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Abstract 

Organic radicals are highly active species that can undergo various transformations. Electro-

chemistry and photochemistry are efficient methods for the generation of these species of high 

energy, through single electron transfer processes under mild conditions. These methods have been 

frequently used to form various carboradical intermediates, for example, via the addition of N-cen-

tered radicals to alkenes (Section 1.4).  Copper is a versatile transition metal that can transform 

carboradicals for the formation of various chemical bonds (Section 1.6). Combining electrochemistry 

or photochemistry for the generation of carboradicals with the copper-catalyzed carboradical func-

tionalization will potentially lead to a large chemical space of useful organic reactions. So far, this 

intersection of electrochemistry or photochemistry with copper chemistry is still highly underdevel-

oped. In this thesis, we have developed three useful reactions, testifying the practicability of this 

concept. 

In Chapter 2, we describe an intramolecular oxidative amination reaction (or a formal aza-

Wacker cyclization) by integrating electrochemical oxidation with Cu catalysis. Electrochemical oxi-

dation facilely generates N-radical from N-H for the intramolecular cyclization to double bonds, and 

then the resultant carboradicals are transformed into a new double bond via copper-catalyzed oxi-

dative elimination (Section 1.6.1). A wide range of 5-membered N-containing heterocycles ( e.g. 

oxazolidinone, imidazolidinone, thiazolidinone, pyrrolidinone and isoindolinone) bearing a pendant, 

functionalizable alkene moiety can be synthesized under mild conditions. Mechanistic studies 

revealed that direct oxidation on the electrode couldn't efficiently convert primary and secondary 

alkyl radical intermediates into alkenes, and that the assistance of copper was indispensable. 

In Chapter 3, an intermolecular oxidative amination reaction of unactivated alkenes by inte-

grating photoredox with Cu catalysis is described. This method relied on photochemical reduction 

of a hydroxyamine derivative to generate amidyl radical which then adds to unactivated alkenes. 

The obtained carboradicals are trapped by the copper catalyst for the formation of allylic amines. 

The reaction exhibited a broad scope and excellent tolerance for functional groups including highly 
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polar groups. The mechanistic studies provided evidence for a CuIII-alkyl intermediate in the copper 

mediated oxidative elimination process. 

In Chapter 4, we report a decarboxylative coupling reaction of aliphatic acids with polyfluoro-

aryl nucleophiles by integrating photoredox with copper catalysis. A set of diaryl zinc reagents with 

different F-content and F-substitution patterns on the aryl group were prepared and applied to the 

coupling. The aliphatic esters of N-hydroxyphthalimide (NHPI esters) were transformed into alkyl 

radicals by photoreduction. Then, the trapping of the radical by the copper catalyst and subsequent 

reductive elimination render the alkyl polyfluoroarenes as products. This method allows the instal-

lation of polyfluoroaryls with variable F-content (2F -5F) and F-substitution patterns on primary or 

secondary alkyl groups, with good compatibility of functional groups. Mechanistic studies revealed 

that an anionic [Cu-(ArF)2] species could be responsible for the transfer of polyfluoroaryl groups to 

the alkyl radicals. 

In summary, this thesis demonstrates the combination of electrochemistry and photochem-

istry with copper catalysis to construct useful synthetic methods. Considering the diversity of radi-

cals that could be generated by electrochemical and photochemical methods, and the versatility of 

copper catalyzed functionalization of carboradicals, we believe that this combination has far more 

potential beyond these three reactions. 
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Résumé 

Les radicaux organiques sont des espèces hautement réactives qui peuvent subir diverses 

transformations. L'électrochimie et la photochimie sont des méthodes efficaces pour la génération 

de ces espèces de haute énergie, par des processus de transfert unitaires d'électrons dans des con-

ditions modérées. Ces méthodes ont été fréquemment utilisées pour former divers intermédiaires 

radicalaires de carbone, par exemple via l'ajout de radicaux N-centrés aux alcènes (section 1.4). Le 

cuivre, qui est un métal de transition, permet de transformer des radicaux C-centrés pour la forma-

tion de diverses liaisons chimiques (section 1.6). La génération de radicaux C-centrés par voie l’élec-

trochimique ou photochimique, catalysée par le cuivre, ouvre la possibilité pour un grand nombre 

de réactions organiques désirées. Jusqu'à présent, cette intersection entre l'électrochimie, la pho-

tochimie et la chimie du cuivre est encore très sous-développée. Dans cette thèse, nous avons dé-

veloppé trois réactions utiles, témoignant de la praticabilité de ce concept. 

Dans le chapitre 2, nous décrivons une réaction d'amination oxydative intramoléculaire (ou 

une cyclisation aza-Wacker formelle) en intégrant l'oxydation électrochimique à la catalyse de 

cuivre. L'oxydation électrochimique génère facilement des radicaux N-centrés à partir de liaisons N-

H  pour la cyclisation en doubles liaisons intramoléculaires, puis les radicaux C-centrés résultants 

sont transformés en une nouvelle double liaison via une élimination oxydative catalysée par le 

cuivre (section 1.6.1). Une large gamme d'hétérocycles à 5 chaînons contenant de l'azote (par 

exemple, oxazolidinone, imidazolidinone, thiazolidinone, pyrrolidinone et isoindolinone) portant un 

fragment alcène fonctionnalisable, peut être synthétisée dans des conditions modérées. Des études 

mécanistiques ont révélé que l'oxydation directe sur l'électrode ne pouvait pas convertir efficace-

ment les intermédiaires alkylcarboradicaux primaires et secondaires en alcènes, et que l'aide du 

cuivre était indispensable. 

Dans le chapitre 3, une réaction d'amination oxydative intermoléculaire d'alcènes non-acti-

vés par photocatalyse intégrée avec catalyse Cu est décrite. Cette méthode dépendait de la réduc-

tion photochimique d'un dérivé d'hydroxyamine pour générer un radical amidyle, qui s'ajoutait en-

suite aux alcènes non-activés. Les radicaux C-centrés obtenus sont piégés par le catalyseur de cuivre 
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pour la formation d'amines allyliques. La réaction a présenté une versatilité et une excellente tolé-

rance pour les différents groupes fonctionnels, y compris les groupes hautement polaires. Les 

études mécanistiques ont fourni des preuves d'un intermédiaire CuIII-alkyle dans le processus d'éli-

mination oxydative médiée par le cuivre. 

Dans le chapitre 4, nous rapportons une réaction de couplage décarboxylatif d'acides alipha-

tiques avec des nucléophiles polyfluoroaryles en intégrant la photocatalyse à la catalyse du cuivre. 

Une gamme de réactifs diaryl zinc avec différentes teneurs en fluorine et différents arrangements 

de substitution de fluorine sur le groupe aryle a été préparée et appliquée aux réactions de cou-

plage. Les esters aliphatiques de N-hydroxyphtalimide (esters de NHPI) ont été transformés en ra-

dicaux alkyle par photoréduction. Ensuite, le piégeage du radical par le catalyseur de cuivre et l'éli-

mination réductrice subséquente produisent les alkyl polyfluoroarènes. Cette méthode permet l'ins-

tallation de polyfluoroaryles avec une teneur variable en fluorine (2F -5F) sur des groupes alkyles 

primaires ou secondaires, avec une bonne compatibilité avec une multitude de groupes fonction-

nels. Des études mécanistiques ont révélé qu'une espèce anionique [Cu-(ArF)2] pourrait être respon-

sable du transfert de groupes polyfluoroaryle aux radicaux alkyles. 

En résumé, cette thèse démontre que la combinaison de l'électrochimie et de la photochimie 

avec la catalyse du cuivre permet de construire des méthodes synthétiques utiles. Compte-tenu de 

la diversité des radicaux qui peuvent être générés par des méthodes électrochimiques et photochi-

miques, et de la polyvalence de la fonctionnalisation catalysée par le cuivre des carboradicaux, nous 

pensons que cette combinaison a un potentiel beaucoup plus vaste que ces trois réactions. 

Mots-clés 
 

Electrocatalyse, catalyse au cuivre, radicaux amidyle, cyclisation aza-Wacker, photocatalyse, alcènes 

non-activés, amination oxydative, réaction de couplage, réactifs polyfluoroaryl zinc, acides alkylcar-

boxyliques, esters de NHPI. 
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Abreviations 
 

 

1,10-phen 1,10-phenanthroline 

1,4-CHD 1,4-cyclohexanediene 

4CzIPN 

 

ATRA Atom transfer radical addition 

ATRP Atom transfer radical polymerization 

BDE Bond dissociation energy 

Boc tert-Butyloxycarbonyl 

bpy Bipyridine 

Bz Benzoyl 

Cl4NHPI N-hydroxyl- tetrachlorophthalimide 

CV Cyclic voltammetry 

DCE 1,2-dichloroethane 

DCM dichloromethane 

dFCF3ppy 

 



Abreviations 

viii 

dFppy 

 

DMA N,N-dimethylacetamide 

DMAP 4-Dimethylaminopyridine 

DME 1,2-dimethoxyethane 

DMP oxidant Dess–Martin periodinane 

DMPU 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

DMSO dimethylsulfoxide 

dOMebpy 4,4'-dimethoxybipyridine 

dtbbpy 4,4'-di-tert-butylbipyridine 

DTBP di-tert-butyl peroxide 

EWG Electron withdrawing group 

Fc Ferrocene 

HAT Hydrogen atom transfer 

HOMO Highest occupied orbital 

LUMO Lowest unoccupied orbital 

NBS N-Bromosuccinimide 

NCR Nitrogen centred radical 

NCS N-Chlorosuccinimide 

NFSI N-Fluorobenzenesulfonimide 

NHC N-heterocyclic carbene 

NHP 

 

NHPI N-hydroxylphthalimide 

OPC Organic photocatalyst 

PCET Proton coupled electron transfer 

Piv Pivaloyl 



Abreviations 

ix 

ppy 

 

RAE Redox active ester 

RVC Reticulated Vitreous Carbon 

SCE Saturated calomel electrode 

SOMO Singly occupied molecular orbital 

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

TMS trimethylsilyl 

Troc 2,2,2-Trichloroethoxycarbonyl 

Ts p-Toluenesulfonyl 

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
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 Introoduction 

1.1 General 

Organic radicals are highly reactive species with an unpaired electron. In the past, they used 

to be considered as unpredictable and prone to form complex mixture as products. Beginning in the 

1980s, substantial contributions have been made by Barton, Curran, Beckwith and others on the 

methods for radical generation, the kinetic understanding of radical reactions and the applications 

of radicals for C-C bond formation.[1] Today, the reactivity of radicals has been much better under-

stood and the radical reaction becomes a routine tool to develop new organic reactions and to de-

sign synthetic routes to complex organic compounds. [2-4] 

In most cases, organic radicals have a solution lifetime of less than 1 microsecond. They are 

so reactive that they react with most types of organic molecules. [1,5] The organic radicals can add to 

unsaturated bonds such as C=C bonds, C≡C bonds and arenes. They can abstract atoms and groups 

including hydrogen and halogen. They can couple with another radical. They can be oxidized or re-

duced. Last but not least, they can react with metal complexes leading to various outcomes. Com-

pared to organic cation and anion intermediates, radicals are not sensitive to polar functional 

groups, which renders them advantageous in the construction of pharmaceuticals and natural prod-

ucts. An elegant example is displayed in the synthetic route to berkeleyone A (Scheme 1.1), show-

casing the application of radical reaction in building up molecular complexity.[6] This reaction utilized 

TiIII to induce the epoxyl to form a carboradical, which then consecutively cyclized to form 3 new 

rings before the final quench via hydrogen transfer. This cascade process would otherwise be com-

plicated without the radical approach. 

 

Scheme 1.1 Application of radical reaction for the construction of berkeleyone A. 



Chapter 3 Intermolecular oxidative amination of unactivated alkenes by dual photoredox and copper catalysis 

14 

From the point of view of energy, a typical radical reaction is thermodynamically downhill 

along the reaction path with low barriers (Scheme 1.2a). [7] This means that the initial radicals are 

usually high energy species which could not be easily generated from stable functional groups. How-

ever, the developments of photochemistry and electrochemistry have greatly facilitated radical gen-

eration, because they can input photoenergy or electric energy into the system, so that radical for-

mation becomes thermodynamically favorable. Take photocatalysis as an example (Scheme 1.2b): 

The absorption of light by the photocatalyst (PC) raises the energy level of the system, which enables 

the electron transfer between substrate and PC to give the radical species. Electrochemistry, on the 

other hand, enables radical generation by applying certain electric potentials. Substrates go through 

single-electron oxidation or reduction when a sufficiently positive or negative potential is applied. 

These methods are able to transform ubiquitous stable functional groups into active radical species 

and thus have tremendously enriched the existing radical chemistry. 

hv

 
Scheme 1.2 a) An efficient radical reaction requires an initial radical of high energy level. b) The energy of photon facil-

itates the generation of reactive radical species. 
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1.2 Photochemistry for the generation of radicals 

Photoredox catalysis has become a vibrant field of research in synthetic organic chemistry 

since the pioneering work of McMillan and co-workers.[8] As mentioned in Section 1.1, this method 

incorporates photoenergy into the reaction system to facilitate the generation of reactive radicals. 

Understanding how photocatalysis occurs on a mechanistic level would greatly help the design and 

implementation of photocatalytic reactions. [9-11] 

Ru(bpy)3
2+ is one of the most prevalent photocatalyst, the working mechanism of which has 

now been well investigated (Scheme 1.3). [9, 10] By the absorption of visible light, one electron in a 

metal-centered t2g orbital can transfer to a ligand-centred π* orbital. Then, vibrational relaxation 

and intersystem crossing lead to a triplet state (T1), which has a relatively long lifetime. The photo-

catalyst in T1 has a SOMO of high energy and a SOMO of low energy. When interacting with sub-

strates, the excited Ru complex can transfer one electron from the high-energy π* orbital to sub-

strates, which makes it a good reductant with E[RuIII(bpy)3 /RuII(bpy)3*] = -0.81 V (vs SCE, saturated 

calomel electrode). Besides, it can also obtain one electron from substrates into the low-energy t2g 

orbital, which makes it, in the meantime, a good oxidant with E[RuII(bpy)3*] /RuI(bpy)3] = 0.77 V. 

eg*

π*

t2g

 

Scheme 1.3 Orbital description of RuII(bpy)3 photochemistry. 
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In order to make the reaction catalytic, the Ru complex needs to return to the original form 

of RuII(bpy)3 to keep circulating during the reaction (Scheme 1.4). For example, if the excited 

RuII(bpy)3  begins the reaction by oxidizing a substrate (referred to as reductive quenching of the 

photocatalyst), RuI(bpy)3  would be generated. Then, RuI(bpy)3  will need to be somehow oxidized 

back to RuII(bpy)3 . Therefore, the potentials of E[RuII(bpy)3* /RuI(bpy)3] and E[RuII(bpy)3 /RuI(bpy)3] 

are an important pair of parameters that we need to consider for the design of a photocatalytic 

reaction. In a plausible catalytic cycle, there should be suitable reductive species that matches the 

potential of reductive quenching and there should also be oxidative spicies that matches the poten-

tial of catalyst regeneration. Alternatively, if the excited RuII(bpy)3  begins the reaction by reducing 

a substrate, the process would be an oxidative quenching. In this case, the potentials of 

E[RuII(bpy)3*/RuIII(bpy)3] and E[RuIII(bpy)3 /RuII(bpy)3] would be important values of reference so as 

to fit the photocatalyst into a catalytic reaction.  

 

Scheme 1.4 Reductive quenching and oxidative quenching of the excited RuII(bpy)3. 

Besides Ruthenium complexes, there are many other compounds that can serve as photo-

catalysts including Iridium complexes, organic compounds such as 4CzIPN[12] and Acridinium. [13] 

These photocatalysts feature different potential values, and thus they can be used for different 

types of reaction system (Table 1.1). Ir(ppy)3, for example, have a very negative value of E[IrIII(ppy)3* 

/IrII(ppy)3] ( -1.73 V), while E[IrIV(ppy)3 /IrIII(ppy)3*]  is only 0.31 V. This means that Ir(ppy)3 is more 

likely to activate a substrate in a reductive manner and less likely in an oxidative manner.[14] For 

example, they are usually used to reduce N-N or N-O containing reagents to give N-centered radi-

cals.[15] The excited 4CzIPN has both impressive oxidation potential (1.04 V) and reductive potential 

(-1.35 V) of the excited state, making it competent for both oxidative and reductive activation of 
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substrates.[12]   In contrast, the excited 9-mesityl-10-methylacridin-10-ium is better in the photoox-

idation of substrates with an oxidation potential of 2.18 V. It is even eligible to oxidize unactivated 

alkenes into radical cations when can then be subjected to the reaction with various nucleo-

philes.[16,17]   

Table 1.1 Redox potentials of selected photocatalysts. 
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1.3 Electrochemistry for the generation of radicals 

Since 2000, electrochemistry has witnessed a renaissance for its application in organic syn-

thesis. [18-20]   Compared to photochemistry, electrochemistry activates substrates in a different man-

ner. It uses an applied potential to control the oxidation or reduction of the substrates for the gen-

eration of radicals. In Bard's book, the potential of electrode is referred to as a descriptor of the 

energy level of electrons on the electrode.[21]   Higher potential of the electrode means a lower 

energy level of electrons on the electrode, and thus it has a strong tendency to obtain electrons 

from the substrates in solution. The energy diagram in Scheme 1.5 could describe how oxidation 

and reduction happen on the electrode. When the electronic energy level lies between the HOMO 

and LUMO of the substrate (A) in solution (Scheme 1.5 middle), the system is stable and no electron 

transfer occurs. When potential rising drives the electronic energy level to go below the HOMO of 

A (Scheme 1.5 left), the electron of A would be able to transfer to the electrode. Thus, an oxidation 

current could be observed. On the other hand, when potential declining drives the electronic energy 

level to go above the LUMO of A (Scheme 1.5 right), the electron transfer from electrode to A would 

be thermodynamically favorable. Thus, a reductive current could be observed. 

 

Scheme 1.5 Energy diagram of oxidation and reduction process on electrode. 

All the organic compounds have their feature potential values, which means that at a certain 

potential they will have electron transfer with the electrode to give radicals (scheme 1.6). [22]    Sub-

strates including sulfonyl chlorides, aryl aldehydes and ketones, alkyl and aryl halides, etc. could be 

reduced on electrode for the generation of radicals or radical anions. Amines, styrenes, carbox-

ylates, etc. could be oxidized on electrode for the generation of radicals and radical cations. Even 
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for saturated hydrocarbons which has an ultra high oxidation potential, people have devised the 

strategy of mediators to enable their conversion to radicals. [23-25]     

There are several advantages of using electrochemistry for organic reactions. [26] First, 

chemoselectivity could be well controlled by the adjustable potential.  In photochemistry or con-

ventional redox chemistry, however, the redox potential for excited photocatayst or redox reagents 

can not be adjusted in an easy and consecutive manner.  Second, the rate of electrochemical reac-

tions can be determined by the reaction current, providing another handle to control the reaction. 

Besides, electrochemistry not only provides an alternative for conventional oxidants and reductants, 

it also enables new reactivity that can hardly be achieved so far by directly using oxidants and re-

ductants. For example, the electrochemical oxidation on Platinum electrode enables decarboxyla-

tive coupling of two alkyl carboxylic acids (Kolbe reaction, Scheme 1.7). [27] The reaction occurs via 

the coupling of two alkyl radicals, which is extremely challenging in bulk solution because the prob-

ability of two short-life radicals colliding each other is very low. However, electrochemical reactions 

are not homogenous reactions. The reactions take place mostly on the surface of the electrode and 

in the double electrical double layer. [28] The limited space increases the chance of transient radicals 

to meet each other, and this could be the reason for the successful radical-radical coupling in Kolbe 

reaction. This feature of electrochemistry should be borne in mind when we develop an electroor-

ganic reaction: despite the advantage, it could also impede the active radicals to react with reactants 

in the bulk solution. 

 

Scheme 1.6 Oxidation and reduction potentials for different categories of organic compounds. 
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Scheme 1.7 Kolbe oxidation of carboxylic acid. 
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1.4  Addition of N-centered radicals to alkenes. 

The construction of C-N bond has always been a fundamental area for organic synthesis be-

cause of the ubiquity of nitrogen-containing compounds in natural products, pharmaceuticals and 

many other fields. [29,30]  To form a C-N bond from easily available alkenes, most methods so far 

employ the nucleophilicity of the N atom.[29-31] One of the important reactions for this purpose is 

aza-Wacker reaction, in which palladium is used to activate alkenes and facilitate the attack of N-

nucleophiles to the alkenes.[32-33] Addition of N-centered radicals to alkenes is an alternative ap-

proach.[31,34]  These highly reactive species provide great opportunities in the assembly of C-N bonds 

with different retrosynthetic disconnections, distinctive reaction selectivity and good tolerance of 

functional groups. The lack of convenient routes to generating N-centered radicals used to be a 

major barricade hindering this field.[35] Recently, the rapid development in photochemistry and elec-

trochemistry have created many convenient and efficient approaches for the generation of N-cen-

tered radicals.[31,36]   With these methods, numerous amination reactions for alkenes have been dis-

covered based on the addition of N-centered radicals. 

1.4.1 A brief introduction to N-centered radicals 

N-centered radicals could be divided into different categories based on the hybridization of 

nitrogen and the substitutions on the nitrogen (Scheme 1.8a) and they could have different reactiv-

ities.[31]  Aminyl radicals are nucleophilic radicals. They have weak capability for hydrogen abstrac-

tion and are usually not reactive for addition to alkenes or arenes.[35,37]  However, they are reported 

to add to transition metal catalyst for C-N formation in some cases. [38,39]   Iminyl radicals are am-

biphilic radials. They readily undergo intramolecular addition to alkenes and intramolecular hydro-

gen abstraction. [31] In contrast, amidyl, imidyl, sulfonamidyl and sulfonimidyl radicals are all elec-

trophilic radicals, and they are highly reactive for hydrogen abstraction and addition to alkenes as 

well as arenes, enabling not only intramolecular reactions but also intermolecular reactions. [31,35] 

Recently, aminium radicals have attracted considerable attention.[40] By simply protonating the ami-

nyl radical, the philicity could be totally reversed. Aminium radicals are highly electrophilic, and has 

reactivities more similar to those of amidyl radicals. [41]   

In order to generate N-centered radicals, both single electron oxidation and reduction could 

be applied, depending on the type of precursors that are used (Scheme 1.8b). N-X reagents, e.g. 1-

16 and 1-17, are the most traditional and prevalent precursors for N-centered radicals. [42, 43]   Upon 
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reduction, the more electronegative halogen would leave as an anion and thus a N radical could be 

obtained. This process occurs quite readily even with CuI, which is a weak reductant. [44, 45]    Photo-

reduction is not required in most cases. The N-O reagents (e.g. 1-18 and 1-19) [31] and N-N regents 

(e.g. 1-20) [46] have been widely used for photochemical generation of N-centered radicals, since the 

seminal work of Sanford with the N-acyloxyphthalimides 1-18. [47] One thing that needs special at-

tention is that the leaving part needs to be enough electron-deficient. In the case of 1-18, for exam-

ple, if the Ar- is replaced by alkyl, the nitrogen part would become phthalimide anion instead of 

corresponding N radical upon photoreduction.  

Oxidation for N-centered radical generation is relatively more challenging because the oxi-

dation potential for the N-H precursors of electrophilic N radicals are usually very high.[48] To solve 

this problem, Knowles and co-workers combined a strongly oxidizing photocatalyst and a proper 

base to effect a proton-coupled electron transfer (PCET) process for the generation of amidyl or 

sulfonamidyl radicals. The Studer group and the Leonori group successful circumvented this prob-

lem by using α-amino-oxy acids, which provides a more facile and general way to afford amidyl or 

iminyl radicals. [31] Oxidation of the acid leads to a carboxylic radical, which subsequently extrudes a 

carbondioxide and an acetone to get the N-centered radical. 

 

Scheme 1.8 a) different N-centered radicals and their philicity. b) Various precursors leading to N-centered radicals via 

either oxidation or reduction. 
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1.4.2 Intramolecular cyclization 

Cylization of N-centered radicals to alkenes provides an efficient approach to constructing 

N-containing rings.[35,49,50] Compared to analogous cyclization of carboradicals, the 5-exo-trig cycliza-

tion of N radicals, such as iminyl radicals and amidyl radicals, is much faster kinetically, and readily 

forms 5-member rings.[51] After the cyclization, a new carboradical would be obtained, which can 

react with hydrogen donners, SOMOphiles or transition metals to give the final products.  

1.4.2.1 Electrochemical oxidation of N-H for cyclization 

With N-arylamide 1-24 as substrate, Xu and co-workers realized an elegant intramolecular 

hydroamidation reaction via electrochemical oxidation (Scheme 1.9a).[52] The aryl substituent was 

necessary in order to have a relatively low oxidation potential of the amide. The addition of base 

could further facilitate the oxidation of N-H by assisting deprotonation. After a 5-exo-trig cyclization 

of amidyl radical to alkene, a carboradical would be formed which could abstract a hydrogen to form 

the final product 1-25. The addition of 5 eq. of 1,4-CHD (cylcohexadiene) could substantially improve 

the reaction yield, which also verified the importance of hydrogen atom transfer (HAT) for the prod-

uct formation. In a following work, the substrate with an additional pendant double bond 1-26 was 

tested (Scheme 1.9b).[53] Rather than a HAT of the carboradical, the 7-endo-trig cyclization to the 

second double bond was preferred. Then, a final HAT led to the bicyclic product 1-27. 

Besides HAT process, it is possible for the carboradical from 1-28 to be further oxidized.[54, 

55] The loss of proton in the following step could forge a new double bond (Scheme 1.9c).[55] This 

strategy enabled the formation of diverse trisubstituted and tetrasubstituted double bonds linking 

to N-containing 5-member rings, which is difficult to achieve with the Pd-mediated aza-Wacker pro-

cess. The mechanism of this electrooxidation process is shown in Scheme 1.10. Initially, 1-28 under-

goes single electron oxidation and deprotonation to give an amidyl radical 1-30, which cyclizes to 

afford the carboradical 1-31. Then, the second oxidation step takes place leading to the carbocation 

1-32. By deprotonation, the final product 1-29 could be obtained. There are two key points for the 

success of this reaction. First, the oxidation of 1-31 required the carboradical to be tertiary radical, 

which would lead to a much more stable tertiary carbocation (compared to secondary carbocation). 

Second, a careful selection of solvents and elevated temperature were necessary to guarantee the 

selectivity for the final elimination step. Otherwise, the addition of nucleophiles to the carbocation 

1-32 could lower the reaction efficiency. 
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Scheme 1.9 Electrochemcial oxidation of N-H for N radical cyclization. 

 

Scheme 1.10 The proposed mechanism for the electrochemical oxidative amination. 
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1.4.2.2 Photochemical oxidation of N-H 

The same base-assisted N-H oxidation could also be realized with photochemical oxidation. 

Using Ir(dFCF3ppy)2(bpy) PF6 as photocatalyst and NBu4OP(O)(OBu)2 as base, Knowles and co-work-

ers generated N-radicals from the oxidation of N-H bonds in amides, ureas, carbamates, and thio-

carbamates 1-33 (Scheme 1.11a).[56, 57]  Thiophenol was used as a co-catalyst which can transfer a 

hydrogen to the carboradical formed from amidyl radical cyclization, and thus the hydroamidation 

product 1-34 could be obtained. [56] The generated phenylthiyl radical will be reduced by IrII to recy-

cle the thiophenol and IrIII photocatalyst at the same time. In a sulfonamide without N-aryl substi-

tution, the N-H bond has a higher oxidation potential and thus it is more challenging as a source for 

N-radicals.[58] By using a more oxidizing photocatalyst Ir(dFCF3ppy)2(5,5'-dCF3bpy) PF6, the sulphon-

amide substrate 1-35 could be successfully converted to N-radicals for the formation of the hy-

drosulfonamidation product 1-36 (Scheme 1.11b). Notably, when a photocatalyst with a lower oxi-

dation potential was used, an obvious decline in reaction yield would be observed. 

To increase the complexity of the product, some SOMOphiles were utilized for the capture 

of the carboraidcal intermediate after cyclization. The Knowles group used electron-deficient al-

kenes, such as acrylates, acrylonitriles and alkenyl ketones, to form diverse heterocyclic products 1-

39 (Scheme 1.11c).[57] The Rueping group used akynyl sulfone 1-41 as SOMOphile, which can be 

added by the carboradicals.[59] Then, the extrusion of a sulfonyl radical would lead to the alkynyla-

tion product 1-42 (Scheme 1.11d). The installation of a triple bond provide a handle for subsequent 

potential derivatizations. 

In 2019, the Molander group disclosed a novel photoredox PCET/Ni dual catalytic strategy to 

functionalize the carboradical from amidyl radical cyclization (Scheme 1.12).[60] Instead of directly 

quenching the active amidyl radical, the Ni species preferred a combination with carboradical to 

effect the arylation reaction with aryl bromide. In the proposed mechanism (Scheme 1.12 bottom), 

the reaction starts with a photochemical oxidation followed by cyclization to give carboradical 1-46. 

Ni0 was proposed to be the intermediate that captures 1-46 to form NiI species 1-47, which can be 

oxidatively added by aryl bromide. Then, the obtained NiIII species 1-48 readily undergoes reductive 

elimination to give the amidoarylation product 1-44. Finally, the NiI-Br acts as an oxidant for IrII to 

enable the regeneration of the photocatalyst. 
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Scheme 1.11 Photochemcial oxidation of N-H for N-radical cyclization. 

1.4.2.3 Photochemical induced cleavage of N-O bond. 

Because of the low bond energy of  N-O bond (BDE ca. 50 kcal/mol), the use of precursors 

containing N-O bond for the generation of N-centered radicals, although less step- and atom-eco-

nomic, is an easier and more general approach compared to direct oxidation of N-H (BDE ca. 100 

kcal/mol).[31] Leonori and co-workers developed intramolecular hydroamination reactions using the 

O-2,4-dinitrophenyl precursors.[61, 62] Under radiation, the excited eosin Y can reduce the N-O bond 

in 1-49 for the generation of an iminyl radical, which can then undergo cyclization and HAT to give 

1-50 (Scheme 1.13a). [61] Notably, stoichiometric amount of 1,4-CHD was required as hydrogen don-

ner to ensure the redox neutrality, in contrast to catalytic amount of thiophenol as hydrogen donner 

in the reaction of Scheme 1.11a. Yu and co-workers used an O-4-trifluoromethylbenzoyl precursor 

1-51, which also successfully led to iminyl radical upon photoreduction by excited Ir catalyst 

(Scheme 1.13b).[63] Alkenyl boronic acids were utilized to capture the carboradicals for the alkenyl-

ation reaction. The interaction between the boronic acid with the nitrogen atom was disclosed to 

contribute to an excellent diastereoselectivity for this reaction. 
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Scheme 1.12 Photoredox PCET/Ni dual catalysis for intramolecular amidoarylation of alkenes. 

α-Imino-oxy acids 1-53 were applied, independently by the Studer group and the Leonori 

group, for the oxidative generation of iminyl radicals. [64, 65]  Though more complicated in terms of 

preparation compared to 1-49 or 1-51, α-Imino-oxy acids enable the use of oxidative SOMOphiles 

which are more diverse (e.g. electron-deficient C=C, N=N, N=O and hypervalent iodine). 1-49 and 1-

51, however, require the use of reductive SOMOphiles which are scarce (e.g. alkenyl boronic acid in 

Scheme 1.13b). This is well demonstrated by Leonori and co-workers in the reaction in 1.13c. By 

using various oxidative SOMOphiles, they realized diversified functionalization of the carboradical 

intermediates to form C-C, C-X, C-N, C-S and C-Se bonds.[65] 
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Scheme 1.13 Photochemical induced cleavage of N-O bond for N-radial cyclization. 

1.4.3 Addition to activated alkenes  

In addition to intramolecular reactions, the electrophilic N-radicals have shown their capa-

bility for intermolecular addition to activated alkenes.[34,66,67] After the N-radical addition, a rela-

tively stable carboradical could be obtained, which is stabilized by the conjugation with arenes, un-

saturated bonds or heteroatoms. The carboradical could then be subjected to many subsequent 

process, such as single electron oxidation and addition to metal complex, to realize amino difunc-

tionalization of alkenes. 

In 2015, Akita and co-workers applied N-protected 1-aminopyridium salts for the generation 

of sulfonamidyl radicals with Ir(ppy)3 as photocatalyst (Scheme 1.14a).[68] A set of α-amino-alcohol 

derivatives 1-57 were synthesized from styrenes. This reaction took advantage of the addition of 

sulfonamidyl radicals to styrenes (Scheme 1.15), and then the formed benzyl radical 1-60 could be 

oxidized by IrIV to give a benzyl carbocation 1-61. Notably, an aryl substitution is indispensable for 

this step, because it facilitates the oxidation of the radical by stabilizing the positive charge in the 
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product. Later, water acted as a quencher for the cation 1-61 to realize the aminohydroxylation 

process. Following this work, many difunctionalizations were realized by quenching the carbocation 

with other nucleophiles, such as chloride, fluoride,[69] acetone and acetonitrile.[70] With DCM as sol-

vent, the carbocations could also be trapped intramolacularly by the sulfonamide group for the for-

mation of arziridines.[71] 

Recently, this strategy was successfully applied to dienes by the Zhu Group (Scheme 

1.14b).[72] The allyl carboradical intermediates could also be oxidized by Ir(ppy)3
+ to an allylic carbo-

cation, which was then trapped by TMS-NCS. A selective 1,2-diamination of 1,3-dienes was realized 

with the introduction of two orthogonally protected amino groups. 

Apart from direct oxidation, copper catalyst was also used to mediate the transformation of 

the carboradical (Scheme 1.14c).[73] Zhang and co-workers used NFSI as a precursor which, upon 

reduction by CuI, generates a highly active imidyl radical that readily adds to styrenes. A cyano group 

could then transfer to the obtained carboradical with the assistance of copper catalyst. With this 

reaction, styrenes can be converted to synthetically useful N-protected β-amino nitriles 1-67. One 

advantage of using metal catalysis in the possibility to control the stereochemistry. The Liu group 

later developed an enantioselective version of this reaction with a bisoxazoline ligand L1 instead of 

1,10-phenanthroline.[74] 

The enantioselective copper catalysis could be extended for the arylation of the carboradi-

cals to effect aminoarylation of styrenes (Scheme 1.14d).[75] The reaction process is displayed in 

Scheme 1.16. The sulfonamidyl radical 1-71 was generated by the reduction of 1-68 with CuI. Then, 

addition to styrenes led to benzyl radicals 1-72. Aryl group was transferred from the chiral CuII cat-

alyst to 1-72 to form the aminoarylation product 1-70. NFSI was not a good precursor of N-radicals 

in this reaction because of the mismatch of reaction rates of the different steps. A computational 

study showed that the imidyl radical from NFSI could add to styrene barely with energy barrier, 

while amidyl radical 1-71 from precursor 1-68 adds to styrenes with a barrier of around 15 kcal/mol. 

The transmetalation process of arylboronic acids is also relatively slow, which matches better with 

a slower N-radical addition process of 1-71. 
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Scheme 1.14 N-radical addition to activated alkenes for aminodifunctionalization reactions. 

1.4.4 Addition to unactivated alkenes  

Compared to the addition to activated alkenes, the addition of N-radicals to unactivated al-

kenes leads to more active carboradicals with shorter lifetime. As a result, the selective trapping of 

the carboradicals is more difficult, and the functionalization of unactivated alkenes via N-radical 

addition remains largely underdeveloped. As early as in 1978, it was discovered that N-halogen im-

ides 1-73 (e.g. NBS, NCS) could react with alkenes using photoinitiation (Scheme 1.17a).[76] The rad-

ical chain process led to the aminohalogenation product 1-75 in moderate yields. The key of success 

for this reaction is the weak N-X bond which allows easy homolysis for imidyl radical formation, and 
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the facility of halogen transfer from N-X bond to carboradical. This strategy has barely been success-

ful for other reagents containing N-H, N-C, N-O, N-N or N-F bond, because these bonds are either 

too strong for homolysis, or they can't act as an efficient group transfer reagent to the carboradicals. 

 

Scheme 1.15 The proposed mechanism of photochemical aminohydroxylation of styrenes. 

 

Scheme 1.16 The proposed mechanism of Cu-catalyzed enantioselective aminoarylation of styrenes. 
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To realize aminohydrogenation via radical chain pathway, Studer and coworkers devised N-

aminated dihydropyridines 1-76 (Scheme 1.17b).[77] By hydrogen abstraction on the methylene in 1-

76, a carbon radical is generated and then aromatization occurs to form a pyridine and releases a 

Boc-protected N radical, which readily adds to alkenes. The thiophenol acts as a hydrogen transfer 

catalyst, which gives the hydrogen to the carboradical from the previous step and then is regener-

ated by abstracting a hydrogen from 1-76. Knowles and co-workers adopted photochemical PCET 

strategy to realize the intermolecular aminohydrogenation with sulfonamides.[58] In their reaction 

thiophenol was also used as a hydrogen donner to quench the carboradicals. Recently, another ef-

fective radical chain was reported using a combination of N-hydroxyphthalimide with P(OEt)3. N-

hydroxyphthalimide acted as the hydrogen transfer reagent.[78] 

In 2019, Feng and co-workers achieved a radical aminocarbonation of unactivated alkenes 

with N-alkenoxyphthalimide 1-79 (Scheme 1.17c).[79] Although with Iridium photocatalyst, this re-

action is likely to be a photoinitiated radical chain process instead of a photocatalytic process 

(Scheme 1.18). Energy transfer from the excited photocatalyst can activate 1-79 for the generation 

of imidyl radical 1-82. The imidyl radical adds to unactivated alkene 1-80, and then reacts with an-

other molecule of 1-79. The obtained intermediate 1-84 undergoes fragmentation forms the prod-

uct 1-81. An imidyl radical was released in the meantime to continue the radical chain. 

