophiles. Mechanistic studies suggest the acid

promotes the electron transfer step by making BPO as a better electron acceptor. 

By using of triarylamine as organo-redox catalyst under transition metal and acid free in 

difunctionalization of alkenes was further studied. BPO with catalytic amount of 

triarylamine, alkenes can be difunctionalized by a wide range of alkyl radical, generated 

from C(sp3)-H or halogenated hydrocarbon, nucleophiles, including nitriles, acetic acid, 

alcohols and fluoride. Moreover, the oxidative Ritter reaction of allylic or benzylic C-H bonds 

can be also achieved under this reaction system.

Abstrakt

In dieser Doktorarbeit wird übergangsmetallfreie, radikal- und nukleophil vermittelte

Difunktionalisierung von Olefinen vorgestellt. Die Kombination von Benzoylperoxid mit starker

Brønsted-Säure HPF6 ermöglicht die Difunktionalisierung von Alkenen mit Radikalen aus

Thioxanthen, Xanthen und Thiophenolen zusammen mit Nitril- und Alkoholnukleophilen.

Mechanistische Studien legen nahe, dass die Säure den Elektronentransferschritt fördert, indem

BPO als besseren Elektronenakzeptor fungiert. 

Die Verwendung von Triarylamin als Organo-Redox-Katalysator unter übergangsmetallfreier 

und säurefreier Difunktionalisierung von Alkenen wurde weiter untersucht. BPO mit 

katalytischer Menge Triarylamin, kann Alkene difunktionalisieren, durch einen weiten 

Bereich von Alkylradikalen, die aus C(sp3)-H oder halogeniertem Kohlenwasserstoff, 

Nucleophilen, einschließlich Nitrilen, Essigsäure, Alkoholen und Fluorid erzeugt werden. 

Darüber hinaus kann unter diesem Reaktionssystem auch die oxidative Ritter-Reaktion von 

allylischen oder benzylischen CH-Bindungen erreicht werden.



LIST OF ABBREVIATIONS 

Ac  Acetyl

ad  adamantyl 

AIBN  2,2'-azo bis-isobutyronitrile

Alk  alkyl 

aq.  aqueous

Ar  aryl 

ATRA  Atom transfer radical addition 

ATRP  Atom transfer radical polymerization 

BTH  2,6-di-tert-butylphenol 

Bn  benzyl 

BPO  benzoyl peroxide 

Bu  butyl 

Bz  benzoyl 

Calcd  calculated 

CAN  cerium ammonium nitrate 

cat.  catalyst 

conv.  conversion 

Cy  cyclohexyl 

d  doubles 

DABCO  1,4-Diazabicyclo[2.2.2]octane 



DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCE  1,2-dichloroethane 

DCM  dichloromethane 

DDQ  2,3-Dichlor-5,6-dicyano-p-benzochinon 

DMF  dimethylformamide 

DMSO  dimethylsulfoxide 

DMSO-d6  hexadeuterodimethylsulfoxid 

dr  diasteromeric ratio 

DTBP  di-tert-butyl peroxide 

EDG  electron donation group 

EI  electron impact 

ee  enantiomeric excess 

equiv  equivalent 

Et  ethyl 

ESI  electrospray ionization 

EWG  electron withdrawing group 

GC  gas chromatography 

GC-MS  gas chromatography with mass detection 

h  hour(s) 

HAT  hydrogen atom transfer 

HOMO  highest occupied molecular orbital 



HRMS  high resolution mass spectrometry 

HPF6  Hexafluorophosphoric acid 

iPr  isopropyl 

IR  infrared spectroscopy 

LG  leaving group 

Lit.  literature 

LUMO  lowest unoccupied molecular orbital 

m  meta 

m  multiplet 

M  metal 

mCPBA  3-Chloroperoxybenzoic acid 

Me  methyl 

MeO  methoxyl 

Mestityl  mesityl(2,4,6-trimetylphenyl) 

MS  mass spectrometry 

Ms  methylsulfonyl 

MW  molecular weight 

m/z  atomic mass units per charge 

n.d.  not determind 

NHC  N-heterocyclic carbene 

NHPI  N-hydrothalimide 



NMR  nuclear magnetic resonance spectroscopy 

N.R.  no reaction 

Nu-H/Nu  nucleophile 

o  ortho 

OAc  acetyl 

P  product 

p  para 

Ph  phenyl 

Pr  propyl 

Py  pyridine 

quint  quintet 

r.t.  room temperature 

s  singlet 

SET  single electron transfer 

SOMO  single occupied molecular orbital 

t  tert, tertiary 

t  triplet 

TBPB  tert-Butyl peroxybenzoate 

TBHP  tert-Butyl hydroperoxide 

tBu  tertiary butyl 

TEA  triethylamine 



TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

TLC  thin layer chromatography 

Tol  toluene 

TsOH  para-toluene sulfonic acid 

TMS  trimethylsilyl 

wt  weight 
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The radical difunctionalization of olefins is the major topic of my PhD thesis. The goal of my

PhD thesis is to find a method, which can be suitable for different radicals and nucleophiles under

one simple and easy handle reaction condition. 

 

Goal of my PhD thesis

 

The major works in this thesis are two parts, which were already published during my PhD

with PD. Dr. Klußmann Martin, see the blow for references:

Chapter 1: Liu, S.; Klussmann, M., Chem. Commun., 2020, 56, 1557 1560.

Chapter 2: Liu, S.; Klussmann, M., Org. Chem. Front., 2021, DOI: 10.1039/D1QO00259G.

Chapter 1: Acid promoted radical-chain difunctionalization of styrenes

The first project of this dissertation is dealing with a reaction based on metal free, Brønsted acid 

promoted radical-chain difunctionalization of styrenes with stabilized radicals and (N,O)-

nucleophiles.  

Typical method for difunctionliaztion of olefins by radical and nucleophile needs an

electron transfer step after the radical addition, which could form a carbocation from carbon

centered radical. Followed by trapping with nucleophiles to produce the desired products.

Our group had previously reported the activation of TBHP by strong acid, besides, we noticed

Bao and co-

peroxide (BPO) as oxidant, and HPF6 as additive.  However, in their report, the role of acid was

not clear, and the method could only use acetonitrile as radical precursor and nucleophile.



 

Acid promoted radical-chain difunctionalization of styrenes

 

The combination of BPO with HPF6, a novel method for the difunctionalization of olefins with 

radicals derived from thioxanthene, xanthene and thiophenols together with nitrile and alcohol 

nucleophiles was developed. Mechanistic studies showed that the strong Brønsted acid plays a 

key role in electron transfer step, which could make the BPO as a good electron acceptor. 

Chapter 2: Organo-redox-catalysis for the difunctionalization of alkenes and

oxidative Ritter reactions

The second project of this dissertation is dealing with difunctionalization of alkenes by

radicals and nucleophiles catalyzed by an organo-redox triarylamine catalyst.

 

Activation of BPO with N, N-dimethylaniline and triarylamines

 



Typical method for activation of peroxides needs transition metal. However, an organo-

redox catalyst catalyzed oxidative radical and nucleophile difunctionalization of alkenes is

lack of studies. N,N-Dialkylanilines are well known initiators for peroxides, especially BPO.

