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Abstract 

 

Development of New Synthetic Methodologies 

Based on the Functionalization of 

Carbon–Hydrogen and Carbon–Halogen Bonds 

 

 

Jangwoo Koo 

Department of Chemistry 

The Graduate School 

Seoul National University 

 

The expansion of chemical diversity is one of the most significant approaches in 

synthetic organic chemistry. Radical chemistry might be the key answer to the 

question “how to achieve chemical diversity.” Considering the tremendous reactivity 

of radicals, applying reactive species to selectively obtain the desired product has 

been in high demand. Thus, Chapter 1 describes the representative strategies of 

carbon-centered radical formation and the utilization of the corresponding radical for 
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a new bond-forming method, especially through the cleavage of carbon–hydrogen 

(Part I) and carbon–halogen (Part II) bonds. 

Part 1 covers the functionalization of carbon–hydrogen bonds and activation of 

the benzylic C(sp3)–H bonds of indoles using the dual catalytic strategy of 

photocatalysis and nickel catalysis (Chapter 2). The developed reaction undergoes 

sequential indole oxidation/deprotonation to form a radical in the benzylic position 

with the most acidic proton. Various aryl and acyl groups were introduced by nickel-

catalyzed cross-coupling reactions. The initial step of radical formation was 

investigated through a mechanistic investigation and supported the high selectivity 

of benzylic position among other C–H bonds possessing a similar bond dissociation 

energy. 

In Part 2, which handles carbon–halogen bond functionalization, light-mediated 

carbon radicals from alkyl (Chapter 3) or aryl iodides (Chapter 4) undergo radical 

borylation to establish new carbon–boron bonds. The products formed in Chapters 3 

and 4 have pharmaceutical activity due to the peculiar nature of the boron group. 

Since the developed reaction does not require metal catalysis or external additives, 

it is considered eco-friendly and atom-economic process. The key point of the 

developed reaction is that various chemicals react sequentially to provide the desired 

product in the reaction media. Moreover, a radical-based carbon–fluorine bond 

activation with preliminary results will be briefly introduced in Chapter 5. Further 

mechanistic studies on the exact process of the carbon–fluorine bond cleavage step 

and the application of this reactivity to other classes of substrates are ongoing in our 

laboratory. 
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Chapter 1. Functionalization of carbon–hydrogen and 

carbon–halogen bonds through a radical pathway 

under light irradiation 

 

1.1 Introduction 

Carbon is a significant atom that constructs the basic skeleton of a chemical 

compound. Therefore, organic chemists have focused on developing reactions that 

expand structure through the formation of carbon–carbon bond. One of the 

fundamental building blocks of the carbon frame is the carbon-centered radical, 

which can be easily generated from chemical feedstock, such as hydrocarbons, 

amines, alcohols, carbonyl compounds, and their derivatives. Furthermore, the 

chemical process involving carbon-centered radicals provides orthogonal reactivity 

to other carbon-based intermediates (e.g., carbanion, carbocation, and carbene), 

enabling various bonding modes to organize carbon backbone complexity. 

 

Scheme 1.1 General protocols for the generation of radical species 
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There have been several limitations to radical-based chemical reactions 

(Scheme 1.1A). For example, the radical generation step often requires highly toxic 

metal reagents (e.g., organotin compounds) or an energy-intensive process (e.g., high 

temperature or ultraviolet light irradiation). However, the major problem was that 

despite the harsh reaction conditions, off-target processes, such as dimerization and 

disproportionation, could not be avoided due to the high reactivity of the radicals. 

In this context, methods for developing controllable radical reactions through 

green and mild procedures have been sought for a long time (Scheme 1.1B). In the 

21st century, a visible-light-mediated radical reaction pioneered by many researchers 

overcame the limitations of conventional approaches and achieved historical 

development in the synthetic organic chemistry field.1 Therefore, this chapter mainly 

covers representative visible-light-driven strategies for preparing alkyl or aryl 

radicals, especially the cleavage methods for carbon–hydrogen and carbon–halogen 

bonds in the last decade. 

 

1.2 Visible-light-mediated C–H bond activation enabling radical generation 

1.2.1 Hydrogen atom transfer (HAT) strategies 

C–H bond activation, which does not require pre-functionalization, is an extremely 

fascinating approach to carbon-centered radical formation. However, given the high 

strength of the chemical bond between carbon and hydrogen (BDEC–H = 85 to 105 

kcal/mol), HAT faces a great thermodynamic barrier to overcome, whether indirect 

or direct method (Scheme 1.2).2 From the polarity matching process, C(sp3)–H bonds 
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are generally cleaved homolytically by electrophilic radicals (X), which requires the 

formation of stronger bonds (BDEX–H > BDEC–H).  

 

 

Scheme 1.2 Introduction of the HAT process 

 

To consider the innate instability of electrophilic radicals and selective 

reactivity among the similar C–H bond energies in a complex system, the 

establishment of effective reaction conditions has been encouraged. Due to 

outstanding advances, the photoredox system suggests state-of-the-art solutions in 

that it produces electrophilic radicals under mild conditions and conducts the HAT 

process.3 Therefore, the following examples will be classified according to the types 

of HAT reagents. 
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1.2.1.1 Indirect HAT approaches 

1.2.1.1.1 HAT with oxygen-centered radicals 

The oxygen-centered radical might be a potent candidate for the HAT mediator 

toward C(sp3)–H bond activation regarding the strong oxygen–hydrogen bond and 

high electronegativity of the oxygen atom. Furthermore, there are many possibilities 

to use oxygen-centered radical precursors due to their abundance. Among them, 

persulfate, peroxide, carboxylates, alkoxides, molecular oxygen, and inorganic 

oxides have been potential hydrogen atom abstractors as oxygen-centered radical 

precursors in the photoredox system in recent years. 

 

 

Scheme 1.3 Persulfate-mediated indirect HAT process 

 

The combination of photoredox catalysis and peroxides/persulfates containing 

weak oxygen–oxygen bonds enables the release of the oxygen-centered radical for 

HAT, inducing the C(sp3) radical in the photocatalytic system. In 2015, the 

MacMillan group reported the Minisci-type reaction with ether and heteroarene 

using iridium(III) photocatalysis and persulfate as the HAT source (Scheme 1.3).4 
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Based on their photocatalyzed cross-dehydrogenative coupling (CDC) reaction,5 

photoexcited iridium(III) releases an electron to K2S2O8, producing the radical 

sulfate anions for the abstraction of the α-C(sp3)–H bond of ethers. The generated 

C(sp3) radical could be added to the heteroarene, followed by aromatization to 

provide the desired addition product. 

In 2016, the Glorius group disclosed the site-selective trifluoromethylthiolation 

of the C(sp3)–H bond using organic benzoate as a precursor to oxygen-centered 

radicals in the photoredox system (Scheme 1.4).6 The resulting C(sp3) radical built 

the carbon–sulfur bond with N-trifluoromethylthiophthalimide to give the desired 

product. Their developed HAT showed remarkable site selectivity. For example, the 

abstraction of the tertiary C(sp3)–H bond was preferred over that of the primary or 

secondary bond (ratio >19:1), and the C(sp3)–H bond adjacent to a heteroatom was 

more reactive than unactivated C(sp3)–H bonds. Stern–Volmer analysis displayed the 

redox relationship between iridium photocatalysis and benzoate for the possibility of 

electron transfer. 

 

 

Scheme 1.4 Benzoate-mediated indirect HAT process 
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The ligand-to-metal charge transfer (LMCT) protocol is another powerful 

method for generating an oxygen-centered radical from the cerium-alkoxide 

complex. In 2018, the Zuo group demonstrated a new chemical methodology for 

generating oxygen-centered radicals using the LMCT strategy. This method can 

functionalize the alkane C–H bond even with gaseous hydrocarbon compounds (e.g., 

methane, ethane, propane, butane, etc.) to produce value-added products (Scheme 

1.5).7 The developed reaction was also scalable and applicable with continuous-flow 

reactors for multigram synthesis. Despite the controversial reaction mechanism,8 the 

plausible reaction mechanism was expected to start from ligand exchange with 

alcohol substrates, followed by photolytic cleavage of the excited cerium-alkoxide 

complex to generate the alkoxy radical. 

 

 

Scheme 1.5 Alkoxide-mediated indirect HAT process 

 

Interestingly, although some common inorganic salts have remained 

underutilized, converting them to oxygen-centered radicals with strong oxidants is 

possible. Since organophotoredox catalysis (OPC) showed extensive redox potential, 
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it has sufficient oxidizing capacity to convert inorganic salts to oxygen-centered 

radicals under light irradiation. In 2018, the Nicewicz and Alexanian groups’ 

collaborative project on the azidation of unactivated C(sp3)–H bond was exhibited 

(Scheme 1.6).9 Potassium phosphate (K3PO4) was converted to phosphate radicals 

using acridinium-based organic photocatalysis [Mes-Acr+-Ph]* (E*
red = +2.08 V vs. 

SCE in MeCN), performing the HAT to provide the key radical intermediate for 

azidation. The reaction was applicable to azidation, halogenation, 

trifluoromethylation, and alkylation.  

 

 

Scheme 1.6 Phosphate-mediated indirect HAT process 

 

Similar to the previous report, the Nicewicz group described the homobenzylic 

oxygenation of alkyl-substituted arenes using the nitrate radical for the oxygen-

centered radical precursor (Scheme 1.7).10 Due to the relatively weak bond 

dissociation energy of the benzylic C(sp3)–H bond (ca. 85 kcal/mol), the site-

selective HAT process occurred first at the benzylic position, followed by oxidation 

and deprotonation processes that produced the styrene intermediate. The final 
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product, benzyl ketone, was then produced through cobaloxime-catalyzed Wacker-

type olefin hydration in an anti-Markovnikov manner. 

 

 

Scheme 1.7 Nitrate-mediated indirect HAT process  
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1.2.1.1.2 HAT with nitrogen-centered radicals 

Nitrogen, which is less electronegative than oxygen, is still an electrophilic atom and 

is sufficient to accomplish the HAT to the C(sp3)–H bond. Compared to the oxygen-

centered radical, the nitrogen-centered radical is an attractive HAT reagent because 

its electronic and steric natures can be easily designed by varying the substituents of 

the nitrogen atom. The Hofmann–Löffler–Freytag (HLF) reaction is an early 

example of the use of nitrogen-centered radicals as an intramolecular HAT reaction 

(Scheme 1.8).11 

 

 

Scheme 1.8 Hofmann–Löffler–Freytag reaction 

 

In 2015, the MacMillan group reported activating the alcoholic α-C(sp3)–H 

bond through the iridium/quinuclidine/phosphate multicatalyzed photoreaction 

(Scheme 1.9).12 The corresponding α-ethereal radical proceeded to a Giese-type 

addition reaction with electron-deficient alkenes. According to their mechanistic 
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investigation, the nitrogen-centered radical is made from the oxidation of 

quinuclidine (Ered = +1.10 V vs. SCE in MeCN) by an excited-iridium photocatalysis 

(E*
red = +1.21 V vs. SCE in MeCN) and acts as a HAT reagent. Due to the proton-

coupled activation mode with the hydroxyl group of the alcohol, only the adjacent 

C(sp3)–H bond of the polar functional group was selectively activated, even if weak 

C(sp3)–H bonds (e.g., allylic, benzylic, etc.) were present in the same molecule. 