A few other SOMOphiles were successfully applied to intercept the carboradical intermedi-

ates from unactivated alkenes. The Studer group used α-amino-oxy acids 1-85 for the photooxida-

tive generation of Troc-protect N-radical (Scheme. 17d).[80] The carboradicals from N-radical addi-

tion to alkenes was successfully trapped by Select-Fluor for the aminofluorination reaction. Trapping 

with electron-deficient alkenes [81] and hypervalent iodine reagents [82] were also reported based on 

the same system to realize the alkylation, alkynylation, alkenylation and cyanation. 

The strategy of trapping the carboradical with a metal catalyst is highly underdeveloped so 

far. Li and co-workers reported the only reaction that combines transition metal catalysis with N-

radical addition to unactivated alkenes.[83] NFSI was used together with the bis(trifluoromethyl)zinc 

reagent 1-89 to effect an aminotrifluoromethylation reaction (Scheme 1.17e). The reaction mecha-

nism is analogous to that in Scheme 1.16. Interestingly, the copper-catalysed cynation and arylation, 

which were achieved with activated alkenes (Scheme 1.14d&e), have not been realized so far with 

unactivated alkenes. 
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Scheme. 1.17 N-radical addition to unactivated alkenes for aminodifunctionalization reactions. 

 

Scheme. 1.18 Proposed mechanism for the aminocarbonation of unactivated alkenes with N-alkenoxyphthalimide. 
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1.5 N-hydroxyphthalimide esters as a source of alkyl radicals 

Alkyl carboxylic acids are stable, highly naturally occurring organic compounds. They are usu-

ally less expensive and toxic compared with the alkyl halide analogues, and have attracted numer-

ous interests in using them in coupling reactions.[84] However, because of their stability, the decar-

boxylative activation of the acids is not easy. Oxidation of the carboxylates offers one attractive 

solution, which converts carboxylates into alkyl radicals via decarboxylation of carboxylic radicals. 

[85, 86] Strong oxidants or oxidizing excited state of photocatalysts [87, 88] can be used to enable this 

conversion. Preformation of redox active esters (RAE) plus single-electron reduction represents an-

other solution which generates alkyl radicals in a milder and more controllable manner. In 1988, 

Oda and co-workers first demonstrated that the bench-stable N-hydroxyphthalimide (NHPI) esters 

could readily generate alkyl radicals via photoreduction and then decarbooxylation.[89] In the 2010s, 

due to the contribution of many research groups including Fu and Baran, the NHPI esters have be-

come more and more prevalent in the development of coupling reactions. 

1.5.1 Direct reduction 

The NHPI esters could be reduced directly by reductive intermediates to effect coupling re-

actions. In 2019, Ohmiya and co-workers reported an elegant procedure for coupling NHPI esters 

with aryl aldehydes (Scheme 1.19a).[90] NHC carbene N1 was used as a catalyst which can form Bres-

low intermediate with aldehydes 1-91. After deprotonation, the Breslow intermediate becomes 

very reducing (-0.95 ~ -0.97 V vs SCE), and can reduce the NHPI ester 1-92 to give an alkyl radical. 

Based on a radical-radical coupling, a set of hindered arylalkylketones 1-93 could be obtained as 

products.  

Compared to pure organic reductants, low-valent transition metal intermediates are more 

widely applied for the reduction of NHPI esters. The Baran group has developed a series of Ni-cata-

lyzed coupling reactions based on NHPI esters, including sp3-sp, sp3-sp2, sp3-sp3 C-C coupling and 

also C-B coupling.[91-94] In these reactions low-valent Nickel reduces NHPI ester for the formation of 

alkyl radicals. For example, in the alkyl-aryl coupling in Scheme 1.19b, the NiI-Ar was considered to 

act as the reductant.[92] 

In a rare case, the low-valent Cu was reported to reduce the NHPI esters to achieve the 

difluoromethylation of alkyls (Scheme 1.19c).[95] After ligand transfer from the zinc reagent, CuI-

CHF2 is formed which is reductive enough to transfer an electron to Cl4NHPI ester 1-96 (Scheme 



Chapter 3 Intermolecular oxidative amination of unactivated alkenes by dual photoredox and copper catalysis 

35 

1.20). The generated alkyl radical 1-99 will combine with the CuII-CHF2 species to form a CuIII inter-

mediate. Reductive elimination from CuIII delivers the difluoromethylated products 1-97. Notably, 

this reaction clearly showed a boundary for the reduction of NHPI esters (Scheme 1.20 right bot-

tom). Using a less electron-rich trifluoromethyl zinc reagent would disable the reaction to happen. 

On the other hand, using a less electron-deficient NHPI ester 1-94 would also disable the reduction 

by CuI-CHF2. This indispensable match between the redox potentials of substrates brings an obvious 

restriction for developing the coupling reactions of NHPI esters. 

 

Scheme 1.19 Direct reduction of NHPI ester for coupling reactions. 
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Scheme 1.20 The proposed mechanism of Cu-catalyzed difluoromethylation of NHPI esters. 

1.5.2 Photoreduction 

The introduction of photo catalysis to the reaction system can well resolve the problem 

above. The use of excited photocatalyst for the reduction of NHPI esters could relieve other reagents 

from the role of reductant, and thus enables more diverse reagents to couple with NHPI esters. In 

2017, our group reported a decarboxylative C(sp3)-N cross coupling via dual photoredox and copper 

catalysis (Scheme 1.21).[96] Various primary anilines 1-102 were coupled to NHPI esters 1-101 under 

mild conditions with good tolerance for functional groups. Based on mechanistic experiments and 

DFT calculations, a plausible mechanism was proposed as shown in Scheme 1.21 (bottom). The re-

action starts by reducing 1-101 with the excited Ruthenium catalyst for the formation of alkyl radical 

1-105. Then, the radical can be trapped by the CuI-NH2-Ar complex 1-106 to give CuII intermediate 

1-107, which was further oxidized to CuIII by RuIII yet via the mediation of triethylamine. The electron 

shuttle role of triethylamine is based on DFT calculation which showed a lower energy barrier of the 

electron shuttle process compared to the direct oxidation. Finally, reductive elimination for CuIII 

intermediate forges the C-N bond. Without photocatalysis, this reaction could not be possible be-

cause the CuI-NH2-Ar complex 1-106 does not possess the ability to reduce 1-101. Based on the 

same strategy, our group also realized the coupling of NHPI esters to imines and phenols.[97,98] 
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Scheme 1.21 Proposed mechanism for dual photo- and copper-catalyzed coupling of NHPI esters with anilines. 

With the easier access to alkyl radicals by photoreduction, many reactivities of NHPI esters 

are unlocked. Many reactions have been disclosed based on the trapping of the alkyl radicals by a 

SOMOphile. For example, the seminal work of Oda and co-workers demonstrated the addition of 

the alkyl radical to electron-deficient alkenes (Scheme 1.22a).[99] This reaction is a good method to 

construct a new quaternary carbon center (in 1-111), which already found applications in total syn-

thesis.[100] The trapping by heterocycle is also possible.[101] By oxidative rearomatization following 

the radical addition, this reaction provides efficient methods for alkylation of heterocycles (Scheme 

1.22b). Recently, Doyle and co-workers showed another possibility with this radical intermediate. 

Through a direct oxidation by the oxidized photocatalyst, a carbocation was formed which is subse-

quently trapped by nucleophilic fluoride (Scheme 1.22c).[102] Tertiary carboradicals and other car-

boradicals with a stabilizing group (aryl or heteroatoms) could be well converted to alkyl fluorides 
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1-116. The efficiency of this reaction was also demonstrated by the installation of radioactive 18F on 

the NHPI esters. 

 

Scheme 1.22 Various reactions via alkyl radicals from the photoreduction of NHPI esters. 
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1.6 Copper-catalyzed functionalization of alkyl radicals 

Transition-metal catalysis creates numerous possibilities for the functionalization of alkyl 

radicals.[5,103,104] Over the years, many first-row transition metals have been applied for transfor-

mation of alkyl radicals into various products. Among these metals, copper has stood out as the 

most versatile catalyst, enabling the C(sp3) atom of the alkyl radical to connect to C(sp),C(sp2), C(sp3), 

N, O, S and halogen atoms.[105] As early as in 1960s, Prof. J. Kochi and co-workers input tremendous 

efforts for the study of oxidation of alkyl radicals by CuII metal salts.[106,107] This oxidation process in 

the presence of acetic acid generally led to two kinds of products: alkene and alkyl acetate. By de-

tailed kinetic analysis, they established a reaction model for the reaction (Scheme 1.23a).[106] First, 

alkyl radical adds to CuII to form CuIII-alkyl species, which is the rate determining step. Then, the 

acetate can assist the elimination of a β-hydrogen to give the alkene product, acid and CuI (oxidative 

elimination). In a competing process, heterolysis gives CuI and a carbocation, which can be captured 

by the acetate or acetic acid to form the alkyl acetate (oxidative substitution). Polar solvent and 

substituents that stabilize the positive charge would favor the oxidative substitution process. Oth-

erwise, oxidative elimination would predominate. Based on this chemistry, a lot of useful reactions 

were developed later on. In recent years, however, more and more reactions have been developed 

following the reaction mode in Scheme 1.23b.[105] By radical addition to CuII and then reductive elim-

ination from CuIII, chemical bonds including C-C, C-N, C-O and C-S bonds were successfully con-

structed from alkyl radicals. These reactions have generally shown very good tolerance for func-

tional groups. Compared to other transition metals like Ni and Pd, Cu catalysts hardly suffer from 

the side reaction of β-hydrogen elimination, unless certain ligands are intentionally used (e.g. car-

boxylate in the oxidative elimination process). 

 

Scheme 1.23 General mechanism for copper-mediated functionalization of alkyl radicals. 
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1.6.1 Oxidative elimination 

C=C bond is one of the most useful functional groups for organic synthesis because numer-

ous organic conversions are based on C=C bonds. In this regard, the Cu-catalyzed oxidative elimina-

tion is very important, because it transforms alkyl radicals, which can be generated in various man-

ners, into alkenes. Indeed, many synthetic methods for alkenes have been developed based on this 

old chemistry. 

In 2018, the Glorius utilized NHPI esters for the synthesis of alkenes via dual photo- and cop-

per catalysis (Scheme 1.24a).[108] The organic photocatalyst converts NHPI esters 1-117 into alkyl 

radicals under radiation. Then, the radicals are transformed into alkenes 1-118 by the Cu-catalyzed 

oxidative elimination. This method avoids the elevated temperature generally required by the ex-

isting methods and the isomerization problem (from terminal alkenes to internal alkenes) in the 

presence of transition metals. A wide range of inexpensive synthetic and biomass-derived carboxylic 

acids were applied in the reaction, showcasing good tolerance for functional groups. 

Xu and co-workers took advantage of the amidyl radical cyclization process to generate alkyl 

radicals.[109] With the incorporation of copper catalyst, the net result was the synthesis of a set of 

N-containing 5-member rings with pendant C=C bonds (Scheme 1.24b). Unfortunately, this reaction 

required a high reaction temperature (110 oC) and a strong Dess-Martin Periodinane to oxidize the 

N-H in 1-117 into an amidyl radical. In contrast, Bower and co-workers used N-acyloxyimine as a 

precursor for iminyl radical with copper catalysis under 100 oC (Scheme 1.24c).[110] Their reaction 

provided an efficient approach to cyclic imines with pendant C=C bonds (1-122). 

The trap of carboradicals generated by intermolecular radical addition is also possible with 

a copper catalyst for the oxidative elimination process. With different sources of trifluoromethyl 

radical, Liu, Wang and Buchwald respectively reported the copper-catalyzed allylic trifluoromethyl-

ation of unactivated alkenes.[111-113] For example, the Buchwald group used the Togni reagent 1-124 

as a source of trifluoromethyl radical to add to unactivated alkenes 1-123 (Scheme 1.24d).[111] The 

copper catalyst is bifunctional in this reaction, activating 1-124 to release the trifluoromethyl radical 

and also mediating the oxidative elimination for the formation of a new C=C bond. This method 

allows the efficient preparation of allyl-CF3 products that were difficult to access previously. Numer-

ous functional groups could be tolerated under the mild reaction conditions. 
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Scheme 1.24 copper-catalyzed oxidative elimination of alkyl radicals generated in various ways. 

In 2017, Dong and co-worker combined copper catalysis and addition of cyanoalkyl radicals 

to transform unactivated alkenes 1-126 into homoallylic nitriles 1-128 (Scheme 1.24e).[114] A plausi-

ble reaction mechanism was proposed (Scheme 1.25), involving multiple radical intermediates. First, 

the O-O bond of the peroxide (DTBP) is cleaved with CuI to obtain a tert-butoxy radical, which can 

then fragment into acetone and methyl radical. The methyl radical is an active nucleophilic radical 

which can abstract hydrogen from the nitrile 1-127 to form an electrophilic cyanoalkyl radical 1-129. 

The intermediate 1-129 readily adds to olefin to give a new carboradical 1-130, which then leads to 
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the final product 1-128 via oxidative elimination. Notably, γ,δ -unsaturated nitriles 1-128 were ex-

clusively obtained instead of β, γ-unsaturated nitriles. The coordination of cyano group to copper in 

1-131 was considered as the reason behind this selectivity. As illustrated in the structure, the coor-

dination makes the hydrogen H2 at β position not accessible to the copper catalyst and thus the 

elimination of H1 was privileged. 

 

Scheme 1.25 The proposed mechanism for copper catalysis synthesis of γ, δ -unsaturated nitriles. 

1.6.2 Oxidative substitution 

Apart from oxidative elimination, the copper-mediated oxidative substitution of alkyl radi-

cals is also used to construct useful reactions. This process requires the carboradicals which can lead 

to relatively stable cationic intermediates. [115, 116]  For example in Scheme 1.26a, Bao and co-workers 

also used the addition of cyanoalkyl radicals to olefins as in Scheme 1.24e.[115] However, after radical 

addition to styrenes 1-132, the obtained benzyl radicals could readily be oxidized by CuII to benzyl 

cation. Then, the Ritter reaction with acetonitrile led to the synthesis of γ–amino butyronitriles 1-

133. 

In 2019, Hull and co-workers reported an procedure which realized the oxidative substitution 

of unactivated alkyl radicals (Scheme 1.26b).[117] In their reaction, α-bromocarbonyl compounds 

were used to generate the electrophilic carbonylalkyl radicals, which can add to unactivated alkenes 
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to form 1-138. Although there are no strong stabilizing substituents adjacent to the radical, the car-

bonyl was believed to stabilize the carbocation by forming a cyclic oxonium intermediate 1-139. This 

enables a facile oxidation of 1-138 by the CuII. Then, 1-139 is quenched by an amine to finish this 

three-component assembly. This reaction is applicable to a broad scope of all the three reaction 

substrates. It works for both primary and secondary amines as nucleophiles, and it works also for 

activated alkenes in addition to unactivated alkenes. 

 

Scheme 1.26 copper-catalyzed oxidative substitution. 

1.6.3 Atom transfer 

Copper can mediate the formation of carbon-halogen bond through the atom transfer from 

CuII-X (X= Cl, Br, I) to the alkyl radical. This method uses stable and easily available halides as a source 

of halogen atoms instead of electrophilic halogen reagents such as NBS. Because of these features, 

copper has been widely used in atom transfer radical reactions (ATRA). [118, 119]  For example in 

Scheme 1.27a, copper was used to catalyze the addition of α-halonitriles to alkenes.[118] CuI abstracts 

a halogen atom from 1-141 to form CuII-X and a cyanoalkyl radical. After the addition of the cyanoal-

kyl radical to olefins, CuII-X quenches the formed alkyl radicals to obtain 1-142. 

This reactivity of copper has a more significant application in the scenario of atom transfer 

radical polymerization (ATRP, Scheme 1.27b).[120, 121] As was reported in the seminal work of the 

Matyjaszewski group, [120]  the Cu catalytic system delivered polystyrene with a narrow molecular 



Chapter 3 Intermolecular oxidative amination of unactivated alkenes by dual photoredox and copper catalysis 

44 

weight distribution Mw /Mn < 1.5. During the reaction, the molecular weight of the polymer in-

creased in a linear manner with the reaction time or reaction conversion, indicating a controlled / 

‘living’ radical polymerization process. The key reason contributing to the success of this reaction is 

the reversible initiation process, in which CuI abstract Cl from a resting polymer chain to form the 

alkyl radical (Scheme 1.27b, top). The equilibrium is in favor of termination instead of initiation, thus 

the concentration of alkyl radical can be maintained at a low level and homocoupling of radical can 

be greatly suppressed (Scheme 1.27b, bottom). For each polymer-chain radical, it is able to incor-

porate several styrene monomers before being ‘capped’ by CuII-Cl, and later the capped polymer-

chain can be activated by CuI and start incorporating monomers again. During the whole reaction 

course, one polymer-chain will be activated and deactivated multiple times, and in the end the num-

ber of monomers incorporated in one polymer-chain will be averaged statistically. This controlled 

radical polymerization process has be widely applied for synthesizing well-defined polymeric struc-

tures including block polymers. 

 

Scheme 1.27 Copper-catalyzed atom transfer reactions 

1.6.4 C(sp3)-O bond formation 

Following the previous work of allylic trifluoromethylation of alkenes (Scheme 1.24d), Buch-

wald and co-workers further developed an oxytrifluoromethylation protocol for the synthesis of CF3-

containing O-heterocycles (Scheme 1.28a).[122] After the addition of CF3 radical to the double bond, 

a carboradical could be formed. Then, the copper catalyst mediates the reaction of radical with the 
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intramolecular –OH for the formation of O-heterocycles, presumably via a CuIII intermediate. This 

reaction was successfully applied to alcohols, phenols and acids as nucleophiles for the construction 

of 3 or 5-member rings. β-Lactone was also accessible, yet with obviously less efficiency than α-

Lactones or γ-Lactones. Later, the enantioselective version of this reaction was reported with certain 

4-pantenoic acids for the construction of optically pure γ-lactones.[123] 

Intermolecular formation of C-O from alkyl radicals was also realized in many reactions with 

copper catalysis.[124] The seminal work in this regard was reported by Kharasch and Sosnovsky in 

1959. They showed that the allylic oxidation of alkenes, e.g. cyclohexene (Scheme 1.28b), could be 

catalyzed by CuBr using tert-butyl perester as oxidant.[125] Mechanistically, this reaction relied on 

the hydrogen abstraction by tert-butoxy radical to form an allylic radical. Then, copper mediated 

the construction of the C-O bond between the radical and nucleophilic benzoate. When an aliphatic 

acid was added to the reaction, the ester of this acid would be obtained instead of benzoate. Later 

in 1995, Pfaltz and co-workers discovered that the use of chiral bisoxazoline ligands in this system 

would lead to an enantioselective allylic oxidation reaction.[126] This discovery not only increased of 

the utility of the allylic oxidation process, but it also verified the role of copper catalyst for the for-

mation of C-O bond. 

In 2014, the Hartwig group reported that, using DTBP as oxidant, cyclohexane could be con-

verted to allylic ester 1-151 (Scheme 1.28c).[127] Detailed mechanistic studies were conducted for 

this reaction. Cyclohexene was considered as an intermediate obtained by sequential hydrogen ab-

straction by tert-butoxy radical and Cu-mediated oxidative elimination.  Then, tert-butoxy radical 

transforms cyclohexane into allyl radical, which combines CuII-O2CPh to give 1-151. Competition ex-

periments showed that the complex of CuII with more electron-rich carboxylate has a higher reac-

tion rate with allyl radicals, and that the reaction of CuII-amidate is generally faster than that of CuII-

benzoate. Unfortunately, this reaction did not work well for acyclic alkanes. 
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Schemes 1.28. Copper-catalyzed C-O formation with alkyl radicals 

1.6.5 C(sp3)-S bond formation 

Copper is also an effective catalyst promoting the C-S bond formation from alkyl radicals. In 

2015, Liu and co-workers reported a protocol for the trifluoromethylthiocyanation of styrenes 

(Scheme 1.29a).[128] The Togni reagent 1-153 was again used as a source of trifluoromethyl radical 

for the addition to styrenes. Then, a CuII-SCN species could trap the formed benzyl radicals to afford 

the final product 1-154. Interestingly, though trimethylsilyl isothiocyanide was used, the thiocya-

nides were exclusively obtained instead of isothiocyanides. This suggests that the copper catalyst 

possibly has a higher affinity to S than N in isothiocyanide anion. Later in 2020, the Studer group 

realized a copper-catalyzed benzylic C–H thiocyanation with NFSI as oxidant and also trimethylsilyl 

isothiocyanide.[129] This reaction verified the viability of the functionalization of benzylic radicals by 

CuII-SCN. 

Functionalization of unactivated alkyl radicals is possible with trifluoromethylsulfide rea-

gents (Scheme 1.29b).[130] Cook and co-workers took advantage of N-F reagents 1-155 for remote C-

H abstraction via sulfonamidyl radical to generate an alkyl radical. Then, capture of the radical by 

CuII-SCF3 led to the trifluoromethylthiolation product 1-156. AgSCF3 was used as a stable source of 
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SCF3 and CsBr acted as an activating reagent to combine Ag+ and release –SCF3. The same conditions 

could also be applied for the trifluoromethylselenation. This reaction took place under mild condi-

tions and showed very good tolerance for different functional groups. 

 

Schemes 1.29 Copper-catalyzed C-S formation with alkyl radicals. 

1.6.6 C(sp3)-N bond formation 

Copper-catalyzed functionalization of alkyl radicals with N-nucleophiles is a good method to 

forge C(sp3)-N bonds. Various nucleophiles could be applied. In 2016, the Y. Fu group reported an 

elegant reaction, using an intramolecular N-H to trap the alkyl radical intermediates for the synthe-

sis of pyrrolidine and piperidine derivatives 1-158 (Scheme 1.30a).[131] The picolinoyl (PA) as a di-

recting group to strengthen the affinity of copper to N nucleophile was indispensable in the reaction. 

The use of benzoyl protected amines would lead to only trace amount of the product. This reaction 

relied on the PhI=O to oxidize the acid for the generation of the alkyl radical, which was then trapped 

by the CuII on the directing group to give a CuIII intermediate. The reductive elimination funished N-

heterocycles as products. Liu and co-workers used urethane as an intramolecular nucleophile. In 

combination with a chiral phosphoric acid, multiple interactions were established between the ure-

thane and copper catalyst in the resting state.[132] The intramolecular trapping of the alkyl radical by 

the copper catalyst led to an enantioselective aminotrifluoromethylation reaction. 

For intermolecular reactions, amides can also be used as nucleophiles. The Hartwig group 

applied the conditions of the C-O coupling (Scheme 1.28c) to N-nucleophiles, and found that many 

N-H reagents, including benzamides, sulfonamides, carbamates and phthalimide, could be used for 

the efficient oxidative coupling with cyclic &acyclic alkanes.[133] Both (phen)CuI(phth) 1-159 and 
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(phen)CuII(phth)2 1-160 were synthesized and were found as potential intermediates in the reaction 

(Scheme 1.31). In this reaction, 1-159 induces the generation of tert butoxy radical which activates 

the C-H in alkane to give alkyl radical 1-162. 1-160 acts as a trap for alkyl radicals, and leads to the 

C-N coupling product via a CuIII intermediate 1-163. Notably, the preference for C-H bond in the 

reaction is secondary >primary >tertiary. Despite the lowest bond strength of tertiary C-H, the ob-

tained tertiary alkyl radical is too hindered to combine efficiently with the copper catalyst. Actually, 

this hindrance effect can be observed in most reactions involving copper-catalyzed alkyl radical 

functionalization. 

 
Schemes 1.30 Copper-catalyzed C-N formation with alkyl radicals. 
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By using trimethylsilyl azide as a nucleophile, Liu and co-workers extended the trifluorome-

thylthiocyanation in Scheme 1.29a to a trifluoromethylazidation reaction (Scheme 1.30c).[134] Nota-

bly, in this case not only activated alkenes but also unactivated alkenes could be applied. The Studer 

group and the Zhu group also managed to use trimethylsilyl azide in other azidation reactions of 

alkyl radicals.[135, 136] 

Compared to nitrogen in amides or imides, the nitrogen in aniline is more electron rich and 

have very different reactivities. Fortunately, this copper-catalyzed reaction is general enough to be 

also applied to anilines as nucleophiles, as is already demonstrated in Scheme 1.21. Wang and co-

workers used iminyl radical cyclization to form an alkyl radical, which was also successful coupled 

to an aniline and led to the diamination product 1-170 (Scheme 1.30d).[137] Besides, our group re-

ported one example using imines as nucleophiles,[97] but so far simple amines have not been applied 

in this reaction. 

 
Schemes 1.31 The proposed mechanism of Copper-catalyzed oxidative coupling between alkanes and amides. 

In 2016, Fu and co-workers reported an asymmetric copper-catalyzed C-N cross-coupling re-

action, which is worth special attention (Scheme 1.32).[138] Almost all the reactions in Section 1.6 

involve nucleophilic alkyl radicals for copper-mediated functionalization. However, in this reaction 

electrophilic alkyl radicals were used and the bulk of the tertiary alkyl radical is also out of norm. 

The proposed mechanism is shown (Scheme 1.32 bottom). After the ligand substitution with the 

nucleophile, the CuI-Nu can be excited with light absorption, which makes it reducing enough to 
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transform the chloride 1-171 into a radical intermediate. Then, the recombination of the alkyl radi-

cal with the CuII-Nu complex leads to the C-N coupling product. The radical pathway enables the use 

of racemic substrates to convergently synthesize optically pure product 1-173. The capability to use 

an electrophilic alkyl radical is possibly related to the use of indoles or carbazoles as coupling part-

ners, which are relatively electron-rich N-nucleophiles. 

 
Schemes 1.32 Copper-catalyzed C-N formation with electrophilic alkyl radicals. 

1.6.7 C(sp3)-C(sp) bond formation, cyanation and alkynylation 

Copper catalysts not only mediate the carbon-heteroatom bond formation of alkyl radicals, 

they can also forge carbon-carbon bonds. The initial effort in this regard was the cyanation reaction 

with trimethylsilylcyanide as nucleophile. In 2013, Liang and co-workers reported a trifluoromethyl-

cyanation reaction of olefins with Togni reagent (Scheme 1.33a).[139] This reaction converted a set 

of activated &unactivated alkenes 1-174 to useful CF3-containing nitriles 1-176. In the proposed 

mechanism, the reaction relied on the addition of CF3 radical to alkenes to form a new alkyl radical. 

Then, oxidation by CuII formed a carbocation which was later trapped by the cyanide as a nucleo-

phile (oxidative substitution mechanism). In my opinion, the direct trap of alkyl radical by CuII-CN is 

also a plausible pathway, because 1-177 also led to the product 178 in good yield. The CF3 radical 
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addition to 1-77 and then cyclization gives a primary carboradical, which is, in principle, difficult for 

a direct oxidation to carbocation. 

Later in 2016, Liu, Stahl and co-workers made a groundbreaking report on the enantioselec-

tive cyanation of alkyl radicals (Scheme 1.33b).[140] Benzylic C-H was transformed into benzylic radi-

cal with NFSI. Then, the addition to a chiral CuII-CN complex led to CuIII intermediate, which reduc-

tively eliminated to obtain the chiral alkyl cyanides. The bisoxazoline ligands were the best ligands 

to induce the chirality in the products. Two representative ligands are displayed (Scheme 1.34b bot-

tom), which led the opposite enantioselectivity for the product formation. In 2019, the Liu group 

further extended this protocol for a site-specific enantioselective allylic C–H bond functionalization, 

which is a state of art (Scheme 1.34c).[44] In the substrate containing several allyl C-Hs, for example 

in 1-181, the ratio of cyanation at C3 and C7 can be up to 22:1, with a carefully selected hindered 

N-F reagent 1-182. In the meantime, good enantioselectivity was also realized. Mechanistic experi-

ments and DFT studies revealed a Cu-bound N-centered radical for the abstraction of allylic C-H, 

which was very sensitive to electronic and steric factors. Besides these two reports, some other 

copper-catalyzed cyanations of alkyl radicals were also reported, with different ways of radical gen-

eration.[141-143] 

Alkynes are isoelectronic to cyanides. The enantioselective alkynylation of benzylic radicals 

was independently realized by the G. Liu group and the X. Liu group. The G. Liu group used alkynyl 

silanes 1-186 and similar conditions as in Scheme 1.33b, though 3 equivalent of base was necessary 

for the activation of the 1-186 (Scheme 1.34a).[144] A gem-monosubstition on the center carbon of 

the bisoxazoline ligand was found to provide better enantioselectivity than gem-disubstitution. The 

X. Liu group, on the other hand, took advantage of a chiral cinchona alkaloid-based N,N,P-ligand for 

the enantioselective introduction of alkynyl on benzylic C-H (Scheme 1.34b).[145] Their reaction relied 

on an intramolecular hydrogen abstraction for the generation of benzylic radicals. A range of alkyl 

and (hetero)aryl alkynes, propargylic C(sp3)−H and (hetero)benzylic C-H bonds were all applicable. 
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Schemes 1.33 Copper-catalyzed cyanation of alkyl radicals. 
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Schemes 1.34 Copper-catalyzed alkynylation of alkyl radicals. 

1.6.8 C(sp3)-C(sp2) bond formation, arylation and polyfluoroarylation 

The G. Liu group also extended the copper catalytic system to C(sp3)-C(sp2) coupling reac-

tions of alkyl radicals. In 2014, they applied aryl boronic acids as nucleophiles for the trifluoro-

methylarylation of both activated and unactivated alkenes (Scheme 1.35a).[146] A mutual activation 

of the ether-type Togni reagent 1-192 and aryl boronic acids was disclosed to be essential. The 

transmetalation of the aryl boronic acids might be the rate-determining step of this reaction. In 

order to match with the relatively slow transmetalation step, the use of a less active Togni reagent 

1-192 was necessary to provide effective conversions. Later in 2017, an enantioselective version of 

this reaction was realized with an oxazoline ligand by the same group.[147] This was the first enanti-

oselective arylation reaction of benzyl radicals. However, the application to unactivated alkyl radi-

cals was still challenging. Besides, the Liu group also used other methods to generate the benzyl 

radical, such as hydrogen abstraction with the use of NFSI (Scheme 1.35b).[148] The benzyl radicals 
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formed under these conditions were arylated to give 1,1-diarylalkanes 1-196 in the presence of a 

phenanthroline ligand. The chiral oxazoline ligands showed low efficiency in this reaction. 

Polyfluoroarenes are important organic structures for their applications in the field of phar-

maceuticals and materials. Compared to simple aryls, polyfluoroaryls displayed very different reac-

tivity due to the fluoro substitutions. In organometallic compounds, the electron-withdrawing effect 

of fluoro substitutions renders a relative strong M-ArF bond which is reluctant to break to form or-

ganic products. As a result, in a conventional metal-catalyzed arylation reaction, the reaction scope 

has hardly been seen to extend to polyfluoroaryls. Copper could be a good candidate as catalyst in 

this scenario. In 2020, Chang and co-workers reported an oxidative coupling between alkanes and 

polyfluoroarenes (Scheme 1.35c).[149] The DBTP was used as a source of tert-butoxy radical for gen-

eration of alkyl radicals via hydrogen abstraction of alkanes. The sodium tert-butoxide was used to 

activate the C-H on ArF-H to form the ArF-Cu species. Then, the trap of the alkyl radical by the CuII-

ArF led to a CuIII intermediate, which gave the coupling product 1-199 via reductive elimination. The 

β-diketimine ligand was found to be the only ligand to effectively suppress the homocoupling of the 

polyfluoroarenes. The scope of this reaction was very broad in terms of alkanes. In addition to cyclic 

unactivated alkanes 1-197, the benzylic C-H 1-200 and allylic C-H 1-201 are also suitable reaction 

sites. Interestingly, the C-H adjacent to heteroatoms, e.g. 1-202, can also be selectively coupled to 

polyfluoroarenes. Several acyclic alkanes were applied, yet the site selectivity of C-H activation 

turned out to be a problem. For example, with propane 1-203 as substrate, the ratio of reaction on 

C2 versus C1 was 3:1. Based on the same strategy, Chang and co-workers also utilized silyl-protected 

enols (derived from ketones) as providers of sp3 C-H to couple with polyfluoroarenes. The net result 

was the formation of β-aryl carbonyl products from ketones.[150] 

1.6.9 C(sp3)-C(sp3) bond formation, polyfluoroalkylation 

The copper-mediated C(sp3)-C(sp3) bond formation of alkyl radicals is so far limited to 

polyfluoroalkylation. In Scheme 1.19c, a difluoromethylation process is already described. For tri-

fluoromethylation, the Li group has pioneered in using nucleophilic CF3 reagents for the functional-

ization of alkyl radicals. In 2017, they used (bpy)Cu(CF3)3 as a source pf CF3 for the decarboxylative 

trifluoromethylation of aliphatic acids 1-204 (Scheme 1.36a).[151] Copper was used as a stoichio-

metric reagent instead of a catalyst, but still it played a central role in the C-C bond formation. The 

proposed mechanism of this reaction is shown in Scheme 1.37. AgNO3 acts as a catalyst for oxidizing 

the acids to form alkyl radicals 1-208 with K2S2O8 as terminal oxidant. On the other hand, 
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(bpy)CuIII(CF3)3 can react with ZnMe2 to give (bpy)CuI (CF3)2 with the release of Me-CF3. Then, 

(bpy)CuI (CF3)2 is oxidized to (bpy)CuII (CF3)2, which traps the alkyl radical 1-208 for the formation of 

1-206. Later in 2019, the same group used the zinc reagent (DMPU)2Zn(CF3)2 to replace the copper 

reagent 1-205, and thus copper could be used in catalytic amount (Scheme 1.36b).[152] A set of δ-

trifluoromethylated sulfonamides were synthesized by sequential 1,5-hydrogen abstraction of N-

radicals and Cu-mediated CF3-transfer to alkyl radicals. 

 
Schemes 1.35 Copper-catalyzed C(sp3)-C(sp2) bond formation of alkyl radicals. 
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Schemes 1.36 Copper-catalyzed trifluoromethylation of alkyl radicals 

 

Schemes 1.37 The proposed mechanism of decarboxylative trifluoromethylation with (bpy)Cu(CF3)3 

Apart from nucleophilic CF3 reagents, electrophilic CF3 reagents were also used for CF3 trans-

fer to alkyl radicals.[153, 154] In 2020, Liu and co-workers used ether-type Togni reagent 1-215 to react 

with cyclopropyl alcohols 1-214, leading to an enantioselective ring-openning trifluoromethylation 

reaction (Scheme 1.36c). In the proposed mechanism (Scheme 1.38), the Togni reagent 1-215 can 

oxidatively add to the CuI to form the CuIII intermediate. The CuIII intermediate 218 undergoes ligand 

exchange with alcohol 1-214, and then the homolysis of the CuIII-O bond leads to CuII-CF3 and alkoxy 
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radical 1-221 in the meantime. 1-221, after radical ring opening, recombines CuII-CF3 for the gener-

ation of 1-216. Despite the opposite polarity of CF3 reagents, CuII-CF3 was always considered as the 

key intermediate for the functionalizations of alkyl radicals. 

 
 

Schemes 1.38 The proposed mechanism for enantioselective ring-openning trifluoromethylation of cyclopropanols. 

  



Chapter 3 Intermolecular oxidative amination of unactivated alkenes by dual photoredox and copper catalysis 

58 

1.7 The goal of the thesis 

In recent 10 years, electrochemical and photochemical methods have become more and 

more popular in organic synthesis. They can incorporate photoenergy or electric energy into the 

reaction system, so as to transform stable functinonal groups into active radical species in a mild 

and controllable manner (Section 1.2&1.3). A diverse set of radicals could be generated with these 

methods without strong oxidants or reductants. Copper is a versatile transition metal that can me-

diate the formation of various chemical bonds from alkyl radical (Section 1.6). However, so far the 

reactions combining electrochemistry and photochemistry with copper-catalyzed carboradical func-

tionalization are still highly underdeveloped. Therefore, we have aimed to explore the chemical 

space lying within the intersection of electrochemistry and photochemistry with the copper chem-

istry, to discover interesting and useful reactions. 

Due to the importance of nitrogen-containing compounds, the addition of N-centered radical 

to alkenes has attracted substantial attention as an approach to aminating alkenes. Electrochemical 

oxidation facilely generates N-radical from N-H for cyclization to intramolecular double bonds (Sec-

tion 1.4.2.1). The resultant carboradical has never been functionalized with a transition metal cata-

lyst, which possibly leads to various products. Herein, we want to use copper to mediate the oxida-

tive elimination of this radical (Section 1.6.1). If successful, a formal aza-Wacker reaction could be 

developed which potentially has different reaction features with the conventional palladium-cata-

lyzed methods. 