The reaction is irreversible. In contrast, we assumed that triarylamines could react as

catalysis, which could form a radical cation salt by ET.

Here, we show that triarylamines can be used as organic redox-catalysts in oxidative radical and

nucleophile difunctionalization of alkenes and oxidative Ritter-reactions. Alkyl radicals,

generated from plain and halogenated hydrocarbons, and nucleophiles, including nitriles, acetic

acid, alcohols and fluoride were successfully used into oxidative difunctionalization of alkenes.

The oxidative allylic and benzylic C-H bonds Ritter reaction could also achieve. Mechanistic

studies suggest that the triarylamines are catalysts and not initiators.

 

Organo-redox-catalysis for the difunctionalization of alkenes and oxidative Ritter reactions



 

      INTRODUCTION AND BACKGROUND
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INTRODUCTION

Olefins are readily available and valuable building blocks in natural products, materials and

pharmaceuticals. Therefore, many olefins have a tremendous demand in industry, such as

ethylene (with  a  worldwide  production  over  191.54  million  tons  in 2019),1 propene (with a

worldwide production around 120 million tons in 2018),2 and styrene (4.8 million  tons in 2020).3

Structurally, olefins contain at least one bond, which can be either a good electrophiles or

nucleophiles. The conversion of versatile and readily available olefins into more structurally

complex molecules has been a long-standing research topic in modern organic synthesis

methodology for chemists.4 Some famous reactions based on the functionalization of olefins have

been well developed, such as the Sharpless dihydroxylation,5 Ozonolysis,6 Diels-Alder reaction,7

Wacker oxidation,8 hydrogenation,9 holohydrins.10

 

Dihydroxylation Hydrogenation Hydration Ozonolysis 

OsO4 Pd/C, H2 H2O, H2SO4 e.g. O3, then Zn, H+ 

   

 

Holohydration Epoxidation Wacker oxidation Alkyl halides  

e.g. Cl2, H2O RCO3H (mCPBA) PdCl2, CuCl, O2, H2O HX 

    

Vicinal Dihalides Cyclopropanesation Hydroboration Diels-Alder reaction

e.g. Cl2, CCl4 Zn-Cu; CH2I2 BH3 then H2O2, Base conjugated diene

Scheme 1-1. Selected examples of olefin functionalization  
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The functionalization of olefins is one the most powerful methods for the construction C-C or C-

X bonds. However, in comparison with the abundant studies on the monofunctionalization of 

olefins, the difunctionalization of olefins remains an underdeveloped area.11 The classical 

difunctionalization of olefins requires two functional groups incorporate onto a carbon-carbon 

double bond, in one step, with high efficiency, which is a challenging but fascinating concept for 

the formation of unconventional bonds by designing simple processes.12  

 

Scheme 1-2. Monofunctionalization and difunctionalization of alkenes 

 

An interesting method amongst those is radical difunctionalization of olefins (Scheme 1-3).13

This method enables olefin functionalizing, which is initiated by a radical addition to the carbon-

carbon double bond, forming a new C-centered radical intermediate of type 2. This intermediate 

radical 2 can either combine with another radical donor to give the product 3 or be further 

oxidized to a carbocation 4. The carbocation 4 can be attacked by nucleophile to give the product 

5.

 

Scheme 1-3. Typical intermolecular radical-mediated difunctionalization of olefins 
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The difunctionalization of olefins by radicals and nucleophiles is extremely interesting for 

chemists in the field of radical chemistry. This protocol allows difuntionalization of olefins with a 

wide variety of reagents in high chemo- and regioselectivity, which enables radicals and 

nucleophiles to react complementarily.12 Certainly, the intramolecular radical difunctionalization 

of olefins can provide a new approach for synthesis of cyclic compound. (Scheme 1-4) 

 

Scheme 1-4. Typical intramolecular pathway for difunctionlization of olefins by radical and 
nucleophile 
 

Over the past decade, the radical difunctionalization of olefins has made remarkable progress due

to the development of transition metal catalysts, organo-catalysts, photo- or electro chemistry and

other technologies. Although some interesting synthetic methods have been developed towards

this goal, there is as of yet no method with a truly broad substrate scope of both radicals and

nucleophiles, which has spurred our efforts for further research.14

In the following chapters, an overview of difunctionalization of olefins by radicals and

nucleophiles is given. Radicals that are either carbon- or heteroatom-centered or a wide range of

nucleophiles are described, as well as, some interesting methods such as atom- or group transfer

radical additions. This thesis does not aim to be a comprehensive presentation of all the known

literature but instead highlights the typical cases and some recent examples that best 

demonstrate the current state of affairs.
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BACKGROUND 

Metal-catalyzed radical difunctionalization of olefins  

Introduction 

Recently, transition metal-catalyzed radical difunctionalization of olefins has progressed 

remarkably. In this section, the historical developments and typical reports in the particular area 

is highlighted. Due to the tremendous development of novel methods. There have been a number 

of excellent reviews written on this subject.12,13,15 

Overview of different transition metal catalysts

Typically, the initial radicals could be generated by transition metal catalyst through single

electron transfer (SET) with some radical precursors, such as peroxides. The addition of initial

radicals to carbon-carbon double bonds, mostly styrene derivatives are used in the 

transformation to form a stabilized benzylic radical 2. Oxidation by the transition metal 

intermediate regenerates the catalyst and gives the benzylic carbocation 4, which is then 

attacked by the nucleophile to provide the final product 5.

 

Scheme 2-1. Transition metal catalyzed radical difunctionalization of olefins. 

 

Based on this concept, chemists have developed many protocols for the addition of carbon- or 

heteroatom-centered radicals with nucleophiles into carbon-carbon double bond by using 

transition metal catalysts over the past decade.12,16  
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Transition metal-catalyzed oxidative difunctionalization of olefins 

In 2009, Zhang and co-workers firstly reported a copper-catalyzed difunctionalization reaction of 

vinylarenes with cyclic ethers in the presence of tert-butyl hydroperoxide (TBHP) (Scheme 2-

2).17 With the combination of CuBr and TBHP, tert-butyoxyl radical 10 and hydroxyl radical 11 

were generated, which can then engage with cyclic ethers 7 in a hydrogen atom transfer (HAT) 

step, forming a new carbon centered radical 12. The addition of 12 to alkenes could deliver the 

benzylic radical intermediate 13, which reacted with the oxidant to give the final product 8. To 

the best of our knowledge, this is the first example of a transition metal catalyzed oxidative 

difunctionalization of olefins with unactivated radical precursors. However, this method showed 

low reactivity and suffered from a limited substrate scope. 

 

Scheme 2-2. Copper-catalyzed difunctionalization of vinylarenes with cyclic ethers. 

 

Of particular interest for the further development of difunctionalization of vinylarenes with cyclic

ethers, in 2010 and 2012, the group of Wang and Park developed metal-nanoparticles as

catalysts,18,19 which could catalyze the reaction more efficiently leading to higher yields of the

desired products.
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In 2013, Li and co-workers reported an iron-catalyzed oxidative 1,2-alkylarylation of activated 

alkenes.20 With the combination of the iron catalyst and a peroxide source, cyclic ethers can be 

efficient radical precursors. A cascade radical reaction through radical cycloaddition, single 

electron transfer, oxidation and deprotonation to give the desired products was achieved. 