 

 

Scheme 1.9 Quinuclidine-mediated indirect HAT process 

 

Similar to the nitrogen-centered radical preparation method reported by the 

MacMillan group, the Cresswell group generated azide radicals through the 

oxidative process, enabling the HAT of unprotected amines in 2020 (Scheme 1.10).13 

The anionic azide was directly converted to the azide radical by the photoexcited 

1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), an organic 

photocatalyst. The resulting nitrogen-centered radical selectively abstracts C(sp3)–H 

from the α-position of secondary amines and produces an α-amino radical. After the 
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alkene addition reaction of the corresponding radicals, the resulting amine could be 

cyclized from the subsequent basic workup to give lactam as the final product. 

 

 

Scheme 1.10 Azide-mediated indirect HAT process 

 

1.2.1.1.3 HAT with sulfur-centered radicals 

Moving down the chalcogen column, the sulfur-centered radical has a less 

electrophilic character than the oxygen-centered radical but can perform the HAT 

successfully for some C(sp3)–H bonds. Compared to the oxygen-centered radical, 

making sulfur-centered radicals is easy since sulfur has a more polarizable and less 

electronegative character. Like oxygen-centered radicals, sulfur-centered radicals 

could be prepared from thiophosphoric acids, thiocarboxylic acids, and thiols. 

In 2015, the MacMillan group reported dehydrative Minisci alkylation through 

the dual catalytic approach of thiol and iridium photocatalysis (Scheme 1.11).14 

Mechanistically, elucidating that the thiyl radical is prepared from thiol (Ered = +0.85 

V vs. SCE in MeCN for cysteine) using the electron transfer process of excited-
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iridium photocatalysis (E*
red = +1.21 V vs. SCE in MeCN) is possible. The alcoholic 

α-C(sp3)–H bond was activated by the sulfur-centered radical with the assistance of 

the polar effect since the HAT step was thermodynamically unfavorable (BDEC–H for 

MeOH = 96 kcal/mol; BDES–H for thiol = ca. 87 kcal/mol). After the addition reaction 

of the generated C(sp3) radical to the proton-activated heteroarene, followed by spin-

center shift and dehydration, an alkylated Minisci product was the final product. 

Additionally, introducing a methyl group into the aromatic ring using methanol as 

the alkylation source was viable, representing a remarkable advance in the field. 

 

 

Scheme 1.11 Thiol-mediated indirect HAT process 

 

In 2018, the Hamashima group discovered C(sp3)–C(sp2) cross-coupling using 

thiobenzoate as a HAT reagent (Scheme 1.12).15 The oxidation of the excited-iridium 

photocatalysis by dicyanoarene was the initial step of the photocatalytic cycle. 

Oxidized photocatalysis can readily oxidize thiobenzoate, generating sulfur-centered 

radicals, which can activate the benzylic C(sp3)–H bond of the benzylamine through 
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HAT. Due to the persistent radical effect, benzyl radicals and pre-formed cyanoaryl 

radicals build new carbon–carbon bonds through radical–radical cross-coupling. 

 

 

Scheme 1.12 Thiobenzoic acid-mediated indirect HAT process 

 

In 2020, the Mitsunuma and Kanai groups developed an alcohol 

dehydrogenation reaction using acridinium, nickel, and thiophosphoric acid (Scheme 

1.13).16 The developed reaction was a multicatalytic process of three catalysts 

(photocatalysis, transition metal catalysis, and HAT catalysis).17 The thiophosphoric 

acid formed through oxidation by exciting acridinium was converted to the sulfur-

centered radical for HAT to activate the alcoholic α-C–H bond. The nickel catalyst 

intercepts the alkyl radical generated through the preceding process to make the enol 

product using β-hydride elimination. Subsequently, the equilibrium is shifted to a 

keto isomer with enhanced stability through tautomerization. The developed reaction 

did not require the terminal oxidant since the evolution of H2 gas by the nickel 

catalyst established redox neutralization. 



14 

 

Scheme 1.13 Thiophosphoric acid (TPA)-mediated indirect HAT process 

 

1.2.1.1.4 HAT with halogen radicals 

Regnault discovered the first use of halogen radicals in chemical reactions over 180 

years ago.18 The dichloromethane conversion method was found by exposing 

chloroform and chloromethane to sunlight. Although the chlorine radical was used 

to synthesize alkyl chloride, modern organic chemistry has introduced various 

photoredox systems using the chlorine radical in the radical reaction. This section 

mainly focuses on the activation modes of the C(sp3)–H bond using halogen radicals. 

Inorganic chloride is useful as a source of chlorine radicals in laboratory-level 

synthesis. However, strong oxidizing agents are required to convert chloride (Ered = 

+2.03 V vs. SCE in MeCN) to chlorine radicals19 and controlling the high reactivity 

of chlorine radicals remains challenging. In 2018, the Barriault group proposed a 

delicate solution to the two issues mentioned above through the iridium-catalyzed 

Giese addition (Scheme 1.14).20 Since generating chlorine radicals by oxidation of 
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chloride through photocatalysis (E*
red = +1.21 V vs. SCE in MeCN), is unfavorable 

thermal energy is required. Interestingly, the chlorine radical formed in the 

developed reaction was unusually highly selective for the tertiary C(sp3)–H bond. 

 

 

Scheme 1.14 Chloride-mediated indirect HAT process 

 

Complementary to SET, LMCT is an efficient reaction pathway for producing 

chlorine radicals. In 2016, the Doyle group was inspired by the discovery of Nocera’s 

photoinduced LMCT21 and developed a cross-coupling reaction using aryl chloride 

and ether (Scheme 1.15).19 The key step of the reaction is that LMCT occurs from 

the excited nickel(III) (Ni–Cl) complex formed by the iridium photocatalysis to 

generate the chlorine radical. The resulting chlorine radical leads the HAT process to 

produce an α-ethereal radical that could be trapped by nickel catalysis to build new 

carbon–carbon bonds. Notably, the developed method was also applicable with 

chemical feedstocks (e.g., cyclohexane, toluene, etc.) as reagents, despite its low 

reactivity. 
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Scheme 1.15 Excited nickel(III) complex-mediated indirect HAT process 

Unlike other heteroatoms mentioned previously, bromide has a low 

electronegativity, a weak H–Br bond dissociation energy (BDEH–Br = 87 kcal/mol), 

and a manageable reduction potential (Ered = +1.60 V vs. SCE in MeCN). 

Accordingly, the bromine radical is the readily obtainable alternative HAT reagent 

in theory.22 Ishida and Murakami, based on the aforementioned properties of bromine 

radicals, realized the coupling reaction under a dual iridium/nickel catalytic approach 

(Scheme 1.16).23 With the bromine radical produced by the SET from the bromide 

anion to iridium(III), the dehydrogenative coupling reaction of aldehyde and toluene 

was feasible. 

 

Scheme 1.16 Bromide-mediated indirect HAT process  
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1.2.1.1.5 HAT with carbon-centered radicals 

Compared to the radicals based on heteroatoms, the carbon-centered radical has a 

nucleophilic character. Regarding the strength of the C–H bond and the polarity of 

the carbon-centered radicals, the elements on both sides of the HAT equation will be 

almost identical. Therefore, this process will have a very low energy barrier and a 

non-selective reaction pathway. Therefore, a reaction using a carbon-centered radical 

as a radical mediator has been a rare example of an intermolecular reaction, and 

selectivity remains the main issue of the HAT process. However, with the 

considerable development of photoreaction, the carbon-centered radical-mediated 

HAT protocol has also been used in various fields, representatively transition metal-

catalyzed or metal-free reactions.24 

 

 

 

Scheme 1.17 Alkenyl iodide-mediated indirect HAT process 
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In 2018, the Gevorgyan group published the atom transfer radical cyclization 

(ATRC) with photoinduced palladium catalysis that produces pentacyclic 

compounds with high selectivity (Scheme 1.17).25 The initial process of the 

developed reaction was the formation of vinyl/Pd(I) radical intermediates through 

an unprecedented electron transfer between vinyl iodide and photoexcited Pd (0). 

The formation of the thermodynamically favored tertiary C(sp3) radical by the vinyl 

radical was conducted efficiently using the intramolecular HAT fashion. The 

resulting alkyl radical provides a final compound through iodocylization. 

 

 

Scheme 1.18 Trifluoroiodomethane-mediated indirect HAT process 

 

The Studer group reported the versatility of the C(sp3) radical and the C(sp2)-

centered radical in 2019 (Scheme 1.18).26 The published reaction was the synthesis 

of α-substituted boronate through a modified process of the Matteson reaction. The 

trifluoromethyl radical formed using SET between CF3I (Ered = –1.22 V vs. SCE in 

MeCN) and iridium photocatalysis (E*
red = –1.73 V vs. SCE in MeCN) reacts with 

the previously generated boronate complex made of alkyl lithium and boronic ester 
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to provide a radical anion intermediate. The resulting intermediate is oxidized by 

photocatalysis or trifluoromethyl iodide to generate a carbocation followed by 1,2-

migration of an alkyl or aryl group to give the desired product. Based on the quantum 

yield measurement (Φ = 8.8), the radical chain process was found to be significantly 

involved. 

In 2021, the Doyle group disclosed a C(sp3)–H fluorination using methyl 

radicals as HAT mediators (Scheme 1.19).27 The methyl radical produced from the 

reduction of N-acetyloxyphthalimide by photocatalysis activated the benzylic 

C(sp3)–H bond, giving rise to the benzyl radical. Subsequently, the given alkyl 

radical was converted to a carbocation by donating an electron to photocatalysis, 

ending the catalytic cycle redox. Later, various nucleophiles (e.g., fluoride, azide, 

water, thiol, electron-rich arene, etc.) were introduced to produce numerous types of 

carbon–heteroatom bonds. Unlike the heteroatom-based strategy, the carbon-

centered radical-based HAT is a differential methodology, as it can activate electron-

deficient C(sp3)–H bonds. 