The combination of intermolecular N-centered radical addition to alkenes (Section 1.4.3& 

1.4.4) with copper catalysis is even more interesting than the intramolecular version, because it 

assembles more molecules together for building up complex structures.  So far, copper-catalyzed 

aminocynation (Scheme 1.14c), aminoarylation (Scheme 1.14d) and aminotrifluoromethylation 

(Scheme 1.17e) were reported for alkenes, and among these reactions only CuII-CF3 was reported 

to functionalize the less stable carboradicals from the addition of N-radical to the unactivated al-

kenes. Without a stabilizing group, the alkyl radicals have a shorter lifetime and thus entail a more 

effective trapping by copper catalyst. We want to combine the addition of N-radical to unactivated 

alkenes with copper catalyzed oxidative elimination. This strategy would potentially provide a new 

approach from unactivated alkenes to allylamines. The radical nature would enable this reaction to 

have very good functional group tolerance. 
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Apart from oxidative elimination, copper has also been reported to mediate the coupling of 

alkyl radicals with many other nucleophiles (Section 1.6.3-1.6.9). We also want to develop some 

new nucleophiles in this radical coupling reaction. Polyfluoroarenes are important organic mole-

cules, which are the targets of Chang's work via C-H oxidative coupling (Scheme 1.35c). Despite be-

ing more atom- and step-economic, the C-H oxidation methods suffer from the problem of C-H site-

selectivity. Additionally, the use of strong oxidant (DTBP) and strong base (sodium tert-butoxide) 

largely limited the tolerance for functional groups. We seek to develop some polyfluoroaryl metallic 

reagents for coupling with the alkyl radicals from the facile photoreduction of NHPI esters. The use 

of preformed polyfluoroaryl metal reagents would allow incorporation of polyfluoroaryls with vari-

able fluorine content and fluorine substitution patterns, without the assistance of strong base. The 

use of NHPI esters, derived from easily available aliphatic acids, can avoid the use strong oxidant 

and has no need to face the site selectivity problem as in the case of C-H oxidation.  
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 Formal aza-Wacker cyclization by 

dual electrooxidation and copper catalysis 
 

The work described in this chapter has been published: (Yi, X. L.; Hu, X. L. Formal Aza-Wacker Cy-

clization by Tandem Electrochemical Oxidation and Copper Catalysis. Angew. Chem. Int. Ed. 2019, 

58, 4700-4704). The license number for reprint of the materials: 5074881115922. 

2.1 Background 

Nitrogen-containing five-membered heterocycles, such as pyrrolidinones and oxazoli-

dinones, are ubiquitous in many natural products and synthetic bio-active compounds.[1,2] Pd-cata-

lyzed aza-Wacker cyclization is an attractive method to generate these structures, via intramolecu-

lar aminopalladation of alkenes and β-hydrogen elimination (Scheme 2.1a).[3-7] The olefin function-

ality was retained in the products, making it suitable for diversity-oriented synthesis. However, this 

method usually works for acidic nitrogen nucleophiles such as sulfonamides (e.g. pKa= 12.9 for N-

phenylmethanesulfonamide), while less acidic substrates like carbamates (e.g. pKa= 20.0 for allyl 

phenylcarbamate) and amides (e.g. pKa= 21.5 for N-phenyl acetamide) are sluggish reaction 

partners.[8,9]  Pd-catalyzed aza-Heck uses hydroxylamine-derived electrophiles for the cyclization to 

obtain similar products (Scheme 2.1b).[9,10]  This reaction avoids the use of external oxidants and has 

less requirements on the substituents on nitrogen, though in some cases alkene isomerizations 

occurs in the products. This is a general concern for Pd-catalyzed reactions because of their 

capability to mediate the chain-walking of carbon-carbon double bonds. 

A Cu-catalyzed method was developed for the intramolecular cycliaztion of carbamates and 

ureas, but a high reaction temperature and a strong oxidant (Dess–Martin periodinane) were re-

quired (Scheme 1.24b).[11] In 2017, the group of Xu developed an electrochemical protocol of intra-

molecular oxidative amination of alkenes (Scheme 2.1c).[12] It was proposed that electrochemical 

oxidation generated an amidyl radical, which underwent intramolecular cyclization to give an alkyl 

radical. The latter was oxidized by the electrode to afford alkene moiety upon proton loss. Despite 

the elegant concept, this method relied on having tertiary alkyl radical intermediates, probably due 
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to inefficient direct oxidation of secondary and primary alkyl radicals at the electrode. Additionally, 

this method still required an elevated temperature (110 oC).  

Considering that copper is a good catalyst to mediate oxidative transformation of alkyl radi-

cals into alkenes (Section 1.6.1),[13,14] we incorporated Cu catalysis into the electrochemical oxida-

tive amination process (Scheme 2.1d). This approach enabled, for the first time, the transformation 

of secondary and even primary alkyl radical intermediates, leading to a broad-scope methodology 

for formal aza-Wacker cyclization. The Cu catalysis also enabled the reactions at room temperature. 

 

Scheme 2.1 aza-Wacker cyclization and its alternatives leading to the similar products. 
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2.2 Reaction optimizations 

We began by investigating the electrochemical oxidative amination of crotyl N-phenylcarba-

mate 2-1 in the presence of a Cu catalyst (Table 2.1). After initial exploration of conditions, we found 

that in a divided cell with MeOH as solvent, carbon fiber as working electrode, 0.2 M LiClO4 as elec-

trolyte, Cu(OAc)2 (30 mol%) as catalyst, 2 eq. of NaOAc as base, and under constant current (3 mA, 

j = 0.19 mA/cm2), the desired product 2-2 could be obtained in a yield of 33% after passing 2.2 F 

electron at room temperature (Entry 1). Different solvents were tested (Entries 2-4). EtOH and ace-

tone gave relatively lower yield, while DMF was not suited for this reaction. Increasing the amount 

of base to 3 or 4 equivalent improved the reaction yield to 46% and 51%, respectively (Entries 5 &6). 

Without base, the reaction could hardly proceed (Entry 7). The use of NaHCO3 or LiOtBu as base led 

to precipitation of Cu salts and low yields (Entries 8&9). The use of NaOPiv (OPiv= pivalate) or NaOBz 

(OBz= benzoate), however, could improve the yield to 64% and 62%, respectively (Entries 10&11). 

When the reaction was conducted with a lower current 1.5 mA, the yield was further increased to 

70% (Entry 12).  

Then, some other metal catalysts were applied. CuCl2 could still offer a yield of 56% (Entry 

13), while FeCl3, Ni(OAc)2, Co(OAc)2 and Pd(OAc)2 were not effective catalysts (Entries 14-17). The 

yields of about 10% of the product possibly arisen from the background reaction, because a similar 

yield was observed when no metal catalyst was used (Entry 18). Besides, different electrodes pro-

vided distinctive performance (Entries 19-20). Using reticulated vitreous carbon (RVC) in place of 

carbon fiber as working electrode decreased the yield to 35% (Entry 19), probably due to the higher 

current density (0.25 vs 0.10 mA/cm2). Pt working electrode was also tried and was found to be 

completely incompetent for this reaction. The use of NBu4OTs as electrolyte slightly reduced the 

yield (Entry 21). As solvent of lower polarity was reported to facilitate Cu-mediated oxidative elimi-

nation, [13] some mixed solvents were tried. A 1:1 mixture of MeOH and dichloromethane (DCM) was 

the best solvent, giving a yield of 80% for the product 2-2 (Entry 22). 
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Table 2.1 Optimization of conditions for the electrochemical formal aza-Wacker cyclization. 

 

entry solvent catalyst base i/ mA yield[a]/ % 

1 MeOH Cu(OAc)2 H2O 2 eq. NaOAc 3 33 

2 EtOH Cu(OAc)2 H2O 2 eq. NaOAc 3 22 

3 acetone Cu(OAc)2 H2O 2 eq. NaOAc 3 15 

4 DMF Cu(OAc)2 H2O 2 eq. NaOAc 3 0 

5 MeOH Cu(OAc)2 H2O 3 eq. NaOAc 3 46 

6 MeOH Cu(OAc)2 H2O 4 eq. NaOAc 3 51 

7 MeOH Cu(OAc)2 H2O -- 3 trace 

8 MeOH Cu(OAc)2 H2O 4 eq. NaHCO3 3 10 

9 MeOH Cu(OAc)2 H2O 4 eq. LiOtBu 3 10 

10 MeOH Cu(OAc)2 H2O 4 eq. NaOPiv 3 64 

11 MeOH Cu(OAc)2 H2O 4 eq. NaOBz 3 62 

12 MeOH Cu(OAc)2 H2O 4 eq. NaOPiv 1.5 70 

13 MeOH CuCl2 2H2O 4 eq. NaOPiv 1.5 56 

14 MeOH FeCl3 6H2O 4 eq. NaOPiv 1.5 13 

15 MeOH Ni(OAc)2 4H2O 4 eq. NaOPiv 1.5 13 

16 MeOH Co(OAc)2 4H2O 4 eq. NaOPiv 1.5 10 

17 MeOH Pd(OAc)2 4 eq. NaOPiv 1.5 8 

18 MeOH -- 4 eq. NaOPiv 1.5 13 

19[b] MeOH Cu(OAc)2 H2O 4 eq. NaOPiv 1.5 0 

20[c] MeOH Cu(OAc)2 H2O 4 eq. NaOPiv 1.5 35 

21[d] MeOH Cu(OAc)2 H2O 4 eq. NaOPiv 1.5 66 

22[e] MeOH-DCM Cu(OAc)2 H2O 4 eq. NaOPiv 1.5 80 

Reaction conditions: 0.2 mmol scale, carbon fiber (geometric area 15.8 cm2) as anode, Pt foil (1 cm2) as cathode 8 mL 

solvent in each cell; 2-1, base and catalyst in anodic cell; 0.4 mL additional H2O in cathodic cell. a GC yield b 1 cm2 Pt foil 

as anode. c RVC cube (geometric area 6 cm2) as anode. d 0.1 M NBu4OTs as electrolyte. e The ratio of MeOH:DCM is 1:1. 
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2.3 Reaction scope studies 

The optimized conditions (Entry 22, Table 2.1) were applied to explore the substrate scope 

of this transformation (Figure 2.1). First, substrates with different substituents on the aryl group 

were tested. Ortho-methyl group was tolerated, giving 2-3 in 62% yield. Substrates with an electro-

withdrawing group at the para-position, such as -Cl (2-4), -CF3 (2-5) and -CN (2-6), were transformed 

into the corresponding products in good yields. The strongly electron-withdrawing nitro group de-

creased the yield to 55% (2-7). With an electron-donating methoxy group at the para position, oxi-

dation of the arene dominated under the standard conditions to give the side product 2-8’, and the 

cyclization product 2-8 was obtained in less than 10% yield. Interestingly, by using NBu4OTs as elec-

trolyte, the arene oxidation was suppressed and 2-9 was obtained in 48% yield. This could be related 

to the relatively hydrophobic electric double layer formed by the organic electrolyte. [15] The hydro-

phobic environment repulses the polar methanol which is a reactant for the side reaction. Besides, 

the presence of electron-withdrawing -NO2 could also suppress the oxidation of aryl part. A sub-

strate with 2-methoxy-5-nitrophenyl led to the cyclization product (2-9) in 58% yield under the 

standard conditions.  

    Next, variations on the crotyl part of the substrates were explored. When there was a me-

thyl substituent at the C4 position (Figure 2.1), an oxazolidinone containing an internal alkene moi-

ety (2-10) was obtained in 58% yield (E: Z= 10:1). A phenyl group at the C4 position was also toler-

ated to give the exclusive E-product (2-11) in 56% yield. When there were two methyl groups on C4, 

2-12 was formed under the standard conditions, yet with substantial amount of the hydroamination 

product 2-12’, which is hard to be separated from the product. This problem was solved by using an 

increased temperature (75 oC), leading to 2-12 in a decent yield (65%). Substitutions at the C1 posi-

tion were also tested using n-Pr, i-Pr, and the N-methyl-2-pyrrolidone group. All three substrates 

gave good yields (2-13, 2-14 and 2-15). The diastereoselectivity (trans over cis) increases with the 

steric bulk of the substituent: 2.6:1 for n-Pr, 6.6:1 for i-Pr, and > 20:1 for the N-methyl-2-pyrrolidone. 

When there was a substituent at the C2 position, a quaternary carbon center could be formed during 

cyclization (2-16 to 2-19). Gratifyingly, this protocol enabled the synthesis of spiro structures con-

taining 6-membered (2-17, 55%) and 5-membered (2-18, 77%) cyclic alkene.  Bicyclic (2-20), and 

multicyclic structures (2-19) were also successfully constructed.  
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Figure 2.1 Scope of the electrochemical formal aza-Wacker cyclization. Reaction conditions: 0.2 mmol scale, carbon 

fiber (geometric area 15.8 cm2) as anode, Pt foil (1 cm2) as cathode; 8 mL solvent in each cell; 1, base and catalyst in 

anodic cell; 0.4 mL additional H2O in cathodic cell. [a] In 6 mmol scale. [b] 0.1 M NBu4OTs as electrolyte. [c] MeOH-PhCl(1:3) 
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as solvent, 0.1 M NBu4OTs as electrolyte, 4 eq. NaOAc as base, 75 oC. [d] MeOH-PhCl (1:1) as solvent, 0.1 M NBu4OTs as 

electrolyte, 4 eq. NaOAc as base, 65 oC. [e] 6 eq. NaOPiv as base, 5 F. 

The substrate scope could be extended beyond carbamates. The ureas as providers of N-H 

led to the synthesis of imidazolidinones. Both phenyl (2-21, 52%) and alkyl (2-22) on the other ni-

trogen atom were tolerated. Using a carbamothioate and amides as substrates provided thiazoli-

dinone (2-23) and ϒ-lactams (2-24 to 2-25). ϒ-Lactam contained in a bicyclic structure (2-26) could 

be synthesized as well. Additionally, the amide and alkene units in the substrate could be connected 

by a benzene linker, giving rise to isoindolinone (2-26) in 62% yield. It was noted that the cyclization 

was insensitive to the configuration of the alkenes. Thus, the use of substrates as E/Z mixture was 

possible (for 2-21, 2-23, 2-25 and 2-26). 

    While the reactions in Figure 2.1 were conducted at a scale of 0.2 mmol, the reaction of 2-

1 was scaled to 6 mmol using a larger setup, and with a reduced amount of copper catalyst (10 

mol%). The target product 2-2 was obtained in 64% yield (0.73 g). 
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2.4 Mechanistic investigations 

A few experiments were conducted to probe the mechanism of the transformation. For a 

substrate (2-28)  containing a cyclopropyl group which acts as a radical clock, the product from ring-

opening and elimination (2-29) was obtained in 62% yield under the standard conditions (Figure 

2.2a). This result is consistent with the formation of an alkyl radical after the amidyl radical intra-

molecular cyclization. For a bulky substrate 2-30, the double cyclization product 2-31 was obtained 

as the major product in 32% yield (Figure 2.2b), which presumably originated from the addition of 

the alkyl radical into the aryl group.[15, 16] 

 

Figure 2.2 Evidences for a radical reaction pathway. 

To probe the role of the Cu catalyst, reactions of several representative substrates were con-

ducted with and without the Cu(OAc)2 catalyst. For substrate 2-1, which forms a secondary alkyl 

radical in the reaction, 80% yield of 2-2, but no 2-2’ (formed from a hydrogen abstraction reaction 

by the alkyl radical) [17] was obtained in the presence of Cu(OAc)2(Figure 2.3a). In the absence of 

Cu(OAc)2, however, 2-2 was obtained only in 28% yield, and the reaction also gave 12% of 2-2’. For 

substrate 2-28, which forms a primary alkyl radical in the reaction, 62% of elimination product 2-29 

but no product 2-29’ was obtained in the presence of Cu(OAc)2 (Figure 2.3b). In the absence of 

Cu(OAc)2, no 2-29 was obtained. Only 2-29’ was formed in a yield of 25%. These results indicate that 

the Cu catalyst is essential for the efficient oxidative elimination of secondary and primary alkyl 

radical intermediates to form alkenes. Interestingly, for reactions involving tertiary alkyl radicals 

(Figure 2.3c), for example, for 2-32 and 2-34, two products were obtained, the alkenes (2-33 &2-35) 

and the methoxylated products (2-33’ &2-35’). Regardless of the existence of the copper, these 
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products were obtained in almost the same yields. This result indicates that the oxidation of tertiary 

alkyl radicals occurs readily at the electrode even without a Cu catalyst, consistent with the work of 

Xu and co-workers.[12] 

 

Figure 2.3 Conversion of primary, secondary and tertiary alkyl intermediates in the presence or in the absence of 

Cu(OAc)2 catalyst. 

Cyclic voltammetry (CV) was used to probe the oxidation process at the electrode (Figure 

2.4). The direct oxidation of 2-1 started only at potentials higher than 1.0 V vs the Fc+/Fc couple. 

Addition of 1 eq. of NaOPiv generated a new oxidation peak at about 0.83 V. The oxidation of NaOPiv 

occurred only at potentials higher than 0.9 V. Thus, NaOPiv facilitated the oxidation of 2-1. We ten-

tative attributed this promotion to the formation of a substrate-base complex 2-33. A substrate 

without double bond (2-34) gave an oxidation peak at a similar potential, while adding –OMe to the 

phenyl of the substrate 2-1 shifted the oxidation to 0.56 V (for 3-35). These results indicate that the 
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initial oxidation event occurs at the N-containing part and is not related to the alkene part. We fur-

ther mixed Cu(OAc)2 (20 mol%) with 2-1 and NaOPiv, the CV curve remained largely intact. This 

result shows that the Cu catalyst does not have obvious influence on the initial oxidation step. 

 

Figure 2.4 Cyclic voltammetry of the reagents in the reaction. The potential is versus Fc/Fc+. Concentration of reagents 

(if applicable): 0.01 M 2-1 (or 2-34, 2-35) 0.01 M NaOPiv, 0.002 M Cu(OAc)2. 0.1 M NBu4BF4 as electrolyte. Conditions: 

DCM+MeOH (1:1) as solvent, scan rate 100 mV/s. 
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2.5 The proposed reaction mechanism 

Based on the above results, we propose the following mechanism for the electrochemical 

formal aza-Wacker cyclization (Scheme 2.2). First, the substrate 2-1 associates with the pivalate to 

give an adduct 2-33, which is easier to be oxidized at the anode to give an amidyl radical 3-36 with 

the release of pivalic acid. The N-centered radical undergoes 5-exo-trig cyclization to afford the alkyl 

radical 2-37, which is captured by CuII to generate a formal CuIII alkyl intermediate 2-38. Subsequent 

elimination, assisted by the pivalate, furnishes the alkene product 2-2 and yields a CuI species. The 

latter is oxidized at the electrode to CuII to re-enter the catalytic cycle. 

 

Scheme 2.2 A plausible mechanism for the electrochemical formal aza-Wacker cyclization. 
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2.6 Conclusion 

By integrating electrochemical oxidation with Cu catalysis, we have developed a formal aza-

Wacker cyclization method. This tandem process  relies on the cyclization of amidyl radical to 

generate an akyl radical, which is converted to un alkene with copper-mediated oxidative 

elimination. Mechanistic studies revealed that primary and secondary alkyl radical intermediates 

couldn’t be efficiently oxidized on the electrode directly and the assistance of copper was 

indispensable. A wide range of 5-membered N-containing heterocycles bearing a pendent, 

functionalizable alkene moiety can be synthesized under mild conditions. 
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2.7 Experiments 

2.7.1 General consideration 

Commercially available solvents (DCM and chlorobenzene) and reagents were used without 

purification. Methanol was purged with N2 overnight to remove oxygen. A divided H cell with a C4 

frit was used for electrolysis (parameters shown in the picture below). Carbon fiber anode was fab-

ricated by dissecting 4 cm2 carbon cloth (hydrophilic carbon cloth, supplied by FuelCellsEtc) to fibers 

(68 fibers on average, d= 0.37 mm, l= 2 cm) and tying up the fibers on the end of a carbon rod (d = 

2 mm). The distance between anode and cathode is around 5.5 cm. All electrolysis experiments 

were carried out with IVIUMSTAT potential station. Cyclic voltammograms (CV) were recorded on 

BIO-LOGIC VSP potential station. Gas chromatography-mass spectrometer (GCMS) was used for 

product analysis and identification. Gas chromatography (GC) with flame ionization detector (FID) 

was used for reaction optimization (1,3,5-trimethoxylbenzene as internal standard) and determina-

tion of ratio of diastereoisomers. Separations were conducted on silica gel column with hexane-

ethylacetate (EA) as eluent. NMR spectra were recorded with Bruker Avance 400 MHz instruments. 

Chemical shifts are reported in ppm relative to residual signal of CHCl3 (7.26 ppm) for 1H and CDCl3 

(77.16 ppm) for 13C. Descriptions of multiplicities are abbreviated as follows: s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet, b = broad. Determinations of high resolution mass spectra 

(HRMS) by electrospray ionization (ESI) were performed with Micro Mass QTOF Ultima spectrome-

ter at the EPFL Mass Spectrometry Center. Infared spectra were collected using Varian 800 FT-IR. 

Description of the intensity of the peaks: s= strong, m= medium. 
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2.7.2 Procedures for substrate synthesis 

 

Synthesis of carbamates and ureas: To a solution of 1 eq. of alcohol or amine in CH2Cl2 (0.5 

M) was added 1.0 eq. of phenyl isocyanate and then 2 eq. of NEt3. The reaction was maintained at 

room temperature overnight to complete. The resultant solution was concentrated and the residue 

was separated by silica gel column chromatography with ethyl acetate/hexanes to provide the 

products. 

 

Synthesis of carbamates with relatively hindered alcohols: To a solution of 1 eq. of alcohol in 

toluene (0.1 M) was added 1.2 eq. of phenyl isocyanate and then 2 eq. of NEt3. The reaction was 

heated at 100 oC overnight to complete. The resultant solution was concentrated and the residue 

was separated by silica gel column chromatography with ethyl acetate/hexanes to provide the 

product. 

 

Synthesis of amides: To a N2-protected Schlenk flask were added aniline (2 eq.) and Et2O (0.8 

M). The solution was cooled down to -78 oC, and 2 eq. of LinBu (2.5 M in hexane) was slowly added 

to the solution. After 5 min, the solution was warmed to room temperature and the ester (1 eq., 1 

M in Et2O) was added dropwise to the solution. The reaction was stirred at room temperature for 2 

h. 

The reaction was quenched with saturated NH4Cl solution. The organic phase were collected 

and the aqueous phase was extracted by EtOAc twice. The organic solutions were combined and 

then concentrated. Purification on silica gel column afforded the products. 
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2.7.3 Procedures for electrochemical reaction setup 

General procedure 1 (2-GP1): 

0.2 mmol substrate, 0.8 mmol NaOPiv, 0.06 mmol Cu(OAc)2∙H2O and 1.6 mmol LiClO4 were 

added to the anodic compartment, and 1.6 mmol LiClO4 was added to the cathodic compartment. 

Anode and cathode (1 cm2 Pt foil) with rubber septa were installed on the H-cell, which was then 

vacuumized and refilled with N2 for 3 times. 4 mL MeOH and 4 mL DCM were added to both anodic 

and cathodic cells, and 0.4 mL H2O was further added to the cathodic cell. The solution in the anodic 

cell was purged with N2 for 5 min. 1.5 mA of constant current was imposed for 28000 s (about 2.2 

F). The solution in anodic cell was collected and evaporated, and the residual was diluted by 15 mL 

Et2O. 2 mL H2O and 3 drop of 15% aqueous ammonia were added to remove the electrolyte and Cu 

species. The organic phase was collected, evaporated and then subjected to column separation to 

afford the final products. 

    Note: After electrolysis, no significant crossover of product (or substrate) to cathodic cell 

was observed (same for the procedures below). 

General procedure 2 (2-GP2): 

0.2 mmol substrate, 0.8 mmol NaOAc, 0.06 mmol Cu(OAc)2∙H2O and 0.8 mmol NBu4OTs were 

added to the anodic cell, and 0.8 mmol NBu4OTs was added to the cathodic cell. Anode and cathode 

(1 cm2 Pt foil) with rubber septa were installed on the H-cell, which was then vacuumized and refilled 

with N2 for 3 times. 4 mL MeOH and 4 mL PhCl were added to both anodic and cathodic cells, and 

0.4 mL H2O was further added to the cathodic cell. The solution in anodic cell was purged with N2 

for 5 min. The H-cell was heated at 65 oC in an oil bath, and 1.5 mA of constant current was imposed 

for 28000 s (2.2 F). The product separation procedures are the same as in 2-GP1. 

Scale-up electrolysis： 

A large H cell was used for the scale-up electrolysis (height: 13 cm; length: 10 cm; diameter 

of C4 frit: 3 cm). 6 mmol 2-1, 24 mmol NaOPiv, 0.6 mmol Cu(OAc)2∙H2O and 8 mmol LiClO4 were 

added to the anodic cell, and 8 mmol LiClO4 was added to the cathodic cell. Anode (made from 36 

cm2 carbon cloth, geometric area 142 cm2) and cathode (1 cm2 Pt foil) with rubber septum were 

installed on the H-cell, which was then vacuumized and refilled with N2 for 3 times. 40 mL MeOH 

and 40 mL PhCl were both added to anodic and cathodic cells, and 1 mL HOAc was further added to 

the cathodic cell. The solution in anodic cell was purged with N2 for 15 min. 10 mA (j= 0.07 mA/ cm2) 
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of constant current was imposed for 35 h (about 2.2 F). The product separation procedures are the 

same as in 2-4-GP1, and 0.73 g product 2-2 was isolated as yellowish oil (yield 64%). 

2.7.4 Procedures for cyclic voltammetry 

    The cyclic voltammograms were recorded in a DCM-MeOH solvent (1:1, 4 mL) in a four-

neck flask, with Bu4NBF4 (0.1 M) as electrolyte, glassy carbon disk as working electrode (diameter, 

3 mm), Pt wire as counter electrode, Ag+|Ag [0.01 M, in CH3CN, with Bu4NBF4 (0.1 M) as electrolyte] 

as reference electrode. The scan rate was 100 mV/s. Concentration of reagents (if applicable): 0.01 

M 1, 0.01 M NaOPiv, 0.002 M Cu(OAc)2. 

E(Fc+/Fc) comparing to the reference electrode was 0.143 V (determined with 0.003 M Fer-

rocene). 

2.7.5 Characterization data for the products 

  

3-phenyl-4-vinyloxazolidin-2-one, synthesized via 2-GP1, colorless oil, 27.6 mg (Yield = 73%). 1H 

NMR (400 MHz, CDCl3) δ 7.48 – 7.40 (m, 2H), 7.40 – 7.31 (m, 2H), 7.20 – 7.11 (m, 1H), 5.80 (ddd, J = 

17.7, 10.1, 7.8 Hz, 1H), 5.41 – 5.29 (m, 2H), 4.91 – 4.82 (m, 1H), 4.59 (t, J = 8.7 Hz, 1H), 4.11 (dd, J = 

8.7, 6.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 155.7, 137.1, 134.8, 129.0, 125.1, 121.5, 120.6, 67.2, 

59.7. The spectra match well with the reported data.[18] GC-MS 189.  

 

3-(o-tolyl)-4-vinyloxazolidin-2-one, synthesized via 2-GP1, colorless oil, 25.1 mg (Yield = 62%).  1H 

NMR (400 MHz, CDCl3) δ 7.30 – 7.18 (m, 3H), 7.15 – 7.09 (m, 1H), 5.82 – 5.68 (m, 1H), 5.22 – 5.13 

(m, 2H), 4.74 – 4.60 (m, 2H), 4.22 – 4.13 (m, 1H), 2.30 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 156.3, 

136.7, 134.6, 134.4, 131.4, 128.3, 127.6, 126.8, 121.6, 67.7, 62.3, 18.2. The spectra match well with 

the reported data.[19] GC-MS 203.  
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3-(4-chlorophenyl)-4-vinyloxazolidin-2-one, synthesized via 2-GP1, yellowish oil, 32.5 mg (Yield = 

73%). 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 9.0 Hz, 2H), 7.31 (d, J = 9.0 Hz, 2H), 5.78 (ddd, J = 17.1, 

10.2, 7.8 Hz, 1H), 5.40 – 5.31 (m, 2H), 4.88 – 4.77 (m, 1H), 4.59 (t, J = 8.7 Hz, 1H), 4.11 (dd, J = 8.7, 

6.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 155.5, 135.7, 134.5, 130.3, 129.1, 122.6, 120.9, 67.2, 59.6. 

The spectra match well with the reported data. GC-MS 223.  

 

 

4-(2-oxo-4-vinyloxazolidin-3-yl)benzonitrile, synthesized via 2-GP1, colorless oil, 32.4 mg (Yield = 

75%). 1H NMR (400 MHz, CDCl3) δ 7.62 (s, 4H), 5.81 (ddd, J = 17.5, 10.2, 7.5 Hz, 1H), 5.46 – 5.36 (m, 

2H), 4.96-4.85 (m, 1H), 4.62 (t, J = 8.7 Hz, 1H), 4.15 (dd, J = 8.7, 5.6 Hz, 1H). 13C NMR (101 MHz, 

CDCl3) δ 154.8, 141.3, 134.0, 133.1, 121.0, 120.2, 118.7, 107.6, 67.3, 58.8. The spectra match well 

with the reported data. [18] GC-MS 214.  

 

 

3-(4-(trifluoromethyl)phenyl)-4-vinyloxazolidin-2-one, synthesized via 2-GP1, colorless oil, 38.3 mg 

(Yield = 75%). 1H NMR (400 MHz, CDCl3) δ 7.60 (s, 4H), 5.87 – 5.76 (m, 1H), 5.44 – 5.36 (m, 2H), 4.95 

– 4.87 (m, 1H), 4.62 (t, J = 8.7 Hz, 1H), 4.15 (dd, J = 8.7, 5.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 

155.2, 140.3, 134.3, 126.5 (q, J = 33.0 Hz), 126.2 (q, J = 3.9 Hz), 124.1(q, J = 271.6 Hz), 121.0, 120.4, 

67.3, 59.1. The spectra match well with the reported data. [18] GC-MS 257.  
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3-(4-nitrophenyl)-4-vinyloxazolidin-2-one, synthesized via 2-GP1, yellowish oil, 25.8 mg (Yield = 

55%). 1H NMR (400 MHz, CDCl3) δ 8.27 – 8.18 (m, 2H), 7.73 – 7.65 (m, 2H), 5.84 (ddd, J = 17.4, 10.2, 

7.5 Hz, 1H), 5.48 – 5.40 (m, 2H), 4.99 – 4.90 (m, 1H), 4.65 (t, J = 8.7 Hz, 1H), 4.18 (dd, J = 8.7, 5.4 Hz, 

1H). 13C NMR (101 MHz, CDCl3) δ 154.8, 143.7, 143.1, 133.9, 124.8, 121.1, 119.7, 67.4, 59.0. The 

spectra match well with the reported data. [18] GC-MS 234.  

 

 

3-(4-methoxyphenyl)-4-vinyloxazolidin-2-one, synthesized via modified 2-GP1 (using 0.1 M 

NBu4OTs as electrolyte), colorless oil, 21.0 mg (Yield = 48%). 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.27 

(m, 2H), 6.92 – 6.85 (m, 2H), 5.78 (ddd, J = 17.1, 10.1, 8.1 Hz, 1H), 5.35 – 5.26 (m, 2H), 4.81-4.70 (m, 

1H), 4.58 (t, J = 8.6 Hz, 1H), 4.09 (dd, J = 8.7, 6.7 Hz, 1H), 3.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

157.4, 156.2, 135.0, 129.8, 124.2, 120.9, 114.4, 67.2, 60.6, 55.6. The spectra match well with the 

reported data. [18] GC-MS 219. 

 

 

3-(2-methoxy-5-nitrophenyl)-4-vinyloxazolidin-2-one, synthesized via 2-GP1, white solid, m.p. 163-

164 oC, 30.7 mg (Yield = 58%). 1H NMR (400 MHz, CDCl3) δ 8.22 (dd, J = 9.1, 2.8 Hz, 1H), 8.16 (d, J = 

2.8 Hz, 1H), 7.03 (d, J = 9.1 Hz, 1H), 5.80 – 5.66 (m, 1H), 5.25 – 5.15 (m, 2H), 4.87 – 4.75 (m, 1H), 4.65 

(t, J = 8.6 Hz, 1H), 4.23 – 4.11 (m, 1H), 3.98 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 160.5, 156.5, 141.3, 

134.2, 126.0, 125.4, 125.2, 122.0, 111.7, 68.0, 61.0, 56.7. GC-MS 264. ESI HRMS m/z (M+H)+ calcd 

265.0825, obsd 265.0831.IR: 1735 cm-1(s). 
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3-phenyl-4-(prop-1-en-1-yl)oxazolidin-2-one, synthesized via 2-GP1, colorless oil, 23.5 mg (Yield = 

58%, E:Z =10:1). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.30 (m, 4H), 7.15 (t, J = 7.3 Hz, 1H), 5.79 (dt, J = 

14.0, 7.2 Hz, 1H), 5.47 – 5.28 (m, 1H), 4.85-4.77 (m, 1H), 4.55 (t, J = 8.7 Hz, 1H), 4.26 – 3.98 (m, 1H), 

1.76 – 1.62 (d, J = 5.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 155.9, 137.2, 132.3, 129.0, 127.8, 125.0, 

121.8, 67.6, 59.3, 17.8. GC-MS 203. ESI HRMS m/z (M+Na)+ calcd 226.0844, obsd 226.0847. IR: 1744 

cm-1(s). 

 

 

(E)-3-phenyl-4-styryloxazolidin-2-one, synthesized via 2-GP1, sticky liquid, 29.7 mg (Yield = 56 %). 

1H NMR (400 MHz, CDCl3) δ 7.54 – 7.46 (m, 2H), 7.40 – 7.27 (m, 7H), 7.14 (t, J = 7.3 Hz, 1H), 6.66 (d, 

J = 15.9 Hz, 1H), 6.13 (dd, J = 15.9, 8.2 Hz, 1H), 5.03 (td, J = 8.3, 6.3 Hz, 1H), 4.65 (t, J = 8.6 Hz, 1H), 

4.20 (dd, J = 8.7, 6.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 155.8, 137.1, 135.4, 135.3, 129.1, 128.9, 

128.8, 126.8, 125.7, 125.2, 121.6, 67.5, 59.6. GC-MS 265. ESI HRMS m/z (M+Na)+ calcd 288.1000, 

obsd 288.1004. IR: 1752 cm-1(s). 

 

 

4-(2-methylprop-1-en-1-yl)-3-phenyloxazolidin-2-one, synthesized via modified 2-GP2 (MeOH: 

PhCl= 1:3, 75 oC), white crystal, 28.0 mg (Yield = 65%). 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.30 (m, 

4H), 7.15 (t, J = 6.6 Hz, 1H), 5.17 – 5.03 (m, 2H), 4.56 (t, J = 8.2 Hz, 1H), 4.01 (dd, J = 8.5, 6.8 Hz, 1H), 

1.73 (d, J = 1.2 Hz, 3H), 1.71 (d, J = 1.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 156.0, 139.0, 137.3, 

129.0, 125.0, 122.3, 121.6, 67.8, 55.4, 25.9, 18.4. GC-MS 217. 
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3-phenyl-5-propyl-4-vinyloxazolidin-2-one, synthesized via 2-GP1, colorless oil, separated as dia-

stereoisomers, 30.1 mg (Yield = 65%, dr =3.2:1). The major isomer could be obtained in small quan-

tity by careful separation, whose NMR data are displayed below. 1H NMR (400 MHz, CDCl3) δ 7.45 – 

7.37 (m, 2H), 7.39 – 7.30 (m, 2H), 7.19 – 7.10 (m, 1H), 5.76 (ddd, J = 17.1, 10.2, 8.0 Hz, 1H), 5.41 – 

5.28 (m, 2H), 4.46 – 4.37 (m, 1H), 4.33 – 4.15 (m, 1H), 1.87 – 1.70 (m, 2H), 1.66 – 1.46 (m, 2H), 0.99 

(t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 155.5, 137.3, 135.2, 129.0, 125.0, 121.7, 120.7, 79.0, 

65.5, 36.0, 18.4, 13.9. GC-MS 231. ESI HRMS m/z (M+Na)+ calcd 254.1157, obsd 254.1160. IR: 1745 

cm-1(s), 1378 cm-1(s). 

 

 

5-isopropyl-3-phenyl-4-vinyloxazolidin-2-one, synthesized via 2-GP1, yellowish oil, separated as di-

astereoisomers, 29.2 mg (Yield = 63%, dr =6.7:1). NMR data of the major isomer are displayed be-

low. 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.2 Hz, 2H), 7.38 – 7.28 (m, 2H), 7.17 – 7.11 (m, 1H), 

5.85 – 5.73 (m, 1H), 5.35 – 5.26 (m, 2H), 4.52 (t, J = 6.8 Hz, 1H), 4.09 – 4.01 (m, 1H), 2.08 – 1.91 (m, 

1H), 1.10-1.01 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 155.3, 137.2, 135.9, 129.0, 125.0, 121.6, 120.2, 

83.5, 62.7, 32.2, 17.8, 17.1. GC-MS 231. ESI HRMS m/z (M+Na)+ calcd 254.1157, obsd 254.1161. IR: 

1744 cm-1(s), 1386 cm-1(s). 
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5-(1-methyl-2-oxopyrrolidin-3-yl)-3-phenyl-4-vinyloxazolidin-2-one, synthesized via 2-GP1, color-

less oil, 39.6 mg (Yield = 69%). 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.39 (m, 2H), 7.36 – 7.27 (m, 2H), 

7.15 (t, J = 7.4 Hz, 1H), 5.74 (ddd, J = 17.6, 10.1, 8.0 Hz, 1H), 5.50 – 5.33 (m, 2H), 5.30 (d, J = 10.1 Hz, 

1H), 4.44 (dd, J = 6.8, 2.5 Hz, 1H), 3.48-3.42 (m, 1H), 3.37-3.30 (m, 1H), 2.87-2.81 (m, 4H), 2.33-2.27 

(m, 1H), 2.19 – 2.01 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 171.5, 155.2, 137.0, 135.0, 129.0, 125.4, 

122.5, 121.1, 79.3, 61.4, 47.6, 42.6, 29.9, 21.9. GC-MS 286. ESI HRMS m/z (M+H)+ calcd 287.1396, 

obsd 287.1398. IR: 1747 cm-1(s), 1678 cm-1(s), 1390 cm-1(s). 