However, this reaction needs an organic base, DBU, as a ligand, and moreover the high 

temperature limited the application in other fields.  

 

Scheme 2-3a. Transition metal-catalyzed 1,2-alkylarylation of activated alkenes 

 

In 2014, the same group developed a palladium-catalyed Heck-type insertion reaction (Scheme 2-

3b).21 the reaction, which required a Ag2CO3 additive, was proposed to proceed via a radical 

pathway, with a key bromine atom transfer step.  
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Scheme 2-3b. Palladium-catalyed Heck-type insertion reaction 1,2-alkylarylation of activated 

alkenes 

 

Based on this model reaction, different radical precursors have been developed by many research

groups, such as nitriles,22  alkyl halides,23 isocyanides,24 hydrazinecarboxamides,25 alkyne

halide,26 ketones,27 AIBN,28 as well as other transition metal catalysts.
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Scheme 2-4. Summary of radical precursors for functionalizing oxindol-derived structures 

 

In 2014, Nevado and co-workers reported a radical-mediated arylphosphonylation and 

arylazidation of activated alkenes.29 Different -aryl- -azido and -aryl- -phosphonyl amides 

could be formed with excellent yields and highly regioselectivies. One year later, the same group 

used the same concept to achieve a stereo-selective synthesis of highly functionalized indanes 

and dibenzocycloheptadienes.30  

In 2015, Zhu and co-worker reported a copper-catalyzed intermolecular carboetherification of 

alkenes using nitriles and alcohols (Scheme 2-5).31  This reaction not only provides a simple 

method for the construction of a Csp3-Csp3 and a Csp3-O bond in one-step, but also an efficient 

way for oxidative difunctionlization of olefins by radicals and nucleophiles. 

 

Scheme 2-5. Copper-catalyzed the alkoxycyanomethylation of alkenes. 
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A s 32 

developed a three-component carboazidation of alkenes,33 which used NaN3 instead of alcohols 

as the nucleophile. In the same year, groups of Li and Luo reported an iron-catalyzed 

intermolecular 1,2-difunctionalization of olefins with silanes and nucleophiles.34 This protocol 

enables silanes as radical precursors, with nucleophiles, such as amines, amides, indoles, pyrroles, 

and 1,3-dicarbonyls, which provides a powerful method for the synthesis of silicon-containing 

alkane derivatives (Scheme 2-6).   

The common concept for these reactions are analogous to those presented above. Peroxides 23 

can undergo homolytic cleavage of the O-O bond in the presence of transition a transition metal 

catalyst, generating a hydroxy-complex of higher oxidation state and an alkoxy radical 24. 24 can 

then abstract a hydrogen atom from 26 through HAT to generate a new radical 27. Addition of 27 

to olefins forms a new C-centered radical 2, which is then oxidized to give a carbocation 4 and 

regenerate the catalyst. 4 can then be attacked by nucleophiles to form the final products 5. This 

concept is a so called oxidative difunctionalization of olefins by radicals and nucleophiles. 

 

Scheme 2-6. Iron-catalyzed intermolecular 1,2-difunctionalization of olefins with silanes and 

nucleophiles 

 

With the development of transition metal-catalyzed oxidative difunctionalization of olefins,

various radicals have been used, such as C-centered radicals,35 N-centered radicals,36,37 P-

centered radicals,38 S-centered radicals39,40 and others12,13,15 as well as nucleophiles (Scheme 2-

7).
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In general, peroxides are widely used for radical difunctionalization of olefins, not only because

they are good oxidants but also ideal radical precursors.41 In 2017, Bao and co-workers reported

an oxy-alkylation of alkenes with peroxides.42 In the presence of iron catalyst, several lauroyl

peroxides 28 could react with alkenes. A radical-polar crossover mechanism was proposed. An

alkyl radical 29 was formed by losing CO2 in the presence of the iron catalyst with peroxide 28.

Then the alkyl radical 29 reacts with styrene to form a benzylic radical 30, which is oxidized by 

iron(III) to give a carbocation 31 and iron(II). The carbocation 31 was then attacked by a

nucleophile to deliver the desired product 32 (Scheme 2-8). The same group also developed a

carboamination of alkenes through a Ritter reaction in the same year.43 By using this 

method, primary, secondary, and tertiary alkyl radicals, and aryl radicals can be easily 

generated from peroxides, which provides a powerful protocol in difunctionalization of 

alkenes, to generate the molecules that are otherwise difficult to access.

 

Scheme 2-7. Transition metal-catalyzed difunctionalization of alkenes by radical and nucleophile 
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Scheme 2-8. Oxy-alkyation of alkenes with peroxides 

 

In 2018, Zhu and co-workers reported a copper-catalyzed methylative difunctionalization of 

alkenes.44 By using dicumyl peroxide or di-tert-butyl peroxide (DTBP) as methyl sources, the 

difunctionalization of alkenes with different nucleophiles, such as alcohols, carboxylic acids, and 

sulfonamides was achieved. This protocol allows methylated ethers, azides, tetrahydrofurans, 

-lactones, and pyrrolidines with concurrent generation of a quaternary carbon 

in good to excellent yields (Scheme 2-9). In 2020, two more nucleophiles TMSN3
45 and 

ArB(OH)2
46

 were applied  
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Scheme 2-9. Methylative difunctionalization of alkenes 

 

The group of Wang reported a rhenium-catalyzed alkene oxyalkylation with hypervalent iodine 

reagents via decarboxylation in 2013.47 It is the first time that hypervalent iodine reagents 37 

have been used as alkylation and oxygenation sources in alkene difunctionalizations. The method 

showed a wide substrate scope with excellent regioselectivities (Scheme 2-10). Later, an iron-

catalyzed acyloxyalkylation of styrenes using hypervalent iodine reagents was reported by 
48 Compared with the previous report, the scope of hypervalent iodine 

reagents with various functional groups was expanded. This protocol proceeded in a moderate to 

good yields and could also performed on gram scale. 

 

 

Scheme 2-10. Rhenium-catalyzed alkene oxyalkylation with hypervalent iodine reagents. 

 

In a short summary, the use of transition metals to catalyze oxidative difunctionalization of 

olefins by radical and nucleophile has been investigated by many chemists. Iron and copper 

catalysts are frequently used for initiating the radical precursors and electron transfer step. A 

wide range of radicals and nucleophiles have been added across alkenes, which provide a general 

approach for the preparation of functionalized compounds. However, most of these methods need 

high temperatures, prolonged reaction times, and a large excess of the peroxide. Thus, the 

development of a redox-neutral method under mild reaction conditions with a board substrate 
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scope will enable the rapid construction of molecular complexity in a green and sustainable 

manner. 

Transition metal-catalyzed trifluoromethylation of olefins 

Another approach relies on trifluoromethylation of olefins with CF3 radical has been well studied, 

in this section, we aim to make a short summary in order to show the achievements in this area. 