 

 

Scheme 1.19 N-Acetyloxyphthalimide-mediated indirect HAT process 
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1.2.1.2 Direct HAT approaches 

Complementing the abovementioned examples that used photocatalysis and HAT 

reagents as each function, some photocatalysis or redox systems can perform HAT 

independently. Considering the great chemical achievements of Norrish, a 

representative example is the carbonyl compound. In 2013, Chen’s group discovered 

a photocatalytic approach using 9-fluorenone as a dual function of a photosensitizer 

and HAT reagent (Scheme 1.20).28 The triplet state of diaryl ketone formed using 

compact fluorescent lamp (CFL) as a light source could be a good candidate as a 

hydrogen abstractor. The formed radical successfully provided the fluorinated 

product by Selectfluor. Moreover, the protocol described tolerable reactivity not only 

in the benzylic C(sp3)–H bond but also in the C(sp3)–H bond of the cyclic and acyclic 

alkane. 

 

 

Scheme 1.20 9-Fluorenone-mediated direct HAT process 
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Eosin Y, an organic dye, also belongs to this photocatalytic class and can 

catalyze due to the captodative and steric effect of the reduced form of Eosin Y. The 

Giese-type reaction catalyzed by Eosin Y reported by the Wu group in 2018 is a 

typical example of the HAT ability of Eosin Y (Scheme 1.21).29 The diradical formed 

in the para-quinone methide moiety by light irradiation enabled HAT for the ethereal 

α-C–H bond. The corresponding alkyl radical was added to the electron-deficient 

alkene. Furthermore, amide, alcohol, and cyclohexane could be applied as precursors 

of alkyl radicals.  

 

 

Scheme 1.21 Eosin Y-mediated direct HAT process 

 

Like oxygen-based organic catalysis, organic photocatalysis directly serving as 

a nitrogen-centered radical precursor has been discovered with few examples. The 

trisaminocyclopropenium (TAC) ion widely used by Lambert’s group performs ether 

site-selective heteroarylation (Scheme 1.22).30 Using their specialized 
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photoelectrochemical tool as a redox system, TAC is oxidized by anodic oxidation, 

and an aminyl radical is formed through photoexcitation. The HAT of the ethereal α-

C–H bond is achieved through the pregenerated aminyl radical cation, and the 

resulting alkyl radical is inserted into the heteroarene to provide a Minisci product. 

Simultaneously, the cathodic reduction of H+ generates hydrogen gas (H2). 

 

 

Scheme 1.22 Trisaminocyclopropenium (TAC)-mediated direct HAT process 

 

Metal oxides such as decatungstate (W10O32
4–), uranyl dication (UO2

2+),31 and 

antimony porphyrin complexes (SbTPP)32 acted like the organocatalysis above under 

near-ultraviolet (UVA) light irradiation. In 2020, the Wu group successfully 

implemented a CDC reaction by merging cobalt and tungsten catalysis (Scheme 

1.23).33 In the reaction system, the tungsten catalyst was responsible for the HAT 

step, and cobalt performed the net oxidative coupling through H2 evolution. The 
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alkenyl product generated by the cobalt-mediated reductive Heck-type reaction 

showed high E/Z selectivity. 

 

 

Scheme 1.23 TBADT-mediated direct HAT process 

 

1.2.2 Electron transfer–proton transfer (ET/PT) strategies 

A possible alternative to HAT for the selective functionalization of a C(sp3)–H bond 

to generate the alkyl radical is the sequential electron transfer–proton transfer 

(ET/PT). Unlike the traditional HAT protocol, where the HAT reagent is required in 

the reaction, this method requires chemical oxidants or an oxidative environment to 

generate alkyl radicals. 

Considering the low pKa value of the benzylic C(sp3)–H bond among other C–

H bonds, easily producing benzylic radicals is possible using the following sequence: 

1) oxidation of the arene ring and 2) deprotonation of the benzylic position. Despite 

the energetically uphill SET of the arene ring, activating the C–H bond is 
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significantly accelerated since the acidity is significantly increased after the arene 

ring oxidation. Consequently, the Chen and Wu groups reported the Giese addition 

of benzyl radical (Ered = +2.36 V vs. SCE in MeCN for toluene) to enone by 

acridinium photocatalysis (E*
red = +2.06 V vs. SCE in MeCN) as the strong oxidizing 

agent (Scheme 1.24).34 

 

 

Scheme 1.24 Benzylic C(sp3)–H bond activation via ET/PT strategy 

 

A report in 2021 revealed that the Wu group directly activated the C(sp3)–H 

bonds using the heterogeneous cadmium selenide quantum dots (CdSe QDs) under 

blue light irradiation (Scheme 1.25).35 Since the described reaction used a 

heterogeneous catalyst with a wide surface area, the reactive species are 

simultaneously generated from the hole (h+s) oxidation on quantum dots. 

Subsequently, the new chemical bond formation occurs by radical–radical cross-

coupling. Simultaneously, the electrons scattered on the CdSe reacted with proton 

(H+) to convert hydrogen gas (H2) to equalize the redox property of the entire 
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reaction. Following the developed method, the same group has explored numerous 

radical transformations such as radical thiolation,36 Minisci alkylation,37 etc. 

 

 

Scheme 1.25 Radical–radical cross-coupling via ET/PT strategy 

 

 

1.3 Visible-light-mediated C–I bond activation enabling radical generation 

Regarding user-friendly radical sources, halide-containing substrates will be the best 

option for synthetic organic chemists due to their commercial availability, chemical 

stability, and synthesizability. Among them, aryl/alkyl iodides possessing relatively 

weak carbon–iodide bonds are more easily accessible than the other corresponding 

halides. Although the homolytic cleavage of weak C–I bonds using strong light as 

the energy source has been pioneered, a method for forming radicals under mild 

conditions has emerged through recent achievements. In this context, representative 

aryl or alkyl radical generation methods from the corresponding iodide-containing 

molecules during the past decades will be described in this section. 
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1.3.1 Light-induced homolysis strategies 

In 2015, the Ryu group reported an aryl radical generation method without a catalyst 

or reducing reagent (Scheme 1.26).38 According to their postulated reaction 

mechanism, the pregenerated aryl radical by the photon reacts with carbon monoxide 

to form an acyl radical as a reaction intermediate. The final product is provided 

through amination with the corresponding amine. Furthermore, they explored the 

possibility of radical chain processes, which can be highly evaluated regarding 

reaction efficiency. The reported reaction has limitations, as it requires high-pressure 

carbon monoxide (ca. 70 atm). However, it graces a page in radical chemistry since 

it does not require additional chemical reagents and can form aryl radicals directly 

through high-energy input. 

 

 

Scheme 1.26 Photoinduced aminocarbonylation 
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Scheme 1.27 Metal-free radical borylation of aryl and alkyl iodides 

 

In 2018, the Studer group reported radical borylation using near-blue LED as 

the light energy source (Scheme 1.27).39 A radical is produced from an aryl or alkyl 

iodide. The corresponding borylation product is formed through a reaction between 

bis(catecholato)diboron (B2cat2) complexes with DMF and the light-induced radical 

species generated from the corresponding aryl/alkyl iodide. Due to the instability of 

catechol boronates regarding their difficult handling, transesterification with 

triethylamine (Et3N) and pinacol should be necessary. After publication, the 

developed method received significant attention because it was a transformation that 

used only light without any transition metals or additives. According to radical clock 

experiments, the kinetic rate of borylation was measured (7.4 × 107 M-1 S-1 for aryl 
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radical; 3.8 × 106 M-1 S-1 for primary C-radical), and the second-order rate constant 

between radical species and diboron complexes was revealed, meaning that the 

developed transformation was quite fast. They also revealed that reactive radical 

species are generated through chain propagation, signifying the high efficiency of 

their developed reaction. 

 

1.3.2 Photocatalytic strategies 

In 2012, the Stephenson group reported a reduction reaction of aryl, alkyl, and vinyl 

iodide using photocatalysis (Scheme 1.28).40 The halide compounds exposed to the 

photocatalysis provided the corresponding carbon-centered radical and iodide anion 

through the electron transfer process of the excited photocatalysis. Subsequently, the 

proto-deiodinated product was finally obtained through the HAT of amine (BDE =  

 

 

Scheme 1.28 Photocatalyzed electron transfer for the C(sp2)–I bond activation 
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91 kcal/mol for α-amino C(sp3)–H bond). Iridium-based photocatalysis, fac-Ir(ppy)3, 

is a catalysis with a highly negative reduction potential (E*
red = –1.73 V vs. SCE) 

known as the appropriate candidate for the initial step of radical generation. 

Substrates containing various functional groups, such as amines, amides, esters, and 

other halides, chemoselectively proceeded to the desired reaction pathway. However, 

with other halide-containing compounds (e.g., bromide and chloride), activation 

with the developed method was difficult, so developing a photocatalyst with greater 

reducing power is necessary. 

 

 

Scheme 1.29 Photocatalyzed electron transfer for the C(sp3)–I bond activation 

 

In 2020, the perfluoroalkylation of alkenes reported by the Studer group 

underwent a radical initiation through the oxidative quenching cycle of 
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organophotocatalysis (Scheme 1.29).41 The organic photocatalyst used in the 

developed reaction, Rhodamine B, has sufficient reducing power for perfluoroalkyl 

iodide (Ered = –1.22 V vs. SCE in MeCN). Following the addition of the 

perfluoroalkyl group to the terminal alkene, the distal boron migration of the anionic 

diboron complexes pregenerated by in situ mixing of bis(pinacolato)diboron and the 

Grignard reagent yielded the final product, 1,n-bisborylalkane (n=3 or 4). 

 

1.3.3 Halogen atom transfer (XAT) strategies 

In addition to photolytic cleavage and single electron transfer, another method for 

activating carbon–iodide bonds is halogen atom transfer (XAT). Historically, XAT 

was made possible using metal radicals (e.g., chromium, tin, gold, cerium, etc.). Due 

to the emerging advances in photocatalysis and the great interest in this field, several 

new XAT reagents based on organic compounds are now available in mild conditions. 

Tris(trimethylsilyl)silane (TTMSS) in XAT chemistry is one of the first 

synthetic applications to induce reactions through direct light irradiation on organic 

molecules. In 2015, the Paixão group reported a method for synthesizing 

heterocyclic compounds through cyclization after forming an aryl radical by utilizing 

TTMSS as an XAT agent (Scheme 1.30).42 According to the mechanistic 

investigation, the reported reaction is rationalized that electron transfer occurs 

through electron donor–acceptor (EDA) complexation between the aryl halide and 

the TTMSS. The reaction is propagated through the HAT of TTMSS with a new 

C(sp3) radical formed after cyclization (Φ > 28). 
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Scheme 1.30 XAT of the TTMSS radical 

 

 

In 2020, the Leonori group reported an XAT protocol using an organic 

photocatalyst, 4CzIPN.43 The XAT reagent, a key element of the described reaction, 

is an α-aminoalkyl radical generated from the electron transfer of 4CzIPN (Scheme 

1.31). Since the radical species described has a strong nucleophilicity, it stabilizes 

the XAT polar transition state and strongly promotes the corresponding step. 