 

 

4-methyl-3-phenyl-4-vinyloxazolidin-2-one, synthesized via 2-GP1, white solid, 23.2 mg (Yield = 

57%). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.33 (m, 2H), 7.30 – 7.24 (m, 3H), 6.08 (dd, J = 17.4, 10.7 

Hz, 1H), 5.31 (d, J = 10.7 Hz, 1H), 5.23 (d, J = 17.4 Hz, 1H), 4.26 (d, J = 8.5 Hz, 1H), 4.15 (d, J = 8.5 Hz, 

1H), 1.47 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 156.7, 139.7, 135.5, 129.1, 127.3, 127.1, 117.3, 74.4, 

63.7, 21.6. GC-MS 203. 

 

 

1-phenyl-3-oxa-1-azaspiro[4.5]dec-6-en-2-one, synthesized via 2-GP2, colorless oil, 25.4 mg (Yield 

= 55%). 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.18 (m, 5H), 6.02-5.96 (m, 1H), 5.82 (d, J = 10.1 Hz, 1H), 

4.24 (d, J = 8.6 Hz, 1H), 4.16 (d, J = 8.6 Hz, 1H), 2.03 – 1.77 (m, 4H), 1.74 – 1.60 (m, 1H), 1.59 – 1.40 

(m, 1H). 13C NMR (101 MHz, CDCl3) δ 157.0, 135.9, 133.4, 129.3, 129.1, 127.6, 127.4, 73.6, 63.1, 31.6, 

24.1, 19.6. GC-MS 229. ESI HRMS m/z (M+Na)+ calcd 252.1001, obsd 252.1004. IR: 1753 cm-1(s), 

1397 cm-1(m). 
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1-phenyl-3-oxa-1-azaspiro[4.4]non-6-en-2-one, synthesized via 2-GP2, white solid, m.p. 94-96 oC, 

33.0 mg (Yield = 77%). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.31 (m, 2H), 7.28 – 7.23 (m, 3H), 5.98 (dt, 

J = 5.5, 2.3 Hz, 1H), 5.82 (dt, J = 5.5, 2.1 Hz, 1H), 4.35 – 4.26 (m, 2H), 2.32-2.24 (m, 1H), 2.23 – 2.15 

(m, 1H), 2.13-2.06 (m, 1H), 2.05-1.97 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 156.6, 137.3, 135.6, 132.2, 

129.1, 127.7, 127.4, 75.7, 73.7, 33.6, 30.9. GC-MS 215. ESI HRMS m/z (M+Na)+ calcd 238.0844, obsd 

238.0848. IR: 1744 cm-1(s), 1387 cm-1(m). 

 

6,6-dimethyl-3'-phenylspiro[bicyclo[3.1.1]heptane-2,4'-oxazolidin]-3-en-2'-one, synthesized via 2-

GP2, white crystal, m.p. 117-118 oC, 24.2 mg (Yield = 44%). 1H NMR (400 MHz, CDCl3) δ 7.40-7.30 

(m, 3H), 7.18 (d, J = 7.5 Hz, 2H), 6.47-6.42 (m, 1H), 5.81 (d, J = 8.7, 1H), 4.44 (d, J = 9.0 Hz, 1H), 4.29 

(d, J = 9.0 Hz, 1H), 2.50-2.42 (m, 1H), 2.04-1.98 (m, 2H), 1.33 (s, 3H), 0.95 (s, 3H), 0.69-0.65 (m, 1H).  

13C NMR (101 MHz, CDCl3) δ 157.1, 141.5, 136.5, 129.8, 129.4, 128.4, 125.3, 73.0, 68.6, 51.9, 47.4, 

40.9, 30.6, 26.8, 23.9. GC-MS 269. ESI HRMS m/z (M+Na)+ calcd 292.1313, obsd 292.1320. IR: 1752 

cm-1(s). 

 

 

3-phenyl-3a,6,7,7a-tetrahydrobenzo[d]oxazol-2(3H)-one, synthesized via 2-GP2, colorless oil, 34.7 

mg (Yield = 81%). 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.1 Hz, 2H), 7.40-7.32 (m, 2H), 7.19 – 7.11 

(m, 1H), 6.15 – 5.95 (m, 1H), 5.75 (d, J = 10.4 Hz, 1H), 4.94 – 4.83 (m, 1H), 4.76-4.70 (m, 1H), 2.38 – 

2.17 (m, 2H), 2.09-2.01 (m, 1H), 1.93 – 1.76 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 155.4, 137.4, 132.8, 

129.3, 124.8, 121.3, 120.9, 72.3, 54.0, 24.5, 19.6. GC-MS 215. 
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1,3-diphenyl-4-vinylimidazolidin-2-one, synthesized via modified 2-GP1 (using 0.1 M NBu4OTs as 

electrolyte), colorless oil, 27.4 mg (Yield = 52%). 1H NMR (400 MHz, CDCl3) δ 7.64 – 7.57 (m, 2H), 

7.51 – 7.44 (m, 2H), 7.41-7.31 (m, 4H), 7.14-7.06 (m, 2H), 5.87 (ddd, J = 17.5, 10.2, 7.6 Hz, 1H), 5.39 

(d, J = 17.2 Hz, 1H), 5.31 (d, J = 10.2 Hz, 1H), 4.83-4.77 (m, 1H), 4.13 (t, J = 9.0 Hz, 1H), 3.66 (dd, J = 

9.0, 6.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 155.3, 140.0, 138.7, 136.3, 129.0, 128.8, 124.1, 123.2, 

121.6, 119.5, 118.2, 56.2, 48.9. GC-MS 264.  

 

 

1-hexyl-3-phenyl-4-vinylimidazolidin-2-one, synthesized via modified 2-GP1 (using 0.1 M NBu4OTs 

as electrolyte), colorless oil, 35.3 mg (Yield = 65%). 1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 8.1 Hz, 

2H), 7.34 – 7.25 (m, 2H), 7.03 (t, J = 7.4 Hz, 1H), 5.81 (ddd, J = 17.4, 10.2, 7.3 Hz, 1H), 5.30 (d, J = 17.2 

Hz, 1H), 5.23 (d, J = 10.3 Hz, 1H), 4.70 – 4.60 (m, 1H), 3.65 (t, J = 8.9 Hz, 1H), 3.33 – 3.25 (m, 2H), 3.19 

– 3.02 (m, 1H), 1.57-1.51 (m, 2H), 1.39 – 1.24 (m, 6H), 0.97 – 0.83 (m, 3H). 13C NMR (101 MHz, CDCl3) 

δ 158.1, 139.5, 136.8, 128.7, 123.1, 120.4, 118.5, 56.6, 48.8, 44.0, 31.7, 27.6, 26.5, 22.7, 14.2. GC-

MS 272. ESI HRMS m/z (M+H)+ calcd 273.1967, obsd 273.1970. IR: 1709 cm-1(s), 1357 cm-1(s). 

 

 

3-phenyl-4-vinylthiazolidin-2-one, synthesized via modified 2-GP1 (using 0.1 M NBu4OTs as electro-

lyte), colorless oil, 15.6 mg (Yield = 38%). 1H NMR (400 MHz, CDCl3) δ 7.36 (t, J = 7.7 Hz, 2H), 7.29 (d, 

J = 7.6 Hz, 2H), 7.24-7.17 (m, 1H), 5.88 (ddd, J = 17.5, 10.2, 7.6 Hz, 1H), 5.32 – 5.19 (m, 2H), 4.83-

4.75 (m, 1H), 3.60 (dd, J = 11.1, 7.3 Hz, 1H), 3.16 (dd, J = 11.0, 6.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) 
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δ 171.4, 138.2, 135.6, 129.1, 126.5, 125.1, 119.6, 64.7, 32.2. GC-MS 205. ESI HRMS m/z (M+H)+ calcd 

206.0640, obsd 206.0639. IR: 1669 cm-1(s). 

 

1-phenyl-5-vinylpyrrolidin-2-one, synthesized via 2-GP1, yellowish oil, 20.8 mg (Yield = 56%). 1H 

NMR (400 MHz, CDCl3) δ 7.57 – 7.41 (m, 2H), 7.39 – 7.29 (m, 2H), 7.20 – 7.07 (m, 1H), 5.76 (ddd, J = 

17.3, 10.3, 7.1 Hz, 1H), 5.23 – 5.08 (m, 2H), 4.70-4.64 (m, 1H), 2.68-2.62(m, 1H), 2.57-2.50 (m, 1H), 

2.42-2.36 (m, 1H), 1.96-1.86 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 174.5, 138.2, 137.5, 128.8, 125.3, 

123.0, 117.5, 62.7, 31.2, 26.1.  GC-MS 187. ESI HRMS m/z (M+H)+ calcd 188.1075, obsd 188.1077. 

IR: 1694 cm-1(s), 1498 cm-1(m), 1380 cm-1(s). 

 

 

3,3-dimethyl-1-phenyl-5-vinylpyrrolidin-2-one, synthesized via modified 2-GP1 (using 6 eq. NaOPiv 

as base, 5 F), colorless oil, 25.1 mg (Yield = 58%). 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.6, 2H), 

7.34 (dd, J = 8.7, 7.1 Hz, 2H), 7.18 – 7.12 (m, 1H), 5.65 (ddd, J = 17.2, 10.2, 7.8 Hz, 1H), 5.22 (d, J = 

17.1, 1H), 5.13 (d, J = 10.2, 1H), 4.61 (q, J = 7.5 Hz, 1H), 2.23 (dd, J = 12.8, 7.3 Hz, 1H), 1.79 (dd, J = 

12.8, 7.5 Hz, 1H), 1.31 (s, 3H), 1.23 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 179.2, 138.7, 138.2, 128.7, 

125.3, 123.6, 118.0, 59.3, 41.8, 41.1, 25.8, 25.0. The spectra match well with the reported data.[19] 

GC-MS 215.  

 

1-phenyl-1,3,3a,4,5,7a-hexahydro-2H-indol-2-one, synthesized via 2-GP2, yellowish oil, 25.4 mg 

(Yield = 60%). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.35 (m, 4H), 7.19 (t, J = 7.2, 1H), 6.00 – 5.89 (m, 

1H), 5.75 – 5.64 (m, 1H), 4.63 – 4.51 (m, 1H), 2.67 – 2.57 (m, 2H), 2.47-2.41 (m, 1H), 2.23 – 1.98 (m, 
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2H), 1.87 – 1.76 (m, 1H), 1.75-1.65 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 173.8, 137.9, 131.7, 129.1, 

125.7, 123.7, 123.5, 57.2, 36.9, 31.0, 24.0, 22.3. GC-MS 213. ESI HRMS m/z (M+Na)+ calcd 236.1051, 

obsd 236.1055. IR: 1696 cm-1(s), 1379 cm-1(m). 

 

 

2-phenyl-3-vinylisoindolin-1-one, synthesized via 2-GP1, white solid, 28.7mg (Yield = 61%). 1H NMR 

(400 MHz, CDCl3) δ 7.94 (d, J = 7.6 Hz, 1H), 7.74 – 7.56 (m, 3H), 7.52 (t, J = 7.5 Hz, 1H), 7.48 – 7.36 

(m, 3H), 7.25 – 7.16 (m, 1H), 5.63 – 5.50 (m, 3H), 5.38 – 5.31 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 

167.4, 143.6, 137.8, 135.4, 132.4, 131.9, 129.0, 128.9, 125.3, 124.2, 123.2, 123.1, 120.4, 65.0. The 

spectra match well with the reported data.[20] GC-MS 235.  

 

 

(E)-4-(buta-1,3-dien-1-yl)-3-phenyloxazolidin-2-one, synthesized via 2-GP1, colorless oil, 26.7 mg 

(Yield = 62%). 1H NMR (400 MHz, CDCl3) δ 7.50 – 7.39 (m, 2H), 7.40 – 7.29 (m, 2H), 7.20 – 7.07 (m, 

1H), 6.40 – 6.18 (m, 2H), 5.70 – 5.55 (m, 1H), 5.34 – 5.21 (m, 1H), 5.18 (d, J = 8.1 Hz, 1H), 4.98 – 4.81 

(m, 1H), 4.58 (t, J = 8.6 Hz, 1H), 4.11 (dd, J = 8.7, 6.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 155.7, 

137.1, 135.8, 135.2, 129.5, 129.1, 125.1, 121.6, 120.1, 67.4, 59.0. GC-MS 215. ESI HRMS m/z (M+H)+ 

calcd 216.1024, obsd 216.1027. 

 

 

(E)-4-(but-1-en-1-yl)-3-phenyloxazolidin-2-one, synthesized via modified 2-GP1 (Without 

Cu(OAc)2), colorless oil, 11.5 mg (Yield = 26%). 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.39 (m, 2H), 7.38 

– 7.31 (m, 2H), 7.22 – 7.07 (m, 1H), 5.83 (dt, J = 15.3, 6.4 Hz, 1H), 5.37 (dd, J = 15.4, 8.3, 1H), 4.93 – 
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4.74 (m, 1H), 4.56 (t, J = 8.6 Hz, 1H), 4.08 (dd, J = 8.6, 6.7 Hz, 1H), 2.09 – 1.92 (m, 2H), 0.93 (t, J = 7.5 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 155.9, 139.2, 137.2, 128.9, 125.6, 125.0, 121.9, 67.7, 59.5, 25.3, 

13.2. The spectra match well with the reported data. GC-MS 217. IR: 1743 cm-1(s), 1392 cm-1(s). 

 

 

(4R)-2a1-methyl-4-(prop-1-en-2-yl)-2a,2a1,3,4,5,5a-hexahydro-1H-oxazolo[5,4,3-jk]carbazol-1-

one, synthesized via 2-GP2, white crystal, m.p. 174-176 oC, 17.0 mg (Yield = 32%). 1H NMR (400 MHz, 

CDCl3) δ 7.45 (d, J = 7.8 Hz, 1H), 7.27 (td, J = 7.7, 1.3 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 7.07 (td, J = 7.5, 

1.1 Hz, 1H), 4.77 – 4.70 (m, 1H), 4.69 – 4.66 (m, 1H), 4.61 (dd, J = 9.1, 7.9 Hz, 1H), 3.03 (dd, J = 11.1, 

8.1 Hz, 1H), 2.34 – 2.23 (m, 1H), 2.20 – 2.08 (m, 1H), 2.07 – 1.98 (m, 1H), 1.68 (s, 3H), 1.50 – 1.40 (m, 

4H), 1.19 – 1.04 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 154.0, 147.4, 138.6, 137.2, 128.5, 125.0, 124.6, 

115.2, 110.4, 82.0, 66.0, 48.2, 40.1, 37.2, 35.2, 28.1, 20.4. GC-MS 269. ESI HRMS m/z (M+H)+ calcd 

292.1313, obsd 292.1318. IR: 1744 cm-1(s), 1390 cm-1(m). 

 

 

3-phenyl-4-(1-phenylvinyl)oxazolidin-2-one, obtained together with 5ac via 2-GP1, yellowish oil, 

7.1 mg (Yield = 13%). 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.1 Hz, 2H), 7.43 – 7.31 (m, 7H), 7.14 

(t, J = 7.4 Hz, 1H), 5.52 (s, 1H), 5.34 – 5.23 (m, 2H), 4.63 (t, J = 8.6 Hz, 1H), 4.16 (dd, J = 8.5, 4.4 Hz, 

1H). 13C NMR (101 MHz, CDCl3) δ 155.6, 144.2, 137.6, 137.5, 129.2, 129.1, 128.8, 126.6, 124.5, 119.9, 

115.8, 67.8, 59.6. GC-MS 265.  
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4-(1-methoxy-1-phenylethyl)-3-phenyloxazolidin-2-one, obtained together with 2ac via 2-GP1, 

sticky liquid (dr= 1:1), 38.8 mg (Yield = 65%). 1H NMR (400 MHz, CDCl3) δ 7.52 – 7.28 (4H), 7.22 – 

6.71 (6H), 4.73 – 4.34 (2H), 4.11 (1H), 2.94 (3H), 1.55 (3H). 13C NMR (101 MHz, CDCl3) δ 156.8, 

156.8, 141.1, 139.4, 138.6, 137.3, 128.7, 128.7, 128.4, 128.4, 128.2, 127.7, 127.1, 125.5, 125.0, 

124.0, 123.4, 81.8, 80.4, 65.1, 64.8, 64.5, 63.8, 50.1, 50.0, 17.4, 15.7. GC-MS 297. ESI HRMS m/z 

(M+Na)+ calcd 320.1263, obsd 320.1263. IR: 1747 cm-1(s), 1398 cm-1(s). 

 

 

3-phenyl-4-(prop-1-en-2-yl)oxazolidin-2-one, obtained together with 5ad via 2-GP1, white solid, 

30.2 mg (Yield = 74%). 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.46 (m, 2H), 7.39 – 7.25 (m, 2H), 7.13 (t, 

J = 7.5 Hz, 1H), 5.08 (s, 1H), 5.02 (s, 1H), 4.88 (dd, J = 9.1, 5.5 Hz, 1H), 4.55 (t, J = 8.9 Hz, 1H), 4.11 

(dd, J = 8.8, 5.5 Hz, 1H), 1.68 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 155.8, 141.4, 137.4, 129.0, 124.7, 

120.4, 116.3, 66.3, 62.1, 16.6. GC-MS 203. 

 

 

4-(2-methoxypropan-2-yl)-3-phenyloxazolidin-2-one, obtained together with 2ad via 2-GP1, color-

less oil, 5.0 mg (Yield = 11%). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.33 (m, 4H), 7.26 – 7.16 (m, 1H), 

4.56 – 4.35 (m, 3H), 3.12 (s, 3H), 1.12 (s, 3H), 0.94 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 157.0, 138.3, 

129.2, 126.2, 124.4, 77.0, 64.3, 63.5, 49.3, 22.6, 19.0. GC-MS 235. ESI HRMS m/z (M+Na)+ calcd 

258.1106, obsd 258.1108. IR: 1754 cm-1(s). 
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2.7.6 NMR spectra of 2-2 ( an example of the products) 

 
1H-NMR spectrum of 2-2 

 
13C-NMR spectrum of 2-2 
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 Intermolecular oxidative amina-

tion of unactivated alkenes by dual photoredox 

and copper catalysis 

The work described in this chapter has been published: (Yi, X. L.; Hu, X. L. Intermolecular oxidative 

amination of unactivated alkenes by dual photoredox and copper catalysis. Chem. Sci. 2021, 12, 

1901-1906). Reprint of the materials is allowed by the Royal Society of Chemistry. 

 

3.1 Background 

Oxidative amination of alkenes[1-3] is a versatile method to synthesize allylic amines and 

related nitrogen-containing compounds, which are prevalent bioactive molecules and organic 

materials. [4-6]  Pd catalysis via aminopalladation is a good way for oxidative amination of alkenes 

(Scheme 3.1a, top). [7-9]  However, in most cases it leads to enamines instead of allylic amines as 

products, from the Makovnikov addition of the amino group to the alkenes. Pd-catalyzed allylic C-H 

activation, developed independently by the Liu group and the White group, is an alternative 

approach which gives linear allylic amines as products via an allyl palladium intermediate (Scheme 

3.1a, bottom). [10-12]  So far, only mono-substituted terminal alkenes are suitable substrates. Besides, 

allylic amines can also be prepared by allylic C−H insertion of metal−nitrenoid of alkenes typically 

with a branch selectivity (Scheme 3.1b).[13-15] These methods have generally limited tolerance for 

substrates containing highly polar or nucleophilic moieties. The addition of amidyl radical to an 

alkene followed by elimination of β-H provides another possible strategy to effect the oxidative 

amination (Scheme 3.1c). This strategy could have  intrinsic anti-Makovnikov selectivity and is 

potentially suitable for internal alkenes.  The radical nature of the reaction is compatible with polar 

substrates, which are important for industrial applications. [16]  

  Amidyl radical addition to alkenes for intramolecular cyclization (Section 1.4.2) and the 

intermolecular addition to activated alkenes (Section 1.4.3) have been well explored. Compared to 

activated alkenes, the C-radical intermediate from amidyl radical addition to unactivated alkenes is 

not stabilized by aryl or heteroatom, and it's relatively harder to be selectively reacted because of a 
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shorter lifetime. In Section 1.4.4, several radical aminations of unactivated alkenes have already 

been described, which relied on trapping the  C-radical intermediates by a hydrogen donor or a 

SOMOphile for further functionalization. Li and co-workers reported the only example to trap the C-

radical intermediates with a metallic species [CuII-CF3] to realize an aminotrifluoromethylation 

reaction (Scheme 1.17e). During our preparation for the publication of this work, Ritter and co-

workers reported un elegant metal-free allylic amination reaction through addition of aminium rad-

icals, which were generated from the energy transfer between an excited photocatalyst and imino-

thianthrenes, to alkenes (Scheme 3.1d).[17] Radical–radical cross-coupling between the resulting car-

boradical and persistent thianthrenium radical followed by elimination furnishes alkyl allyl amines 

as the products. 

 

Scheme 3.1 Different methods of oxidative amination for the synthesis of allylic amines. 
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    Here in this work, we describe an alternative approach based on synergetic photoredox 

and Cu catalysis. Cu has been reported to mediate β-H elimination of alkyl radicals to produce 

alkenes (Section 1.6.1). Recent reports described facile generation of amidyl radicals via reduction 

of hydroxylamine precursors by an excited state of a photoredox catalyst.[18, 19] In this context, we 

envisioned a synergetic photoredox and Cu cataylsis for oxidative amination of unactivated alkenes  

(Scheme 3.2). The photochemically generated amidyl radical adds to an alkene to give an alkyl 

radical, which is trapped by a Cu species. The latter undergoes β-H elimination to give the desired 

allylic amine. 

 

Scheme 3.2 Reaction design: intermolecular oxidative amination of unactivated alkenes via tandem photoredox and Cu 

catalysis. 
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3.2 Reaction optimizations 

 We started our exploration with different sources of amidyl radicals (Figure 3.1). In light of 

the precedent work of Studer and co-workers, we thought that Troc-protection N radical could be a 

good candidate for addition to unactivated alkenes.[20, 21] By using 3-2 as a N radical source, the 

alkene 3-1 could be converted to allylic amine derivative  in 24% yield, when 1 mol% of Ir(ppy)3 was 

used as a photocatalyst, 15 mol% of Cu(2-ethylhexanoate)2 was used as a metal catalyst and 1 

equivalent of NaOPiv was added. Troc-NH2 was obtained as the main side product and no 

diamination was observed. When less electron-deficient N reagents were used (3-3 to 3-5), only 

trace amount of the target product was observed. Other electron-deficient N reagents with different 

substituents on the benzoyl (2,6-difluoro for 3-6, 4-CF3 for 3-7, 3,5-diCF3 for 3-8, 4-CO2Me for 3-9) 

also led to the product, albeit in relatively lower yield (10%-20%). However, the electron-deficient  

 

Figure 3.1 Screening of amidyl radical sources. Conditions: All reagents of indicated amount dissolved in 1 mL CH3CN, 

blue LED radiation for 24 h. 
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N reagent derived from pentafluorobenzoic acid did not work at all for this reation. We also tested 

3-11 and 3-12 as a source of Boc-protected N radical, and only trace amount of the target product 

from oxidative amination was observed. Thus, 3-2 was selected as the N radical source. 

Then, the copper catalyst was optimized (Table 3.1). The use of Cu(OPiv)2 as metal catalyst 

improved the yield to 42% (Entry 2), in contrast to 38% when Cu(2-ethylhexanoate)2 was used (Entry 

1). CuOAc could give a yield of 21% (Entry 3), while Cu(OTf)2 was completely inactive for this reaction 

(Entry 4). When copper catalyst was removed from the conditions, 7% of 3-31 was observed (Entry 

5). We tried to add some ligands to the reaction conditions (Entries 6-9). The addition of bipyridine 

or 1,10-phenanthroline completely suppressed the reaction. The use of L1 or L2 led to the target 

product yet was not helpful for the improvement of the yield.  

Table 3.1 Screening of Cu catalysts. 

 

Entry Cu catalyst ligand Yield/ % 

1 Cu(2-Ethyl hexanoate)2 - 38 

2 Cu(OPiv)2 - 42 

3 Cu(OAc) - 21 

4 Cu(OTf)2 - 0 

5 - - 7 

6 Cu(2-Ethyl hexanoate)2 bipyridine 0 

7 Cu(2-Ethyl hexanoate)2 1,10-phenanthroline 0 

8 Cu(2-Ethyl hexanoate)2 L1 10 

9 Cu(2-Ethyl hexanoate)2 L2 39 

Conditions: All reagents of indicated amount dissolved in 1 mL CH3CN, blue LED radiation for 24 h. 

Different photocatalysts were used for this reaction (Table 3.2). It was found that only the 

Ir(ppy)3 type photocatalysts with a very reducing excited state (Table 1.1) could mediate this 
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conversion. The cationic IrIII catalyst (Entry 1), the organophotocatalyst 4CzIPN (Entry 2) and Ru 

catalyst (Entry 3) were all inactive under the conditions. Ir (dfppy)3, Ir (dfppy)2(ppy), Ir (dfppy)(ppy)2 

and Ir (ppy)3 gave the product 3-13 in similar yields (Entries 4-7, 39-42%). 

Table 3.2 optimization of photocatalysts. 

 

Entry Photocatalyst Yield/ % 

1 Ir(ppy)2(dbbpy) BF4 trace 

2 4CzIPN trace 

3 Ru(bpy)3 (BF4)2 0 

4 Ir(dfppy) (ppy)2 40 

5 Ir(dfppy) 2(ppy) 39 

6 Ir(ppy)3 42 

7 Ir(dfppy) 3 41 

Conditions: All reagents of indicated amount dissolved in 1 mL CH3CN, blue LED radiation for 24 h. 

Some additives were tentatively added to the reaction, with a potential role of neutralizing 

the acid generated in the course of the reaction (Table 3.3). The addition of NEt3 completely disabled 

the reaction (Entry 1). Other organic bases, such as pyridine and 2,6-lutidine, also led to lower yields 

(Entries 2&3). Different metal pivalates were tried, and, unluckily, none of them could increase the 

reaction yield (Entries 4-8). However, 1 equivalent of Mg(OPiv)2 and H2O slightly increased the yield 

to 44% (Entry 9). The replacement of Ir(ppy)3 by Ir (dfppy)2(ppy) based on Entry 9 further increased 

the yield to 49% (Entry 10). Notably, the addition of H2O resulted in a precipitate during the reaction, 

which was analyzed as mainly Mg(4-cyanobenzoate)2*xH2O.  

Finally, we tried to increase the reaction yield by increasing the amount of alkene 3-1 (Table 

3.4). 2 equivalent and 3 equivalent of 3-1 respectively increased the reaction yield to 59% and 64% 

(Entry 2 , 3). A slow generation of the amidyl radical by controlling the addition rate of 3-2 to the 

reaction mixture improved further the yield of 3-13 to 76%, when 3 equivalent of 3-2 were used 
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(Entry 5). With these conditions, the amout of copper catalyst could be reduced to 10 mol% without 

affecting the yield (77%, Entry 6). 70% yield of 3-13 was obtained after isolation. 

Table 3.3 Screening of additives. 

 

Entry photocatalyst additive Yield/ % 

1 Ir(ppy)3 NEt3 0 

2 Ir(ppy)3 pyridine 27 

3 Ir(ppy)3 2,6-dimethylpyridine 35 

4 Ir(ppy)3 NaOPiv 24 

5 Ir(ppy)3 Zn(OPiv)2 21 

6 Ir(ppy)3 Mg(OPiv)2 38 

7 Ir(ppy)3 LiOPiv 34 

8 Ir(ppy)3 Al(OPiv)3 30 

9 Ir(ppy)3 Mg(OPiv)2, H2O 44 

10 Ir(dfppy)2(ppy) Mg(OPiv)2, H2O 49 

Conditions: All reagents of indicated amount dissolved in 1 mL CH3CN, blue LED radiation for 24 h. 

Table 3.4 Optimization of the amount of alkene and addition procedure. 

 

Entry Amount of alkene Variations Yield/ % 

1 1 eq. - 49 

2 2 eq. - 59 

3 3 eq. - 64 

4a 2 eq. Slow addition of 3-2 67 

5a 3 eq. Slow addition of 3-2 76 

6a 3 eq. 
10% Cu(OPiv)2, 

Slow addition of 3-2 
77(70)b 
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Conditions: All reagents of indicated amount dissolved in 1 mL CH3CN blue LED radiation for 24 h. a Slow addition pro-

cedure: 0.02 mmol 3-2 and all other reagents were dissolved in 0.2 mL CH3CN; the rest of 3-2 (0.08 mmol) was dissolved 

in 0.4 mL CH3CN; the latter was added at 1.2 uL/min to the former after reaction starts. b Yield after isolation. 
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3.3 Scope investigations 

  Based on the optimal conditions (Table 3.4, Entry 6), we examined the scope of terminal 

alkenes (Figure 3.2). Remote electrophilic functionalities such as bromide, iodide, and terminal 

epoxide were all tolerated to afford the corresponding products in good yields (3-14 to 3-16, 66-

77%). Alcohol (3-17) and amide (3-18) were also compatible. A range of alkenes containing a termi-

nal carboxylic acid group were tested. 9-Decenoic acid (for 3-19), 5-hexenoic acid (for 3-20) and 4-

pentenoic acid (for 3-21), but not 3-butenoic acid, were successfully aminated. The products were 

isolated after methylation as methyl esters in moderate yields (50-53%). Polar substrates (3-22 and 

3-23), derived from L-phenylalanine and L-threonine, respectively, were also viable for this reaction. 

When a more electron-deficient alkenyl group was present in a internal position (for 3-24 and 3-25), 

amination of the terminal double bond was dominant, which is consistent with electrophilic nature 

of the amidyl radical.[19] 

Next, alkenes with various substitutions at the C3 position were examined. Bulky 

substituents, such as cyclohexyl (for 3-26), tert-butyl (for 3-27) and 1-hydroxycyclohexyl (for 3-28), 

didn't deteriorate the reaction yield (59- 74%). However, double substitutions at C3 dramatically 

decreased the yield (3-29, 23%). In the case of a phenyl substitution, 3-30 was obtained in 40% yield. 

Cis-alkene was obtained as the major isomer (Z:E = 4:1), possibly because of the isomerization of 

styrene-type compounds under radiation.[22] Although 3-butenoic acid was not a suitable substrate, 

the esters of 3-butenoic acid could be used for the generation of α,β- unsaturated esters (3-31 to 3-

34). 4-hydroxyl (3-33) and 2-iodo (3-34) groups on the phenyl substituent were tolerated against 

the potential oxidation or dehalogenation reactions. The use of 1,1-disubstituted alkenes led to 

lower yield of the target product (48% for 3-35, < 10% for 3-36). This could have resulted from the 

side reactions associated with the direct oxidation of the tertiary radical intermediate to carbocation 

(Section 1.6.2). The reaction of 3-37, derived from L-menthol, was successfully scaled up to 2.5 

mmol, giving 0.63 g of 3-38 as product (61% yield). The latter can be easily deprotected to give the 

primary amine 3-39 in 85% yield. Notably, the majority of the excess alkene could be recovered after 

the reaction (1.23 g, 2.2 equivalent). 
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Figure 3.2 Scope studies of terminal alkenes for the oxidative amination. Reaction conditions: Same as Table 3.4, Entry 

6. NMR yields and isolation yields (in the bracket) are shown. a Reaction conditions: Same as Table 3.4, Entry 3. b Reaction 

conditions: Based on Table 3.4, Entry 3, without addition of Mg(OPiv)2 or H2O. Products were isolated as esters after 

methylation.c Reaction conditions: Based on Table 3.4, Entry 3, with acetone as solvent. 

The oxidative amination method was then applied to internal alkenes (Figure 3.3). This transfor-

mation was effective when the alkenes were symmetrically substituted, such as cyclohexene (3-40), 

cyclopentene (3-41), and 4-octene (3-42). Trans-4-octene and cis- 4-octene led to similar yields of 

3-43. The reaction of an unsymmetrically substituted alkene, 2-octene, had a good yield but poor 
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regioselectivity (3-43-1: 3-43-2= 1.4:1). When 2-hexen-1-ol was used as the substrate, amination at 

the C2 position (3-44) was dominant (58% yield) compared to amination at the C3 position, which 

led to an epoxyl product 3-44’ (16%). Analogous allylic alcohols (3-45 to 3-47) were aminated, with 

modest to good yields (33% to 61%). The diastereoselectivity was low despite having a bulky sub-

stituent adjacent to the alcohol group. A trisubstituted alkene led to 3-48 in 51% yield. A tosyl-pro-

tected allylamine reacted with 3-2 to give 3-49 in 60% yield. Allylic esters reacted with 3-2 to give 

both allylic amines (3-50 and 3-51) and aziridines (3-50’ and 3-51’) in similar yields. 

 
Figure 3.3 Scope studies of internal alkenes for oxidative amination. Reaction conditions: Same as Table 3.4, Entry 6. 

NMR yields and isolation yields (in the bracket) are shown.  a Reaction conditions: Same as Table 3.4, Entry 3. b Reaction 

conditions: Based on Table 3.4, Entry 3, with acetone as solvent. 

3.4 Mechanistic studies 

3.4.1 Photochemical studies 

The Stern-Volmer quenching of Ir(dfppy)2(ppy) by different reagents was probed (Figure 3.4). 

Among all reagents used in the reaction, only 3-2 and Cu(OPiv)2 could significantly quench the ex-

cited photocatalyst. A less electron-deficient N radical source 3-3 was also not able to quench the 
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excited photocatalyst. In the corresponding Stern-Volmer plots, the slopes, which are proportional 

to the quenching coefficients, are 9955 M-1 and 2438 M-1 for 3-2 and Cu(OPiv)2, respectively, sug-

gesting 3-2  as a more efficient quencher than Cu(OPiv). Additionally, cyclic voltammetry was used 

to measure the redox potentials of the reagents. The reduction potential of 3-2 (Ered(3-2) = -1.43 V 

vs SCE) is less negative than the oxidation potential of the excited photocatalyst (E(IrIV/Ir*)= -1.56 

V), indicating that oxidative quenching of the excited state of Ir(dfppy)2(ppy) by 3-2 is thermody-

namically downhill. Meanwhile, the reduction potential of 3-3 (Ered(3-3) = -1.82 V vs SCE) is more 

negative, which explains why 3-3 was not a suitable substrate for the reaction. 

To probe the possibility of a quenching process by energy transfer, we tested several photo-

catalysts with a similar triplet energy to Ir(dfppy)2(ppy) (Figure 3.5). Neither Ir(dfCF3ppy)2(dtbbpy) 

PF6 or 4CzIPN was active for the reaction, despite having a similar or slightly higher triplet energy. 

This implies that energy transfer mechanism is not very likely in our case. Notably, these two cata-

lysts have less reducing excited states (-0.89 V[23] for Ir(dfCF3ppy)2(dtbbpy) PF6 and -1.04 V[24] for 

4CzIPN), meaning that they are not able to reduce 3-2 with their exciting states. This is consistent 

with a SET oxidative quenching mechanism. 

 

 

Figure 3.4 Stern-Volmer quenching of different reagents in this reaction. 

3-2 3-3

[Ir] 2 x10-5 M

[Ir] + Cu(OPiv)2 (1:20)

[Ir] + Mg(OPiv)2*H2O (1:100)

[Ir] + 3-1 (1:200)

[Ir] + 3-2 (1:100)

[Ir] + 3-3 (1:100)
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Figure 3.5 Comparison of oxidative quenching potentials and triplet energies of several photocatalysts. 

3.4.2 Radical process 

 To verify the radical nature of this reaction, 1 equivalent of TEMPO was added to the reac-

tion mixture of 3-1 and 3-2 (Figure 3.6a). The oxidative amination product 3-13 was not obtained, 

but the TEMPO adduct 3-52 was isolated in 17% yield. Additionally, the reaction of substrate 3-53 

containing a cyclopropyl substituent, which served as a radical clock, yielded product 3-54 in which 

the cyclopropyl ring was opened (Figure 3.6b). These results confirm the involvement of amidyl rad-

ical addition in this reaction. 

3.4.3 The role of copper 

 During the investigation of reaction scope, we observed a competition between elimination 

of β-H and cyclization for substrates with a pendant nucleophilic group (-OH or -NHTs; Figure 3.7), 

which helps to profile the role of copper in the reaction. When there is one carbon between the 

alkene and nucleophilic groups, only cyclization was observed (for 3-60 and 3-63). When there are 

two carbons, only elimination was observed (for 3-61 and 3-64). When there are 3 carbons, cycliza-

tion was favored (for 3-62 and 3-65), yet the product of elimination (3-65’, 22% yield compared to 

68% yield for 3-65) was still obtained if the nucleophilic group was -OH. CuII species have been re-

ported to both mediate oxidative elimination of alkyl radical to form alkene (Section 1.6.1) and cy-

clization of alkyl radical with a nucleophile (Section 1.6.4 and 1.6.6). For the copper mediated oxi-

dative elimination, a CuIII-alkyl species has always invoked as intermediate, yet few direct evidences 

have been reported. In the present case, if a CuIII–alkyl intermediate 3-66 is formed, the nucleophilic 

group would be able to coordinate to copper. The observation of cyclization products supports the 
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formation of such a CuIII-alkyl intermediate which could reductively eliminate to form the cyclic 

products.  