In 2012, Buchwald and Zhu reported transition metal-catalyzed trifluoromethylation of olefins.49 

This method provides a mild, versatile and convenient way for oxytrifluoromethylation of 

unactivated alkenes. Nucleophiles, such as carboxylic acids, alcohols, and phenols are all suitable 

for this reaction. Mechanistic studi 42 is reduced by the copper 

catalyst to generate the CF3 radical 44, followed by radical addition and single electron transfer to 

give carbocation intermediate 46 and regenerate the copper catalyst. Subsequent trapping of 46 

with the nucleophile leads to the desired products 43. One year later, the same group used chiral 

ligands to enable an asymmetric process that delivers similar products with good enantioselective 

(Scheme 2-11).50  

 

14



Scheme 2-11. Oxytrifluoromethylation of unactivated alkenes by CF3 radical. 

 

In the same year, the groups of Szabó and Sodeoka both reported a copper-catalyzed three-

component trifluoromethylation of alkenes.51,52 Their approaches proceed with high regio- and 

stereoselectivity, and also a significant breakthroughs as they utilised 53 and 

 (Scheme 2-11a).54  

 

Scheme 2-12. CF3 radicals in transition metal-catalyzed difunctionalization of olefins. 
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 With the development of transition metal-catalyzed trifluoromethylation of olefins with CF3 

radicals, there have been a number of developed methods. To summarize, these includes 

oxytrifluoromethylation, aminotrifluoromethylation 48,55 allylic trifluoromethylation 49,56 

cyanotrifluoromethylation 50,57,58 carbotrifluoromethylazidation 52,59,60 and trifluoromethylation 

rearrangement 53 (Scheme 2-11b).61,62 

Most of the methods facilitate convenient trifluoromethylation of olefins under mild reaction 

conditions with high chemo- or regioselectivties. Owing to the widespread use of olefin 

trifluoromethylation, this area has now became an increasingly hot topic for the 

difunctionalization of olefins.63 
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Metal-free radical difunctionalization of olefins  

Introduction 

With the development of difunctionalization of olefins, a common drawback to these methods is 

the use of precious or toxic transition metal catalysts. Finding more environmentally friendly and 

inexpensive oxidants without needing metal catalysts is extremely important for synthetic 

chemists. In this section, the advancements of radical mediates olefin difunctionalization under 

metal-free conditions is summarized. Again, a number of the important literatures and reviews 

were written on the subject. 

Overview of metal-free radical chain-difunctionalization of olefins 

Almost every radical chain reaction need an initiator. Thus, the radical difunctionalization of 

olefins that proceed through a radical chain mechanism, can be divided by the respective initiator.  

 

Scheme 2-13. Azo initiators with Tin hydride reagents for radical chain reactions 

 

Azo initiators, such as azobisisobutyronitrile (AIBN) are well known radical initiators.64,65 In the 

early developments, most radical chain difunctionalization of olefins relied on tin hydride 

reagents combined with AIBN, typically tributyltin hydride.66,67 The decomposition of azo 

compounds leads to the formation of nitrogen and two radicals that undergo hydrogen atom 
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transfer from nBu3SnH, and delivery the tributyltin radical 54, which then facilitates the atom-

transfer difunctionalization of olefin. However, most tin hydride reagents are toxic, and the tin 

byproducts generated are difficult to remove completely, which limites the application in an 

industrial setting.  

Azo initiators are widely used for enabling atom-transfer radical addition reactions (ATRA).68-72 

Kita and co-workers  reported atom-transfer radical addition reactions with bromomalononitrile 

in 1998.73 Using catalytic quantities of an azo initiator, the desired product was formed under 

mild reaction conditions (Scheme 2-14). 

 

Scheme 2-14. Azo initiators in atom-transfer radical addition reactions with bromomalononitrile 

 

Moreover, azo initiators can also be donors of cyano or cyano-containing functional groups. The 

incorporation of cyano or cyano-containing functional groups into organic structures is a hot 

research topic in organic synthesis.  

In 2015, Guo and co-workers developed a simple and metal-free direct 

cyanoisopropylation/arylation of N-arylacrylamides or N-alkyl-N-(arylsulfonyl)acrylamides with 

AIBN (Scheme 2-15).74 
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Scheme 2-15. Metal-free cyanoisopropylation/arylation of alkenes 

 

Together with azo initiators, peroxides are important thermal initiators.75 The peroxides are 

easily decomposed into oxyl radicals because of the week O-O bond. A notable example is the 

thiol-ene reaction that was reported by Theodor in 1905.76 Using either light, heat or peroxide 

initiators, the thiyl radicals 63 were generated through HAT, which then added to the carbon-

carbon double bond to form a new carbon centered radical 64, followed by hydrogen atom 

transfer from thiol 62. The thiol ene product 65 and another thiyl radical 63 were formed, 

which can subsequently participate in multiple propagation steps. Similarly, thiol-oxygen co-

oxidation of olefins was first reported by Kharasch and co-workers in 1951,77 as well as the 

radical difunctionalization reaction, both of which require UV irradiation or excess peroxides for 

initiating. These two type of radical difunctionalization reactions gained prominence in the 

late 1990s and early 2000s for their feasibility and wide range of applications (Scheme 2-

16).78 79
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Scheme 2-16. Typical thiol-ene reaction and thiol-oxygen co-oxidation of olefins 

 

The formation of carbon-centered radicals often requires homolytic cleavage of a carbon-halogen 

bond or carbon-hydrogen bond in the presence of radical initiators. However, both of these two 

approaches need higher temperature, which always sufficient in producing useless by-products or 

polymerization.80 Thus, appropriate temperature is significant.  

In 1945, Kharasch and co-workers reported an atom transfer radical addition, which has become 

known as the Kharasch reaction.81,82 In the presence of radical initiators, carbon tetrachloride 

adds to olefins, to give the product in good yields 69 undergoes homolytic 

cleavage of the O-O bond, and after losing CO2, forms a methyl radical, which can engage in the 

halogen atom transfer from 67 to generate a new radical 71. 71 then adds to olefins to give a new 

C-centered radical 72, which is trapped by an additional equivalent of 67 and generates the 

desired product 70 (Scheme 2-17).  

 

Scheme 2-17. Kharasch addition of trichloracetylchloride to 1-octene 
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Although the majority of examples require photoredox or transition metal catalysts, there are a 

few published reports under transition metal free conditions.83-85 The major problem is that an 

atom transfer radical polymerization (ATRP) reaction is much more favored than atom transfer 

radical addition reactions (ATRA). So far, transition metal-free processes are underdeveloped in 

the area of olefin difunctionalization.86,87 

In 2014, Klussmann and co-workers reported an acid-catalyzed oxidative radical addition of 

ketones to olefins.88 The resulting -peroxyketones can be further transformed into various useful 

products, such as 1,4-diketones, homoaldol products, and alkyl ketones. This protocol offers a 

valuable method for the addition of simple ketones to olefins under metal-free conditions. A 

radical chain mechanism was more favored in this reaction. In the presence of a strong Brønsted 

acid, TBHP reacts with ketone to form 75 and subsequently alkenylperoxide 76. 76 can undergo 

facile homolytic bond cleavage, delivering the resonance-stabilized ketone radical 77 and a tert-

butoxyl radical 78. In the presence of tBuOOH, a fast equilibrium exists between 77 and the 

tertbutylperoxyl radical 78, favoring the latter.89 Addition of 78 to the carbon-carbon double bond 

generates 79, which reacts with the peroxy radical 81 to give the final product 74 (Scheme 2-18).  
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Scheme 2-18. Oxidative radical addition of ketones to olefins 

 

In 2016, Xing and co-workers reported a metal-free, difunctionalization of terminal vinylarenes

with C(sp3 s alpha to -ketonitriles 82 (Scheme 2-19).90 A

similar mechanism to Kluß  was proposed.88 The highly activated tert-butoxyl 

radical 10 or the hydroxyl radical abstracts the -H atom from the nitrile 20 to generate a 

primary alkyl radical 83. Addition of the primary alkyl radical 83 to the carbon-carbon double 

bond forms a new benzylic radical 84. 85 is then formed after radical-radical coupling 

between the benzylic radical 84 and tBuOO·. Finally, 85 is converted to the desired product 82 

in the presence of DBU (Scheme 2-16).  A similar method was also reported by the 

groups of Li and Duan with aldehydes91  or alcohols92 as hydrogen donors.