Through the process mentioned above, the alkyl radical formed from XAT is reacted 

with an alkene, and the Giese reaction is carried out. The back halogen atom transfer 

is the most important design principle when choosing the XAT reagent. The α-

aminoalkyl radical selected as the XAT reagent by the Leonori group is a well-

designed model because it degrades to iminium halide after XAT, which prevents the 

back halogen atom transfer. 
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Scheme 1.31 XAT of the α-aminoalkyl radical 

 

 

1.3.4 EDA interaction strategies 

Simultaneously, with many advances in photoredox systems, the EDA approach has 

also achieved much prosperity.44 Notably, an efficient SET through EDA 

complexation is possible because it does not need a third substance (e.g., 

photocatalysis or light-induced transition metal catalysis) in the electron transport 

system. The basic principle of EDA complexation is the electronic interactions 

between the donor and the acceptors facing each other directly (Scheme 1.32). The 

resulting molecular aggregate formed by EDA complexation exhibits a new 

absorption band (e.g., visible light) not found in the donor or acceptor. Electrons are 

transferred from the donor to the acceptor upon light irradiation, and the 

corresponding pairs of radical cations and anions are formed.  
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Scheme 1.32 Concept of the EDA complex formation 

 

Most of the EDA complexation was performed well in the conjugated π-system. 

Therefore, it was used for aromatic compound functionalization. Additionally, by 

introducing various functional groups as substituents, the orbital energy can be 

adjusted. Predictably, this strategy attempts the formation of aryl radicals. However, 

a limitation is that the orbital energies of the donors and acceptors must match, and 

it should be noted regarding reaction efficiency and atom economy. 

In 2019, the Xia group unveiled the α-arylation of oxyindole through the charge 

transfer pathway (Scheme 1.33).45 According to the reported reaction, when 

aromatization by deprotonation of oxyindole occurs, the EDA complex is formed 

with the corresponding aryl iodide. The resulting radical pairs provided through 

direct electron transfer between two substrates resulted in new C(sp3)–C(sp2) bonds. 

During the reaction, the complexation between the donor and the acceptor could be 

observed by the color change of the reaction mixture in the presence of a base. 

Expectedly, the reaction proceeds well when the electron-donating and electron-

withdrawing groups are attached to the oxyindole (donor) and the aryl iodide 

(acceptor), respectively. 
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Scheme 1.33 Light-induced electron transfer through the EDA complex 

 

 

1.4 Visible-light-mediated C–F bond activation enabling radical generation 

The carbon–fluorine bond is one of the significant bonds in pharmaceuticals, 

pesticides, and high-value-added compounds due to the unique properties of the 

fluorine atom. However, activating the carbon–fluorine bond is difficult due to its 

low activity and high bond dissociation energy. Therefore, direct activation of 

carbon–fluorine bonds under mild, metal-free conditions is considered a challenging 

topic. Furthermore, it can be hailed as an important tool in organic synthesis. 

Recently, various activation modes of carbon–fluorine bonds by photochemical 

conditions have been studied to overcome limited classical methods. This section 
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will cover the rapidly growing field of carbon–fluorine bond functionalization with 

a special focus on reaction mechanisms and design. 

 

1.4.1 Defluorinative functionalization of C(sp2)–F bond 

Fluoroarene derivatives are significant raw materials widely used in synthesizing 

bioactive molecules, pesticides, photosensitive materials, pharmaceuticals, or 

organic solvents.46 Therefore, various synthetic methods using fluoroarene 

derivatives are in high demand since high-value-added substrates can be easily 

prepared by the C(sp2)–F bond cleavage method. 

Recently, organic chemists have been dedicated to developing photocatalytic 

systems capable of activating substances with high reduction potentials. In 2014, the 

Weaver group developed a hydrodefluorination reaction of fluoroarene (Ered = −2.81 

vs. SCE for C6F6) with a photoreaction using an Ir(ppy)3 catalyst under light 

irradiation (Scheme 1.34).47 In the developed reaction, inexpensive and safe amines 

were used as reducing agents. Furthermore, two or more reduced 

hydrodefluorination products were found under optimized conditions, which are 

difficult to access by other previous methods. The flow method using the flow reactor 

is possible through the developed method. 

 

Scheme 1.34 Hydrodefluorination of perfluoroarenes 
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The Xia group published a methodology to obtain a defluoroalkylative product 

by activating the C(sp2)–F bond of perfluoroarene (Scheme 1.35).48 Excited Ir(III) 

photocatalysts under light irradiation oxidized quinuclidine to provide radical cation, 

which will generate α-heteroatom radical from ether or amine through HAT. The 

corresponding radical produced the final product through radical–radical coupling 

with the perfluoroaryl radical, and the developed reaction showed a wide range of 

substrates and efficiency. 

 

 

Scheme 1.35 Photocatalytic C(sp2)–F alkylation via radical–radical cross-coupling 

 

Monofluoroalkene, produced through gem-difluoroalkene defluorination, is in 

great demand for synthesis as an important backbone in materials and medicines 

(Scheme 1.36). Although the synthetic method through transition metal catalysis is 

well known,49 the activation of C(sp2)–F bonds through the electrochemical and 

photochemical method was first reported in 2016 by the Hashimi group.50 Among 

them, monofluoroalkenes can be easily accessible from various radical precursors 

(e.g., tertiary amines, NHC–boranes, heterocyclic compounds, carboxylic acids, 1,4-

dihydropyridine, etc.) using a radical–radical cross-coupling strategy.50,51 The final 

product is formed through radical–radical cross-coupling between radicals produced 
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from radical precursors and fluoroalkenyl radicals through oxidation and reduction 

of light-excited photocatalysts. 

 

Scheme 1.36 Defluorination of gem-difluoroalkenes 

 

In 2016, the Weaver group reported a photocatalytic alkenylation reaction by 

activating the C(sp2)–F bond of perfluoroarene (Scheme 1.37).52 This reaction is the 

first example of control to electron and energy transfer during the defluorination 

reaction using a photocatalyst under light irradiation. Consequently, implementing 

high E/Z selectivity was possible. 

 

Scheme 1.37 Photocatalytic C(sp2)–F alkenylation  
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1.4.2 Defluorinative functionalization of C(sp3)–F bond 

The development of an efficient synthetic method of aryldifluoromethyl (ArCF2R) 

is significant to chemists due to its high value as a chemical scaffold in agricultural 

and medical chemistry.53 This section describes the synthetic routes for preparing 

derivatives by selective activation of the C(sp3)–F bonds of trifluoromethyl arene 

(ArCF3), which is abundant in nature. 

The hydrodefluorination reaction of trifluoromethyl arene mediated by 1,3-

dicyano-2,4,5,6-tetrakis(diphenylamino)-benzene (4-DPA-IPN), an organic 

photocatalyst, was reported by the Gouverneur group in 2020 (Scheme 1.38).54 Using 

developed methods, various valuable compounds can be synthesized. Furthermore, 

combining multi grams of products could be feasible using a flow reactor. 

 

 

Scheme 1.38 Hydrodefluorination of trifluoromethyl arenes 

 

The hydrodefluorination reaction can be applied not only to trifluoromethyl 

arene but also to trifluoromethyl ketone, and difluoromethyl ketone (DFMK) is a 

valuable functional group obtained as a product. In 2021, the Lennox group, for the 

first time, successfully electrically activated trifluoromethyl ketone without 
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additives or metal catalysts55, and trimethylsilyl chloride (TMSCl) acted as a 

protecting group for the radical anion and promoted the hydrodefluorination reaction 

(Scheme 1.39). 

 

 

Scheme 1.39 Hydrodefluorination of trifluoromethy ketones 

 

In 2018, the Jui group activated the benzyl C(sp3)–F bond through 

trifluoromethyl arene reduction (Ered = −2.07 V vs. SCE for 1,3-

bis(trifluoromethyl)benzene) using the photocatalyst N-phenylphenothiazine (PTH), 

which is the strong reductant under light irradiation (Scheme 1.40).56 The benzyl 

radical formed from the release of the fluoride anion reacts with an alkene to form 

an alkylated product. The reaction was terminated with thiol, an HAT catalyst. 

Furthermore, sodium formate added to the reaction aids the regeneration of thiol 

catalysts and photocatalysts through HAT and electron transfer. 

 

 

Scheme 1.40 Defluoroalkylation of trifluoromethyl arenes 
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The reactions used a reductive process to activate C–F bonds and generate 

radicals as intermediates. Therefore, the reactivity depended mainly on the reactivity 

of the radical itself, and a new strategy has been in high demand to overcome this. 

In 2021, Zhang’s group revealed the cross-coupling reaction between 

trifluoromethyl arene (Ered = −2.07 V vs. SCE for 1,3-bis(trifluoromethyl)benzene) 

and arylboronic acid using an excited palladium species (Scheme 1.41).57 

Remarkably, this research showed the potential of cross-coupling reactions for 

constructing various bonding modes throughout the reaction. 

 

 

Scheme 1.41 Transition metal-catalyzed defluoroarylation of trifluoromethyl arenes 
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1.5 Conclusion 

Since radicals are highly reactive intermediates, they can provide various bonding 

modes without requiring much energy. With the help of the transition metal, building 

various C–C/C–heteroatom bonds and introducing new functional groups through 

the well-known cross-coupling reaction is possible. Furthermore, it is highly 

attractive that the user can selectively provide the desired chirality by introducing 

the chiral ligand. Additionally, carbocation or carbanion can be produced through the 

oxidation or reduction of radical species. Consequently, the radical species can be 

easily converted into electrophiles or nucleophiles in the reaction system to design 

selective and sequential processes. 

Through the development of modern organic chemistry, radical chemistry has 

overcome many known problems and has pursued an efficient reaction system. 