 

Figure 3.6 Several reactions for mechanistic studies. 

  Interestingly, when cyclooctadiene 3-56 was applied as a substrate (Figure 3.6c), aziridine 

3-57 was obtained as the main product (62%) instead of 3-58 (17%). This result might be rationalized 

by the coordination of Cu in 3-59 by the alkene moiety. The coordination could shield H1 from ac-

cessing the Cu center so that elimination of H1 was suppressed. Consequently, C-N reductive elimi-

nation to give the aziridine product 3-57 was favored. This rational might be applicable to explain 

the generation of 3-50’ and 3-51’, as in these cases the ester group of the alkenes could act as a 

coordinating group. Besides, the coordination of Cu by the double bond (Figure 3.6b, intermediate 

3-55) could also be used to rationalize the generation of a skipped diene 3-54 as the main product 

instead of a conjugated diene, which would be thermodynamically more stable. 
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Figure 3.7 Reactions of substrates with a tethered nucleophilic group: Competition between cyclization and elimination. 

Conditions: same as Table 3.4, Entry 3. 
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3.5 The proposed reaction Mechanism 

 Taking into account the results above, we proposed a plausible catalytic cycle (Scheme 3.3). 

The reaction starts from the oxidative quenching of the excited photocatalyst by 3-2, which gener-

ates the Troc-protected N radical while releasing a carboxylate. The addition of N radical to the 

alkene leads to the alkyl radical 3-67, which is then trapped by a CuII-pivalate species to give a CuIII-

alkyl species 3-66. The latter undergoes elimination of β-H to form the allylic amine and a CuI species 

which is then oxidized back to CuII by IrIV. To explain the regioselectivity for H elimination in 3-66, 

we propose that the coordination of the Troc group to CuIII prevents the H2 to be accessed by the 

carboxylate so that elimination of H1 dominates.[25] The influence of intramolecular coordination to 

the reaction selectivity was evidenced by the products of several substrates (e.g., for 3-50’ and 3-

57).  

 

Scheme 3.3 The proposed reaction mechanism. 
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3.6 Conclusion 

In conclusion, by integrating photochemical generation of amidyl radicals with Cu-mediated 

β-H elimination of alkyl radical, we developed an intermolecular oxidative amination of unactivated 

alkenes. The method can be used to synthesize a wide range of allylic amines, from readily available 

alkenes, with high functional group tolerance. The mechanistic studies provided evidence for a CuIII-

alkyl intermediate in the copper mediated oxidative elimination process. 
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3.7 Experiments 

3.7.1 General consideration 

Solvents (DCM, anhydrous acetonitrile and DMSO) and commercially available reagents 

were used without purification. H2O was purged with N2 for 2 h to remove oxygen before use. 15 

mL Teflon-screw capped vials (d = 2 cm) were used for the setup of oxidative amination reaction. 

Blue LEDs (From Kessil Co., Ltd., 40 W max., wavelength centered at 460 nm, product No. A160WE) 

was used as the radiation source and a cooling fan was used to keep the reaction temperature from 

going up during photolysis. After the reaction workup, 1H- NMR spectra of crude products were 

recorded with 1,3,5-trimethylbenzene as an internal standard to determine the NMR yields. Silica 

gel columns were used for reaction separation, with hexane- ethyl acetate (EA) as eluent unless 

otherwise noted. NMR spectra were recorded with a Bruker Avance 400 MHz instrument. Chemical 

shifts are reported in ppm after being referenced to residual signal of CHCl3 for 1H (7.26 ppm) and 

CDCl3 for 13C (77.16 ppm). Descriptions of multiplicities are abbreviated as follows: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, b = broad. Determinations of high resolution mass 

spectra (HRMS) of unknown compounds by electrospray ionization (ESI) were performed with a 

Micro Mass QTOF Ultima spectrometer at the EPFL Mass Spectrometry Center. Fluorescence 

quenching were examined with a Varian Cary Eclipse fluorescence spectrophotometer. Cyclic 

voltammograms (CV) were recorded on a BIO-LOGIC VSP. 

3.7.2 Procedures for synthesis of substrates, catalysts and additives 

 

           fac-Ir(ppy)(dfppy)2: 0.5 mmol IrCl3*3H2O and 1.75 mmol 2-(2,4-difluorophenyl)pyridine were 

added to a 50 mL flask containing 15 mL 2-ethoxylethanol and 5 mL H2O. The mixture was heated 

to 135 oC under nitrogen for 24 h, and then the reaction was quenched by addition of 20 mL H2O. 
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Filtration and subsequent wash with EtOH and Et2O gave chloride-bridged iridium dimer 

IrCl2(dfppy)4 as a bright yellow powder in 66% yield. 

0.04 mmol IrCl2(dfppy)4, 0.2 mmol AgOTf, 0.16 mmol 2-phenylpyridine, 0.16 mmol NEt3 were 

added to 6 mL DCE.[26] The mixture was refluxed under nitrogen for 6 h. mer-Ir(dfppy)2(ppy) was 

obtained by chromatography on silica gel with DCM-hexane as eluent, as a yellow powder in 50% 

yield. 1H NMR (400 MHz, CDCl3) δ 8.20 (dd, J = 15.0, 8.6 Hz, 2H), 8.09 (d, J = 5.9 Hz, 1H), 7.94 (d, J = 

8.2 Hz, 1H), 7.87 (d, J = 5.6 Hz, 1H), 7.78 – 7.74 (m, 1H), 7.65 (td, J = 7.6, 1.8 Hz, 1H), 7.61 – 7.51 (m, 

2H), 7.50 (t, J = 7.9 Hz, 1H), 7.07 – 6.96 (m, 2H), 6.99 – 6.87 (m, 2H), 6.79 – 6.69 (m, 2H), 6.50 – 6.35 

(m, 2H), 6.08 – 6.00 (m, 1H), 5.84 (dd, J = 9.2, 2.4 Hz, 1H). 

0.04 mmol mer-Ir(dfppy)2(ppy) was dissolved in 3 mL DMSO and radiated by UV (254 nm) 

overnight under nitrogen.[27] A precipitate was formed. The solution was diluted by DCM until the 

precipitate was dissolved. The solution mixture was washed with water to remove DMSO. Evapora-

tion of the organic phase afforded a yellow solid, which was then washed twice by DCM-hexane 

(1:10). fac-Ir(dfppy)2(ppy) was obtained in 88% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.32 – 8.18 (m, 

3H), 7.99 – 7.79 (m, 4H), 7.63 – 7.53 (m, 2H), 7.47 – 7.41 (m, 1H), 7.32 – 7.16 (m, 3H), 6.89 (td, J = 

7.5, 1.5 Hz, 1H), 6.80 (td, J = 7.3, 1.4 Hz, 1H), 6.71 – 6.60 (m, 2H), 6.55 (dd, J = 7.5, 1.4 Hz, 1H), 6.15 

– 6.05 (m, 2H). 

 

  The synthesis of 3-2 and the analogous amidyl radical sources followed the procedure re-

ported in literature, with minor modifications.[28] NEt3 (2.8 mL, 20 mmol) and hydroxylamine hydro-

chloride (0.77g, 11 mmol) were added into 10 mL DCM, and the reaction mixture was stirred at 

room temperature for 5 min. Then, the suspension was cooled to 0 °C, and Troc-Cl (10 mmol, in 20 

mL DCM) was added over 30 min by a syringe pump. The mixture was stirred at room temperature 

for 30 min and 1.4 mL NEt3 (10 mmol) was added. Next, the suspension was cooled again to 0 °C, 

followed by the addition of 4-cyanobenzoyl chloride (7 mmol, in 10 mL of DCM) over 30 min. The 

mixture was then warmed to room temperature and left for 30 min. The product was separated by 
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chromatography on silica gel to afford 3-2 as a white solid in 60% yield. 1H NMR (400 MHz, CDCl3) δ 

8.70 – 8.59 (s, 1H), 8.25 – 8.17 (m, 2H), 7.85 – 7.77 (m, 2H), 4.84 (s, 2H). 

3.7.3 Procedures for the photochemical reaction 

 General procedure 1 (3-GP1): 

  0.01 mmol Cu(OPiv)2 and 0.001 mmol Ir (dfppy)2(ppy) were added to a glass vial (d=2 cm), 

which was then transferred to the glovebox. 0.1 mmol Mg(OPiv)2, 0.3 mmol alkene (3 equiv.), 0.1 

mL acetonitrile solution of water (1 M H2O) and 0.1 mL acetonitrile solution of 3-2 (0.2 M, 20% of 

the total amount) were added to the vial. The vial was sealed with a rubber septum and placed 

under blue LED radiation. The rest solution of 3-2 (0.4 mL, 0.2 M) was added to the vial at a rate of 

1.2 µL/min by a syringe pump. The setup is illustrated in the picture below. After 24 h, the reaction 

was stopped. To the reaction solution were added 4 mL ethyl acetate, 1mL water and 2 drops of 

15% ammonia solution, and then the organic phase was collected after sufficient mixing. The organic 

phase was concentrated. The residue was subsequently analyzed by NMR to obtain the NMR yield 

and was separated on silica gel column to give the final product. 
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General procedure 2 (3-GP2): 

  0.01 mmol Cu(OPiv)2, 0.001 mmol Ir (dfppy)2(ppy) and 0.1 mmol 3-2 were added to a glass 

vial (d=2 cm), which was then transferred to the glovebox. 0.1 mmol Mg(OPiv)2, 0.3 mmol alkene (3 

equiv.), 0.1 mL acetonitrile solution of water (1 M H2O) and 0.9 mL acetonitrile were added to the 

vial. The vial was sealed with a plastic cap and placed under blue LED radiation for 24 h. The setup 

is illustrated in the picture below. When the reaction completed, to the reaction solution were 

added 4 mL ethyl acetate, 1mL water and 2 drops of 15% ammonia solution, and then the organic 

phase was collected after sufficient mixing. The organic phase was concentrated. The residue sub-

sequently was analyzed by NMR to obtain the NMR yield and was separated on silica gel column to 

give the final product. 

 

 

General procedure 3 (3-GP3): 

  0.01 mmol Cu(OPiv)2, 0.001 mmol Ir (dfppy)2(ppy) and 0.1 mmol 3-2were added to a glass 

vial (d=2 cm), which was then transferred to the glovebox. 0.3 mmol alkene (3 equiv.), 1 mL acetoni-

trile were added to the vial. The vial was sealed with a plastic cap and placed under blue LED radia-

tion for 24 h (the setup is the same as in GP2). When the reaction completed, 0.6 mmol MeI and 1 

mmol K2CO3 were added to the reaction, and the vial was heated for 12 h at 60 oC. To the reaction 
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solution were added 4 mL ethyl acetate, 1 mL water and 2 drops of 15% ammonia solution, and then 

the organic phase was collected after sufficient mixing. The organic phase was concentrated. The 

residue was subsequently analyzed by NMR to obtain the NMR yield and was separated on silica gel 

column to give the final product. 

   

 Scale-up procedure: 

10% Cu(OPiv)2 (67.5 mg), 0.5% Ir(dfppy)2(ppy) (10 mg), 1equiv. Mg(OPiv)2 (0.58 g) and 3 

equiv. alkene 3-37 (1.70 g) were added to a 50 mL Schlenk tube, in which the atmosphere was then 

changed to nitrogen. Next, 3 mL CH3CN, 45 µL H2O and 2 mL solution of 3-2 (0.25 M in CH3CN) was 

added and the reaction vessel was placed under radiation of blue LED. 8 mL of solution of 3-2 (0.25 

M in CH3CN) was added at a rate of 0.01 mL/min by a syringe pump. After the addition, the reaction 

was maintained for another 20 h for completion. A substantial amount of precipitate was obtained. 

  Filtering the reaction mixture gave a white solid, which was then washed twice with diethyl 

ether. Drying under vacuum led to 0.328 g white powder, which was analyzed with NMR to be Mg(4-

cyanobenzoate)2*xH2O  . 

  To the filtrate were added 30 mL ethyl acetate, 2 mL water and 1 mL 15% ammonia solution, 

and then the organic phase was collected after sufficient mixing. The organic phase was concen-

trated. The residue was separated on silica gel column to recover the alkene (1.232 g, 2.20 equiv.) 

and give the final product 3-38 (0.632 g, 61%). 

3.7.4 Exprimental details for mechanistic studies 

Stern-Volmer quenching  

 All solutions and samples were prepared under nitrogen. Stock solutions of Ir(dfppy)2(bpy) 

(2.9 mg in 20.0 mL CH3CN, 2.0×10-4 M), Cu(OPiv)2 (10.6 mg in 20.0 mL CH3CN, 2.0×10-3 M), CuOAc 

(2.5 mg in 10.0 mL CH3CN, 2.0×10-3 M) Mg(OPiv)2*H2O (45.3 mg Mg(OPiv)2 and 3.6 µL H2O in 20.0 

mL CH3CN, 1.0×10-2 M), 3-2 (81.6 mg in 20.0 mL CH3CN, 2.0×10-2 M), 3-1 (135 mg in 20.0 mL CH3CN, 

2.0×10-2 M) and 3-3 (62.5 mg in 10.0 mL CH3CN, 2.0×10-2 M) were prepared. The sample solutions 

were prepared by mixing given amounts of certain stock solutions, and then diluted to 5.0 mL in a 

volumetric flask under nitrogen. The sample solution was transfer to a cuvette with screw cap for 

further measurements on a fluorescence spectrometer. Parameters: exciting (420 nm, slit 2.5 nm), 

emission measurement (430 nm-700 nm). 
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Figure 3.8 shows a example of Stern-Volmer plotting (Cu(OPiv)2 as quencher).  

 

Figure 3.8 Emission quenching by Cu(OPiv)2 at different concentrations and the corresponding Stern-Volmer Plot. 

Measurement of redox potentials of reagents with CV 

The CVs were recorded in CH3CN, with Bu4NBF4 (0.05 M) as electrolyte, glassy carbon disk as 

working electrode (diameter, 3 mm), Pt wire as counter electrode, Ag|AgCl, KCl(aq) as reference 

electrode. The scan rate was 100 mV/s. Concentration of reagents (if applicable): 0.0001 M Fc, 

0.0001 M Ir(dfppy)2(ppy), 0.001 M Cu(OPiv)2, 0.01 M 3-2, 0.01 M 3-3. 

  

Figure 3.9 CVs of reaction reagents.  

  E(Fc+/Fc) is 0.477 V vs the reference electrode in our system. E(Fc+/Fc) in CH3CN is 0.380 V 

vs. SCE. The potentials vs E(Fc+/Fc) above are converted to potentials vs SCE: E(IrIII/IrII) = -2.22 V, 

E(IrIV/IrIII) = 0.97 V, Eox(CuI) = -0.10 V, Ered(3-2) = -1.43 V, Ered(3-3) = -1.82 V. 

3-2

3-3
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  Based on the emission spectrum (Figure 3.8), λmax = 490 nm, which corresponds to a triplet 

energy E0 = 2.53 eV. The oxidation potential of the excited state can be estimated:[29] E(Ir*/IrIV)= 

E(IrIII/IrIV)- E0= -1.56 V.  

3.7.5 Characterization data for the products 

  

(E)-6-((Troc-amino)hex-4-en-1-yl benzoate, synthesized via 3-CP1, colorless oil, 27.4 mg (Yield = 

70%), trans: cis = 9:1. For trans-isomer, 1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 7.8 Hz, 2H), 7.55 (t, J 

= 6.9 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 5.77 – 5.62 (m, 1H), 5.59 – 5.44 (m, 1H), 5.13 (b, 1H), 4.72 (s, 

2H), 4.32 (td, J = 6.5, 2.5 Hz, 2H), 3.79 (t, J = 6.7 Hz, 2H), 2.29 – 2.09 (m, 2H), 1.93 – 1.79 (m, 2H). 13C 

NMR (101 MHz, CDCl3) δ 166.7, 154.5 133.0, 132.4, 130.4, 129.6, 128.5, 126.5, 95.7, 74.6, 64.3, 43.2, 

28.7, 28.1. HRMS (ESI/QTOF) m/z: [M + Na]+Calcd for C16H18Cl3NNaO4
+ 416.0194; Found 416.0193. 

 

2,2,2-Trichloroethyl (E)-(6-bromohex-2-en-1-yl)carbamate, synthesized via 3-CP1, colorless 

oil, 23.0 mg (Yield = 65%), trans: cis = 9:1. For trans-isomer, 1H NMR (400 MHz, CDCl3) δ 5.68 – 5.49 

(m, 2H), 5.01 (b, 1H), 4.73 (s, 2H), 3.81 (t, J = 5.7 Hz, 2H), 3.39 (t, J = 6.6 Hz, 3H), 2.20 (q, J = 6.9 Hz, 

2H), 1.98 – 1.88 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 154.5, 131.7, 127.1, 95.7, 74.7, 43.2, 33.1, 

32.0, 30.6. HRMS (ESI/QTOF) m/z: [M + Na]+Calcd for C9H13BrCl3NNaO2
+ 373.9087; Found 373.9081. 

 

2,2,2-Trichloroethyl (E)- (6-iodohex-2-en-1-yl)carbamate, synthesized via 3-CP1, colorless oil, 24.0 

mg (Yield = 60%), trans: cis = 10:1. For trans-isomer, 1H NMR (400 MHz, CDCl3) δ 5.67 – 5.48 (m, 2H), 

5.01 (b, 1H), 4.73 (s, 2H), 3.80 (t, J = 5.5 Hz, 2H), 3.17 (t, J = 6.8 Hz, 3H), 2.15 (q, J = 6.6 Hz, 2H), 1.89 

(p, J = 6.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 154.5, 131.5, 127.1, 95.7, 74.7, 43.2, 32.8, 32.6, 6.3. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C9H13Cl3INNaO2
+ 421.8949; Found 421.8958. 
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2,2,2-Trichloroethyl (E)-(4-(oxiran-2-yl)but-2-en-1-yl)carbamate, synthesized via 3-CP1, colorless 

oil, 18.5 mg (Yield = 64%). 1H NMR (400 MHz, CDCl3) δ 5.75 – 5.58 (m, 2H), 5.07 (b, 1H), 4.73 (s, 2H), 

3.83 (t, J = 5.5 Hz, 2H), 3.02 – 2.92 (m, 1H), 2.81 – 2.71 (t, J = 4.4 Hz, 1H), 2.50 (dd, J = 4.9, 2.7 Hz, 

1H), 2.42 – 2.22 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 154.5, 128.7, 127.8, 95.7, 74.7, 51.3, 46.7, 

43.1, 35.1. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C9H12Cl3NNaO3
+ 309.9775; Found 309.9781. 

 

2,2,2-Trichloroethyl (E)-(6-hydroxyhex-2-en-1-yl)carbamate, synthesized via 3-CP2, colorless oil, 

17.7 mg (Yield = 61%), 1H NMR (400 MHz, CDCl3) δ 5.67 (dtt, J = 14.7, 6.6, 1.4 Hz, 1H), 5.50 (dtt, J = 

15.3, 6.1, 1.5 Hz, 1H), 5.08 (b, 1H), 4.72 (s, 2H), 3.79 (td, J = 5.9, 1.1 Hz, 2H), 3.64 (t, J = 6.5 Hz, 2H), 

2.13 (q, J = 6.7 Hz, 2H), 1.68 – 1.61 (m, 3H).13C NMR (101 MHz, CDCl3) δ 154.5, 133.3, 126.1, 95.7, 

74.7, 62.4, 43.3, 32.1, 28.6. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C9H14Cl3NNaO3
+ 311.9931; 

Found 311.9935. 

 

2,2,2-Trichloroethyl (E)-(6-oxo-6-(phenylamino)hex-2-en-1-yl)carbamate, synthesized via 3-CP1, 

white solid, 20.4 mg (Yield = 54%). trans: cis = 12:1. For trans-isomer, 1H NMR (400 MHz, CDCl3) δ 

7.51 (d, J = 7.9 Hz, 2H), 7.31 (m, 3H), 7.10 (t, J = 7.4 Hz, 1H), 5.71 (dt, J = 15.8, 6.0 Hz, 1H), 5.56 (dt, J 

= 15.8, 6.0 Hz, 1H), 5.08 (b, 1H), 4.69 (s, 2H), 3.79 (t, J = 6.0 Hz, 2H), 2.56 – 2.35 (m, 4H). 13C NMR 

(101 MHz, CDCl3) δ 170.5, 154.6, 137.9, 131.7, 129.2, 127.1, 124.5, 120.0, 95.7, 74.6, 43.1, 37.2, 

28.0. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C15H17Cl3N2NaO3
+ 401.0197; Found 401.0202. 

 

(E)-Methyl 10-(Troc-amino)dec-8-enoate, synthesized via 3-CP3, isolated as methylated product, 

colorless oil, 19.4 mg (Yield = 52%), trans: cis = 7:1. For trans-isomer, 1H NMR (400 MHz, CDCl3) δ 

5.63 (dt, J = 14.1, 6.8 Hz, 1H), 5.45 (dt, J = 14.1, 6.2 Hz, 1H), 5.04 (b, 1H), 4.72 (s, 2H), 3.78 (t, J = 6.1 
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Hz, 2H), 3.66 (s, 3H), 2.29 (t, J = 7.5 Hz, 2H), 2.01 (m, 2H), 1.60 (m, 2H), 1.43 – 1.18 (m, 6H). 13C NMR 

(101 MHz, CDCl3) δ 174.4, 154.5, 134.1, 125.4, 95.8, 74.6, 51.6, 43.3, 34.2, 32.2, 29.0, 28.9, 28.8, 

25.0. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H22Cl3NNaO4
+ 396.0507; Found 396.0501. 

 

 

(E)-Methyl 6-(Troc-amino)hex-4-enoate, synthesized via 3-CP3, isolated as methylated product, col-

orless oil, 15.8 mg (Yield = 50%), trans: cis = 9:1. For trans-isomer, 1H NMR (400 MHz, CDCl3) δ 5.70 

– 5.59 (m, 1H), 5.57 – 5.45 (m, 1H), 5.02 (b, 1H), 4.72 (s, 2H), 3.79 (t, J = 5.6 Hz, 2H), 3.67 (s, 3H), 2.44 

– 2.29 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 173.4, 154.5, 131.6, 126.8, 95.7, 74.7, 51.8, 43.1, 33.6, 

27.5. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C10H14Cl3NNaO4
+ 339.9881; Found 339.9877. 

 

(E)-Methyl 5-(Troc-amino)pent-3-enoate, synthesized via 3-CP3, isolated as methylated product, 

colorless oil, 16.1 mg (Yield = 53%). 1H NMR (400 MHz, CDCl3) δ 5.77 (dt, J = 15.2, 6.8 Hz, 1H), 5.62 

(dt, J = 15.4, 5.9, 1H), 5.10 (b, 1H), 4.72 (s, 2H), 3.85 (t, J = 5.4 Hz, 2H), 3.68 (s, 3H), 3.09 (d, J = 6.9 

Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 172.0, 154.5, 129.8, 124.9, 95.7, 74.7, 52.1, 42.9, 37.4. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C9H12Cl3NNaO4
+ 325.9724; Found 325.9731. 

 

Methyl (S,E)-3-phenyl-2-(6-(Troc-amino)hex-4-enamido)propanoate, synthesized via 3-CP3, iso-

lated as methylated product, sticky gel, 20.9 mg (Yield = 45%). 1H NMR (400 MHz, CDCl3) δ 7.37 – 

7.23 (m, 3H), 7.12 – 7.04 (m, 2H), 5.95 (d, J = 7.9 Hz, 1H), 5.64 – 5.54 (m, 1H), 5.44 (dt, J = 15.2, 6.1 

Hz, 1H), 5.23 (b, 1H), 4.95 – 4.83 (m, 1H), 4.80 – 4.66 (m, 2H), 3.75 (m, 5H), 3.16 (dd, J = 13.9, 5.8 Hz, 

1H), 3.08 (dd, J = 13.9, 5.8 Hz, 1H), 2.42 – 2.21 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 172.5, 171.8, 

154.5, 135.9, 131.8, 129.4, 128.7, 128.7, 127.3, 95.8, 74.7, 53.1, 52.6, 43.2, 37.9, 35.7, 28.0. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C19H23Cl3N2NaO5
+ 487.0565; Found 487.0578. 
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Methyl ((E)-6-(Troc-amino)hex-4-enoyl)-L-threoninate, synthesized via 3-CP3, isolated as methyl-

ated product, sticky gel, 13.5 mg (Yield = 32%). 1H NMR (400 MHz, CDCl3) δ 6.35 (d, J = 9.0 Hz, 1H), 

5.75 – 5.63 (m, 1H), 5.57 (dt, J = 15.4, 5.8 Hz, 1H), 5.46 (s, 1H), 4.71 (s, 2H), 4.59 (dd, J = 8.8, 2.5 Hz, 

1H), 4.35 (qd, J = 6.4, 2.5 Hz, 1H), 3.86 – 3.75 (m, 5H), 2.49 – 2.35 (m, 4H), 2.19 (m, 1H), 1.23 (d, J = 

6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.0, 171.8, 154.6, 131.7, 127.4, 95.8, 74.7, 68.2, 57.3, 

52.8, 43.2, 36.0, 28.2, 20.3. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H21Cl3N2NaO6
+ 441.0357; 

Found 441.0352. 

 

(E)-(E)-6-(Troc-amino)hex-4-en-1-yl hex-2-enoate, synthesized via 3-CP2, colorless oil, 19.7 mg 

(Yield = 51%). 1H NMR (400 MHz, CDCl3) δ 6.96 (dt, J = 15.5, 6.9 Hz, 1H), 5.81 (dt, J = 15.6, 1.7 Hz, 

1H), 5.65 (dt, J = 14.8, 6.6 Hz, 1H), 5.50 (dt, J = 15.1, 6.1 Hz, 1H), 5.02 (b, 1H), 4.72 (s, 2H), 4.12 (t, J 

= 6.5 Hz, 2H), 3.80 (t, J = 6.0 Hz, 2H), 2.25 – 2.07 (m, 4H), 1.74 (p, J = 6.8 Hz, 2H), 1.57 – 1.46 (m, 2H), 

0.93 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.9, 154.5, 149.6, 132.6, 126.4, 121.4, 95.7, 

74.7, 63.5, 43.2, 34.4, 28.7, 28.2, 21.4, 13.8. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C15H22Cl3NNaO4
+ 408.0507; Found 408.0507. 

 

(E)-Hex-2-en-1-yl (E)-6-(Troc-amino)hex-4-enoate, synthesized via 3-CP1, colorless oil, 17.4 mg 

(Yield = 45%). 1H NMR (400 MHz, CDCl3) δ 5.80 – 5.71 (m, 1H), 5.70 – 5.61 (m, 1H), 5.60 – 5.46 (m, 

2H), 5.00 (s, 1H), 4.72 (s, 2H), 4.51 (dq, J = 6.4, 1.1 Hz, 2H), 3.79 (t, J = 6.0, 2H), 2.42 – 2.29 (m, 4H), 

2.03 (qt, J = 6.7, 1.4 Hz, 2H), 1.48 – 1.34 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ 172.8, 154.5, 136.7, 131.7, 126.8, 124.0, 95.7, 74.7, 65.5, 43.1, 34.4, 33.8, 27.5, 22.2, 13.8. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C15H22Cl3NNaO4
+ 408.0507; Found 408.0505. 
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2,2,2-Trichloroethyl (E)- (3-cyclohexylallyl)carbamate, synthesized via 3-CP1, colorless oil, 17.0 mg 

(Yield = 54%). 1H NMR (400 MHz, CDCl3) δ 5.59 (dd, J = 15.5, 6.6 Hz, 1H), 5.41 (dt, J = 15.5, 5.9 Hz, 

1H), 4.98 (b, 1H), 4.72 (s, 2H), 3.79 (t, J = 6.0 Hz, 2H), 1.98 – 1.88 (m, 1H), 1.80 – 1.59 (m, 5H), 1.34 – 

0.97 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 154.5, 140.0, 122.8, 95.8, 74.7, 43.5, 40.4, 32.9, 26.2, 26.1. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H19Cl3NO2
+ 314.0476; Found 314.0475. 

 

2,2,2-Trichloroethyl (E)- (4,4-dimethylpent-2-en-1-yl)carbamate, synthesized via 3-CP1, white 

solid, 16.5 mg (Yield = 57%). 1H NMR (400 MHz, CDCl3) δ 5.66 (dt, J = 15.7, 1.4 Hz, 1H), 5.37 (dt, J = 

15.6, 6.2 Hz, 1H), 4.96 (b, 1H), 4.73 (s, 2H), 3.80 (td, J = 6.0, 1.4 Hz, 2H), 1.00 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 154.5, 145.1, 120.2, 95.8, 74.7, 43.6, 33.1, 29.6. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C10H17Cl3NO2
+ 288.0319; Found 288.0313. 

 

2,2,2-Trichloroethyl (E)-(3-(1-hydroxycyclohexyl)allyl)carbamate, synthesized via 3-CP1, colorless 

liquid, 22.4 mg (Yield = 68%). 1H NMR (400 MHz, CDCl3) δ 5.83 – 5.64 (m, 2H), 5.10 (s, 1H), 4.73 (s, 

2H), 3.85 (t, J = 5.6 Hz, 2H), 1.69 – 1.44 (m, 10H), 1.33 – 1.22 (m, 1H). 13C NMR 13C NMR (101 MHz, 

CDCl3) δ 154.5, 140.6, 123.2, 95.7, 74.7, 71.3, 43.0, 37.9, 25.5, 22.1. HRMS (ESI/QTOF) m/z: [M + 

Na]+ Calcd for C12H18NCl3NaO3
+ 352.0244; Found 352.0249. 

 

2,2,2-Trichloroethyl (2-cyclohexylideneethyl)carbamate, synthesized via 3-CP2, colorless oil, 6.0 

mg (Yield = 20%). 1H NMR (400 MHz, CDCl3) δ 5.16 (t, J = 7.2 Hz, 1H), 4.87 (b, 1H), 4.72 (s, 2H), 3.83 

(t, J = 6.3 Hz, 2H), 2.17 (m,2H), 2.09 (m, 2H), 1.61 – 1.40 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 154.5, 
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145.1, 116.5, 95.8, 74.7, 38.4, 37.1, 29.0, 28.5, 27.9, 26.8. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C11H17Cl3NO2
+ 300.0319; Found 300.0319. 

 

2,2,2-Trichloroethyl (Z)-(3-phenylallyl)carbamate, synthesized via 3-CP2, colorless oil, 8.9 mg (Yield 

= 29%). 1H NMR (400 MHz, CDCl3) δ 7.36 (t, J = 7.4 Hz, 2H), 7.32 – 7.26 (m, 1H), 7.22 (d, J = 7.3 Hz, 

2H), 6.61 (d, J = 11.6 Hz, 1H), 5.77 – 5.59 (m, 1H), 5.07 (b, 1H), 4.74 (s, 2H), 4.15 (t, J = 6.2 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 154.6, 136.2, 132.2, 128.8, 128.5, 127.7, 127.6, 95.7, 74.7, 39.7. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C12H13Cl3NO2
+ 308.0006; Found 308.0005. 

 

Cyclohexyl 4- (E)-(Troc-amino)but-2-enoate, synthesized via 3-CP1, colorless liquid, 21.9 mg (Yield 

= 61%). 1H NMR (400 MHz, CDCl3) δ 6.83 (dt, J = 15.8, 4.9 Hz, 1H), 5.90 (d, J = 15.6 Hz, 1H), 5.17 (b, 

1H), 4.81 – 4.71 (m, 1H), 4.70 (s, 2H), 3.96 (m, 2H), 1.85 – 1.74 (m, 2H), 1.66 (m, , 2H), 1.51 – 1.11 

(m, 6H). 13C NMR (101 MHz, CDCl3) δ 165.4, 154.6, 142.9, 122.7, 95.5, 74.8, 73.1, 42.0, 31.7, 25.5, 

23.9. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H18Cl3NNaO4
+ 380.0194; Found 380.0195. 

 

(E)-Phenyl 4-(Troc-amino)but-2-enoate, synthesized via 3-CP1, colorless oil, 18.0 mg (Yield = 51%). 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.36 (m, 2H), 7.27 – 7.22 (m, 1H), 7.16 – 7.07 (m, 3H), 6.19 (dt, J 

= 15.8, 2.1 Hz, 1H), 5.28 (s, 1H), 4.78 (s, 2H), 4.15 – 4.06 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 164.3, 

154.6, 150.7, 145.7, 129.6, 126.1, 121.6, 121.3, 95.5, 74.9, 42.1. HRMS (ESI/QTOF) m/z: [M + Na]+ 

Calcd for C13H12Cl3NNaO4
+ 373.9724; Found 373.9728. 
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(E)-4-Hydroxyphenyl 4-(Troc-amino)but-2-enoate, synthesized via 3-CP1, sticky gel, 14.0 mg (Yield 

= 38%). 1H NMR (400 MHz, CDCl3) δ 7.09 (dt, J = 15.7, 4.8 Hz, 1H), 7.00 – 6.89 (m, 2H), 6.82 – 6.73 

(m, 2H), 6.16 (dt, J = 15.7, 1.9 Hz, 1H), 5.42 (s, 1H), 5.33 (t, J = 6.3 Hz, 1H), 4.77 (s, 2H), 4.14 – 4.06 

(m, 2H). 13C NMR (101 MHz, CDCl3) δ 165.0, 154.7, 153.7, 145.7, 144.0, 122.5, 121.3, 116.2, 95.4, 

74.9, 42.1. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H12Cl3NNaO5
+ 389.9673; Found 389.9679. 

 

(E)-2-Iodophenyl 4-(Troc-amino)but-2-enoate, synthesized via 3-CP1, colorless oil, 24.4 mg (Yield 

=51%). 1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 7.9, 1.5 Hz, 1H), 7.37 (ddd, J = 8.9, 6.2, 1.5 Hz, 1H), 

7.20 (dt, J = 15.7, 4.8 Hz, 1H), 7.14 (dd, J = 8.1, 1.5 Hz, 1H), 6.98 (td, J = 7.6, 1.5 Hz, 1H), 6.23 (dt, J = 

15.8, 2.0 Hz, 1H), 5.27 (s, 1H), 4.79 (s, 2H), 4.14 (ddd, J = 6.6, 4.9, 2.0 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) δ 163.3, 154.6, 151.2, 146.5, 139.6, 129.6, 127.8, 123.1, 121.1, 95.6, 90.4, 75.0, 42.2. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C13H11Cl3INNaO4
+ 499.8691; Found 499.8693. 

 

2,2,2-trichloroethyl (cyclohex-1-en-1-ylmethyl)carbamate, synthesized via modified 3-CP2 (ace-

tone as solvent) , white solid, 12.1 mg (Yield =43%). 1H NMR (400 MHz, CDCl3)  δ 5.61 (m, 1H), 4.98 

(b, 1H), 4.73 (s, 2H), 3.72 (d, J = 6.1 Hz, 2H), 2.05 – 1.92 (m, 4H), 1.71 – 1.52 (m, 4H). 13C NMR (101 

MHz, CDCl3) δ 154.8, 134.2, 123.8, 95.8, 74.6, 47.6, 26.4, 25.1, 22.6, 22.4.. HRMS (ESI/QTOF) m/z: 

[M + Na]+ Calcd for C10H14Cl3NNaO2
+ 307.9982; Found 307.9983. 

 

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl (E)-4-(Troc-amino)but-2-enoate, synthesized via scale-

up procedure (section 4), sticky gel, 0.632 g (Yield =61%). 1H NMR (400 MHz, CDCl3) δ 6.87 (dt, J = 

15.7, 4.9 Hz, 1H), 5.94 (dq, J = 15.8, 1.9 Hz, 1H), 5.45 (s, 1H), 4.78 – 4.61 (m, 3H), 4.01 (td, J = 6.5, 1.7 

Hz, 2H), 2.00 – 1.93 (m, 1H), 1.82 (m, 1H), 1.72 – 1.62 (m, 2H), 1.47 (m, 1H), 1.41 – 1.33 (m, 1H), 1.11 
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– 0.95 (m, 2H), 0.89 – 0.83 (m, 7H), 0.72 (dd, J = 6.9, 1.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 165.6, 

154.6, 143.1, 122.5, 95.5, 74.8, 74.6, 47.2, 42.0, 41.0, 34.3, 31.5, 27.2, 26.4, 23.5, 22.1, 20.8, 16.4. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C17H26Cl3NNaO4
+ 436.0820; Found 436.0821. 

 

2,2,2-Trichloroethyl cyclohex-2-en-1-ylcarbamate, synthesized via 3-CP1, white solid, 12.0 mg 

(Yield =44%). 1H NMR (400 MHz, CDCl3) δ 5.94 – 5.80 (m, 1H), 5.69 – 5.57 (m, 1H), 4.97 (b, 1H), 4.72 

(s, 2H), 4.29 – 4.15 (m, 1H), 2.10 – 1.88 (m, 3H), 1.81 – 1.54 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 

153.9, 131.5, 127.3, 95.8, 74.6, 46.8, 29.7, 24.9, 19.7. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C9H13Cl3NO2
+ 272.0006; Found 272.0012. 