 

Scheme 2-19. Difunctionalization of terminal vinylarenes with alkyl nitriles 

 

Additionally, other TBHP-involved radical difunctionalization of alkenes have been developed 

recently.93-96 In 2015, Wang and co-workers reported the difunctionalization of alkenes with I2O5 
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and P(O) H compounds to synthesize -iodophosphates, using TBHP as the radical initiator and 

oxidant.97  

-free 1,2-alkylarylation of allylic alcohols with aliphatic 

aldehydes.98  Di-tert-butyl peroxide (DTBP) 86 was used as the initiator and oxidant in this 

reaction.  DTBP was decomposed tert-butoxyl radicals 10, followed by 

hydrogen atom transfer and decarbonylation to give the alkyl radical 29. The alkyl radical 29 then 

undergoes intermolecular radical addition to the diaryl allylic alcohol 89 to give a new radical 

intermediate 90. After radical addition, neophyl rearrangement and oxidation generates the final 

product 93 (Scheme 2-20). Similar reactions with different peroxides have also been 

published.99,100,101,102 

 

Scheme 2-20. 1,2-alkylarylation of allylic alcohols with aliphatic aldehydes 

 

In 2020, Klußmann and Liu reported an acid-promoted radical-chain difunctionalization of 

styrenes with stabilized radicals and (N,O)-nucleophiles (Scheme 2-21).103 The reaction proceeds 

through sequential addition of a radical and a nucleophile, which is suggested to react by a radical 

chain mechanism and hence does not requiring a catalyst. An electron transfer step to the benzoyl 

peroxide (BPO) oxidant is facilitated by protonation with a strong acid. This reaction will find in 

the chapter one of this thesis for a detailed discussion. 
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Scheme 2-21. Acid-promoted radical-chain difunctionalization of styrenes 

 

Other oxidants and radical initiators, such as tert-butyl peroxybenzoate (TBPB),104  

(diacetoxyiodo)benzene,105-107 tert-butyl nitrite,108,109 disulfides110-113 and molecular oxygen114,115 

have been successfully utilized for radical difunctionalization of olefins by other research groups. 

Later, Alexanian and co-workers reported a metal-free, aerobic dioxygenation of alkenes using 

hydroxamic acids in 2010.116 By using hydroxamic acids 94, radical difunctionalization of olefins 

was achieved for a wide range of unsaturated substrates and affords dioxygenation products with 

differentiated oxygen atom functionalities. One year later, the same group reported an 

oxyamination of alkenes with even higher chemo- and regioselectivities (Scheme 2-22).117   

 

Scheme 2-22. Oxyalkylation and oxyaminations of alkenes 
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Overview of organocatalytic radical difunctionalization of olefins 

In 2008, Macmillan and co-workers developed a carbo-oxidation of alkenes using an amine 

organocatalyst.118 This catalyst 98 was designed and used for what has become known as SOMO 

catalysis in difunctionalization of olefins for the first time. This protocol allows the 

enantioselective -homobenzylation of aldehydes using a variety of alkenes (Scheme 2-23). In 

2010, the same group used the same catalyst for the enantioselective synthesis of six- and five-

membered carbocycles by cycloaddition from simple aldehydes and olefins with high 

enantioselectivies and high yields.119 Few years later, the asymmetric synthesis of pyrrolidines 

was also reported with similarly high selectivities and yields.120 

 

Scheme 2-23. SOMO amine catalysis for the difunctionalization of olefins 

 

In 2012, Liu and co-workers reported a novel organocatalyzed arylalkylation of activated 

alkenes.121 The dinitrogen compounds 104 play an important role, which may react with 

(diacetoxyiodo)benzene to form tert-butyl radical and then the tert-butyl radical promotes this 
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radical cyclization. This reaction provides a highly efficient way to synthesize a variety of 

oxindoles 18 from simple aryacrylamides 14 (Scheme 2-24). 

 

Scheme 2-24. Organocatalyzed arylalkylation of activated alkenes 

 

The uses of organic small molecules for catalyzing the difunctionalization of olefins has been 

further studied since  a tetra-n-butylammonium iodide-catalyzed 

regioselective difunctionalization of unactivated alkenes.122 In addition, Wang and co-workers 

reported a tetra-n-butylammonium bromide (nBu4NBr) catalyzed carbonylation peroxidation of 

 

Scheme 2-25. nBu4NI-TBHP and nBu4NBr-TBHP systems for difunctionaliaztion of olefins 
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styrene derivatives.123 Both nBu4NI-TBHP and nBu4NBr-TBHP systems have become widely 

used for the difunctionlization of olefins because of their high efficiency, lower toxicity and 

environmental friendliness (Scheme 2-25).124,125 

ed a catalytic amount of NaI-catalyzed acetamidosulphenylation of 

alkenes with nitriles as the nucleophiles.126 This is the first example where sodium iodide 111 

was used as a catalyst for the difunctionalization of alkenes (Scheme 2-26). This protocol is 

suitable for a wide range of substrates with excellent yields.  

 

Scheme 2-26. NaI-catalyzed acetamidosulphenylation of alkenes 

 

Recently, a number of additional iodide-catalyzed radical difunctionalizations of olefins have 

been published by other groups.125,127,128 However, these reactions are still lacking a truly broad 

substrate scope, spurring our efforts of further research. 

up reported the first N-heterocyclic carbene (NHC)-catalyzed radical 

acylfluoroalkylation of olefins.129 This protocol was shown to be suitable for various 

difluoroalkyl bromides bearing diverse functionalities, such as sulfonyl, ester, amide, and 

bromide moieties. Moreover, perfluoroalkylation could also achieved. With this strategy, over 

120 examples of fluoroketones were easily accessed from simple feedstock materials. 

Mechanistic studies suggested that intermediate 118 reduces of the 115 via single 

electron transfer to give a fluoroalkyl radical 119 and a persistent ketyl radical. Addition of the 

fluoroalkyl radical 119 to styrene produces a benzylic radical 120. Subsequently, a radical
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radical cross-coupling pathway forms intermediate 121, and the fluoroketone product 117 is 

delivered by releasing NHC 116 to finish the catalytic cycle (Scheme 2-27). 