Particularly, it promotes chemical reactions under milder conditions by converting 

visible light into chemical energy by developing a photocatalytic system. The 

industrial field introduces flow chemistry to enable bulk synthesis, offering a cost-

effective solution that simplifies the multistep process. Radical chemistry, which 

organic chemists will continue to develop in the future, will provide a method to 

perform various chemical reactions previously difficult to implement due to a high-

energy barrier. Finally, it will suggest various activation modes once considered 

impossible.  
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Part I. Visible-light-induced carbon–hydrogen bond cleavage 

for radical generation 

Chapter 2. Benzylic C(sp3)–C(sp2) cross-coupling of indoles 

enabled by oxidative radical generation and nickel catalysis* 

 

2.1 Introduction 

The development of synthetic strategies that allow direct functionalization of C–H 

bonds has received considerable attention from organic chemists because such 

methods are cost-effective and environmentally benign.1 Among the various modes 

of hydrocarbon modification, the activation of benzylic C(sp3)–H bonds is of 

increasing interest because of the abundance and popularity of arene-based building 

blocks in organic synthesis.2 Recently, the scope of this transformation has been 

dramatically expanded by the advent of transition metal catalysis (Scheme 2.1a).3 

Despite significant advances in this area, major challenges associated with reactivity 

and/or selectivity are encountered regularly and remain an active target of 

investigation.4 

Recently emerging radical-based technologies for benzylic C–H bond activation 

have contributed significantly to solving many of these problems (Scheme 2.1b). The 

expeditious introduction of benzylic radical intermediates to a metal center allows 

for the efficient generation of metal alkyl species, forming the foundation for 

                                           
* The majority of this work has been published (Chem. Sci. 2021, 12, 4119-4125). 
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subsequent functionalization.5 Conventionally, radical formation events at the 

benzylic position have been realized by hydrogen atom transfer (HAT),6 with recent 

advances in photoredox catalysis (PC) having greatly broadened the applicability of 

this method.7 However, the HAT process generally requires the use of a large excess 

of substrate due to its insufficient reactivity. Most importantly, selectivity problems 

can arise in complicated systems, as the discrimination of C–H bonds with 

comparable bond strength is difficult.8 A potential alternative to HAT towards 

selective functionalization of a benzylic C–H bond is the employment of the 

sequential electron transfer-proton transfer (ET/PT) activity of arenes.9 This process 

involves chemoselective one-electron oxidation followed by deprotonation, and can 

preferentially generate a benzylic radical on the periphery of the arene ring. Although 

the ET/PT-based radical formation strategy has found a multitude of applications for 

organic synthesis,10,11 a synergistical merger with transition metal catalysis which 

can dramatically broaden the scope of benzylic C–H bond functionalization is 

underdeveloped.12,13 

 

 

Scheme 2.1 Strategies for benzylic C(sp3)–H functionalization 
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Herein, we present the successful interfacing of the ET/PT-driven indole-

derived benzylic radical formation strategy with a Ni-catalyzed cross-coupling 

reaction for the construction of C(sp3)–C(sp2) bonds (Scheme 2.2a). This method 

exploits the facile oxidation of indoles by photoredox catalysis,14 and has thus been 

applied to selective radical generation at the benzylic position of the indole ring 

without the involvement of any HAT. Eventually, a convenient preparation of indole 

derivatives containing an aryl or an acyl group at the C-3 alkyl group, common 

structural motifs with important bioactivity, could be realized (Scheme 2.2b). 

 

 

Scheme 2.2 Benzylic C(sp3)–H functionalization of indoles by dual catalysis 
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2.2 Results and discussion 

2.2.1 Optimization of reaction conditions 

The reactivity of the combined catalytic systems was evaluated using 1,3-dimethyl-

1H-indole (1a) and p-bromoacetophenone (2a) as substrates (Table 2.1).15 In the 

presence of an Ir-based photocatalyst, visible-light irradiation, and a NiCl2∙glyme 

precatalyst with a 1,10-phenanthroline ligand, the desired benzylic arylation product 

(3aa) was formed in 83% yield (entry 1). The reaction was set up with the aid of a 

glovebox for the optimal results. However, it is noteworthy that the reactivity could 

be preserved even when the reaction was set up outside of a glovebox by using a 

standard Schlenk technique, or when the reaction was run under air (76% and 73%, 

respectively). These results demonstrate the robustness of the developed method. In 

contrast to the HAT-based dual catalytic systems, the use of excess radical precursor 

was not required, demonstrating the efficiency of the transformation. Control 

experiments indicated that the presence of both the photoredox system and the Ni 

catalyst was crucial for successful reaction (entries 2–4). In addition, the use of a 

non-nucleophilic organic base, viz. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and 

the incorporation of LiCl additive were also important for optimum performance 

(entries 5 and 6).16,17 In agreement with the mechanistic postulate involving radical 

generation, no arylation product was detected when a radical scavenger was present 

(entry 7).18 Finally, the reactivity could be extended to arylation with other types of 

aryl (pseudo)halides, among which aryl bromides and chlorides are the best 

substrates (entries 8–10). 
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Table 2.1 Optimization of reaction conditionsa 

 

Entry Conditions Yield (%) 

1 as shown 83 (76b/73c) 

2 no photocatalyst N.D. 

3 no light N.D. 

4 no NiCl2∙glyme N.D. 

5 no DBU 10 

6 no LiCl 54 

7 with TEMPO (3.0 equiv) N.D. 

8 ArCl instead of ArBr 76 

9 ArI instead of ArBr 16 

10d ArOTf instead of ArBr 36 

 

a Reaction conditions: 1a (0.15 mmol), 2a (0.10 mmol), [Ir] (1.0 mol%), NiCl2∙glyme (5.0 

mol%), L (7.5 mol%), DBU (0.10 mmol), LiCl (0.15 mmol), and DMA (0.050 M) irradiated 

with 34 W blue LEDs. Yields were determined by 1H NMR analysis using 1,1,2,2-

tetrachloroethane as an internal standard. b The reaction was set up using standard Schlenk 

technique on the benchtop. c The reaction was carried out under ambient conditions. d Without 

LiCl. [Ir]=Ir(dFCF3ppy)2(dtbbpy)PF6. dtbbpy=4,4’-di-tert-butyl-2,2’-bipyridine. L=1,10-

phenanthroline. DMA=N,N-dimethylacetamide. TEMPO=(2,2,6,6-tetramethylpiperidin-1-

yl)oxyl. N.D.=not detected.  
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2.2.2 Substrate scope of indoles 

The generality of the reaction was examined under optimized conditions (Table 2.2). 

Initially, the effect of varying the N1-substituent was assessed. Although an 

unmasked 3-methyl indole furnished the desired product in slightly reduced yield 

(3ba), indole derivatives with a variety of N1-alkyl substituents underwent the 

desired arylation smoothly (3aa, 3ca–3ea). Importantly, the placement of Si-based 

substituents, groups that can be conveniently removed after the targeted reaction, did 

not affect reactivity (3fa and 3ga). However, the presence of an electron-

withdrawing group at N1 reduced reactivity, indicating the importance of the indole 

oxidation event (3ha and 3ia). Next, the substituent effects at other positions on the 

indole skeleton were explored. Various electron-donating (3ja–3na) and electron-

withdrawing functional groups (3oa–3ra) at the C4–C8 positions of indole were 

found to be compatible with the optimized conditions. Moreover, halogen 

substituents, which can be utilized as handles for further functionalization via cross-

coupling reactions, were tolerated (3pa–3ra). The sterically encumbered 2-

(hetero)aryl indole derivatives could also be arylated at the 3-methyl group in 

synthetically useful yields (3sa–3ua). Finally, the protocol was applicable to the 

arylation of a 2-methyl indole derivative (3va). It should be noted that numerous 

functional groups that are highly susceptible to HAT-based activation remained 

intact, indicating the orthogonality of the discovered reactivity (3ca, 3ea, 3ka, 3ma, 

and 3ta). Substrates based on other types of heterocycles, such as benzofuran, 

thiophene or pyrrole, were not suitable substrates for the transformation due to the 

inefficient oxidation process.14 
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Table 2.2 Substrate scope of indolesa 

 

a Reaction conditions: 1 (0.30 mmol), 2 (0.20 mmol), [Ir] (1.0 mol%), NiCl2∙glyme (5.0 

mol%), L (7.5 mol%), DBU (0.20 mmol), LiCl (0.30 mmol), and DMA (0.050 M) irradiated 

with 34 W blue LEDs. All yields are isolated yields. b 18% of the desilylated product was 

obtained during the course of the reaction. c The reaction was performed with 1,2,3,5-

tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) instead of [Ir] for 23 h. 

[Ir]=Ir(dFCF3ppy)2(dtbbpy)PF6. dtbbpy= 4,4’-di-tert-butyl-2,2’-bipyridine. L=1,10-

phenanthroline. DMA=N,N-dimethylacetamide. N.D.=not detected. 

 

2.2.3 Substrate scope of (hetero)aryl halides 

Subsequently, the extent of the aryl (pseudo)halide coupling partners was 

investigated (Table 2.3). Although highly electron-rich or sterically congested aryl 
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halides underwent the targeted transformation with somewhat reduced productivity, 

a wide range of electron-neutral and electron-deficient arenes could be successfully 

used with minor modifications to the reaction conditions (3ab–3ai). In addition, 

coupling counterparts derived from an extended π-system (3aj), an alkenyl group 

(3ak), or heterocycles (3al–3ao) were also viable substrates. 

 

Table 2.3 Substrate scope of (hetero)aryl halidesa 

 

a Reaction conditions: 1 (0.30 mmol), 2 (0.20 mmol), [Ir] (1.0 mol%), NiCl2∙glyme (5.0 

mol%), L (7.5 mol%), DBU (0.20 mmol), LiCl (0.30 mmol), and DMA (0.050 M) irradiated 

with 34 W blue LEDs. All yields are isolated yields. b 4,4'-dimethoxy-2,2'-bipyridine instead 

of L. c The reaction was conducted at 53 °C. d The corresponding vinyl triflate was used as 

substrate [Ir]=Ir(dFCF3ppy)2(dtbbpy)PF6. dtbbpy= 4,4’-di-tert-butyl-2,2’-bipyridine. 

L=1,10-phenanthroline. DMA=N,N-dimethylacetamide. N.D.=not detected. 
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2.2.4 Substrate scope of bioactive molecules 

Table 2.4 Substrate scope of bioactive moleculesa  

 

a Reaction conditions: 1 (0.30 mmol), 2 (0.20 mmol), [Ir] (1.0 mol%), NiCl2∙glyme (5.0 

mol%), L (7.5 mol%), DBU (0.20 mmol), LiCl (0.30 mmol), and DMA (0.050 M) irradiated 

with 34 W blue LEDs. All yields are isolated yields. b NiCl2∙glyme (10.0 mol%), 4,4'-

dimethoxy-2,2'-bipyridine (15.0 mol%), DMA (0.033 M), and ArCl instead of ArBr. c The 

reaction was conducted at 53 °C. d NiCl2∙glyme (10.0 mol%), L (15.0 mol%), and DMA 

(0.033 M). [Ir]=Ir(dFCF3ppy)2(dtbbpy)PF6. dtbbpy= 4,4’-di-tert-butyl-2,2’-bipyridine. 

L=1,10-phenanthroline. DMA=N,N-dimethylacetamide. N.D.=not detected. 
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The strength of the developed strategy was further illustrated by applying this 

method to the preparation of derivatives of bioactive molecules (Table 2.4). 

Commercial drug molecules, containing a C-halogen bond, could be successfully 

employed as an aryl donor, demonstrating the robustness of the protocol (3ap–3as, 

3xp). In addition, a novel synthetic pathway could be devised for the preparation of 

the complex drug molecule zafirlukast, which enabled late-stage unification of two 

parts of comparable complexity (3wt).19 Indeed, this strategy could be extended 

further to the facile preparation of zafirlukast derivatives using readily available aryl 

halides (3wm–3wn). 