 

2,2,2-Trichloroethyl cyclopent-2-en-1-ylcarbamate, synthesized via 3-CP1, white solid, 13.9 mg 

(Yield =54%). 1H NMR (400 MHz, CDCl3) δ 6.00 – 5.93 (m, 1H), 5.75 – 5.67 (m, 1H), 4.95 (b, 1H), 4.85 

– 4.75 (m, 1H), 4.73 (s, 2H), 2.51 – 2.27 (m, 3H), 1.69 – 1.57 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 

154.0, 135.3, 130.7, 95.8, 74.6, 57.8, 31.5, 31.2. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C8H11Cl3NO2
+ 257.9850; Found 257.9849. 

 

(E)-2,2,2-Trichloroethyl oct-5-en-4-ylcarbamate, synthesized via 3-CP2, colorless oil, 15.1 mg (Yield 

=50%). 1H NMR (400 MHz, CDCl3) δ 5.60 (dt, J = 15.3, 6.3 Hz, 1H), 5.26 (dd, J = 15.5, 6.5 Hz, 1H), 4.78 

(d, J = 8.6 Hz, 1H), 4.65 (m, 2H), 4.06 (p, J = 7.2 Hz, 1H), 1.97 (p, J = 7.1 Hz, 2H), 1.44 (m, 2H), 1.36 – 

1.24 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 7.3 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 154.0, 133.6, 

128.9, 95.9, 74.6, 53.2, 37.8, 25.4, 19.1, 14.0, 13.6. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C11H18Cl3NNaO2
+ 324.0295; Found 324.0299. 
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(E)-2,2,2-Trichloroethyl oct-3-en-2-ylcarbamate+ 2,2,2-trichloroethyl oct-1-en-3-ylcarbamate , 

synthesized via 3-CP2, colorless oil, 16.6 mg (Yield =55%), 3aa-1:3aa-2 = 1.4:1.For alkenyl hydrogen 

of 3aa-1, 1H NMR (400 MHz, CDCl3) δ 5.68 – 5.58 (m, 1H), 5.41 (dd, J = 15.5, 5.8 Hz, 1H). For alkenyl 

hydrogen of 3aa-2, 1H NMR (400 MHz, CDCl3) δ 5.83 – 5.71 (m, 1H), 5.20 (d, J = 17.1 Hz, 1H), 5.13 (d, 

J = 10.4 Hz, 1H). For the details of 1H NMR, Please refer to the attached spectrum. 13C NMR (101 

MHz, CDCl3) δ 154.1, 153.8, 138.3, 131.6, 130.8, 115.1, 95.8, 74.6, 53.8, 48.8, 35.1, 32.0, 31.6, 31.4, 

25.4, 22.7, 22.3, 21.2, 14.1, 14.1. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H19Cl3NO2
+ 302.0476; 

Found 302.0484. 

 

(E)-2,2,2-Trichloroethyl (1-hydroxyhex-3-en-2-yl)carbamate, synthesized via 3-CP1, white solid, 

14.9 mg (Yield =51%). 1H NMR (400 MHz, CDCl3) δ 5.79 (dt, J = 15.6, 6.3 Hz, 1H), 5.41 (dd, J = 15.5, 

6.1 Hz, 1H), 5.32 (b, 1H), 4.73 (s, 2H), 4.29 (m, 1H), 3.70 (m, 2H), 2.08 (p, J = 7.4, 2H), 1.84 (b, 1H), 

1.00 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 154.6, 136.0, 125.0, 95.7, 74.8, 65.3, 54.9, 25.5, 

13.5. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C9H14Cl3NNaO3
+ 311.9931; Found 311.9935. 

 

2,2,2-Trichloroethyl (4-hydroxyhept-1-en-3-yl)carbamate, synthesized via 3-CP1, colorless liquid, 

16.1 mg (Yield =53%), dr= 2.0:1. 1H NMR (400 MHz, CDCl3) δ 5.87 – 5.72 (m, 1H), 5.70-5.30(d, J =9.0 

Hz, 1H), 5.30 – 5.10 (m, 2H), 4.68 (d, J = 7.8 Hz, 2H), 4.32 – 4.09 (m, 1H), 3.69 (m, 1H), 1.70 (s, 1H), 

1.52 – 1.27 (m, 4H), 0.87 (td, J = 6.8, 3.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 154.8, 154.3, 136.3, 

132.8, 118.6, 116.8, 91.7, 74.7, 74.6, 73.4, 72.7, 57.9, 57.2, 36.4, 35.8, 19.1, 19.0, 14.1, 14.1. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C10H16Cl3NNaO3
+ 326.0088; Found 326.0086. 
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2,2,2-Trichloroethyl (1-cyclohexyl-1-hydroxybut-3-en-2-yl)carbamate, synthesized via 3-CP1, 

colorless liquid, 11.6 mg (Yield =34%), dr= 2.6:1. 1H NMR (400 MHz, CDCl3) δ 5.86 (m, 1H), 5.70 – 

5.44 (m, 1H), 5.38 – 5.23 (m, 2H), 4.83 – 4.62 (m, 2H), 4.49 – 4.35 (m, 1H), 3.38 (m, 1H), 1.99 (m, 

1H), 1.85 – 1.09 (m,9H), 0.98 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 154.6, 154.1, 136.9, 132.5, 118.5, 

116.6, 95.9, 78.1, 77.4, 74.7, 74.6, 55.1, 54.5, 40.9, 40.0, 29.4, 29.0, 28.7, 26.4, 26.3, 26.1, 25.9, 25.9, 

25.8. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H20Cl3NNaO3
+ 366.0401; Found 366.0402. 

 

2,2,2-Trichloroethyl (1-tbutyl-1-hydroxybut-3-en-2-yl)carbamate, synthesized via 3-CP1, colorless 

liquid, 11.4 mg (Yield =36%), dr= 2.2:1. 1H NMR (400 MHz, CDCl3) δ 6.03 – 5.80 (m, 1H), 5.61 (m, 1H), 

5.39 – 5.15 (m, 2H), 4.88 – 4.61 (m, 2H), 4.52 – 4.36 (m, 1H), 3.30-3.50 (s, 1H), 1.83 (s, 1H), 0.99 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 154.0, 153.8, 138.4, 134.0, 118.4, 115.5, 95.8, 81.5, 79.7, 74.7, 

74.6, 55.6, 53.3, 35.2, 34.9, 26.7, 26.5. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C11H18Cl3NNaO3
+ 

340.0244; Found 340.0240. 

 

2,2,2-trichloroethyl (1-hydroxy-3-methylbut-3-en-2-yl)carbamate, synthesized via modified 3-CP2 

( acetone as solvent), white solid, 13.0 mg (Yield =47%).1H NMR (400 MHz, CDCl3) δ 5.65 – 5.43 (m, 

1H), 5.06 – 5.02 (s, 1H), 5.01 – 4.96 (s, 1H), 4.77 (d, J = 12.0 Hz, 1H), 4.70 (d, J = 12.1 Hz, 1H), 4.21 

(m, 1H), 3.77 (m, 2H), 1.82 (s, 3H), 1.73 (b, 1H). 13C NMR (101 MHz, CDCl3) δ 154.5, 141.9, 113.0, 

95.6, 74.7, 63.1, 57.9, 20.5. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C8H12Cl3NNaO3
+ 297.9775; 

Found 297.9779. 
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2,2,2-Trichloroethyl (E)-(1-((4-methylphenyl)sulfonamido)oct-3-en-2-yl)carbamate, synthesized 

via 3-CP1, yellowish oil, 22.2 mg (Yield = 47%). 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.4 Hz, 2H), 

7.31 (d, J = 8.2 Hz, 2H), 5.66 (dtd, J = 15.1, 6.7, 1.4 Hz, 1H), 5.34 – 5.22 (m, 2H), 4.95 – 4.83 (m, 1H), 

4.80 – 4.56 (m, 2H), 4.26 – 4.18 (m, 1H), 3.15 (ddd, J = 11.7, 7.0, 4.8 Hz, 1H), 3.05 (dt, J = 12.9, 6.3 

Hz, 1H), 2.43 (s, 3H), 2.00 (q, J = 6.8 Hz, 2H), 1.38 – 1.20 (m, 4H), 0.91 – 0.83 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 154.4, 143.8, 136.9, 135.2, 130.0, 127.2, 125.7, 95.6, 74.7, 52.6, 47.0, 32.0, 31.1, 22.3, 

21.7, 14.0. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H25Cl3N2NaSO4
+ 493.0493; Found 493.0499. 

 

(E)-2-(Troc-amino)hex-3-en-1-yl benzoate, synthesized via 3-CP2, colorless oil, 11.4 mg (Yield 

=29%). 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 7.6 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.7 Hz, 

2H), 5.94 – 5.78 (m, 1H), 5.46 (dd, J = 15.5, 6.2, 1H), 5.25 (s, 1H), 4.82 – 4.59 (m, 3H), 4.39 (d, J = 5.8 

Hz, 2H), 2.08 (p, J = 7.1 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.5, 154.0, 

136.1, 133.3, 129.7, 128.5, 124.3, 95.5, 74.5, 66.2, 52.4, 25.4, 13.3. HRMS (ESI/QTOF) m/z: [M + Na]+ 

Calcd for C16H18Cl3NNaO4
+ 416.0194; Found 416.0194. 

 

(E)-2-(Troc-amino)hex-3-en-1-yl acetate, synthesized via 3-CP2, colorless oil, 8.7 mg (Yield =26%). 

1H NMR (400 MHz, CDCl3) δ 5.78 (dt, J = 16.5, 6.5 Hz, 1H), 5.37 (dd, J = 15.6, 6.2 Hz, 1H), 5.21 – 5.12 

(m, 1H), 4.73 (s, 2H), 4.45 (m, 1H), 4.13 (d, J = 5.4 Hz, 2H), 2.07 (m, 5H), 0.98 (t, J = 7.4 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 171.1, 154.1, 136.0, 124.4, 95.7, 74.7, 65.9, 52.4, 25.4, 20.9, 13.4. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C11H16Cl3NNaO4
+ 354.0037; Found 354.0039. 

 

2,2,2-Trichloroethyl pentadeca-2,5-dien-1-ylcarbamate, synthesized via 3-CP2, colorless oil, 16.1 

mg (Yield =40%), as mixture of stereoisomers 3.7:1. 1H NMR (400 MHz, CDCl3) δ 5.72 – 5.55 (m, 1H), 

5.53 – 5.31 (m, 3H), 4.97 (s, 1H), 4.73 (s, 2H), 3.93 – 3.77 (m, 2H), 2.82 – 2.68 (m, 2H), 1.98 (m, 2H), 

1.38 – 1.24 (m, 14H), 0.92 – 0.84 (m, 3H). For the major isomer, 13C NMR (101 MHz, CDCl3) δ 154.5, 
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132.7, 132.3, 127.3, 125.8, 95.8, 74.7, 43.3, 35.3, 32.7, 32.1, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 22.8, 

14.3. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H30Cl3NNaO2
+ 420.1234; Found 420.1244. 

 

2,2,2-Trichloroethyl (E)-(4-((4-methylphenyl)sulfonamido)but-2-en-1-yl)carbamate, synthesized 

via 3-CP2, colorless oil, 11.6 mg (Yield = 28%). 1H NMR (400 MHz, CDCl3) δ 7.77 – 7.71 (m, 2H), 7.35 

– 7.28 (m, 2H), 5.67 – 5.49 (m, 2H), 5.01 (s, 1H), 4.71 (s, 2H), 4.61 (s, 1H), 3.76 (t, J = 5.6 Hz, 2H), 3.60 

(t, J = 6.4 Hz, 2H), 2.44 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 154.5, 143.8, 137.1, 129.9, 129.4, 127.6, 

127.3, 95.6, 74.7, 44.7, 42.5, 21.7. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H18Cl3N2O4S+ 

415.0047; Found 415.0052. 

 

2,2,2-Trichloroethyl (E)-(4-hydroxybut-2-en-1-yl)carbamate, synthesized via 3-CP2, colorless oil, 

18.5 mg (Yield = 70%). 1H NMR (400 MHz, CDCl3) δ 5.83 (dt, J = 15.8, 5.1 Hz, 1H), 5.74 (dt, J = 15.6, 

5.5 Hz, 1H), 5.22 (s, 1H), 4.72 (s, 2H), 4.15 (d, J = 5.0 Hz, 2H), 3.85 (d, J = 5.8 Hz, 2H), 1.83 (s, 1H). 13C 

NMR (101 MHz, CDCl3) δ 154.6, 131.6, 127.1, 95.7, 74.7, 62.8, 42.7. HRMS (ESI/QTOF) m/z: [M + Na]+ 

Calcd for C7H10Cl3NNaO3
+ 283.9618; Found 283.9628. 

 

2,2,2-Trichloroethyl (E)-(5-hydroxypent-2-en-1-yl)carbamate, synthesized via 3-CP2, colorless oil, 

4.0 mg (Yield = 14%). 1H NMR (400 MHz, CDCl3) δ 5.63 (m, 2H), 5.09 (s, 1H), 4.73 (s, 2H), 3.83 (t, J = 

5.7 Hz, 2H), 3.67 (t, J = 6.2 Hz, 2H), 2.31 (q, J = 6.3 Hz, 2H), 1.57 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 

154.6, 129.8, 128.6, 95.7, 74.7, 61.9, 43.2, 35.7. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C8H12Cl3NNaO3
+ 297.9775; Found 297.9784. 
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2,2,2-Trichloroethyl (E)-(5-hydroxypent-2-en-1-yl)carbamate, synthesized via 3-CP1, colorless oil, 

3.2 mg (Yield = 11%). 1H NMR (400 MHz, CDCl3) δ 5.82 – 5.64 (m, 2H), 5.59 – 5.43 (m, 1H), 5.22 – 

5.12 (m, 1H), 5.00 (s, 1H), 4.88 (m, 1H), 4.71 (s, 2H), 3.04 – 2.78 (m, 2H), 2.66 – 2.52 (m, 1H), 2.06 

(m, 1H), 1.85 (m, 1H), 1.40 – 1.28 (m, 1H). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H15Cl3NO2
+ 

298.0163; Found 298.0168. 

 

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl (E)-4-aminobut-2-enoate hydrochloride. 0.2 mmol 3w 

and 2 mmol Zn powder were added to 2 mL acetic acid. The reaction was stirred for 24 h at room 

temperature. The reaction solution was filtered on a thin paddle of celite, which was then washed 

with MeOH. The collected filtrate was evaporated, redissolved with Et2O and washed with a K2CO3 

aqueous solution. The organic phase was dried and evaporated to 2 mL, and then 0.2 mL HCl (4 M 

in dioxane) was added. 4w was obtained as a white solid, 46.8 mg, 85%.1H NMR (400 MHz, CDCl3) δ 

8.75 – 8.47 (b, 3H), 7.01 (dt, J = 15.8, 5.9 Hz, 1H), 6.20 (d, J = 15.8 Hz, 1H), 4.78 – 4.67 (m, 1H), 3.89 

(m, 2H), 2.02 – 1.93 (m, 1H), 1.84 (pd, J = 7.1, 2.7 Hz, 1H), 1.73 – 1.61 (m, 2H), 1.53 – 1.33 (m, 2H), 

1.12 – 0.96 (m, 2H), 0.92 – 0.84 (m, 7H), 0.73 (dd, J = 7.0, 2.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

165.5, 138.0, 126.4, 75.2, 47.1, 41.0, 40.5, 34.3, 31.5, 26.3, 23.5, 22.2, 20.9, 16.5. HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C14H26NO2
+ 240.1958; Found 240.1955. 

 

2,2,2-Trichloroethyl (1-(oxiran-2-yl)butyl)carbamate, synthesized via 3-CP1, colorless oil, dr= 1:1. 

1H NMR (400 MHz, CDCl3) δ 5.05 – 4.81 (m, 1H), 4.80 – 4.59 (m, 2H), 1.77 – 1.58 (m, 2H), 1.47 (m, 

2H), 0.95 (t, J = 7.2 Hz, 3H). For the details of hydrogens on epoxy group please see the attached 

spectrum. 13C NMR (101 MHz, CDCl3) δ 154.7, 154.5, 95.7, 74.7, 74.6, 53.9, 53.5, 52.8, 50.0, 46.0, 

44.4, 35.6, 33.7, 19.1, 18.9, 14.0, 13.9. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C9H14Cl3NNaO3
+ 

311.9931; Found 311.9928. 
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2,2,2-Trichloroethyl ((1-tosylaziridin-2-yl)methyl)carbamate, synthesized via 3-CP2, colorless oil, 

18.0 mg (Yield = 45%). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 7.9 Hz, 2H), 7.36 (d, J = 7.9 Hz, 2H), 

5.00 (t, J = 6.2 Hz, 1H), 4.68 (m, 2H), 3.60 (ddd, J = 14.7, 6.4, 3.6 Hz, 1H), 3.18 (dt, J = 14.6, 6.1 Hz, 

1H), 2.96 (tt, J = 7.0, 4.0 Hz, 1H), 2.66 (d, J = 7.0 Hz, 1H), 2.45 (s, 3H), 2.21 (d, J = 4.5 Hz, 1H). 13C NMR 

(101 MHz, CDCl3) δ 154.6, 145.1, 134.6, 130.0, 128.1, 95.5, 74.7, 41.5, 38.4, 31.7, 21.8. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C13H16Cl3N2O4S+ 400.9891; Found 400.9889. 

 

2,2,2-Trichloroethyl ((1-tosylpyrrolidin-2-yl)methyl)carbamate, synthesized via 3-CP2, colorless oil, 

28.0 mg (Yield = 65%). 1H NMR (400 MHz, CDCl3) δ 7.72 (dd, J = 8.3, 2.0 Hz, 2H), 7.33 (d, J = 7.8 Hz, 

2H), 5.79 (t, J = 6.0 Hz, 1H), 4.84 – 4.67 (m, 2H), 3.74 – 3.63 (m, 1H), 3.51 – 3.32 (m, 3H), 3.27 – 3.08 

(m, 1H), 2.43 (s, 3H), 1.86 – 1.57 (m, 3H), 1.47 (dt, J = 12.4, 6.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 

155.3, 144.0, 133.9, 130.0, 127.8, 95.8, 74.6, 59.8, 49.9, 45.6, 29.7, 24.2, 21.7. HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C15H20Cl3N2O4S+ 429.0204; Found 429.0205. 

 

2,2,2-Trichloroethyl (oxiran-2-ylmethyl)carbamate, synthesized via 3-CP2, colorless oil, 12.7 mg 

(Yield = 51%). 1H NMR (400 MHz, CDCl3) δ 5.20 (s, 1H), 4.83 – 4.66 (m, 2H), 3.67 (ddd, J = 14.8, 6.1, 

3.0 Hz, 1H), 3.33 (ddd, J = 14.7, 6.3, 5.1 Hz, 1H), 3.14 (ddt, J = 5.4, 3.8, 2.8 Hz, 1H), 2.82 (t, J = 4.3 Hz, 

1H), 2.64 (dd, J = 4.6, 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 154.9, 95.6, 74.8, 50.5, 45.1, 42.4. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C6H8Cl3NNaO3
+ 269.9462; Found 269.9463. 

 

2,2,2-Trichloroethyl ((tetrahydrofuran-2-yl)methyl)carbamate, synthesized via 3-CP2, colorless oil, 

17.2mg (Yield = 62%). 1H NMR (400 MHz, CDCl3) δ 5.41 (s, 1H), 4.81 – 4.62 (m, 2H), 3.99 (qd, J = 6.9, 
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3.3 Hz, 1H), 3.92 – 3.82 (m, 1H), 3.80 – 3.70 (m, 1H), 3.48 (ddd, J = 13.9, 6.7, 3.4 Hz, 1H), 3.18 (ddd, 

J = 13.1, 7.1, 5.3 Hz, 1H), 2.11 – 1.83 (m, 3H), 1.64 – 1.49 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 154.9, 

95.7, 77.7, 74.7, 68.3, 45.1, 28.6, 26.0. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C8H12Cl3NNaO3
+ 

297.9775; Found 297.9783. 

 

2,2,2-Trichloroethyl 2-((benzoyloxy)methyl)-3-propylaziridine-1-carboxylate, synthesized via 3-

CP2, colorless oil, 13.7mg (Yield = 35%). 1H NMR (400 MHz, CDCl3) δ 8.15 – 7.99 (m, 2H), 7.62 – 7.53 

(m, 1H), 7.45 (t, J = 7.8 Hz, 2H), 4.78 – 4.65 (m, 2H), 4.61 – 4.44 (m, 2H), 2.78 (q, J = 4.5 Hz, 1H), 2.68 

(td, J = 6.3, 3.3 Hz, 1H), 1.82 (ddt, J = 14.3, 8.9, 5.6 Hz, 1H), 1.61 – 1.49 (m, 2H), 1.42 – 1.31 (m, 1H), 

0.98 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.1, 159.6, 133.5, 129.9, 129.6, 128.6, 94.9, 

63.0, 42.2, 41.9, 33.0, 20.3, 13.8. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C16H19Cl3NO4
+ 394.0374; 

Found 394.0373. 

 

2,2,2-Trichloroethyl 2-(acetoxymethyl)-3-propylaziridine-1-carboxylate, synthesized via 3-CP2, 

colorless oil, 10.6 mg (Yield = 32%). 1H NMR (400 MHz, CDCl3) δ 4.74 (s, 2H), 4.33 – 4.16 (m, 2H), 

2.64 (td, J = 5.0, 3.3 Hz, 1H), 2.54 (ddd, J = 6.9, 5.6, 3.3 Hz, 1H), 2.07 (s, 3H), 1.79 (ddt, J = 14.4, 8.8, 

5.6 Hz, 1H), 1.60 – 1.43 (m, 2H), 1.35 – 1.24 (m, 1H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 170.6, 159.6, 94.9, 75.7, 63.0, 42.5, 41.6, 32.9, 20.9, 20.3, 13.8. HRMS (ESI/QTOF) m/z: [M 

+ Na]+ Calcd for C11H16Cl3NNaO4
+ 354.0037; Found 354.0039. 

 

2,2,2-Trichloroethyl 2-(acetoxymethyl)-3-propylaziridine-1-carboxylate, synthesized via 3-CP1, col-

orless oil, 17.0  mg (Yield = 57%). 1H NMR (400 MHz, CDCl3) δ 5.79 – 5.67 (m, 2H), 4.82 (d, J = 12.0 

Hz, 1H), 4.68 (d, J = 11.9 Hz, 1H), 2.42 – 2.15 (m, 8H), 1.20 – 1.06 (m, 2H). 13C NMR (101 MHz, CDCl3) 

δ 160.5, 130.6, 95.2, 75.4, 45.0, 27.9, 25.8. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H15Cl3NO2
+ 

298.0163; Found 298.0167. 
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(R)-5-TEMPO-6-(Troc-amino)hexyl benzoate, synthesized via 3-CP2 (with addition of 1 equiv. of 

TEMPO), colorless oil, 9.3 mg (Yield = 17%). 1H NMR (400 MHz, CDCl3) δ 8.04 (dt, J = 7.0, 1.5 Hz, 2H), 

7.60 – 7.51 (m, 1H), 6.98 – 6.81 (m, 1H), 4.80 – 4.65 (m, 2H), 4.33 (t, J = 6.5 Hz, 2H), 4.13 – 4.03 (m, 

1H), 3.50 (ddd, J = 14.1, 7.8, 3.1 Hz, 1H), 3.36 (ddd, J = 14.1, 8.2, 3.1 Hz, 1H), 1.86 – 1.66 (m, 4H), 

1.52 – 1.02 (m, 20H). 13C NMR (101 MHz, CDCl3) δ 166.8, 154.6, 133.0, 130.6, 129.7, 128.5, 96.0, 

79.8, 74.5, 64.9, 61.1, 60.0, 46.1, 40.7, 40.3, 34.6, 33.2, 32.0, 29.1, 22.5, 20.7, 17.3. HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C25H38Cl3N2O5
+ 551.1841; Found 551.1849 

  



Chapter 3 Intermolecular oxidative amination of unactivated alkenes by dual photoredox and copper catalysis 

140 

3.7.6 NMR spectra of 3-13 (an example of the products) 

 
1H-NMR spectrum of 3-13 

 

13C-NMR spectrum of 3-13 
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 Decarboxylative coupling of ali-

phatic acids with polyfluoroaryl nucleophiles 

by dual photoredox and copper catalysis 

4.1 Background 

 Polyfluoroarenes can form special intermolecular interactions[1-3], such as π-πF and anion-πF 

interactions, which lead to widespread applications in pharmaceuticals[4-5] and materials.[1, 7, 8] For 

example, polyfluoroaryl structure could be found in Sitagliptin, which is used for the treatment of 

type 2 diabetes, and also in some materials for liquid crystal display (Scheme 4.1a).  The synthesis 

of functionalized polyfluoroarenes from easily available simple polyfluoroarenes has drawn much 

recent attention. Strategies such as SNAr reaction[9-12] on polyfluoroarenes, reactions via polyfluoro-

aryl radicals,[13-15] and radical addition to polyfluoroarenes[16] have been reported. However, these 

strategies require highly electron-deficient polyfluoroarenes, which makes them unsuitable for 

arenes with a lower F-content. Metal catalyzed C-C cross-coupling of polyfluoroaryl reagents, on the 

other hand, provides a more general and versatile approach to the synthesis of polyfluoroaryl com-

pounds (Scheme 4.1b).[17-20] A M-ArF species could be formed from X-ArF, H-ArF or polyfluoroaryl 

metallic reagent, and subsequent reductive elimination from the metal forges a new C-C bond. 

Many examples for the coupling of polyfluoroaryls with aryls,[21-23] alkenyls,[24-26] alkynyls,[27] 

benzyls[28-30] and allyls[31-33] have been reported. However, the coupling of polyfluoroaryls with un-

activated alkyl groups [34-35] remains challenging, possibly due to the difficulty in the reductive elim-

ination step as a result of a strong M-ArF bond[36, 37] and the facile β–H elimination reaction from 

many M-alkyl intermediates as an influential side reaction.  In an important development, Chang 

and co-workers reported a Cu-catalyzed method for the oxidative coupling of polyfluoroarenes with 

alkanes (Scheme 4.1c).[34] This reaction involves the tert-butoxide-assisted C-H metalation of a 

polyfluoroarene to form an CuII-ArF species, which captured an alkyl radical to effect the coupling. 

Despite the advance, arenes with a low F-content (e.g. 2F and 3F) were not suitable substrates, likely 
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because the corresponding ArF-H bonds were less acidic and resistant to base-assisted C-H meta-

lation. The use of a strong base and a peroxide oxidant also limited the tolerance for functional 

groups. The group of Ritter recently developed decarboxylative polyfluoroarylation of alkyl carbox-

ylic acids based on radical addition to polyfluoroarenes followed by the elimination of ipso-fluorine 

(Scheme 4.1d).[16] This novel method still has some limitations such as regioselectivity of radical ad-

dition as well as limited scope for F-substitution. The method was less efficient for polyfluoroarenes 

with 4F and not suitable for those with 3F or less.  

Here, we describe a metallophotoredox approach [38-40] for the coupling of ArF-Zn reagents 

with aliphatic NHPI esters derived from alkylcarboxylic acids (Scheme 4.1e). Unlike their unstable 

Lithium and Grignard analogues [41, 42], the ArF-Zn reagents [43] are more stable and less reactive, 

which makes them easier to handle and makes the reaction more tolerant for functional groups. 

Using these preformed reagents, we were able to install ArF groups with a wide range of F-content 

(2F -5F) and with varied F-substitution patterns. Although the coupling reaction of NHPI esters is 

well established with many organometallic reagents,[44-47] such coupling with weakly nucleophilic 

ArF-Zn reagents is hitherto unknown.  Compared to the method of Ritter, our organometallic ap-

proach avoids the problem of regioselectivity and also leads to broader scope for F-substitution.  
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Scheme 4.1 Importance of polyfluoroaryl compounds and their synthesis by metal catalyzed C-C coupling of polyfluoro-

aryl reagents.  
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4.2 Reaction optimizations 

 We started our exploration using (diglyme)Zn(C6F5)2 (4-1) as the source of -ArF, which could 

be obtained as a stable solid from a simple reaction of pentafluoroiodobenzene and diethylzinc. 

With 1 mol% of Ir(dfppy)2(ppy) as photocatalyst, 10 mol% of Cu(OTf)2 as catalyst and 20 mol% of 

dtbbpy as ligand, NHPI ester 4-2 was converted to 4-3 in 52% yield in dichloromethane (Figure 4.1). 

Different ligands were tested. 4,4’-Dimethoxybipyridine (L2) and bipyridine (L3) led to slightly lower 

yields. The bipyridine ligand with electron-withdrawing group(L4) was not suitable for the reaction. 

1,10-phenanthroline (L5) and 5,5’-bipyridine (L6) also lowered the reaction yield. When the ortho 

position of the ligand was occupied (L7 &L8), the reaction led to no target product. Besides, pyridinyl 

oxazoline (L9), bis(oxazoline) (L10), terpyridine (L11), diimine (L13) were all tried as ligands, yet no 

4-3 was obtained. L12, which is the best ligand in Chang's work, was found not efficient, possibly 

because the deep color of the copper complex interfered with the photochemical process. 

 

Figure 4.1 Optimization of ligands. Reaction conditions: 0.1 mmol 4-1, 0.1 mmol 4-2 and other additives in 1 mL DCM. 

Reaction under Blue LED for 20 h. 
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Then, we tried to optimize the solvent of the reaction (Table 4.1). Increasing the concentra-

tion of the solvent had a positive influence on the reaction (Entries 1-4). Decreasing the volume of 

DCM to 0.5 mL improved the yield to 68%. Acetone, DCM, PhCl and EtOAc were all good solvents 

for this reaction, while DMA was suited for this reaction. The best yield of 95% was given by EtOAc 

(Entry 8). 

Table 4.1 Optimizations of solvents. 

 
Entry Solvent Volume/ mL Yield/ % 

1 DCM 3 22 

2 DCM 1 52 

3 DCM 0.75 62 

4 DCM 0.5 68 

5 Acetone 0.5 84 

6 PhCl 0.5 82 

7 DCE 0.5 88 

8 EtOAc 0.5 95 

9 DMA 0.5 0 

Reaction conditions: 0.1 mmol 4-1, 0.1 mmol 4-2 and other additives in the given solvent. Reaction under Blue LED for 

20 h. 

Based on the conditions of Entry 8 in Table 4.1, different catalysts were tried (Table 4.2). The 

use of Cu(OPiv)2 also led to a high yield (94%, Enty  2). CuI as catalysts gave the target product in 

relatively lower yield (Entries 3&4). When iron (Entry 5) or nickel (Entry 6) was used as catalyst, the 

reaction yield was respectively 15% and 0%. In contrast, when no catalyst was added (Entry 7), only 

7% of 3-3 was observed as product, confirming the importance of the copper catalyst. 
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Table 4.2 Test of different metal catalysts for the reaction. 

 

Entry Metal Cat. Yield/ % 

1 Cu(OTf)2 95 

2 Cu(OPiv)2 94 

3 CuBr 75 

4 Cu(CH3CN)4BF4 83 

5 Fe(OTf)2 15 

6 NiCl2(DME) 0 

7 - 8 

Reaction conditions: 0.1 mmol 4-1, 0.1 mmol 4-2 and other additives in 0.5 mL EtOAc. Reaction under Blue LED for 20 

h. 

When the photocatalyst Ir(dfppy)2(ppy) was replaced by Ir(dfppy) (ppy)2 or Ir(ppy)3, 4-3 was 

obtained in slightly decreased yields (Figure 4.2). However, the use of [Ir(dtbbpy)(ppy)2] PF6 or 

[Ru(bpy)3] (PF6)2 as photocatalyst led to much lower yields. Some organophotocatalysts were tested. 

The dihydrophenazine derivatized photocatalyst (OPC-1) was not very effective for this reaction. 

However, 4CzIPN, an easily accessible and inexpensive organophotocatalyst,[48-51] mediated this 

transformation with high efficiency (93% yield). Several structurally modified 4CzIPN catalysts (OPC-

2 to OPC-7) were subjected to the reaction, yet the yields were generally lower than when 4CzIPN 

was used. Therefore, we decided to use 4CzIPN as photocatalyst. 

Finally, the Zn reagents with different ligands were used as the source of pentafluorophenyl 

(Table 4.3). Without the diglyme as ligand, the reaction yield was slightly lower. Pyridines as ligands 

would decrease the reaction yield to different extent. With the electron-rich DMAP as ligand, the 

target product could be obtained in 75% yield. However, the use of methyl isonicotinate as ligand 

would make this reaction completely unproductive. Therefore, 4-1 was still recognized as the best 

pentafluorophenyl reagent. 
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Figure 4.2 Optimizations of photocatalysts. Reaction conditions: 0.1 mmol 4-1, 0.1 mmol 4-2 and other additives in 0.5 

mL EtOAc. Reaction under Blue LED for 20 h. 
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Figure 4.3 Optimizations of zinc reagents. Reaction conditions: 0.1 mmol 4-1, 0.1 mmol 4-2 and other additives in 0.5 

mL EtOAc. Reaction under Blue LED for 20 h. 
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4.3 Scope investigations 

 Based on the conditions, we started the evaluation of the substrate scope of NHPI esters 

(Figure 4.4). For secondary alkyl NHPI esters, the cyclic structures led to good yields of the 

polyfluoroaryl products (4-3 to 4-9, 55%-85%). Acyclic substrates were also successfully converted 

to the coupling products (4-10 to 4-12). Despite considerable hindrance, 4-12 with two cyclohexyls 

was still obtained in decent yield (64%). Sulfonamide (4-4), ether (4-5), ketone (4-7), electron-rich 

arene (4-11) were compatible with the reaction conditions. Several pharmaceuticals, including Ibu-

profen, Ketoprofen and Naproxen, could be modified via this reaction into polyfluoroaryl com-

pounds (4-13 to 4-15) in excellent yields. A substrate with an α-oxyalkyl group was not suitable for 

the reaction, with a less than 5% GC yield (4-16). This might be a result of the facile direct oxidation 

of α-oxyalkyl radical[52] in relative to the trapping by copper catalyst. 

A wide range of primary alkyl NHPI esters (4-17 to 4-30) were also suitable substrates for this 

reaction (Figure 4.4). Notably, the arylbromide (4-17), alkylbromide (4-18) and alkyliodide (4-19), 

which serve as electrophiles in many coupling reactions,[53, 54] could be tolerated in this reaction, 

leaving a synthetic handle for further transformations. A hindered primary radical (4-22) and pri-

mary benzyl radicals (4-23, 4-24) were also suitable for this transformation. Despite high molecular 

weight, some polyfluoro products could still be volatile (4-21, 4-22) and suffered from substantial 

loss during separation (e.g.  For 4-22, 72% GC yield but 36% isolation yield). Double polyfluoroary-

lation on the same substrate was demonstrated, affording 4-25 in 63% yield. Again, we tried to apply 

some primary alkyl NHPI esters derived from natural products and pharmaceuticals (4-27 to 4-30). 

The products 4-27, 4-28 and 4-29 were obtained in good yields. The NHPI ester derived from struc-

turally more complicated dehydrocholic acid led to a lower yield (4-30, 42%). For the coupling of 

tertiary alkyl NHPI esters, the coupling was generally not efficient (for example, 4-31 and 4-32, < 5% 

yield). Some specific substrates, e.g., those with a cyclopropyl ring, were coupled in modest to good 

yields (4-33 and 4-34). 
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Figure 4.4 Scope investigations on NHPI esters. Reaction conditions: 0.1 mmol NHPI esters, 0.1 mmol 3-1 and other 

additives in 0.5 mL EtOAc. Reaction under Blue LED for 20 h. Isolated yields and GC yields (in bracket) were shown.  
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Then, we continued to evaluate the scope on zinc reagents (Figure 4.5). Diaryl zinc reagents 

with different F-content and F-substitution patterns were prepared via polyfluoroaryl lithium rea-

gents and used as solutions in ethyl acetate. We used two representative alkyl NHPI ester sub-

strates, one with a primary alkyl and one with a secondary alkyl group, the coupling products of 

which were respectively labeled as a and b. The reactions of the 2,3,5,6-tetrafluoro-4-iodophenyl 

Zn reagent gave 4-35a and 4-35b in moderate yields. All three isomers of tetrafluorophenyl could 

be coupled to a primary alkyl (4-36a to4-38a) or a secondary alkyl (4-36b to 4-38b) in good yields. 

Trifluorophenyl Zn reagents were successfully reacted as well (4-39a to 4-41a, 4-39b to4-41b), so 

were the 2,6-difluorophenyl  Zn reagent (4-42a and 4-42b). The coupling of 2,4-difluorophenyl zinc 

was inefficient (30 % for 4-43b and  < 5%  for 4-43a). Likewise, the coupling of 4-fluorophenyl zinc 

reagent was unsuccessful (< 5% yield). In these cases, the relatively electron rich aryl zinc reagents 

were prone to homocoupling to give biaryls. The electron-deficient tetrafluoropyridyl zinc reagent 

was not suited to this reaction as well (29% for 4-44b and 0% for 4-44a). 