 

Scheme 2-27: NHC catalyzed radical acylfluoroalkylation of olefins 

 

During the past decade, organocatalytic radical difunctionalizations of olefins have been explored 

by many other groups.130 However, most reported methods are focus on hypervalent iodine 

reagents or catalyzed by iodide. As can be seen, the use of organocatalysts for radical 

difunctionalization of olefins are still lacking, which motivates our efforts to develop novel 

processes. 
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Additional methods for radical difunctionalization of olefins 

Introduction 

Photo- or electro chemistry has now become a very hot topic in modern organic synthesis. By 

using photo- or electro chemistry for olefin difunctionalizations, broad substrate scopes and a 

good tolerance of functional groups has been achieved. In this part, different methods relating to 

photo or electrochemical conditions will be summarized. 

Photochemistry in radical difunctionalization of olefins

In recent years, photoredox catalysis has emerged as an useful tool for radical reactions through 

visible-light-induced single-electron-transfer (SET) processes.131 Photoredox-catalyzed 

difunctionalization of olefins with various radicals and nucleophiles have now been developed. 

Amongst them, the trifluoromethyl radical (·CF3) 44 and difluoromethyl radical (·CF2H) have 

become widely used for construction of tri- and difluoromethylated skeletons (Scheme 2-28).  

 

Scheme 2-28: Typical mechanism for the photocatalytic difunctionalization of olefins with 

fluoromethylating reagents 
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In 2012 and 2013, Akita and co-workers found that CF3 radicals could be generated by a SET 

reduction process by the excited Ir132 or Ru133 125 

reagents 42. Oxytrifluoromethylated and aminotrifluoromethylated products were afforded with 

broad scope and regioselectivities for both terminal and internal aromatic alkenes. However, 

aliphatic alkenes did not produce the corresponding products well (Scheme 2-29). 

 

Scheme 2-29: Oxytrifluoromethylation and aminotrifluoromethylation reactions of olefins 

 

The strategy of using photoredox-catalyzed fluoromethylation 

has now been seen as a powerful tool for difunctionalization of olefins by radical and 

nucleophile. Nucleophiles, such as water, alcohols, carboxylic acids, amides and indole have 

all been used successfully.131,134 In addition to these methods, which have utilized CF3 radical 

sources, recent advancements have shown that a number of other radical reagents can be 

used for olefin difunctionalization.
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In 2011, Stephenson and co-workers used photocatalytic intermolecular atom transfer radical 

addition to olefins under mild reaction conditions.135 This protocol was characterized by excellent 

yields and broad scope. In the present reaction, the Ir photoredox catalyst 

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) was used. Under the visible light irradiation, the Ir3+ excited 

species reduces the haloalkane 128 to afford the alkyl radical 129. The alkyl radical 129 then 

adds to the olefin to give a new C-centered radical 130, which is oxidized via a single electron 

transfer step to give the Ir3+ catalyst in the ground state and the carbocation intermediate 131. 

Subsequent nucleophilic trapping by the halide produces the desired product 129. The author 

suggested the involvement of a radical propagation pathway was not excluded completely in the 

present reaction (Scheme 2-30). Later, other groups have also reported methods for sulfonyl 

cyanation136 and sulfonyl halogenation137,138 of olefins through atom transfer radical addition with 

different photoredox catalysts. 

 

Scheme 2-30: Atom transfer radical addition to olefins enabled by photoredox catalysis 

 

Visible light-mediated photoredox-catalyzed difunctionalization of olefins via an atom transfer 

radical addition reaction is a versatile and efficient process to facilitate the construction of 

various structural motifs with many potential applications.139,140,141  
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Another type of photochemistry for olefin difunctionalization reactions is the combination of 

photoredox-catalysis and peroxides, which can introduce a nucleophile and a radical into styrene 

involving hydrogen atom transfer.  

In 2015, Wang and co-workers developed a novel photocatalytic synthesis of sulfonated 

oxindoles.142 TBHP 9 can be reduced by the excited Eosin Y catalyst to give a tert-butyloxy 

radical 10, which abstracts a hydrogen atom from the arylsulfinic acid 132 to generate an oxygen-

centered radical 133 that is in resonance with the sulfonyl radical 134. The addition of the 

sulfonyl radical 134 to the carbon-carbon double bond affords a new alkyl radical 135. After 

intramolecular cyclization, oxidation and deprotonation delivers the final product 138 (Scheme 2-

31). 

 

Scheme 2-31: Photocatalytic synthesis of sulfonated oxindoles. 

 

In 2017, Sun and co-workers used the same photocatalytic-peroxide reaction conditions for the 

synthesis of ester-functionalized pyrido[4,3,2-gh]phenanthridine derivatives.143 In this report, a 

N-centered radical was formed, which is the key for the construction of the polyheterocycles. 

Recently, Klußmann and Marcel reported the consecutive addition of acyl radicals and N-
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alkylindole nucleophiles to styrenes using photoredox catalysis.144 Different substituted 

functional groups on the olefins can be employed, forming quaternary all-carbon centers upon 

addition of indoles and benzotriazole to the benzylic position. The combination of TBPB and 

iridium photocatalysis forms the benzoate intermediate and a tert-butoxyl radical 10. The tert-

butoxyl radical 10 then abstracts a hydrogen atom from aldehyde 87, thus giving a new radical 88, 

which adds to the styrene derivatives. The benzylic radical 105 is then formed. Subsequently, 

oxidation by the Ir(IV) species generates carbocation intermediate 139, which is trapped by the 

nucleophile to form the final product 140 (Scheme 2-32). 

 

Scheme 2-32: Photoredox catalysis for the difunctionalization of alkenes with aldehydes and 

indoles 

 

In 2019, Li and co-workers reported an intermolecular dialkylation of alkenes with two distinct 

C(sp3)-H bonds using photoredox and iron catalysis.145 This protocol provides a powerful method 

for the addition of two vicinal alkyl groups across the carbon-carbon double bond via dual 

C(sp3)-H functionalization under mild conditions. The reaction has a broad substrate scopes with 

respect to the sp3 carbon-centered radical precursors (such as cycloalkanes, linear alkanes, and 

1,4-dioxane) However, the nucleophiles are limited in 1,3-dicarbonyl compounds.  The key 

33



charateristic in this method is that the photoredox catalysis can assist in the single-electron 

oxidation step by regulating the redox potentials of the iron intermediates and the reaction partner. 

In 2018, Wu and co-workers reported a difunctionalization of alkenes with CO2 and silanes or 

C(sp3)-H partners under photocatalytic conditions (Scheme 2-33).146 With the combination of 

photoredox and HAT catalysis, a broad substrate scope under mild reaction conditions was 

achieved. This protocol provides a new method for the difunctionalization of olefins by using 

electrophiles rather than nucleophiles, which could lead to a new general olefin 

difunctionalization platform. Other methods using CO2 as an electrophiles under photoredox 

conditions have been reported147 with P-centered148 or aryl149 radicals. 

 

Scheme 2-33: CO2 and silanes or C(sp3)-H partners for the difunctionalization of alkenes under 

photocatalytic conditions  
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Electrochemical radical difunctionalization of olefins 

In 2014, Xu and co-workers developed an electrochemical intramolecular aminooxygenation of 

unactivated alkenes.150 This protocol enabled the addition of nitrogen-centered radicals to alkenes, 

followed by trapping of the cyclized radical intermediates with 2,2,6,6-tetramethylpiperidine-

Noxyl radical (TEMPO) to give the desired aminooxygenation products 150 in high yields and 

regioselectivtites (Scheme 2-34). 