 

2.2.5 Mechanistic investigations 

We then examined the mechanistic aspects of the transformation to investigate the 

potential involvement of HAT processes based on the generation of halogen radicals. 

First, the contribution of metal halide additive (i.e., LiCl) was examined by a Giese 

addition experiment (Scheme 2.3A).20 When the radical generation was attempted in 

the presence of a radical acceptor, the efficiency of the addition process was not 

affected by the presence of LiCl. Also, a fluorescence quenching study of the 

reaction system showed that LiCl is not the major electron transfer partner of the 

photocatalyst.21 Thus, it was concluded that LiCl was not involved in radical 

formation. Second, the possibility of the Ni-halide complex initiating radical 

formation was analyzed (Scheme 2.3B).7b,7c,22 Upon exposure to the indole substrate 

and the photoredox system, an independently prepared Ni(II) aryl halide complex 

([Ni-1]) failed to deliver the expected arylation product (3ad). This result indicated 
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that potential radical generation via HAT from the Ni complex did not lead to the 

desired pathway of product formation. 

 

 

Scheme 2.3 Mechanistic studies 
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Further insight could be gained from the dependence of the reaction outcome on 

the electronic nature of the substrates (Scheme 2.3C). Under the standard conditions, 

an electron-deficient indole substrate (1h), in stark contrast to the case of an electron-

rich substrate (1a), showed virtually no reactivity towards arylation. In case a HAT 

process is operating, a comparable product yield should be observed, since the cross-

coupling step is not significantly sensitive to the electronic properties of the arene 

substrate.23 Therefore, it is concluded that a HAT-driven radical generation is not 

predominantly involved in the overall transformation. This hypothesis was 

corroborated by a Stern–Volmer analysis of the indole substrates. The strong 

correlation between product yield and degree of fluorescence quenching suggested 

the involvement of the ET/PT-based process. 

 

2.2.6 Proposed reaction mechanism 

Based on the assembled information, a plausible catalytic cycle was proposed 

(Figure 2.1). Initially, visible-light irradiation of the [IrIII] photocatalyst generates a 

potent excited-state oxidant [IrIII]* (E*
red = +1.25 V vs. Ag/AgCl in MeCN), which 

can oxidize the indole 1a (Eox = +1.00 V vs. Ag/AgCl in MeCN). The resulting 

radical cation (I) can be rapidly deprotonated to form the key benzylic radical 

intermediate (II). At this point, two possible downstream sequences of the radical 

intermediate to engage the Ni-based catalytic cycle were considered.24 In the path A, 

radical II can be intercepted by the ligand-bound Ni0 species (III) to generate an 

alkyl-Ni intermediate (IV), which in turn can afford a NiIII complex (V) via oxidative 

addition with an aryl halide. In the alternative route (path B), the radical addition is 

taking place to a NiII intermediate (VII), which is formed by direct oxidative addition 
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of ligand-bound Ni0 species (III). Our mechanistic experiment suggests that a NiII 

complex, such as VII, is unlikely to be involved in the catalytic cycle: an 

independently prepared NiII oxidative addition complex ([Ni]-1, Scheme 2.3B) does 

not provide any of the desired cross-coupling product under the radical-generating 

conditions.25 Furthermore, it has been shown that the Ni0/NiI/NiIII pathway (path A) 

is energetically more favored over the Ni0/NiII/NiIII pathway (path B) in related 

systems.26 Therefore, path B was excluded from further considerations. Finally, 

subsequent reductive elimination from the NiIII complex (V) should furnish the 

desired product and a NiI–Br species (VI, Ered = −1.10 V vs. Ag/AgCl in DMF)27 

which after single electron transfer by [IrII] (Ered = −1.32 V vs. Ag/AgCl in MeCN) 

will resume the dual catalytic cycle. 

 

Figure 2.1 Proposed reaction mechanism  
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2.2.7 Substrate scope of symmetric acid anhydrides 

The developed reactivity could be further extended to the Ni-catalyzed acylation 

reaction using a symmetric acid anhydride as the acyl source (Table 2.5).28 Under 

slightly modified conditions involving the photocatalytic system, a Ni source, a 

bidentate ligand, and an inorganic base, N-alkyl indole derivatives underwent facile 

acylation reactions at the benzylic position.29 The strictly halide-free conditions 

further supported the involvement of the ET/PT process instead of HAT during 

radical generation. Acyl groups based on a variety of alkyl (5ca–5cd), aryl (5ce and 

5cf), and alkenyl (5cg) groups were successfully installed. Analogously to the 

arylation reaction, synthetically useful yields could be obtained without the use of a 

glovebox when the standard Schlenk technique was applied or even when the 

reaction was carried out under ambient conditions (93% and 76% yield for 5cb, 

respectively). Moreover, the addition of an aryl substituent at the C2 position, which 

can pose significant steric congestion at the reaction center, did not affect reaction 

efficiency (5sb). Interestingly, a 3-ethyl indole derivative also underwent a facile 

acylation, furnishing a methine moiety at C3 (5yb). Furthermore, substrates 

containing a heteroatom-based substituent (5zb) or an allyl group (5zab) exhibited 

excellent reactivities towards the acylation reaction, demonstrating the pronounced 

robustness and chemoselectivity of the developed method, respectively.30 The 

protocol was also applied to the acylation of a 2-methyl indole derivative (5zbb). 

Finally, when multiple positions were available for acylation, a mixture of 

regioisomeric products was obtained (5zcb).31 
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Table 2.5 Substrate scope of symmetric acid anhydridesa 

 

a Reaction conditions: 1 (0.20 mmol), 4 (0.24 mmol), [Ir] (1.0 mol%), Ni(cod)2 (5.0 mol%), 

dtbbpy (7.0 mol%), K2CO3 (0.30 mmol), and DMF (0.050 M) irradiated with 34 W blue 

LEDs. All yields are isolated yields. b The reaction was conducted in the absence of K2CO3. 

[Ir]=Ir(dFCF3ppy)2(dtbbpy)PF6. dtbbpy= 4,4’-di-tert-butyl-2,2’-bipyridine. DMF=N,N-

dimethylformamide. 

 

2.3 Conclusion 

In conclusion, a novel benzylic C(sp3)–H functionalization method for indoles, 

introducing C(sp2)-based functional groups, has been developed. This process is an 

outcome of the unprecedented combination of Ni catalysis and ET/PT-driven radical 

generation under photoredox conditions. The reaction exhibited extremely high 

efficiency under mild conditions, and was therefore applicable to the preparation of 
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a wide range of indole products including complex drug molecule derivatives. Based 

on mechanistic investigations, it is evident that a conventionally employed HAT 

process was not involved in product formation. Rather, only the ET/PT process 

functioned as the major pathway. This distinct mechanistic pathway provides 

remarkable selectivity towards the activation of indole-derived benzylic C–H bonds 

over others. It is believed that the underdeveloped orchestration of ET/PT-controlled 

radical generation and other types of transition metal catalysis should provide a mild, 

robust, and efficient activation strategy for inert benzylic C(sp3)–H bonds. Moreover, 

the scope of the applicability should be expanded to other settings with the 

development of more efficient and selective arene oxidation protocols. 

 

2.4 Experimental section 

2.4.1 General experimental details  

Unless otherwise noted, all reactions were performed under inert conditions. 

Analytical TLC was performed on a Merck 60 F254 silica gel plates (0.25mm 

thickness), and visualized either using UV light (254 nm) or by staining with 

potassium permanganate and heating. Column chromatography was performed on 

Merck 60 silica gel (230–400 mesh). NMR spectroscopy experiments were 

conducted with a Varian 400 and 500 MHz or a Bruker 300 MHz system. Gas 

chromatography (GC) was carried out using a GC-2030 (Shimadzu) equipped with 

an Rxi® -5Sil MS column and a flame ionization detector (FID). Liquid 

chromatography-mass spectrometry (LC-MS) spectra were obtained on an Agilent 

6120 Quadrupole LC/MS. NMR spectra were processed with ACD NMR Processor 
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or MestReNova. Chemical shifts are reported in ppm and referenced to residual 

solvent peaks (CHCl3 in CDCl3: 7.26 ppm for 1H, 77.16 ppm for 13C; CH2Cl2 in 

CD2Cl2: 5.32 ppm for 1H, 53.84 ppm for 13C; (CH3)2SO in (CD3)2SO: 2.50 ppm for 

1H, 39.52 ppm for 13C). 19F NMR spectra were calibrated to an external standard of 

neat CFCl3 (0.0 ppm for 19F). Coupling constants are reported in Hertz. Deuterated 

compounds were purchased from Cambridge Isotope Laboratories, Inc. All 

anhydrous solvents and chemicals were purchased from commercial sources (Sigma-

Aldrich, Acros, Alfa Aesar, TCI, or Strem) and used without further purification. 

The iridum-based photocatalyst Ir[dF(CF3)ppy]2(dtbbpy)PF6 was synthesized 

according to literature procedure.32 34 W Blue LED lamps purchased from Kessil 

(Kessil H150 Grow Light-Blue) were used for all the visible light photocatalytic 

reactions. Cyclic voltammetry was measured using a CH Instruments, CHI620E 

potentiostat using a three-electrode-cell assembly. High resolution mass 

spectroscopy (HRMS) analyses were performed by the ultrahigh resolution ESI Q-

TOF mass spectrometer at the Organic Chemistry Research Center in Sogang 

University and the Mass Spectrometry Laboratory of National Instrumentation 

Center for Environmental Management (NICEM) in Seoul National University. UV–

Vis spectra were recorded on an Agilent 8453 UV–Vis spectrophotometer with 

ChemStation software. Fluorescence spectra were recorded on a Photon Technology 

International (PTI) QM-400 spectrofluorometer with FelixGX software. The 

quenching constant (kq) was determined following the Stern–Volmer relationship.33  
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2.4.2 Substrate preparations 

General procedure A34 

 

To a stirred solution of NaH (454 mg, 11.3 mmol, 3.5 equiv, 60% suspension in 

mineral oil) in dry DMF (10 mL), 3-methylindole (425 mg, 3.2 mmol, 1.0 equiv) in 

DMF (5 mL) was added dropwise at 0°C. The mixture was allowed to warm up to 

room temperature and stirred for 30 min. After cooling down to 0 °C, R1X (3.9 mmol, 

1.2 equiv) was added dropwise. The reaction mixture was stirred at room 

temperature for another 6 h, then quenched by addition of water and extracted with 

ethyl acetate (10 mL, 3 times). The combined organic layer was washed with brine, 

dried over anhydrous Na2SO4, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel to give the corresponding 

compounds. 