 
Figure 4.5 Scope investigations on polyfluoroaryl zinc reagents. Reaction conditions: 0.1 mmol NHPI esters, 0.1 mmol 

zinc reagents and other additives in 0.5 mL EtOAc. Reaction under Blue LED for 20 h. Isolated yields and GC yields (in 

bracket) were shown.  
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4.4 Mechanistic investigations 

Several experiments were conducted to shed light on the mechanism of this coupling reac-

tion.  When the NHPI ester derived from 6-heptenoic acid (4-46) was used as a substrate to couple 

with 4-1 under the standard conditions (Figure 4.6a), 4-47, a product formed via 5-exo-trig cycliza-

tion of 5-hexenyl radical, was obtained as the only cross-coupling product (60% yield). This result is 

consistent with the intermediacy of an alkyl radical formed from the alkyl NHPI ester. When 

(dtbbpy)Cu(OTf)2 was mixed with 1 equivalent of 4-1,  the homocoupling product C6F5-C6F5 was 

formed in 42% yield (Figure 4.6b). This result is consistent with previous reports that CuII species 

could oxidize Zn-ArF to ArF-ArF.[55] Thus, the resting oxidation state of Cu in the catalytic system is 

likely CuI.  

The CuI complex [(bpy)Cu(C6F5)]  4-4 was then synthesized and was found to be a competent 

catalyst as well (Figure 4.6c), leading to the target product in 80% yield. However, the stoichiometric 

reaction of [(bpy)Cu(C6F5)] with 4-2 under photochemical conditions didn't give any coupling prod-

uct (Figure 4.6d). In a crossover experiment, 4-2 was treated with 50 mol% of [(bpy)Cu(C6F5)] and 

100 mol% of di-(2,3,5,6-tetrafluorophenyl)zinc 4-49 (Figure 4.6e). The coupling with both the -C6F5 

group and the -C6F4H group occurred with a total yield of 52% (-C6F4H: -C6F5 =1:0.18 in the products, 

=1:0.25 in the starting materials). These results indicate that [(bpy)Cu(C6F5)] could enter the catalytic 

cycle and transfer the -C6F5 group on the copper into the product. However, it is not the species that 

directly transfer the -C6F5 group to the alkyl radicals. 

When the zinc reagent 4-1 was added to a solution containing [(bpy)Cu(C6F5)], an instant 

color change from orange to light yellow was observed. In the UV-Vis spectra, 4-1 exhibits almost 

no absorption in the range of 350 -600 nm in dichloromethane. However, increasing the ratio of 4-

1 to [(bpy)Cu(C6F5)] led to a  significant decrease of absorbance of [(bpy)Cu(C6F5)] (Figure 4.7), indi-

cating a transmetallation process. Besides, 19F-NMR was used to characterize 4-1, [(bpy)Cu(C6F5)] 

and their mixture in a ratio of 1:1 (Figure 4.8). The region on the left of the spectrum corresponds 

to the ortho-fluoro of M-C6F5. In the spectrum of the mixture (middle, Figure 4.8), a new peak A was 

generated compared to the spectra of 4-1 and [(bpy)Cu(C6F5)], suggesting the generation of a new 

organometallic M-C6F5. In the meantime, the peak B in the original spectrum of [(bpy)Cu(C6F5)] dis-

appeared, which indicates the conversion of [(bpy)Cu(C6F5)] with the addition of 4-1.  Likewise, in 

the cyclic voltammograms (Figure 4.9), a new oxidation peak emerged at -0.57 V vs. Fc+/Fc (Fc = 

ferrocene) when the zinc reagent 4-1 was added to [(bpy)Cu(C6F5)], which was 0.60 V lower than 
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the oxidation peak of [(bpy)Cu(C6F5)]. These results could be attributed to the formation of an ani-

onic [(bpy)Cu(C6F5)2]- species upon the addition of 4-1 to [(bpy)Cu(C6F5)] (Figure 4.6f), which could 

be the species responsible for transferring the -C6F5 group to alkyl radicals.  

 

Figure 4.6 Mechanistic investigations. 
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Figure 4.7 UV-Vis spectra of (diglyme)Zn(C6F5)2 (4-1), [(bpy)Cu(C6F5)], and their mixtures. C(4-1) was 0.0008 M when 

alone. In all other samples, c[(bpy)Cu(C6F5)] was 0.0008 M and c(4-1) was adjusted according to the given ratios. The 

solvent was dichloromethane. 

 

Figure 4.8 19F-NMR spectra of 4-1, [(bpy)Cu(C6F5)], and their mixtures. C(4-1) = c[(bpy)Cu(C6F5)] =0.002 M in dichloro-

methane solution. 
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Figure 4.9 Cyclic voltammograms of 4-1, [(bpy)Cu(C6F5)], and their mixtures in CH2Cl2-CH3CN (2:1). C(4-1) was 0.0027 M 

when alone. In all other samples, c[(bpy)Cu(C6F5)] was 0.0027 M and c(4-1) was adjusted according to the given ratios. 

Conditions: Under nitrogen atmosphere, Bu4NBF4 (0.03 M), glassy carbon disk as working electrode, Pt wire as counter 

electrode, Ag|AgCl, KCl(aq) as reference electrode (calibrated with Fc+/Fc). The scan rate: 100 mV/s. 

Stern-Volmer quenching was used to probe the interaction of the excited photocatalyst with 

different reagents. NHPI ester 4-2 and the Zn reagent 4-1 could not quench the emission of the 

excited photocatalyst. When [(bpy)Cu(C6F5)] was added to the solution of 4CzIPN, the emission was 

weakened (Figure 4.10a). The Stern-Volmer quenching plot (Figure 4.10b) revealed a linear correla-

tion between the concentration of [(bpy)Cu(C6F5)] and the degree of quenching (I0/I, I0 is the emis-

sion intensity without quencher, I is the emission intensity without the quencher). The slope was 

6226 M-1 for the copper complex. The 1:1 mixture of 4-1 with [(bpy)Cu(C6F5)]  was also effective 

quencher for the excited 4CzIPN (Figure 4.11). These data suggest that the reaction possibly starts 

by a reductive quenching of the excited 4CzIPN by the CuI species. Considering the large excess of 

4-1 compared to copper catalyst under the coupling conditions, the neutral [LCu(ArF)] are expected 

to have a very low concentration and  [LCu(ArF)2]- is more likely to be the quencher of the excited 

4CzIPN. 
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Figure 4.10 a) Emission spectra at different ratios of 4CzIPN to [(bpy)Cu(C6F5)]. c[4CzIPN]= 8 x 10-5 M. b) Stern-Volmer 

quenching plot for [(bpy)Cu(C6F5)]. 

 

Figure 4.11 a) Emission spectra at different ratios of 4CzIPN to [(bpy)Cu(C6F5)] &[(diglyme)Zn(C6F5)2]. c[4CzIPN]= 8 x 10-

5 M. b) Stern-Volmer quenching plot in relative to the concentration of [(bpy)Cu(C6F5)]. 
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4.5 The proposed reaction mechanism 

Based on these results, we propose a plausible mechanism (Scheme 4.2). The reaction starts 

with the reductive quenching of the excited 4CzIPN by the anionic [LCuI(ArF)2]- species 4-51 to form 

the reduced 4CzIPN and a LCuII(ArF)2 species (4-52). The radical anion of 4CzIPN then reduces the 

NHPI ester to give an alkyl radical after decarboxylation. The alkyl radical is captured by 4-52 to form 

a formal CuIII intermediate 4-53, which undergoes reductive elimination to give the coupling product 

and a LCuI(ArF) species 4-54. Although there is no precedent for the reductive elimination of 

polyfluoroaryl and alkylfrom such a CuIII complex, a facile reductive elimination of 

[(bpy)Cu(CF3)2(CH3)] was reported to form CF3CH3 and [(bpy)Cu(CF3)], which could be analoge-

ous.[56,57]  [LCuI(ArF)] undergoes transmetallation with the Zn-ArF reagent to regenerate 4-51 and 

close the catalytic cycle.  

 

Scheme 4.2 the proposed mechanism of the reaction. 
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4.6 Conclusion 

 In summary, we have developed a dual photo- and Cu-catalyzed method for the decarbox-

ylative coupling of aliphatic acids with polyfluoroaryl Zn reagents. This method allows the installa-

tion of polyfluoroaryls with variable F-content and F-substitution patterns on a primary or secondary 

alkyl groups, with good compatibility of functional groups. Our strategy might be extended to the 

coupling of Zn-ArF reagents with alkyl radicals generated by other methods, leading to new methods 

in polyfluoroarylation.  

  



Curriculum Vitae 

161 

4.7 Experiments 

4.7.1 General consideration 

 Anhydrous dichloromethane (DCM), tetrahydrofuran (THF) and acetonitrile were prepared 

with solvent drying system. Purchased anhydrous solvents [DMA (N,N-dimethylacetamide) and 

AcOEt] and commercially available reagents were used without purification. 15 mL Teflon-screw 

capped vials (d = 2 cm) were used for the photochemical reactions. Blue LEDs (From Kessil Co., Ltd., 

40 W max., wavelength centered at 460 nm, product No. A160WE) was used as the radiation source 

and a cooling fan was used to keep the reaction at aound room temperature during photolysis. After 

the reaction, GC-MS (Aglilent Tech. 7890B-5977B) was used to to determine the yield of the 

products for reaction optimizaiton, with 1,3,5-trimethylbenzene as an internal standard. Silica gel 

columns were used for reaction separation, with hexane-AcOEt as eluent unless otherwise noted. 

NMR spectra (1H, 19F, 13C) were recorded on Bruker Avance 400 MHz instrument. Chemical shifts are 

reported in ppm in reference to the residual signal of CDCl3, 1H (7.26 ppm) and 13C (77.16 ppm). 

Descriptions of multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, b = broad. Determinations of high resolution mass spectra (HRMS) of 

unknown compounds by ESI, APPI or EI ionization technique were performed with a Micro Mass 

QTOF Ultima spectrometer at the EPFL Mass Spectrometry Center or ETH MoBiAS center. Stern-

Volmer quenching experiments were conducted with a Varian Cary Eclipse fluorescence 

spectrophotometer. UV-Vis spectra were recorded on Cary 60 UV-Vis (Agilent Tech.). Cyclic 

voltammograms (CV) were recorded on a BIO-LOGIC VSP. 

 

4.7.2 Synthesis of NHPI esters and zinc reagents 

Preparation of NHPI esters of carboxylic acids 

 

  A round-bottom flask was charged with 5 mmol carboxylic acid, 1.05 eq. N-hydroxy-

phthalimide and 10 mol% of DMAP. 10 mL DCM was added and the stirring was started. Then, 1.1 

eq. EDC∙HCl (EDC= 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) dispersed in 5 mL DCM was 
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added slowly to the flask. During the addition, the solid N-hydroxyphthalimide was dissolved grad-

ually. The reaction was left overnight. Afterwards, the reaction mixture was diluted with DCM and 

washed 3 times with H2O. The organic phase was collected, dried over Na2SO4 and concentrated 

using an evaporator. The residual was separated on a silica gel column with hexane-EtOAc as eluent. 

The NMR data for the following NHPI esters could be found in the corresponding literature.[58-60]  

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.82 (m, 2H), 7.73 (m, 2H), 7.34 (m, 5H), 4.41 (b, 1H), 3.74 

(m, 1H), 3.18 (ddd, J = 13.7, 10.3, 3.2 Hz, 2H), 2.98 (tt, J = 10.0, 4.2 Hz, 1H), 2.29 – 1.74 (m, 4H). 13C 

NMR (101 MHz, CDCl3) δ 170.7, 170.5, 162.0, 135.8, 135.0, 129.9, 129.0, 128.7, 127.0, 124.2, 38.6, 

23.5. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 5.5, 3.1 Hz, 1H), 7.75 – 7.70 (m, 1H), 7.65 – 

7.55 (m, 1H), 7.27 (d, J = 8.0 Hz, 1H), 3.57 (dt, J = 12.1, 4.4 Hz, 1H), 2.72 – 2.53 (m, 2H), 2.37 (s, 2H), 

2.09 (dq, J = 12.8, 3.8 Hz, 1H), 2.01 – 1.91 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 170.3, 143.9, 135.0, 

133.3, 129.9, 129.0, 127.8, 124.2, 45.0, 37.7, 27.4, 21.7. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.93 – 7.88 (m, 2H), 7.82 (m, 2H), 3.20 (tt, J = 8.3, 4.2 Hz, 

1H), 2.63 (m, 2H), 2.50 – 2.22 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 209.0, 170.6, 162.1, 135.0, 129.0, 

124.2, 39.3, 38.1, 28.4. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J = 5.5, 3.1 Hz, 2H), 7.78 (dd, J = 5.5, 3.1 Hz, 2H), 

2.62 (tt, J = 12.2, 3.6 Hz, 1H), 2.22 – 2.12 (m, 2H), 1.93 – 1.78 (m, 2H), 1.62 (qd, J = 13.2, 3.5 Hz, 3H), 
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1.47 – 1.35 (m, 1H), 1.11 – 0.95 (m, 2H), 0.92 (d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.2, 

162.2, 134.8, 129.2, 124.0, 40.7, 34.1, 31.9, 29.0, 22.5. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.84 (m, 2H), 7.83 – 7.74 (m, 2H), 6.81 – 6.68 (m, 

3H), 5.95 (s, 2H), 3.16 (dd, J = 13.7, 6.4 Hz, 1H), 3.09 – 3.01 (m, 1H), 2.77 (dd, J = 13.6, 7.7 Hz, 1H), 

1.33 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.2, 162.1, 147.9, 146.5, 134.9, 131.7, 129.1, 

124.1, 122.4, 109.6, 108.4, 101.1, 39.3, 39.1, 16.5. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.90 – 7.75 (m, 8H), 7.67 (dt, J = 7.8, 1.5 Hz, 1H), 7.63 – 7.57 

(m, 1H), 7.56 – 7.47 (m, 3H), 4.20 (q, J = 7.1 Hz, 1H), 1.71 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 196.5, 170.6, 138.7, 138.4, 137.5, 134.9, 132.7, 131.7, 130.3, 129.8, 129.5, 129.1, 129.0, 

128.5, 124.1, 43.0, 19.0. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.92 – 7.83 (m, 2H), 7.82 – 7.73 (m, 2H), 7.43 – 7.33 (m, 

2H), 7.22 – 7.17 (m, 2H), 3.06 (t, J = 7.0 Hz, 2H), 2.97 (t, J = 7.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

168.7, 161.9, 141.5, 134.9, 131.5, 130.4, 130.0, 128.9, 127.1, 124.1, 122.8, 32.5, 30.2. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.93 – 7.84 (m, 2H), 7.84 – 7.75 (m, 2H), 3.21 (t, J = 6.9, 2H), 

2.69 (t, J = 7.4, 2H), 1.95 – 1.76 (m, 4H), 1.58 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 169.5, 162.1, 

134.9, 129.1, 124.1, 33.1, 30.9, 29.8, 23.8, 6.2. 
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White solid. 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J = 5.5, 3.1 Hz, 2H), 7.83 – 7.74 (m, 2H), 2.53 (s, 

2H), 1.16 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 168.0, 162.2, 134.8, 129.1, 124.1, 44.7, 31.4, 29.6. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.87 (m, 2H), 7.78 (m, 2H), 7.40 – 7.28 (m, 4H), 3.96 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 167.4, 161.9, 135.0, 134.0, 130.8, 130.1, 129.2, 128.9, 124.1, 37.2. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.87 (m, 4H), 7.78 (m, 4H), 2.67 (td, J = 7.4 Hz, 4H), 1.80 (p, 

J = 7.4 Hz, 4H), 1.51 – 1.36 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 169.7, 162.1, 134.8, 129.1, 124.1, 

31.0, 28.7, 28.6, 24.7. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 8.12 – 8.04 (m, 2H), 7.90 (m, 2H), 7.79 (m, 2H), 7.74 – 7.67 

(m, 2H), 7.67 – 7.59 (m, 2H), 7.52 – 7.44 (m, 2H), 7.44 – 7.36 (m, 1H), 3.51 (t, J = 6.9 Hz, 2H), 3.18 (t, 

J = 6.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 196.2, 169.5, 162.0, 146.3, 139.9, 134.9, 129.1, 129.1, 

128.9, 128.5, 127.5, 127.4, 124.1, 33.4, 25.6. 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.84 (m, 2H), 7.75 (m, 2H), 7.44 (d, J = 8.8 Hz, 2H), 6.89 (d, 

J = 8.7 Hz, 2H), 3.80 (s, 3H), 1.87 (q, J = 4.3 Hz, 2H), 1.45 (q, J = 4.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) 

δ 171.4, 162.0, 159.3, 134.8, 131.8, 129.2, 129.1, 124.0, 114.0, 55.4, 26.7, 19.0. 
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White solid. 1H NMR (400 MHz, CDCl3) δ 7.85 (m, 2H), 7.76 (m, 2H), 7.52 – 7.41 (m, 2H), 7.38 – 7.31 

(m, 2H), 1.98 – 1.86 (m, 2H), 1.53 – 1.41 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 170.8, 161.9, 135.6, 

134.9, 134.0, 132.1, 129.0, 128.8, 124.0, 26.8, 18.9. 

 

Preparation of (diglyme)Zn(C6F5)2 (b1) 

 

A 50-mL Schlenk Tube was charged with 11 mmol pentafluoroiodobenzene, 5.5 mmol di-

glyme and 3 mL THF under nitrogen. The reaction vessel was cooled to 0 oC, and diethyl zinc (1 M in 

hexane) was gradually added to the stirred solution. The reaction was maintained at 0 oC for 1 h, 

and then at room temperature overnight. A white precipitate was observed. The solvent was re-

moved under vacuum, and the residual was washed with hexane and then dried again under vac-

uum to give fine white powder in 50-60 % yield. In case where there is some impurities observed on 

NMR spectrum, recrystallization in DCM-Et2O could give pure crystals. 1H NMR (400 MHz, CDCl3) δ 

3.94 (t, J = 4.9 Hz, 4H), 3.66 (t, J = 4.9Hz, 4H), 3.24 (s, 6H). 19F NMR (376 MHz, CDCl3) δ -117.6 (m), -

157.3 (m), -162.13 (dt, J = 18.7, 10.6 Hz). 13C NMR (101 MHz, CDCl3) δ 149.1 (dd, J = 226.0, 26.9 Hz), 

139.8 (d, J = 246.6 Hz), 136.6 (dd, J = 253.1, 31.8 Hz), 119.3, 70.31, 69.6, 58.5. 

 

Preparation of [(bpy)Cu(C6F5)] 
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A 50-mL Schlenk tube was charged with 3 mmol pentafluoroiodobenzene and 10 mL THF 

under nitrogen. The reaction vessel was cooled to -78 oC, and 1.9 mL LinBu (1.6 M in hexane) was 

gradually added to the stirred solution by a syringe pump in 5 min. The reaction was maintained at 

-60 oC for 1 h (using an acetone – dry ice bath). Then, 3 mmol CuCl was added to the solution, which 

was maintained at -60 oC for another one hour. The reaction was allowed to slowly warm to room 

temperature in 4 h (the increase of temperature in acetone – dry ice bath can be pretty slow when 

the Dewar is covered with cotton layer). Then, the solution was filtered and concentrated under 

vacuum. The residual was dissolved in 3 mL DCM. 3 mmol bipyridine dissolved in 3 mL THF was 

added dropwise to the CuC6F5 solution, and a dark red solution was obtained. The solution was 

placed under – 20 oC for 2 h and red crystals formed. By decanting the upper solution, washing the 

solid with Et2O and finally drying under vacuum, the product could be obtained. The NMR Data 

matched with the reported data.[61]  

1H NMR (400 MHz, CD2Cl2) δ 9.03 – 8.82 (m, 2H), 8.18 (d, J = 8.1 Hz, 2H), 8.05 (tt, J = 7.9, 1.6 

Hz, 2H), 7.68 – 7.50 (m, 2H). 19F NMR (376 MHz, CD2Cl2) δ -109.69 (d, J = 38.0 Hz), -162.97 (t, J = 20.0 

Hz), -163.69 (m). 

 

Preparation of Zn(ArF)2 (as solution in EtOAc), method 1 (with LinBu) 

 

A 50-mL Schlenk tube was charged with 11 mmol polyfluoroarene and 10 mL Et2O under 

nitrogen. The reaction vessel was cooled to -78 oC, and 6.25 mL LinBu (1.6 M in hexane) was gradually 

added to the stirred solution by a syringe pump in 10 min. The reaction was maintained at –60 ~ -

45 oC for a given period of time. Then, 5 mmol ZnCl2 was added to the solution, which was main-

tained at -60 oC for another one hour. The reaction was allowed to gradually warm to room temper-

ature overnight. A white precipitate was observed. Filtration under nitrogen removed the white 

solid to give a clear solution. The solvent was removed under vacuum, and then the product was 

heated under vacuum for 2 h to remove the remaining solvent. A white or yellowish solid was ob-

tained, which was dispersed in 10 mL DCM to give a suspension. Filtration was used to remove the 

solid and the solvent was again removed under vacuum. The residual was dissolved in 5 mL EtOAc 
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and the concentration of Zn(ArF)2 was determined using NMR, with pentafluorobenzene or 1,2,3,4-

tetrafluorobenzene as internal standard. 

 

Prepared from 2,3,5,6 -tetrafluoro-1,4-diiodobenzene, 1 h for the first step. 19F NMR (376 MHz, 

EtOAc-CDCl3) δ -117.10 (m), -122.7 (m). C(ArF) = 1.6 M. 

 

Prepared from 1,2,3,5-tetrafluorobenzene, 2 h for the first step. 1H NMR (400 MHz, EtOAc-CDCl3) δ 

6.43 – 6.28 (m, 1H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -93.6 (d, J = 13.9 Hz), -113.6 (d, J = 29.7 Hz), 

-137.9 (m), -169.0 (m). C(ArF) = 1.5 M. 

 

Prepared from 1,2,4,5-tetrafluorobenzene, 2 h for the first step. 1H NMR (400 MHz, EtOAc-CDCl3) δ 

6.70 (m, 1H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -120.5 (m), -140.8 (m). C(ArF) = 0.9 M. 

 

 

Prepared from 1,3,5-trifluorobenzene, 4 h for the first step. 1H NMR (400 MHz, EtOAc-CDCl3) δ 6.39 

(dd, J = 9.5, 5.1 Hz, 1H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -87.5 (m), -113.6 (m). C(ArF) = 1.9 M. 
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Prepared from 2,4-difluoro-1-iodobenzene, 2 h for the first step. 1H NMR (400 MHz, EtOAc-CDCl3) δ 

7.33 (m, 1H), 6.68 (m, 1H), 6.55 (m, 1H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -88.6, -114.7 (m). C(ArF) 

= 1.2 M. 

 

Prepared from 4-fluoro-1-iodobenzene, 2 h for the first step. 1H NMR (400 MHz, EtOAc-CDCl3) δ 7.51 

(t, J = 7.5 Hz, 2H), 6.89 (m, 2H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -115.38. C(ArF) = 1.2 M. 

 

Prepared from 2,3,5,6 -tetrafluoropyridine with a different purification process (the product has 

poor solubility in DCM): After the reaction, the suspension was filtrated to get the solid. The solid 

was washed with THF and then DCM, and dried under vacuum. A white powder was obtained. Dis-

solving part of the powder in EtOAc led to a clear solution. 19F NMR (376 MHz, EtOAc-CDCl3) δ -

98.39, -122.93. C(ArF) = 0.5 M. 

 

Preparation of Zn(ArF)2 (as solution in EtOAc), method 2 (with LitBu) 

 

A 100-mL Schlenk tube was charged with 11 mmol polyfluoroarene and 20 mL THF under 

nitrogen. The reaction vessel was cooled to -100 oC, and 5.3 mL LitBu (1.9 M in hexane) was added 

to the stirred solution by a syringe pump in 10 min. The reaction was maintained at - 60 ~ - 50 oC for 

3 h. Then, 5 mmol ZnCl2 was added to the solution, which was maintained at -60 oC for another one 

hour. The reaction was allowed to gradually warm to room temperature overnight. A clear solution 

was obtained. The solvent was removed under vacuum, and then the product was heated under 

vacuum for 2 h to remove the remaining solvent. A white or yellowish solid was obtained, which 

was dispersed in 10 mL DCM to give a suspension. Filtration was used to remove the solid and the 
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solvent was again removed under vacuum. The residual was dissolved in 5 mL EtOAc and the con-

centration of Zn(ArF)2 was determined using NMR, with pentafluorobenzene or 1,2,3,4-tetrafluoro-

benzene as internal standard. 

 

Prepared from 1,2,3,4 -tetrafluorobenzene. 1H NMR (400 MHz, EtOAc-CDCl3) δ 6.88 (m, 1H). 19F NMR 

(376 MHz, EtOAc-CDCl3) δ -118.31 (m), -142.25 (m), -158.5 (m), -160.74 (m). C(ArF) = 1.5 M. 

 

 

Prepared from 1,2,4-trifluorobenzene. 1H NMR (400 MHz, EtOAc-CDCl3) δ 6.79 – 6.72 (m, 1H), 6.49 

(m, 1H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -95.8, -114.6, -145.9. C(ArF) = 1.6 M. 

 

Prepared from 1,2,3-trifluorobenzene. 1H NMR (400 MHz, EtOAc-CDCl3) δ 7.05 (m, 1H), 6.75 (m, 1H). 

19F NMR (376 MHz, EtOAc-CDCl3) δ -115.00 (dd, J = 31.1, 7.1 Hz), -141.02 (dd, J = 18.4, 7.1 Hz), -

165.08 (dd, J = 31.1, 18.4 Hz). C(ArF) = 1.5 M. 

 

 

Prepared from 1, 3-difluorobenzene. 1H NMR (400 MHz, EtOAc-CDCl3) δ 7.04 (tt, J = 7.7, 6.6 Hz, 1H), 

6.62 (m, 2H). 19F NMR (376 MHz, EtOAc-CDCl3) δ -89.20. C(ArF) = 1.8 M. 
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4.7.3 Procedures for the decarboxylative coupling reaction 

General procedure 1 (4-GP1): 

0.1 mmol NHPI ester , 0.02 mmol dtbbpy and 0.001 mmol 4CzIPN were added to a glass vial 

(d=2 cm, 15 mL), which was transferred to the glovebox. 0.01 mmol Cu(OTf)2 and 0.5 mL EtOAc were 

added and a green solution was obtained. Then, 0.1 mmol 4-1 was added to the solution, which 

instantly turned yellow. The vial was properly sealed and placed in the photochemical setup (shown 

in the picture below). After 20 h, the reaction was stopped. To the reaction solution were added 

ethyl acetate (4 mL), water (1 mL) and 3 drops of 15% aqueous ammonia for workup. The organic 

phase obtained by extraction was concentrated. The residue was subsequently analyzed by GC-

MS&FID to assess the reaction yield and was separated by chromatography on silica gel to give the 

final product. 

 

 

 

General procedure 2 (4-GP2): 

0.1 mmol NHPI ester , 0.02 mmol dtbbpy and 0.001 mmol 4CzIPN were added to a glass vial 

(d=2 cm, 12 mL), which was transferred to the glovebox. 0.01 mmol Cu(OTf)2, 0.1 mmol diglyme and 

(0.5-x) mL EtOAc were added and a green solution was obtained (x is the volume of Zn(ArF)2 solution 
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in EtOAc). Then, x mL of Zn(ArF)2 solution (0.1 mmol) was added to the vial, and the mixture turned 

yellow. The vial was properly sealed and placed in the photochemical setup. After 20 h, the reaction 

was stopped. To the reaction solution were added ethyl acetate (4 mL), water (1 mL) and 3 drops of 

15% aqueous ammonia for workup. The organic phase obtained by extraction was concentrated. 

The residue was subsequently analyzed by GC-MS&FID to assess the reaction yield and was sepa-

rated by chromatography on silica gel to give the final product. 

 

4.7.4 Mechanistic investigations 

4.7.4.1   UV-Vis spectroscopic study 

  All solutions and samples were prepared in the glovebox, including the stock solutions of 

(diglyme)Zn(C6F5)2 (21.3 mg in 10.0 mL DCM, 4.0×10-3 M), (bpy)Cu(C6F5) (15.4 mg in 10.0 mL DCM, 

4.0×10-3 M) and (bpy)Cu(OTf)2 (14.4 mg Cu(OTf)2, 6.3 mg bipyridine in 10.0 mL DCM, 4.0×10-3 M). 

The sample solutions were prepared by mixing a given volume of stock solutions, and then diluted 

to 2.0 mL with DCM. The sample solution was placed in a cuvette with screw cap for further meas-

urements on the UV-Vis spectrometer.  

 

4.7.4.2 Cyclic voltammograms of the reagents 

  The CVs were recorded in DCM-CH3CN (2:1, 4 mL) in a four-neck flask, with Bu4NBF4 (0.03 

M) as electrolyte, glassy carbon disk as working electrode (diameter, 3 mm), Pt wire as counter 

electrode, Ag|AgCl, KCl(aq) as reference electrode. The device was assembled in the glovebox to 

guarantee an inert atmosphere. The scan rate for CV was 100 mV/s.  

  E(Fc+/Fc) comparing to the reference electrode was 0.227 V (determined with 0.003 M Fc). 

All the potential values were converted using E(Fc+/Fc) as reference. 

 

4.7.4.3 Stern-Volmer quenching  

  All solutions and samples were prepared in a glovebox, including the stock solutions of 

4CzIPN (3.2 mg in 10.0 mL DCM, 4.0×10-4 M), 4-2 (37.8 mg in 10.0 mL DCM, 10-2 M), (di-

glyme)Zn(C6F5)2 (21.3 mg in 10.0 mL DCM, 4.0×10-3 M), (bpy)Cu(C6F5) (15.4 mg in 10.0 mL DCM, 

4.0×10-3 M). The sample solutions were prepared by mixing given volume of stock solutions, and 
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then diluted to 2.0 mL with DCM. The sample solution was placed in a cuvette with screw cap for 

further measurements on a fluorescence spectrometer. Parameters: exciting wavelength (420 nm, 

slit 2.5 nm), emission measurement (430 nm-700 nm). 

 

4.7.5 Characterization data of the products 

  

(4-(Perfluorophenyl)piperidin-1-yl)(phenyl)methanone, synthesized via 4-GP1, colorless crystal, 

30.1 mg (Yield = 85%). 1H NMR (400 MHz, CDCl3) δ 7.42 (m, 5H), 4.91 (b, 1H), 3.90 (b, 1H), 3.26 (tt, J 

= 12.5, 3.7 Hz, 1H), 3.08 (b, 1H), 2.84 (b, 1H), 2.04 (b, 2H), 1.89 – 1.63 (b, 2H). 19F NMR (376 MHz, 

CDCl3) δ -142.7 (m), -156.7 (t, J = 20.7 Hz), -162.0 (td, J = 22.0, 7.8 Hz). 13C NMR (101 MHz, CDCl3) δ 

170.6, 136.0, 129.8, 128.7, 126.9, 48.3, 42.9, 33.6, 30.5. GC-MS: 355. HRMS (ESI/QTOF) m/z: [M + 

H]+ Calcd for C18H15F5NO+ 356.1068; Found 356.1065. 

 

4-(Perfluorophenyl)-1-tosylpiperidine, synthesized via 4-GP1, colorless crystal, 23.1 mg (Yield = 

57%). 1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 3.96 (d, J = 11.6, 

2H), 2.88 (tt, J = 12.4, 3.6 Hz, 1H), 2.45 (s, 3H), 2.39 – 2.28 (m, 2H), 2.25 – 2.10 (m, 2H), 1.76 (d, J = 

12.2 Hz, 2H). 19F NMR (376 MHz, CDCl3) δ -142.5 (m), -156.5 (t, J = 20.9 Hz), -161.9 (td, J = 21.6, 7.7 

Hz). 13C NMR (101 MHz, CDCl3) δ 143.9, 133.2, 129.9, 127.9, 46.9, 32.8, 29.5, 21.7. GC-MS: 405. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H17F5NO2S+ 406.0895; Found 406.0895. 
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4-(Perfluorophenyl)tetrahydro-2H-pyran, synthesized via 4-GP1, white solid, 18.8 mg (Yield = 67%). 

1H NMR (400 MHz, CDCl3) δ 4.08 (dd, J = 11.7, 4.5 Hz, 2H), 3.50 (td, J = 11.9, 1.9 Hz, 2H), 3.24 (tt, J = 

12.5, 3.8 Hz, 1H), 2.26 – 2.10 (m, 2H), 1.63 (dd, J = 12.9, 3.7 Hz, 2H). 19F NMR (376 MHz, CDCl3) δ -

142.9 (m), -157.28 (t, J = 20.9 Hz), -162.37 (td, J = 21.5, 7.3 Hz). 13C NMR (101 MHz, CDCl3) δ 68.4, 

32.6, 30.8. GC-MS: 252. HRMS (APPI/LTQ-Orbitrap) m/z: [M + H-1]+ Calcd for C11H8F5O+ 251.0490; 

Found 251.0496. 

 

1-Cyclohexyl-2,3,4,5,6-pentafluorobenzene, synthesized via 4-GP1, colorless liquid, 19.3mg (Yield = 

77%). 1H NMR (400 MHz, CDCl3) δ 2.98 (m, 1H), 1.91 – 1.68 (m, 7H), 1.45 – 1.21 (m, 3H). 19F NMR 

(376 MHz, CDCl3) δ -143.0 (m), -158.7 (t, J = 20.6 Hz), -163.1 (td, J = 22.3, 7.4 Hz, 2F). 13C NMR (101 

MHz, CDCl3) δ 35.4, 31.1, 26.9, 25.8. GC-MS: 250.  

 

4-(Perfluorophenyl)cyclohexan-1-one, synthesized via 4-GP1, white solid, 19.4 mg (Yield = 73 %). 1H 

NMR (400 MHz, CDCl3) δ 3.48 (tt, J = 12.4, 3.6 Hz, 1H), 2.59 – 2.42 (m, 4H), 2.36 – 2.20 (m, 2H), 2.18 

– 2.06 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -142.6 (m), -156.6 (t, J = 21.2 Hz), -161.8 (m, 2F). 13C 

NMR (101 MHz, CDCl3) δ 209.4, 41.3, 33.6, 30.5. GC-MS: 264. HRMS (APPI/LTQ-Orbitrap) m/z: [M + 

H]+ Calcd for C12H10F5O+ 265.0646; Found 265.0651. 

 

1,2,3,4,5-Pentafluoro-6-(4-methylcyclohexyl)benzene, synthesized via 4-GP1, colorless liquid, 20.1 

mg (Yield = 76 %, dr = 1:2.6). 1H NMR (400 MHz, CDCl3) δ 2.94 (m, 1H), 2.11 – 1.95 (m, 1H), 1.92 – 

1.56 (m, 6H), 1.56 – 1.39 (m, 1H), 1.14 – 0.90 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -142.9 (major), -
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143.2 (minor), -158.6, -163.1. 13C NMR (101 MHz, CDCl3) δ (major &minor) 35.5, 35.0, 32.1, 32.0, 

30.9, 26.5, 25.0, 22.7, 17.3. GC-MS: 264. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H-1]+ Calcd 

for C13H12F5
+ 263.0854; Found 263.0853. 

 

(Perfluorophenyl)cycloheptane, synthesized via 4-GP1, colorless liquid, 14.6 mg (Yield = 55 %). 1H 

NMR (400 MHz, CDCl3) δ 3.11 (tt, J = 10.7, 3.3 Hz, 1H), 1.95 – 1.73 (m, 6H), 1.72 – 1.41 (m, 6H). 19F 

NMR (376 MHz, CDCl3) δ -143.0 (dd, J = 22.7, 7.9 Hz), -159.1 (t, J = 20.7 Hz), -162.9 – -163.4 (m).  13C 

NMR (101 MHz, CDCl3) δ 36.9, 33.7, 27.9, 27.7. GC-MS: 264.  

 

(1,2,3,4,5-Pentafluoro-6-(heptan-3-yl)benzene, synthesized via 4-GP1, colorless liquid, 20.5 mg 

(Yield = 77 %). 1H NMR (400 MHz, CDCl3) δ 2.97 (tt, J = 9.2, 6.4 Hz, 1H), 1.83 – 1.63 (m, 4H), 1.37 – 

1.01 (m, 4H), 0.83 (m, 6H). 19F NMR (376 MHz, CDCl3) δ -142.4 (dd, J = 22.9, 8.0 Hz), -158.1 (td, J = 

20.6, 4.0 Hz), -162.9 (m). 13C NMR (101 MHz, CDCl3) δ 38.4, 33.5, 30.3, 27.0, 22.7, 14.1, 12.6. GC-MS: 

266. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C13H15F5
+ 266.1088; Found 266.1087. 

 

5-(2-(perfluorophenyl)propyl)benzo[d][1,3]dioxole, synthesized via 4-GP1, colorless liquid, 17.6 mg 

(Yield = 53 %).1H NMR (400 MHz, CDCl3) δ 6.66 (d, J = 7.8 Hz, 1H), 6.60 (d, J = 1.8 Hz, 1H), 6.53 (dd, J 

= 7.9, 1.7 Hz, 1H), 5.91 (s, 2H), 3.45 (h, J = 7.4 Hz, 1H), 2.90 (d, J = 8.1 Hz, 2H), 1.37 (d, J = 7.1 Hz, 3H). 

19F NMR (376 MHz, CDCl3) δ -142.8 (m), -157.6 (t, J = 21.1 Hz), -162.7 (td, J = 22.3, 7.7 Hz). 13C NMR 

(101 MHz, CDCl3) δ 147.8, 146.2, 133.4, 121.7, 109.0, 108.3, 101.0, 41.2, 32.8, 19.1. GC-MS: 330. 

HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C16H11F5O2
+ 330.0674; Found 330.0678. 
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((Perfluorophenyl)methylene)dicyclohexane, synthesized via 4-GP1, colorless liquid, 22.1 mg (Yield 

= 64 %).1H NMR (400 MHz, CDCl3) δ 2.80 (t, J = 7.6 Hz, 1H), 1.99 (qd, J = 7.8, 4.1 Hz, 2H), 1.87 – 1.49 

(m, 10H), 1.36 – 0.97 (m, 6H), 0.94 – 0.65 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -135.6 (dd, J = 22.9, 

8.0 Hz), -139.3 (dd, J = 24.0, 8.0 Hz), -157.7 (t, J = 20.6 Hz), -162.9 (td, J = 21.7, 8.0 Hz), -163.2 (td, J 

= 22.9, 8.0 Hz). 13C NMR (101 MHz, CDCl3) δ 48.7, 48.6, 37.2, 32.4, 30.5, 30.4, 26.6. GC-MS: 346. 

HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C19H23F5
+ 346.1714; Found 346.1717. 

 

1,2,3,4,5-pentafluoro-6-(1-(4-isobutylphenyl)ethyl)benzene, synthesized via 4-GP1, colorless 

liquid, 28.9 mg (Yield = 88 %). 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J = 8.2 Hz, 2H), 7.08 (d, J = 8.2 Hz, 

2H), 4.55 (q, J = 7.3 Hz, 1H), 2.44 (d, J = 7.2 Hz, 2H), 1.83 (m, 1H), 1.74 (dt, J = 7.5, 1.2 Hz, 3H), 0.89 

(d, J = 6.6 Hz, 6H). 19F NMR (376 MHz, CDCl3) δ -142.5 (m), -157.7 (t, J = 21.2 Hz), -162.5 (td, J = 22.3, 

8.0 Hz). 13C NMR (101 MHz, CDCl3) δ 140.5, 139.5, 129.4, 126.9, 45.1, 34.3, 30.3, 22.5, 18.5. GC-MS: 

328. HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C18H17F5
+ 328.1245; Found 328.1253. 

 

(4-(1-(perfluorophenyl)ethyl)phenyl)(phenyl)methanone, synthesized via 4-GP1, colorless liquid, 

27.1mg (Yield = 72 %). 1H NMR (400 MHz, CDCl3) δ 7.83 – 7.74 (m, 3H), 7.68 – 7.55 (m, 2H), 7.54 – 

7.46 (m, 3H), 7.42 (t, J = 7.7 Hz, 1H), 4.66 (q, J = 7.4 Hz, 1H), 1.79 (dt, J = 7.4, 1.2 Hz, 3H). 19F NMR 

(376 MHz, CDCl3) δ -142.3 (m), -156.6 (t, J = 20.9 Hz), -161.9 (td, J = 21.9, 7.9 Hz). 13C NMR (101 MHz, 

CDCl3) δ 13C NMR (101 MHz, CDCl3) δ 196.6, 142.5, 138.1, 137.6, 132.7, 131.3, 130.2, 128.9, 128.6, 
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128.4, 34.4, 18.4. GC-MS: 376. HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for 

C21H14F5O+ 377.0959; Found 377.0972. 

 

2-methoxy-6-(1-(perfluorophenyl)ethyl)naphthalene, synthesized via 4-GP1, white solid, 29.5 mg 

(Yield = 84 %). 1H NMR (400 MHz, CDCl3) δ 7.75 – 7.65 (m, 3H), 7.39 – 7.32 (m, 1H), 7.21 – 7.08 (m, 

2H), 4.72 (q, J = 7.4 Hz, 1H), 3.92 (s, 3H), 1.85 (dt, J = 7.3, 1.1 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -

142.5 (m), -157.4 (d, J = 21.0 Hz), -162.3 (m). 13C NMR (101 MHz, CDCl3) δ 157.9, 137.3, 133.6, 129.4, 

129.0, 127.3, 126.3, 125.3, 119.2, 105.7, 55.4, 34.6, 18.4. GC-MS: 352. HRMS (APPI/LTQ-Orbitrap) 

m/z: [M]+ Calcd for C19H13F5O+ 352.0881; Found 352.0893. 

 

1-(3-bromophenethyl)-2,3,4,5,6-pentafluorobenzene, synthesized via 4-GP1, white solid, 24.5 mg 

(Yield = 70 %). 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.31 (m, 2H), 7.16 (t, J = 7.8 Hz, 1H), 7.09 (dt, J = 

7.6, 1.5 Hz, 1H), 2.98 (m, 2H), 2.84 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -144.2 (m), -157.1 (t, J = 21.2 

Hz), -162.5 (m). 13C NMR (101 MHz, CDCl3) δ 142.4, 131.6, 130.3, 129.9, 127.1, 122.7, 35.1, 24.3. GC-

MS: 350. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C14H8BrF5
+ 349.9724; Found 349.9729. 

 

1-(5-bromopentyl)-2,3,4,5,6-pentafluorobenzene, synthesized via 4-GP1, colorless liquid, 24.7 mg 

(Yield = 78 %). 1H NMR (400 MHz, CDCl3) δ 3.40 (t, J = 6.7 Hz, 2H), 2.71 (tt, J = 7.6, 1.8 Hz, 2H), 1.89 

(p, J = 6.9 Hz, 2H), 1.68 – 1.56 (m, 2H), 1.55 – 1.44 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -144.3 (m), 

-157.95 (t, J = 21.1 Hz), -162.91 (td, J = 22.2, 8.5 Hz). 13C NMR (101 MHz, CDCl3) δ 33.2, 32.1, 28.2, 

27.4, 21.9. GC-MS: 316.  
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1-(5-iodopentyl)-2,3,4,5,6-pentafluorobenzene, synthesized via 4-GP1, colorless liquid, 16.2 mg 

(Yield = 45 %). 1H NMR (400 MHz, CDCl3) δ 3.21 (t, J = 7.0, 2H), 2.74 (m, 2H), 1.94 – 1.82 (m, 2H), 1.64 

(p, J = 7.6 Hz, 2H), 1.48 (p, J = 7.7 Hz, 2H). 19F NMR (376 MHz, CDCl3) δ -144.4 (m), -157.9 (t, J = 20.8 

Hz), -162.87 (td, J = 22.0, 8.5 Hz). 13C NMR (101 MHz, CDCl3) δ 33.1, 30.1, 28.3, 22.2, 6.4. GC-MS: 

364. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C11H10F5I+ 363.9742; Found 363.9748. 

 

methyl 5-(perfluorophenyl)pentanoate, synthesized via 4-GP1, colorless liquid, 22.5 mg (Yield = 80 

%). 1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 2.76 – 2.67 (m, 2H), 2.34 (t, J = 7.0 Hz, 2H), 1.64 (m, 4H). 

19F NMR (376 MHz, CDCl3) δ -144.3 (dd, J = 22.1, 8.4 Hz), -157.9 (t, J = 20.6 Hz), -162.92 (td, J = 22.1, 

8.5 Hz). 13C NMR (101 MHz, CDCl3) δ 173.8, 51.7, 33.7, 28.8, 24.4, 22.1. GC-MS: 282. HRMS (EI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C12H11F5O2
+ 282.0674; Found 282.0679. 

 

1,2,3,4,5-pentafluoro-6-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)benzene, 

synthesized via 4-GP1, colorless liquid, 29.5 mg (Yield = 48 %). 1H NMR (400 MHz, CDCl3) δ 3.04 (m, 

2H), 2.38 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -80.8 (m), -115.3 (m), -121.5 – -122.1 (m), -122.7 (m), 

-123.5 (m), -126.1 (m), -143.9 (dt, J = 20.0, 9.6 Hz), -155.7 (t, J = 20.6 Hz), -161.8 (dt, J = 20.7, 10.7 

Hz). 13C NMR (101 MHz, CDCl3) δ 29.3 (t, J = 22.3 Hz), 13.0. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd 

for C16H4F22
+ 613.9956; Found 613.9965. 
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1,2,3,4,5-pentafluoro-6-neopentylbenzene, synthesized via 4-GP1, colorless liquid, 8.5 mg (Yield = 

36 %). 1H NMR (400 MHz, CDCl3) δ 2.60 (s, 2H), 0.95 (t, J = 1.3 Hz, 9H). 19F NMR (376 MHz, CDCl3) δ -

140.1 (m), -157.5 (t, J = 21.1 Hz), -163.2(m). 13C NMR (101 MHz, CDCl3) δ 35.9, 33.1, 29.3. GC-MS: 

238. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C11H11F5
+ 238.0775; Found 238.0770. 

 

1,2,3,4,5-pentafluoro-6-(4-methoxybenzyl)benzene, synthesized via 4-GP1, colorless liquid, 19.5 

mg (Yield = 68 %). 1H NMR (400 MHz, CDCl3) δ 7.21 – 7.13 (m, 2H), 6.87 – 6.79 (m, 2H), 3.96 (t, J = 

2.1 Hz, 2H), 3.78 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -143.6 (dd, J = 22.9, 8.0 Hz), -157.4 (t, J = 20.6 

Hz), -162.4 (m). 13C NMR (101 MHz, CDCl3) δ 158.7, 129.7, 129.6, 114.3, 55.4, 27.5. GC-MS: 288. 

HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C14H9F5O+ 288.0568; Found 288.0578. 

 

1-(4-chlorobenzyl)-2,3,4,5,6-pentafluorobenzene, synthesized via 4-GP1, colorless liquid, 21.3 mg 

(Yield = 73 %). 1H NMR (400 MHz, CDCl3) δ 7.29 – 7.21 (m, 2H), 7.15 (d, J = 8.2 Hz, 2H), 3.98 (s, 2H). 

19F NMR (376 MHz, CDCl3) δ -143.24 – -143.38 (m), -156.47 (t, J = 21.1 Hz), -161.99 (td, J = 22.1, 8.5 

Hz). 13C NMR (101 MHz, CDCl3) δ 136.0, 133.1, 129.9, 129.1, 27.7. GC-MS: 292. HRMS (APPI/LTQ-

Orbitrap) m/z: [M-H]- Calcd for C13H5F5O- 291.0005; Found 291.0002. 
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1,7-bis(perfluorophenyl)heptane, synthesized via modified 4-GP1 (with 200 mol% b1), colorless 

liquid, 27.2 mg (Yield = 63 %). 1H NMR (400 MHz, CDCl3) δ 2.68 (m, 4H), 1.63 – 1.50 (m, 4H), 1.41 – 

1.27 (m, 6H). 19F NMR (376 MHz, CDCl3) δ -144.5 (m), -158.4 (m), -163.1 (m). 13C NMR (101 MHz, 

CDCl3) δ 29.3, 29.0, 28.9, 22.4. GC-MS: 432. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C19H14F10
+ 

432.0930; Found 432.0929. 

 

1-([1,1'-biphenyl]-4-yl)-3-(perfluorophenyl)propan-1-one, synthesized via 4-GP1, white solid, 

26.4mg (Yield = 70 %).1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 

7.63 (d, J = 6.9 Hz, 2H), 7.48 (t, J = 7.3 Hz, 2H), 7.41 (t, J = 7.3 Hz, 1H), 3.33 (t, J = 7.4 Hz, 2H), 3.21 – 

3.12 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -143.4 (m), -157.3 (t, J = 20.7 Hz), -162.6 (td, J = 21.8, 8.1 

Hz). 13C NMR (101 MHz, CDCl3) δ 197.4, 146.3, 139.9, 135.1, 129.1, 128.7, 128.5, 127.5, 127.4, 37.6, 

17.3. GC-MS: 376. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H14F5O+ 377.0959; Found 377.0962. 

 

(E)-1,2,3,4,5-pentafluoro-6-(heptadec-8-en-1-yl)benzene, synthesized via 4-GP1, colorless liquid, 

37.3 mg (Yield = 92 %). 1H NMR (400 MHz, CDCl3) δ 5.42 – 5.35 (m, 2H), 2.73 – 2.63 (m, 2H), 1.96 (q, 

J = 6.6 Hz, 4H), 1.56 (dd, J = 14.8, 7.3 Hz, 2H), 1.34 – 1.19 (m, 20H), 0.92 – 0.84 (m, 3H). 19F NMR (376 

MHz, CDCl3) δ -144.5 (m), -158.5 (t, J = 20.8 Hz), -163.3 (m). 13C NMR (101 MHz, CDCl3) δ 130.7, 

130.3, 32.8, 32.7, 32.1, 29.8, 29.7, 29.7, 29.5, 29.4, 29.3, 29.2, 29.2, 29.1, 22.8, 22.5, 14.2. GC-MS: 

404. 
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N,N-bis(2-chloroethyl)-4-(3-(perfluorophenyl)propyl)aniline, synthesized via 4-GP1, yellowish 

liquid, 27.2 mg (Yield = 64 %). 1H NMR (400 MHz, CDCl3) δ 7.12 – 7.04 (m, 2H), 6.68 – 6.58 (m, 2H), 

3.71 (m,4H), 3.65 – 3.59 (m, 4H), 2.73 (t, J = 7.6 Hz, 2H), 2.59 (t, J = 7.8 Hz, 2H), 1.94 – 1.81 (m, 2H). 

19F NMR (376 MHz, CDCl3) δ -144.2 (m), -158.1 (t, J = 20.8 Hz), -163.0 (m, 2F). 13C NMR (101 MHz, 

CDCl3) δ 144.5, 130.5, 129.6, 112.3, 53.7, 40.6, 34.3, 31.0, 22.2. GC-MS: 425. HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C19H19Cl2F5N+ 426.0809; Found 426.0813. 

 

(4-chlorophenyl)(5-methoxy-2-methyl-3-((perfluorophenyl)methyl)-1H-indol-1-yl)methanone, 

synthesized via 4-GP1, white solid, 30.1 mg (Yield = 63 %). 1H NMR (400 MHz, CDCl3) δ 7.69 – 7.60 

(m, 2H), 7.51 – 7.43 (m, 2H), 6.96 (d, J = 2.5 Hz, 1H), 6.84 (d, J = 9.0 Hz, 1H), 6.65 (dd, J = 9.0, 2.5 Hz, 

1H), 4.05 (d, J = 1.7 Hz, 2H), 3.82 (s, 3H), 2.46 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -142.1 (m), -156.7 

(t, J = 20.9 Hz), -162.2 (m). 13C NMR (101 MHz, CDCl3) δ 168.5, 156.1, 139.6, 135.7, 134.0, 131.3, 

130.9, 130.1, 129.3, 115.1, 114.8, 111.7, 100.9, 55.7, 17.6, 13.3. GC-MS: 479. HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C24H16ClF5NO2
+  480.0784; Found 480.0794. 

 

Synthesized via 4-GP1, white solid, 21.4 mg (Yield = 42 %). 1H NMR (400 MHz, CDCl3) δ 2.96 – 2.71 

(m, 4H), 2.60 (m, 1H), 2.40 – 1.92 (m, 11H), 1.86 (m, 1H), 1.64 (m, 1H), 1.46 – 1.21 (m, 7H), 1.07 (s, 

3H), 0.97 (d, J = 6.5 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -144.9 (dd, J = 22.5, 8.2 Hz), -158.4 (t, J = 

20.9 Hz), -163.0 (td, J = 21.8, 8.2 Hz). 13C NMR (101 MHz, CDCl3) δ 212.0, 209.1, 208.8, 116.0, 57.0, 

51.9, 49.1, 47.0, 45.7, 45.4, 45.1, 42.9, 38.8, 36.6, 36.2, 36.2, 35.4, 35.2, 27.8, 25.3, 22.1, 19.7, 18.8, 

12.0. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C29H33F5NaO3
+ 547.2242; Found 547.2259. 



Curriculum Vitae 

181 

 

1,2,3,4,5-pentafluoro-6-(1-(4-methoxyphenyl)cyclopropyl)benzene, synthesized via 4-GP1, 

colorless liquid, 12.5 mg (Yield = 40 %). 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.28 (m, 2H), 6.84 – 6.78 

(m, 2H), 3.77 (s, 3H), 1.40 – 1.35 (m, 2H), 1.25 – 1.19 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -140.7 

(m), -156.9 (t, J = 20.8 Hz), -162.6 (m). 13C NMR (101 MHz, CDCl3) δ 158.7, 135.2, 129.4, 114.1, 55.4, 

19.1, 14.4. GC-MS: 314. HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C16H11F5O+ 314.0725; Found 

314.0737. 

 

1,2,3,4,5-pentafluoro-6-(1-(4-chlorophenyl)cyclopropyl)benzene, synthesized via 4-GP1, colorless 

liquid, 19.1 mg (Yield = 60 %). 1H NMR (400 MHz, CDCl3) δ 7.25 (m, 4H), 1.41 (m, 2H), 1.32 – 1.22 (m, 

2H). 19F NMR (376 MHz, CDCl3) δ -140.3 (dd, J = 22.0, 8.1 Hz), -155.9 (t, J = 21.0 Hz), -162.2 (td, J = 

21.8, 8.0 Hz). 13C NMR (101 MHz, CDCl3) δ 141.4, 132.9, 129.3, 128.9, 19.2, 15.0, GC-MS: 318. HRMS 

(APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C15H8ClF5
+ 318.0229; Found 318.0240. 

 

methyl 5-(2,3,5,6-tetrafluoro-4-iodophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 

21.0 mg (Yield = 54 %). 1H NMR (400 MHz, CDCl3) δ 3.67 (s, 3H), 2.75 (t, J = 7.0Hz, 2H), 2.35 (t, J = 7.0 

Hz, 2H), 1.67 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -121.5 (m), -142.3 (m). 13C NMR (101 MHz, CDCl3) 

δ 173.8, 51.7, 33.7, 28.5, 24.5, 23.0. GC-MS: 390. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for 

C12H11IF4O2
+ 389.9734; Found 389.9724. 
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methyl 5-(2,3,4,5-tetrafluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 13.4 mg 

(Yield = 51 %). 1H NMR (400 MHz, CDCl3) δ 6.79 (m, 1H), 3.67 (s, 3H), 2.67 – 2.57 (m, 2H), 2.34 (t, J = 

7.0 Hz, 2H), 1.73 – 1.55 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -140.3 (dd, J = 21.1, 12.6 Hz), -144.2 

(dd, J = 20.8, 12.4 Hz), -156.3 (t, J = 20.1 Hz), -159.3 (t, J = 20.2 Hz). 13C NMR (101 MHz, CDCl3) δ 

173.9, 111.2, 51.7, 33.8, 29.3, 28.3, 24.4. GC-MS: 264. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for 

C12H12F4O2
+ 264.0768; Found 264.0770. 

 

methyl 5-(2,3,4,6-tetrafluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 18.5mg 

(Yield = 70 %). 1H NMR (400 MHz, CDCl3) δ 6.79 – 6.67 (m, 1H), 3.66 (s, 3H), 2.66 (t, J = 7.1, 2H), 2.34 

(t, J = 7.2 Hz, 2H), 1.73 – 1.54 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -119.6 (d, J = 10.9 Hz), -136.0 (dd, 

J = 21.0, 4.8 Hz), -136.9 – -137.1 (m), -165.8 (td, J = 21.2, 11.4 Hz). 13C NMR (101 MHz, CDCl3) δ 173.9, 

100.6, 51.7, 33.8, 28.9, 24.5, 22.0. GC-MS: 264. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for 

C12H12F4O2
+ 264.0768; Found 264.0772. 

 

methyl 5-(2,3,5,6-tetrafluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 19.7 mg 

(Yield = 75 %). 1H NMR (400 MHz, CDCl3) δ 6.91 (m, 1H), 3.67 (s, 3H), 2.75 (t, J = 7.1, 2H), 2.35 (t, J = 

7.1 Hz, 2H), 1.75 – 1.56 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -140.0 (dd, J = 22.4, 12.9 Hz), -144.9 

(dd, J = 22.1, 13.0 Hz). 13C NMR (101 MHz, CDCl3) δ 173.9, 103.7, 51.7, 33.7, 28.7, 24.5, 22.7. GC-MS: 

264. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C12H12F4O2
+ 264.0768; Found 264.0771. 
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methyl 5-(2,4,6-trifluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 16.1 mg (Yield 

= 65 %). 1H NMR (400 MHz, CDCl3) δ 6.67 – 6.54 (m, 2H), 3.66 (s, 3H), 2.71 – 2.57 (m, 2H), 2.33 (t, J 

= 7.3 Hz, 2H), 1.74 – 1.51 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -111.8 (m), -113.12 (d, J = 4.6 Hz). 13C 

NMR (101 MHz, CDCl3) δ 174.0, 100.0, 51.7, 33.8, 29.0, 24.5, 21.7. GC-MS: 246. HRMS (EI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C12H13F3O2
+ 246.0862; Found 246.0865. 

 

methyl 5-(2,3,6-trifluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 13.1 mg (Yield 

= 53 %). 1H NMR (400 MHz, CDCl3) δ 6.96 (m, 1H), 6.76 (m, 1H), 3.66 (s, 3H), 2.75 – 2.67 (m, 2H), 

2.35 (t, J = 6.9 Hz, 2H), 1.65 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -121.2 (dd, J = 15.5, 4.1 Hz), -139.1 

(dd, J = 21.1, 3.9 H), -143.0 (dd, J = 21.0, 15.3 Hz). 13C NMR (101 MHz, CDCl3) δ 174.0, 114.4, 110.4, 

51.7, 33.8, 28.8, 24.6, 22.5. GC-MS: 246. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C12H13F3O2
+ 

246.0862; Found 246.0867. 

 

methyl 5-(2,3,4-trifluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 9.7 mg (Yield = 

40 %). 1H NMR (400 MHz, CDCl3) δ 6.95 – 6.80 (m, 2H), 3.66 (s, 3H), 2.64 (t, J = 7.3 Hz, 2H), 2.34 (t, J 

= 7.1 Hz, 2H), 1.73 – 1.56 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -138.1 (dd, J = 20.4, 6.1 Hz), -139.5 

(dd, J = 20.3, 6.2 Hz), -161.2 (t, J = 20.2 Hz). 13C NMR (101 MHz, CDCl3) δ 174.0, 123.5, 111.7, 51.7, 

33.9, 29.5, 28.4, 24.5. GC-MS: 246. HRMS (EI/LTQ-Orbitrap) m/z: [M]+ Calcd for C12H13F3O2
+ 

246.0862; Found 246.0865. 
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methyl 5-(2,6-difluorophenyl)pentanoate, synthesized via 4-GP2, colorless liquid, 14.7 mg (Yield = 

64 %).1H NMR (400 MHz, CDCl3) δ 7.12 (m, 1H), 6.83 (m, 2H), 3.66 (s, 3H), 2.74 – 2.62 (m, 2H), 2.34 

(t, J = 7.3 Hz, 2H), 1.74 – 1.53 (m, 4H). 19F NMR (376 MHz, CDCl3) δ -116.1 (s).  13C NMR (101 MHz, 

CDCl3) δ 174.1, 127.4, 117.62, 110.5, 51.6, 33.9, 29.0, 24.6, 22.0. GC-MS: 228. HRMS (EI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C12H14O2F2
+  228.0956; Found 228.0953. 

 

2-methoxy-6-(1-(2,3,5,6-tetrafluoro-4-iodo-phenyl)ethyl)naphthalene, synthesized via 4-GP2, 

white solid, 22.0 mg (Yield = 48 %). 1H NMR (400 MHz, CDCl3) δ 7.73 – 7.65 (m, 3H), 7.36 (dd, J = 8.5, 

1.9 Hz, 1H), 7.15 (dd, J = 9.0, 2.5 Hz, 1H), 7.10 (d, J = 2.5 Hz, 1H), 4.75 (q, J = 7.3 Hz, 1H), 3.91 (s, 3H), 

1.86 (dt, J = 7.4, 1.1 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -120.9 – -121.1 (m), -140.1 – -140.5 (m). 

13C NMR (101 MHz, CDCl3) δ 157.8, 137.1, 133.6, 129.4, 129.0, 127.3, 126.4, 125.4, 119.2, 105.7, 

69.8, 55.5, 35.3, 18.2. GC-MS: 460. HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for 

C19H13F4IO+ 459.9942; Found 459.9960. 

 

2-methoxy-6-(1-(2,3,4,5-tetrafluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, oil, 22.1 mg 

(Yield = 66 %). 1H NMR (400 MHz, CDCl3) δ 7.70 (m, 2H), 7.63 – 7.60 (m, 1H), 7.27 – 7.23 (m, 1H), 

7.16 (dd, J = 8.9, 2.6 Hz, 1H), 7.12 (d, J = 2.6 Hz, 1H), 6.85 – 6.69 (m, 1H), 4.59 (q, J = 7.2 Hz, 1H), 3.92 

(s, 3H), 1.69 (d, J = 7.2 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -139.6 (dd, J = 21.2, 12.3 Hz), -143.7 

(ddd, J = 20.2, 12.2, 2.5 Hz), -156.0 (t, J = 20.0 Hz), -158.9 – -159.1 (m). 13C NMR (101 MHz, CDCl3) δ 
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157.9, 138.3, 133.6, 129.4, 129.0, 127.4, 126.7, 125.5, 119.3, 109.7, 105.8, 55.5, 37.3, 20.6. GC-MS: 

334. HRMS (APPI/LTQ-Orbitrap) m/z: [M + H-1]+ Calcd for C19H13F4O+ 333.0897; Found 333.0904. 

 

2-methoxy-6-(1-(2,3,4,6-tetrafluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, oil, 27.8 mg 

(Yield = 83 %). 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.64 (m, 3H), 7.40 – 7.33 (m, 1H), 7.15 (dd, J = 8.9, 

2.6 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 6.74 (m, 1H), 4.69 (q, J = 7.4 Hz, 1H), 3.92 (s, 3H), 1.84 (d, J = 7.3, 

3H). 19F NMR (376 MHz, CDCl3) δ -116.9 (d, J = 10.8 Hz), -134.8 (dd, J = 20.9, 5.3 Hz), -135.4 (dd, J = 

21.3, 5.0 Hz), -165.0 (td, J = 21.0, 10.7 Hz). 13C NMR (101 MHz, CDCl3) δ 157.7, 138.0, 133.5, 129.4, 

129.0, 127.1, 126.5, 125.2, 119.5, 119.1, 105.7, 101.0, 55.4, 34.4, 18.5. GC-MS: 334. HRMS 

(APPI/LTQ-Orbitrap) m/z: [M + H-1]+ Calcd for C19H13F4O+ 333.0897; Found 333.0906. 

 

2-methoxy-6-(1-(2,3,5,6-tetrafluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, white solid, 

28.0 mg (Yield = 84 %). 1H NMR (400 MHz, CDCl3) δ 7.75 – 7.65 (m, 3H), 7.39 (dd, J = 8.5, 1.9 Hz, 1H), 

7.16 (ddd, J = 8.9, 2.6, 0.9 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 6.93 (tt, J = 9.7, 7.3 Hz, 1H), 4.77 (q, J = 7.4 

Hz, 1H), 3.91 (s, 3H), 1.87 (d, J = 7.4, 3H). 19F NMR (376 MHz, CDCl3) δ -139.4 (dd, J = 21.8, 12.6 Hz), 

-143.0 (dd, J = 21.8, 12.7 Hz). 13C NMR (101 MHz, CDCl3) δ 157.8, 137.5, 133.5, 129.5, 129.0, 127.2, 

126.5, 125.4, 125.3, 119.1, 105.7, 104.0, 55.4, 35.0, 18.3. GC-MS: 334. HRMS (APPI/LTQ-Orbitrap) 

m/z: [M + H-1]+ Calcd for C19H13F4O+ 333.0897; Found 333.0908 

 

2-methoxy-6-(1-(2,4,6-trifluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, white solid, 22.5 

mg (Yield = 71 %). 1H NMR (400 MHz, CDCl3) δ 7.64 – 7.53 (m, 3H), 7.27 (dd, J = 8.5, 1.9 Hz, 1H), 7.09 
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– 6.98 (m, 2H), 6.53 (t, J = 8.5 Hz, 2H), 4.58 (q, J = 7.3 Hz, 1H), 3.81 (s, 3H), 1.72 (d, J = 7.4 Hz, 3H). 

19F NMR (376 MHz, CDCl3) δ -110.2 (d, J = 5.7 Hz), -111.2 (t, J = 6.0 Hz). 13C NMR (101 MHz, CDCl3) δ 

157.6, 138.8, 133.3, 129.4, 129.0, 126.9, 126.7, 125.1, 118.9, 118.3, 105.7, 100.6, 55.4, 33.9, 18.7. 

GC-MS: 316. HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C19H15F3O+ 316.1070; Found 316.1078. 

 

2-methoxy-6-(1-(2,3,6-trifluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, white solid, 20.1 

mg (Yield = 64 %). 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.63 (m, 3H), 7.38 (dd, J = 8.5, 1.9 Hz, 1H), 7.17 

– 7.07 (m, 2H), 6.98 (qd, J = 9.2, 4.9 Hz, 1H), 6.78 (m, 1H), 4.73 (q, J = 7.3 Hz, 1H), 3.90 (s, 3H), 1.84 

(d, J = 7.3, 3H). 19F NMR (376 MHz, CDCl3) δ -118.5 (dd, J = 14.9, 3.3 Hz), -137.0 (d, J = 21.7 Hz), -

142.3 (dd, J = 20.6, 14.9 Hz). 13C NMR (101 MHz, CDCl3) δ 157.7, 138.3, 133.4, 129.4, 129.0, 127.0, 

126.7, 125.2, 124.0, 119.0, 114.8, 111.0, 105.7, 55.4, 34.7, 18.5. GC-MS: 316. HRMS (APPI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C19H15F3O+ 316.1070; Found 316.1076. 

 

2-methoxy-6-(1-(2,3,6-trifluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, white solid, 18.2 

mg (Yield = 58 %). 1H NMR (400 MHz, CDCl3) δ 7.68 (dd, J = 11.1, 8.7 Hz, 2H), 7.63 – 7.60 (m, 1H), 

7.30 – 7.25 (m, 1H), 7.15 (dd, J = 8.8, 2.5 Hz, 1H), 7.11 (d, J = 2.6 Hz, 1H), 6.94 – 6.83 (m, 2H), 4.57 

(q, J = 7.2 Hz, 1H), 3.91 (s, 3H), 1.70 (d, J = 7.2 Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -137.5 – -137.9 

(m), -138.8 (dd, J = 20.6, 6.8 Hz), -160.8 (d, J = 20.6 Hz). 13C NMR (101 MHz, CDCl3) δ 157.7, 139.2, 

133.5, 131.2, 129.4, 129.0, 127.2, 126.9, 125.4, 122.0, 119.1, 111.9, 105.8, 55.5, 37.4, 20.8. GC-MS: 

316. HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C19H15F3O+ 316.1070; Found 316.1072. 
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2-methoxy-6-(1-(2,6-difluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, white solid, 18.7 

mg (Yield = 63 %). 1H NMR (400 MHz, CDCl3) δ 7.71 (m, 2H), 7.66 (d, J = 8.5 Hz, 1H), 7.44 – 7.37 (m, 

1H), 7.18 – 7.08 (m, 3H), 6.85 (t, J = 8.3 Hz, 2H), 4.74 (q, J = 7.4 Hz, 1H), 3.90 (s, 3H), 1.84 (d, J = 7.4 

Hz, 3H). 19F NMR (376 MHz, CDCl3) δ -113.2 (s). 13C NMR (101 MHz, CDCl3) δ 162.5, 157.5, 139.1, 

133.3, 129.4, 129.0, 127.9, 126.9, 126.8, 125.1, 122.0, 118.8, 111.8 105.7, 55.4, 34.1, 18.7. GC-MS: 

298. HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H17F2O+ 299.1242; Found 299.1243. 

 

2-methoxy-6-(1-(2,4-difluorophenyl)ethyl)naphthalene, synthesized via 4-GP2, liquid, 9.0 mg (Yield 

= 30 %). 1H NMR (400 MHz, CDCl3) δ 7.67 (m, 2H), 7.63 – 7.60 (m, 1H), 7.28 (dd, J = 8.5, 1.9 Hz, 1H), 

7.19 – 7.10 (m, 3H), 6.87 – 6.72 (m, 2H), 4.56 (q, J = 7.2 Hz, 1H), 3.91 (s, 3H), 1.69 (d, J = 7.2 Hz, 3H). 

19F NMR (376 MHz, CDCl3) δ -113.6 (d, J = 6.9 Hz), -113.9 (d, J = 7.1 Hz). 13C NMR (101 MHz, CDCl3) δ 

157.6, 140.0, 133.4, 129.5, 129.4, 129.1, 127.1, 127.1, 125.3, 119.0, 111.2, 105.8, 103.9, 55.5, 37.2, 

20.9. GC-MS: 298. HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H17F2O+ 299.1242; Found 

299.1246. 

 

2,3,5,6-tetrafluoro-4-(1-(6-methoxynaphthalen-2-yl)ethyl)pyridine, synthesized via 4-GP2, liquid, 

10.1 mg (Yield = 29 %). 1H NMR (400 MHz, CDCl3) δ 7.76 – 7.68 (m, 3H), 7.36 (dd, J = 8.4, 1.9 Hz, 1H), 

7.16 (dd, J = 9.0, 2.5 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 4.79 (q, J = 7.3 Hz, 1H), 3.91 (s, 3H), 1.89 (d, J = 

7.4, 3H). 19F NMR (376 MHz, CDCl3) δ -91.1 – -91.3 (m), -143.6 – -143.8 (m). 13C NMR (101 MHz, 

CDCl3) δ 158.1, 135.7, 133.8, 129.5, 129.0, 127.6, 126.1, 125.7, 119.5, 105.7, 55.5, 35.9, 17.8. GC-

MS: 335. HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C18H14F4NO+ 336.1006; Found 336.1008. 
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1-(cyclopentylmethyl)-2,3,4,5,6-pentafluorobenzene, synthesized via 4-GP1, colorless liquid, 15.0 

mg (Yield = 60 %). 1H NMR (400 MHz, CDCl3) δ 2.69 (d, J = 7.5 Hz, 1H), 2.08 (h, J = 7.7 Hz, 1H), 1.77 – 

1.62 (m, 4H), 1.61 – 1.48 (m, 2H), 1.21 (m, 2H). 19F NMR (376 MHz, CDCl3) δ -143.5 (m), -158.4 (t, J = 

20.9 Hz), -163.2(m). 13C NMR (101 MHz, CDCl3) δ 40.3, 32.3, 27.9, 24.9. GC-MS: 250. HRMS (EI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C12H11F5
+ 250.0775; Found 250.0778. 
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4.7.6 NMR spectra of 4-3 (an example of the products) 

 
1H-NMR spectrum of (4-3) (400 MHz, CDCl3) 

 
19F-NMR spectrum of (4-3) (400 MHz, CDCl3) 
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13C-NMR spectrum of (4-3) (400 MHz, CDCl3) 
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 Conclusion 

5.1 Achieved results 

In this thesis, we present three useful synthetic methods developed based on the combina-

tion of electrochemistry or photochemistry with copper catalysis (Scheme 5.1). The radicals gener-

ated by electrochemical or photochemical methods were functionalized with copper catalysts for 

the oxidative amination reactions and polyfluoroarylation reaction. The electrochemical formal aza-

Wacker cyclization (Chapter 2) and the photochemical intermolecular oxidative amination of al-

kenes (Chapter 3) led to a broad scope of N-containing compounds under mild conditions without 

the use of strong oxidants and with good tolerance of functional groups. The new double bonds 

formed in the products provide handles for many possible further derivatizations. The photochem-

ical decarboxylative coupling of NHPI esters with polyfluoroaryl nucleophiles offers an easy ap-

proach to converting easily available aliphatic acids into alkyl polyfluoroarenes (Chapter 4). 

Polyfluoroaryls with variable F-content (2F -5F) and F-substitution patterns were installed on a range 

of primary or secondary alkyls with good tolerance of functional groups. Such a controllable 

polyfluoroaryl of alkyl groups is challenging for the previous methods.  

 

Scheme 5.1 A summary of achieved results. 
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5.2 Future development 

The basic idea of this thesis is the combination of the radical generation by electrochemical 

or photochemical methods and radical functionalization by copper catalysis. We believe that there 

is much more that we can explore beyond the reported three projects. 

1) The oxidative amination reactions testify that the amidyl radicals, despite being highly reac-

tive, could coexist with the copper catalytic system. The amidyl radical was not quenched by 

the metal catalyst before adding to the alkenes. This was also observed in Li's work of ami-

notrifluoromethylation (Scheme 1.17e). In the future, it's possible to develop other copper-

catalyzed functionalizations of carboradicals generated from the addition of amidyl radicals 

to alkenes. In section 1.6, we have described the formation of various chemical bonds from 

carboradicals by copper catalysis. If all these copper catalytic system are compatible with 

the amidyl radical process, a range of synthetic methods could be developed for functional-

ized N-containing compounds. 

2) The polyfluoroarylation reaction should not be restricted to NHPI esters. The recent devel-

opment of photochemistry and electrochemistry has revealed diversified methods for the 

generation of carboradicals from ubiquitous starting materials. The copper catalysts plus 

polyfluoroaryl zinc reagents could be tried to trap all these radical intermediates to obtain 

polyfluoroaryl compounds. We believe that this mode of reaction has a great potential in 

building up the diversity of polyfluoroaryl compounds. 

3) There are so far many examples for the enantioselective functionalization of alkyl radicals 

with copper catalysis, including cyanation, arylation, alkynylation and trifluoromethylation. 

By a careful selection of chiral ligand and method for alkyl radical generation, it is also pos-

sible to develop the enantioselective selective polyfluoroarylation process. The capability to 

construct chiral polyfluoroaryl compounds would further promote the application of this 

method in the field of medical chemistry and pharmaceuticals. 
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