 

Scheme 2-34: Electrochemical intramolecular aminooxygenation of unactivated alkenes 
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In 2018 and 2019, Xu and co-workers reported the addition of diols151 or diamines152 to alkenes 

under electrocatalytic conditions. These reactions are among the most straightforward and 

efficient approaches for the preparation of cyclic structures. Additionally, the oxidizing reagent 

free conditions provide a more green and practical method for chemists to get complex organic 

molecular (Scheme 2-35).  

 

Scheme 2-35: Difunctionalization of alkenes with diols or diamines under electrocatalytic 

conditions 

 

has also developed various additional electrochemical difunctionalizations of alkenes. 

For instance, fluoroalkynylation of aryl alkenes,153 difluoromethylation of electron-deficient 

alkenes154 have been reported.155 
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In 2018, the Cantillo group reported a mild, catalyst-free electrochemical oxytrifluoromethylation 

of alkenes,156 based on the concept of paired electrolysis of sodium trifluoromethanesulfinate and 

water in an undivided cell. CF3 radicals 44 were generated from oxidation of the CF3SO2 anion 

156 at the anodic site, meanwhile water acts as the oxidant at the cathode as well as the 

nucleophile to provide the hydroxyl groups for the reaction. The electrochemical method is 

suitable for substituted terminal and internal alkenes, giving excellent yields for the desired 1-

hydroxy-2-trifluoromethyl compounds 157 (Scheme 2-36). 

 

Scheme 2-36: Electrochemical oxytrifluoromethylation of alkenes 

 

most active in developing electrocatalytic 

approaches to enable radical difunctionalization of alkenes.157 In 2017, Lin and co-workers 

reported an electrochemical manganese-catalyzed diazidation of alkenes.158 This transformation 

provides a useful method to access diaminated products. The anodic oxidation of N3  furnishes 

the N3 radical, which then adds to the alkene in an anti-Markovnikov fashion, forming a C-

centered radical. Finally, the C-centered radical is trapped by another equivalent of N3 radical and 

completes the desired diazidation. With the development of electrochemistry in radical 

difunctionalization of olefins, various nucleophiles and radicals have been added to carbon-

carbon double bonds successfully (Scheme 2-37).157 
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Scheme 2-37: Summary of difunctionalizations of olefins enabled by electrochemistry 

 

Indeed, electrochemistry has empowered a new area for organic synthesis by avoiding the use of 

transition metal catalysts and oxidants for the difunctionalization of olefins. Thus, further 

developments in this field are sure to be disclosed in time. 
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CHAPTER 1

Acid promoted radical-chain
difunctionalization of styrenes with stabilized
radicals and (N,O)-nucleophiles
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CHAPTER 2

Organo-redox-catalysis for the
difunctionalization of alkenes and oxidative
Ritter reactions by C H functionalization
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Acid Promoted Radical-Chain Difunctionalization of Styrenes 

with Stabilized Radicals and (N,O)-Nucleophiles 
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N-(1-phenyl-2-(9H-thioxanthen-9-yl)ethyl)acetamide 3a

A
1H NMR

13C NMR 
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A
1H NMR

13C NMR

N-(1-(4-(tert-butyl)phenyl)-2-(9H-thioxanthen-9-yl)ethyl)acetamide 3c

A
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1H NMR

13C NMR

N-(1-([1,1'-biphenyl]-4-yl)-2-(9H-thioxanthen-9-yl)ethyl)acetamide 3i

A
1H NMR

13C NMR

N-(2-(9H-thioxanthen-9-yl)-1-(m-tolyl)ethyl)acetamide 3j

A
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N-(1-(3-bromophenyl)-2-(9H-thioxanthen-9-yl)ethyl)acetamide 3k

A
1H NMR

13C NMR

N-(1-(3-nitrophenyl)-2-(9H-thioxanthen-9-yl)ethyl)acetamide 3l
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trans-N-(1-phenyl-2-(9H-thioxanthen-9-yl)propyl)acetamide 3r

A 
1H NMR

13C NMR

N-(1-phenyl-2-(9H-xanthen-9-yl)ethyl)acetamide 3s

B
1H NMR

13C NMR

N-(1-phenyl-2-(9H-xanthen-9-yl)ethyl)propionamide 3t

B
1H NMR
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13C NMR
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B
1H NMR

13C NMR
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B
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N-(1-phenyl-2-(9H-xanthen-9-yl)ethyl)pivalamide 3w

B
1H NMR

13C NMR

N-(1-phenyl-2-(9H-xanthen-9-yl)ethyl)benzamide 3x

B
1H NMR

13C NMR

9-(2-methoxy-2-phenylethyl)-9H-thioxanthene 9a

C
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1H NMR
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C
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C
1H NMR

13C NMR

89



9-(2-butoxy-2-phenylethyl)-9H-thioxanthene 9d

C
1H NMR

13C NMR
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C
1H NMR

13C NMR

9-(2-isopropoxy-2-phenylethyl)-9H-thioxanthene 9f

C
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1H NMR

13C NMR

9-(2-(cyclohexyloxy)-2-phenylethyl)-9H-thioxanthene 9g

C
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13C NMR
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C
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N-(1-phenyl-2-(phenylsulfinyl)ethyl)acetamide 11a

D
1H NMR

13C NMR

N-(1-phenyl-2-(p-tolylthio)ethyl)acetamide 11b

D
1H NMR

13C NMR
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D
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N-(2-((4-methoxyphenyl)thio)-1-phenylethyl)acetamide 11d

D
1H NMR

13C NMR

N-(2-((4-chlorophenyl)thio)-1-phenylethyl)acetamide 11e

D
1H NMR

13C NMR

N-(2-((4-bromophenyl)thio)-1-phenylethyl)acetamide 11f

D
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D
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D
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N-(3-cyano-1-phenylpropyl)acetamide 13

E

1H NMR

13C NMR
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3e

Table 1.  Crystal data and structure refinement. 

P21/n, (no. 14)
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Table 2.  Bond lengths [Å] and angles [°]. 
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Radical trapping experiment: 

Investigation of the initiation step:  
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Cyclic Voltammetry of BPO in the presence of different acids 
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Supplementary Methods 

General Information  
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Optimization of reaction conditions 

Table S1: Optimization of amine catalysts[a] 

91%
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Table S2: Optimization of other reaction conditions 
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Table S3: Optimization of allylic C-H Ritter reaction 
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Table S4: Optimization of benzylic C-H Ritter reaction 
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Failed examples: 
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Reaction procedures 

Procedure A: synthesis of N-(2-cyclohexyl-1-phenylethyl)acetamide. 

General procedure B: synthesis of N-(1-phenylalkyl)acetamides. 

General procedure C: synthesis of radicals and nucleophiles addition. 

112



General procedure D: synthesis of phenyl radicals and nucleophiles addition. 

Synthesis of (1-fluoroethane-1,2-diyl)dibenzene. 

Synthesis of (1,4-dicyclohexylbutane-2,3-diyl)dibenzene. 
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General procedure E: oxidative Ritter reaction of allylic C-H bond.  