 

General procedure B35 

 

1) Phosphorus oxychloride (0.56 mL, 6.0 mmol, 1.2 equiv) was added dropwise to 

DMF (20 mL) with an ice-bath. The mixture was stirred for 5 min then added to a 
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solution of 1H-indole (5.0 mmol, 1.0 equiv) in DMF (10 mL) at 0 °C. The mixture 

was then warm to room temperature and stirred for 30 min. The reaction became a 

heavy suspension that required vigorous stirring. 5.0 M aqueous potassium 

hydroxide was added until pH>9 and the mixture was heated at 100 °C for 2 h. The 

resulting suspension was cooled down to 0 °C, the precipitate was filtered off, 

washed with water then dried under vacuum overnight and used in the next step 

without further purification.  

2) To a suspension of LiAlH4 (0.50 g, 13 mmol, 2.7 equiv) in THF (55 mL) at 0 °C 

under the argon atmosphere was added previously synthesized 3-formyl-1H-indole 

(5.0 mmol, 1.0 equiv) over a spatula. The suspension was then warm to room 

temperature and stirred for 4 h. The reaction was cooled down to 0 °C, distilled water 

(0.5 mL) was added dropwise, then 10% aqueous solution of NaOH (0.5 mL) then 

again H2O (1.0 mL). The resulting slurry was strirred vigorously for 30 min, diluted 

with Et2O and anhydrous MgSO4 was added. The white precipitate was filtered 

through Celite and then washed with Et2O. The solvent was removed in vacuo and 

the product used in the next step without further purification.  

3) The crude 3-methyl-1H-indole was protected following General procedure A. 

Purification by flash column chromatography led to indoles as the starting materials. 

 

General procedure C36 
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1) The suspension of phenylhydrazine hydrochloride (0.87g, 6.0 mmol, 1.2 equiv) 

in AcOH (25 mL) was heated at 50 °C for 30 min, then the corresponding ketone 

(5.0 mmol, 1.0 equiv) was added in one portion and the reaction mixture was 

refluxed for 3 h. After cooling to room temperature, AcOH was removed in vacuo 

and the residue was dissolved in ethyl acetate. The organic phase was washed with 

water and brine, dried over anhydrous Na2SO4, and concentrated in vacuo to give 

grey residue, which was purified by flash chromatography on silica gel to afford the 

S-1. 

2) Synthesized indole, in the previous step, was protected according to General 

procedure A. Purification by flash column chromatography led to indoles as the 

starting materials. 

 

2.4.3 Characterization data of substrates 

Previously reported N-protected indoles (1a,37 1c,37 1d,38 1f,39 1g,40 1h,41 1i,42 1j,43 

1l,44 1m,45 1p,37 1r,37 1s,46 1t,47 1v,48 1x,49 1y,38 1za,50 1zb,51 1zc,48 6aa52) were 

characterized by spectral comparison with literature data. New N-protected indoles 

(1e, 1k, 1n, 1o, 1q, 1u, 1w, 1z, D-1a) and aryl halides (2t) were characterized by 1H 

NMR, 13C NMR, 19F NMR. The [Ni]-1,53 3wt54 was confirmed by 1H NMR and 19F 

NMR spectral comparison with literature data, while the new products were 

characterized by 1H NMR, 13C NMR, 19F NMR and HRMS-ESI. 
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1-(2-(1,3-Dioxan-2-yl)ethyl)-3-methyl-1H-indole (1e) 

Following the general procedure A, compound 1e was prepared from 3-methylindole 

and 2-(2-bromoethyl)-1,3-dioxane as R1X. 

1H NMR (500 MHz, CDCl3) δ 7.80 (1H, d, J 7.8), 7.53 (1H, d, J 8.2), 7.42 (1H, t, J 

7.6), 7.33 (1H, t, J 7.4), 7.01 (1H, s), 4.52 (1H, t, J 5.2), 4.35 (2H, t, J 6.9), 4.23 (2H, 

dd, J 11.8, 4.9), 3.76 (2H, t, J 12.1), 2.56 (3H, s), 2.30 – 2.15 (3H, m), 1.38 (1H, d, 

J 13.5) ppm. 13C NMR (126 MHz, CDCl3) δ 136.28, 128.64, 125.32, 121.32, 118.84, 

118.45, 110.17, 109.17, 99.45, 66.57, 40.75, 35.67, 25.63, 9.55 ppm. 

 

4-Methoxy-1,3-dimethyl-1H-indole (1k) 

Following the general procedure B, compound 1k was prepared from 4-

methoxyindole and iodomethane as R1X. 

1H NMR (400 MHz, CDCl3) δ 7.12 (1H, t, J 8.0), 6.89 (1H, d, J 8.2), 6.68 (1H, s), 

6.48 (1H, d, J 7.7), 3.93 (3H, s), 3.69 (3H, s), 2.49 (3H, s) ppm. 13C NMR (101 MHz, 

CDCl3) δ 155.39, 138.93, 125.35, 122.35, 118.36, 110.75, 102.64, 98.95, 55.33, 

32.77, 12.13 ppm. 

 

tert-Butyl (1,3-dimethyl-1H-indol-5-yl)carbamate (1n) 
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Compound 1n was prepared following slightly modified literature procedures using 

5-nitro-1H-indole.35, 55 

1H NMR (500 MHz, CDCl3) δ 7.64 (1H, s), 7.17 (1H, d, J 8.7), 7.09 (1H, d, J 8.2), 

6.80 (1H, s), 6.50 (1H, s), 3.69 (3H, s), 2.29 (3H, s), 1.55 (9H, s) ppm. 13C NMR 

(126 MHz, CDCl3) δ 153.70, 134.24, 130.13, 128.93, 127.45, 115.18, 110.15, 109.88, 

109.21, 79.97, 32.68, 28.60, 9.67 ppm. 

 

1,3-Dimethyl-1H-indole-5-carbonitrile (1o) 

Compound 1o was prepared following slightly modified literature procedures using 

5-bromo-1,3-dimethyl-1H-indole (1p).54 

1H NMR (500 MHz, CDCl3) δ 7.87 (1H, s), 7.40 (1H, dd, J 8.5, 1.2), 7.28 (1H, d, J 

8.5), 6.93 (1H, s), 3.75 (3H, s), 2.31 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 

138.45, 128.81, 128.51, 124.67, 124.36, 121.19, 111.50, 109.88, 101.44, 32.79, 9.36 

ppm. 

 

6-Fluoro-1,3-dimethyl-1H-indole (1q) 

Following the general procedure B, compound 1q was prepared from 6-fluoroindole 

and iodomethane as R1X. 
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1H NMR (500 MHz, CDCl3) δ 7.50 (1H, dd, J 8.6, 5.3), 6.98 (1H, dd, J 10.0, 2.2), 

6.91 (1H, ddd, J 9.7, 8.7, 2.3), 6.83 – 6.79 (1H, m), 3.69 (3H, s), 2.35 (3H, s) ppm. 

13C NMR (126 MHz, CDCl3) δ 160.13 (d, JC–F 237.0), 137.14 (d, JC–F 12.2),  126.89 

(dd, JC–F 3.5), 125.39, 119.77 (d, JC–F 10.3), 110.52, 107.25 (d, JC–F 24.6), 95.47 (d, 

JC–F 26.1), 32.62, 9.60 ppm. 19F NMR (376 MHz, CDCl3) δ –121.59 ppm. 

 

1,3-Dimethyl-2-(pyridin-4-yl)-1H-indole (1u) 

Following the general procedure C, compound 1u was prepared from 

phenylhydrazine hydrochloride, 4-propionylpyridine, and iodomethane as R1X. 

1H NMR (500 MHz, CDCl3) δ 8.75 (2H, d, J 5.7), 7.65 (1H, d, J 7.9), 7.38 – 7.30 

(4H, m), 7.20 (1H, t, J 7.3), 3.66 (3H, s), 2.36 (3H, s) ppm. 13C NMR (126 MHz, 

CDCl3) δ 149.85, 140.18, 138.00, 134.60, 128.36, 125.04, 122.90, 119.65, 119.35, 

110.73, 109.57, 31.27, 9.49 ppm. 

 

Cyclopentyl (1,3-dimethyl-1H-indol-5-yl)carbamate (1w) 

Compound 1w was prepared following slightly modified literature procedures using 

5-nitro-1H-indole.35, 57 

1H NMR (500 MHz, CDCl3) δ 7.67 (1H, s), 7.17 (1H, d, J 8.6), 7.11 (1H, d, J 7.9), 

6.80 (1H, s), 6.60 (1H, s), 5.33 – 5.18 (1H, m), 3.69 (3H, s), 2.29 (3H, s), 1.96 – 1.87 
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(2H, m), 1.84 – 1.71 (4H, m), 1.68 – 1.58 (2H, m) ppm. 13C NMR (126 MHz, CDCl3) 

δ 154.40, 134.30, 129.87, 128.90, 127.49, 115.10, 110.14, 109.80, 109.22, 77.81, 

32.95, 32.65, 23.82, 9.60 ppm. 

 

tert-Butyl ((1-benzyl-1H-indol-3-yl)methyl)carbamate (1z) 

Compound 1z was prepared following slightly modified literature procedures using 

Indole-3-carboxaldehyde.58-59 

1H NMR (500 MHz, CDCl3) δ 7.67 (1H, d, J 7.8), 7.33 – 7.25 (4H, m), 7.24 – 7.17 

(1H, m), 7.17 – 7.09 (3H, m), 7.07 (1H, s), 5.28 (2H, s), 4.49 (2H, s), 1.47 (9H, s) 

ppm. 13C NMR (126 MHz, DMSO-d6) δ 155.61, 138.31, 136.11, 128.47, 127.29, 

127.22, 127.09, 126.99, 121.29, 119.15, 118.68, 113.13, 110.06, 77.46, 48.88, 35.19, 

28.29 ppm. 

 

1-Methyl-3-(methyl-d3)-1H-indole (D-1a) 

Following the general procedure B, compound D-1a was prepared from indole, 

DMF-d7 instead of DMF, LiAlD4 instead of LiAlH4, and iodomethane as R1X. 

1H NMR (400 MHz, CDCl3) δ 7.66 (1H, d, J 8.6), 7.33 (2H, dt, J 14.2, 7.7), 7.22 – 

7.17 (1H, m), 6.88 (1H, s), 3.78 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 137.10, 
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128.78, 126.63, 121.50, 119.04, 118.59, 110.05, 109.09, 32.53, 8.88 (hept, J 19.4) 

ppm. 

 

4-Bromo-3-methoxy-N-(o-tolylsulfonyl)benzamide (2t) 

Compound 2t was prepared following slightly modified literature procedures using 

methyl 4-bromo-3-hydroxybenzoate.54, 60 

1H NMR (500 MHz, DMSO-d6) δ 8.00 (1H, dd, J 7.9, 1.4), 7.63 (1H, d, J 8.2), 7.58 

(1H, d, J 1.9), 7.49 – 7.41 (2H, m), 7.36 (1H, td, J 7.7, 1.4), 7.31 (1H, d, J 7.5), 3.88 

(3H, s), 2.59 (3H, s) ppm. 13C NMR (126 MHz, DMSO-d6) δ 165.92, 155.09, 140.23, 

136.46, 135.40, 132.60, 131.99, 131.75, 129.56, 125.57, 121.89, 114.85, 111.90, 

56.25, 19.75 ppm. 