Oxidative Ritter reaction of N-(9H-fluoren-9-yl)acetamide.  
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Synthesis of triarylamine radical cation salt A1+ [2] 

Synthesis of N-(3-cyano-1-phenylpropyl)acetamide catalyzed by triarylamine radical 
cation salts.  
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Cyclic voltammograms  
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Mechanistic study 

NMR study of BPO and catalyst in CD3CN at 70 . 
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Table S5: Relative amounts of BPO, BzOH, and PhH for each experiment after 2 h and 10 h 
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Table S6: % conversion of BPO, BzOH, and PhH for each experiment after 2 h and 10 h 
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Details of the repetitive cycles experiment 
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Anions exchange between PF6
- and OBz- 
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Characterization Data 
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SUMMARY

Based on the importance and attractiveness of oxidative difunctionlization of alkenes in terms of 

atom efficiency and potential for greener chemistry, many efforts are now dedicated to the 

improvement of metal free, high efficiency, and environmental benign methods. This thesis is 

mainly dedicated to this task. 

Acid Promoted Radical-Chain Difunctionalization of Styrenes with Stabilized

Radicals and (N,O)-Nucleophiles

Base on previous reports, a novel metal free, acid promoted difunctionalization of alkenes was 

developed. This protocol provides a powerful method for difunctionlization of alkenes with 

different radicals and nucleophiles under transition metal free conditions.  

Under the optimal reaction conditions, oxidative difunctionalization of alkenes with

thioxanthene, xanthene and thiophenols radicals via hydrogen atom transfer, nitrile and alcohols

as nucleophiles were successfully added to the carbon-carbon double bonds. Mechanistic studies

including CV measurement, NMR calculations supported a radical chain mechanism, the acid

does not accelerate the decomposition of BPO, but it changes the oxidation and reduction

potential of BPO, which makes the BPO as a better electron acceptor.

 

Acid promoted difunctionalization of alkenes
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Organo-Redox-Catalysis for the difunctionalization of alkenes and oxidative

Ritter reactions

We reported an organo-redox catalyst triaylamine in oxidative difunctionalization of alkenes. The 

triarylamine could be reduced into a radical cation salts by BPO, which turns into a good single 

electron oxidant. Oxidative difunctionalization of alkenes with a wide range of radicals, 

generated from C(sp3)-H Hydrocarbon via hydrogen atom transfer, nitriles, alcohols, acetic acid 

and fluoride could be used as nucleophiles.  Besides, this method could also be used into 

oxidative Ritter reaction of allylic and benzylic C-H bonds. 

Mechanistic studies support the triarylamine is catalyst rather than radical initiator. The 

transformation does not need high temperature, irradiation, electrolysis, transition metals. This 

application of triarylamine might pave the way for further developments of organo-redox-

catalysts, which may thus become another established class amongst organocatalysts.  

 

Organo-Redox-Catalysis for the difunctionalization of alkenes and oxidative Ritter reactions
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OUTLOOK

Acid promoted difunctionalization of alkenes 

Tolerance of Substrate scope 

Continuation of the search for other oxidants under mild reaction conditions to apply to radical 

and nucleophile difunctionalization of alkenes is expected to provide a valuable method.  

In our initial exploration, we focused on peroxides as oxidants, especially BPO. However, 

peroxides are strong oxidants and very dangerous due to its explosion. Besides, BPO can react 

with other nucleophiles easily, which limited the scope of other nucleophiles. Moreover, the 

substrate scope of radicals is extremely correlated with the peroxides. Thus, find other reaction 

conditions suit for oxidative radical and nucleophile difunctionalization of olefins under 

transition metal free conditions are significate progress for chemists.  

 

Another continuation of search is the olefins.  Most reported methods are based on styrene and its 

derivatives. However, simple olefins are less reported due to its lower reactivity. Oxidative 

radical difunctionalization of simple olefins is more challengeable, spurring our effort for further 

studies. 

 

Outlook for substrate scope
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Chiral Brønsted acid catalysis approach

One particularly attractive feature of the conditions discussed in this work in the use of the strong

Brønsted acid. The products contain two chiral center, by using of chiral Brønsted acid instead of

HPF6, might provide an approach to access enantioenriched radical and nucleophile

difunctionalizd products.

 

Asymmetric synthesis of oxidative radical and nucleophile mediated

difunctionalization of olefins
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Organo-Redox-Catalysis for the difunctionalization of alkenes and oxidative Ritter 
reactions 

Tolerance of Substrate scope 

In this part, radical precursors, such as cyclohexane, chloroform or acetonitrile need to be used 

not only as hydrogen donor sources, but also as solvents. This limitation restricts the substrate 

scope of radical precursors.  Find a method for dealing with this limitation is significant problem 

for chemists.  We did initially researches about it. By using acetone as solvent, we can reduce the 

use of acetonitrile into 1 mL, giving the product 181o in 81% yield. This result indicated that 

there is possibility to reduce the amount of the hydrogen donor source. 

 

The proposed method for substrate scope of radical precursors

 

Other organic redox reactions catalyzed by triarylamine 

In this thesis, the triarylamine showed a good ability in the using of organic redox reactions. So 

far, we could only achieve oxidative radical and nucleophile mediated difunctionalization of 

alkenes and Ritter reaction of allylic and benzylic C-H bond. In our report, triarylamine should 

react with BPO in the first step to form the radical cation, a strong one-electron oxidant, which 

can regenerate the triarylamine by electron transfer and deliver the carbocation. Thus, finding 

more combination system of oxidant and triarylamine may open a new area of organic-redox 

catalysts in organic synthesis methodology.  

There are several literatures reported the triarylamine as catalyst under electro-chemistry 

conditions.[124-125] The combination of electrochemistry and redox catalysis using an organic 

catalyst allows the electro synthesis to proceed under transition metal- and oxidizing reagent free 
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conditions, which providing an efficient and straightforward access to difunctionalization of 

olefins with a broad substrate scope and other functional groups. 

 

Use of triarylamine in other organic redox reactions
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Erklärung 

ohne die Benutzung anderer als der angegebenen Hilfsmittel und Literatur angefertigt habe. Alle 

Stellen, die wörtlich oder sinngemäß aus veröffentlichten und nicht veröffentlichten Werken dem 

Wortlaut oder dem Sinn nach entnommen wurden, sind als solche kenntlich gemacht. Ich 

versichere an Eides statt, dass diese Dissertation noch keiner anderen Fakultät oder Universität 

zur Prüfung vorgelegen hat; dass sie - abgesehen von unten angegebenen Teilpublikationen und 

eingebundenen Artikeln und Manuskripten - noch nicht veröffentlicht worden ist sowie, dass ich 

eine Veröffentlichung der Dissertation vor Abschluss der Promotion nicht ohne Genehmigung 

des Promotionsausschusses vornehmen werde. Die Bestimmungen dieser Ordnung sind mir 

bekannt. Darüber hinaus erkläre ich hiermit, dass ich die Ordnung zur Sicherung guter 

wissenschaftlicher Praxis und zum Umgang mit wissenschaftlichem Fehlverhalten der Universität 

zu Köln gelesen und sie bei der Durchführung der Dissertation zugrundeliegenden Arbeiten und 

der schriftlich verfassten Dissertation beachtet habe und verpflichte mich hiermit, die dort 

genannten Vorgaben bei allen wissenschaftlichen Tätigkeiten zu beachten und umzusetzen. Ich 

versichere, dass die eingereichte elektronische Fassung der eingereichten Druckfassung 

vollständig entspricht. 
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