 

2.4.4 General procedure for arylation and acylation  

General procedure D: Arylation of indole 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped 

with a PTFE-coated stirrer bar was added the corresponding indole 1 (0.30 mmol, 

1.5 equiv), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.2 mg, 0.0020 mmol, 1.0 mol%), 
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NiCl2·glyme (2.2 mg, 0.010 mmol, 5.0 mol%), 1,10-phenanthroline (2.7 mg, 0.015 

mmol, 7.5 mol%), DBU (30 μL, 0.20 mmol, 1.0 equiv), LiCl (12.7 mg, 0.30 mmol, 

1.5 equiv), aryl halide 2 (0.20 mmol, 1.0 equiv), and DMA (4.0 mL). The reaction 

vial was removed from the glove box, stirred for 16 h under 34 W blue LED 

irradiation with fan cooling. At the end of the reaction, the resulting solution was 

transferred to a separatory funnel and partitioned between water (7 mL) and Et2O 

(20 mL). The organic extract was washed with water (7 mL x 2) and brine (7 mL), 

dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 

flash column chromatography provided the arylated indoles as the desired products. 

 

General procedure E: Acylation of indole 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped 

with a PTFE-coated stirring bar was added the corresponding indole 1 (0.20 mmol, 

1.0 equiv), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.2 mg, 0.0020 mmol, 1.0 mol%), Ni(cod)2 

(2.8 mg, 0.010 mmol, 5.0 mol%), 4,4’-di-tert-butyl-2,2’-bipyridine (3.8 mg, 0.014 

mmol, 7.0 mol%), K2CO3 (42 mg, 0.30 mmol, 1.5 equiv), acid anhydride 4 (0.24 

mmol, 1.2 equiv) and DMF (4.0 mL). The reaction vial was removed from the glove 

box, stirred for 16 h under 34 W blue LED irradiation with fan cooling. At the end 

of the reaction, the resulting solution was transferred to a separatory funnel and 

partitioned between water (7 mL) and Et2O (20 mL). The organic extract was washed 
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with water (7 mL x 2) and brine (7 mL), dried over MgSO4, filtered and concentrated 

under reduced pressure. Purification by flash column chromatography provided the 

acylated indoles as the desired products. 

 

2.4.5 Characterization data 

Characterization data of arylation products 

 

1-(4-((1-Methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3aa) 

1H NMR (400 MHz, CDCl3) δ 7.89 (2H, d, J 8.2), 7.49 (1H, d, J 7.9), 7.39 (2H, d, J 

8.1), 7.32 (1H, d, J 8.2), 7.25 (1H, t, J 7.3), 7.10 (1H, t, J 7.2), 6.80 (1H, s), 4.18 (2H, 

s), 3.76 (3H, s), 2.59 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 197.97, 147.39, 

137.29, 135.23, 128.93, 128.64, 127.75, 127.33, 121.86, 119.14, 119.06, 113.21, 

109.37, 32.73, 31.70, 26.66 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C18H17NNaO: 286.1202, found: 286.1202. 

 

1-(4-((1H-Indol-3-yl)methyl)phenyl)ethan-1-one (3ba) 
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1H NMR (500 MHz, DMSO-d6) δ 10.89 (1H, s), 7.88 – 7.82 (2H, m), 7.37 (4H, m), 

7.20 (1H, s), 7.04 (1H, t, J 7.5), 6.92 (1H, t, J 7.5), 4.11 (2H, s), 2.52 (3H, s) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 197.44, 147.59, 136.40, 134.63, 128.62, 128.27, 

126.85, 123.35, 121.00, 118.42, 118.35, 112.93, 111.43, 31.02, 26.58 ppm. HRMS 

(ESI): m/z [M+Na]+ calcd for C17H15NNaO: 272.1046, found: 272.1046. 

 

1-(4-((1-Benzyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ca) 

1H NMR (400 MHz, CDCl3) δ 7.91 – 7.83 (2H, m), 7.51 – 7.44 (1H, m), 7.36 (2H, 

d, J 8.0), 7.34 – 7.23 (4H, m), 7.17 (1H, ddd, J 8.3, 6.9, 1.2), 7.12 – 7.02 (3H, m), 

6.87 (1H, s), 5.25 (2H, s), 4.16 (2H, s), 2.55 (3H, s) ppm. 13C NMR (126 MHz, 

CDCl3) δ 197.95, 147.23, 137.68, 136.96, 135.22, 128.91, 128.84, 128.64, 128.02, 

127.67, 126.81, 126.73, 122.07, 119.33, 119.28, 113.85, 109.87, 49.99, 31.73, 26.64 

ppm. HRMS (ESI): m/z [M+Na]+ calcd for C24H21NNaO: 362.1515, found: 

362.1515. 

 

1-(4-((1-Butyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3da) 

1H NMR (500 MHz, CDCl3) δ 7.89 (2H, d, J 8.1), 7.48 (1H, d, J 7.9), 7.39 (2H, d, J 

8.1), 7.35 (1H, d, J 8.2), 7.22 (1H, t, J 7.6), 7.08 (1H, t, J 7.4), 6.86 (1H, s), 4.18 (2H, 
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s), 4.08 (2H, t, J 7.1), 2.59 (3H, s), 1.82 (2H, p, J 7.3), 1.36 (2H, h, J 7.5), 0.96 (3H, 

t, J 7.4) ppm. 13C NMR (126 MHz, CDCl3) δ 197.94, 147.46, 136.68, 135.29, 128.95, 

128.64, 127.89, 126.32, 121.69, 119.23, 118.98, 113.10, 109.57, 46.09, 32.49, 31.77, 

26.61, 20.32, 13.81 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C21H23NNaO: 

328.1672, found: 328.1672. 

 

1-(4-((1-(2-(1,3-Dioxan-2-yl)ethyl)-1H-indol-3-yl)methyl)phenyl)ethan-1-one 

(3ea) 

1H NMR (400 MHz, CDCl3) δ 7.88 (2H, d, J 8.2), 7.47 (1H, d, J 7.9), 7.40 – 7.33 

(3H, m), 7.21 (1H, t, J 7.6), 7.07 (1H, t, J 7.5), 6.81 (1H, s), 4.37 (1H, t, J 5.2), 4.21 

(2H, t, J 6.9), 4.16 (2H, s), 4.09 (2H, dd, J 10.8, 5.0), 3.66 (2H, td, J 12.4, 2.3), 2.58 

(3H, s), 2.07 (2H, q, J 7.0), 1.33 (1H, d, J 13.5), 1.26 (1H, s) ppm. 13C NMR (101 

MHz, CDCl3) δ 198.02, 147.39, 136.64, 135.25, 128.98, 128.67, 127.82, 126.38, 

121.88, 119.18, 119.09, 113.56, 109.66, 99.68, 66.95, 41.20, 35.72, 31.77, 26.71, 

25.83 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C23H25NNaO3: 386.1727, found: 

386.1727. 
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1-(4-((1-(tert-Butyldimethylsilyl)-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3fa) 

1H NMR (400 MHz, CDCl3) δ 7.87 (2H, d, J 8.2), 7.50 (1H, d, J 8.3), 7.41 (1H, d, J 

7.8), 7.36 (2H, d, J 8.3), 7.15 (1H, t, J 7.6), 7.06 (1H, t, J 7.4), 6.96 (1H, s), 4.16 (2H, 

s), 2.57 (3H, s), 0.93 (9H, s), 0.59 (6H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 198.08, 

147.27, 141.81, 135.24, 130.81, 129.35, 128.89, 128.65, 121.74, 119.65, 119.07, 

116.33, 114.14, 31.83, 26.70, 26.46, 19.65, –3.78 ppm. HRMS (ESI): m/z [M+Na]+ 

calcd for C23H29NNaOSi: 386.1911, found: 386.1911. 

 

1-(4-((1-(Triisopropylsilyl)-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ga) 

1H NMR (400 MHz, CDCl3) δ 7.89 (2H, d, J 8.1), 7.51 (1H, d, J 8.3), 7.43 (1H, d, J 

7.7), 7.36 (2H, d, J 8.0), 7.16 (1H, t, J 7.5), 7.07 (1H, t, J 7.4), 7.03 (1H, s), 4.19 (2H, 

s), 2.58 (3H, s), 1.70 (3H, p, J 7.5), 1.16 (18H, d, J 7.5) ppm. 13C NMR (101 MHz, 

CDCl3) δ 198.08, 147.36, 141.65, 135.18, 130.85, 129.58, 128.86, 128.63, 121.71, 

119.59, 118.93, 116.19, 114.15, 31.82, 26.69, 18.26, 12.93 ppm. HRMS (ESI): m/z 

[M+Na]+ calcd for C26H35NNaOSi: 428.2380, found: 428.2380. 

 

1-(4-((1,4-Dimethyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ja) 
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1H NMR (500 MHz, CDCl3) δ 7.89 (2H, d, J 8.2), 7.31 (2H, d, J 8.1), 7.19 – 7.10 

(2H, m), 6.83 (1H, d, J 6.8), 6.68 (1H, s), 4.35 (2H, s), 3.73 (3H, s), 2.59 (3H, s), 

2.53 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.99, 148.22, 137.90, 135.29, 

131.09, 128.87, 128.65, 128.19, 126.50, 122.02, 120.76, 113.35, 107.30, 33.41, 

32.82, 26.64, 20.19 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C19H19NNaO: 

300.1359, found: 300.1359. 

 

1-(4-((4-Methoxy-1-methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ka) 

1H NMR (500 MHz, CDCl3) δ 7.88 (2H, d, J 8.2), 7.38 (2H, d, J 8.2), 7.13 (1H, t, J 

8.0), 6.90 (1H, d, J 8.2), 6.58 (1H, s), 6.48 (1H, d, J 7.8,), 4.32 (2H, s), 3.84 (3H, s), 

3.69 (3H, s), 2.58 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 198.10, 155.01, 

148.92, 138.98, 134.93, 129.06, 128.45, 126.03, 122.68, 117.71, 113.90, 102.72, 

99.37, 55.14, 33.12, 32.90, 26.62 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C19H19NNaO2: 316.1308, found: 316.1308. 

 

1-(4-((1,5-Dimethyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3la) 

1H NMR (400 MHz, CDCl3) δ 7.89 (2H, d, J 8.2), 7.38 (2H, d, J 8.2), 7.27 (1H, s), 

7.21 (1H, d, J 8.3), 7.07 (1H, d, J 8.3), 6.75 (1H, s), 4.14 (2H, s), 3.72 (3H, s), 2.59 
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(3H, s), 2.44 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 198.02, 147.55, 135.74, 

135.19, 128.91, 128.65, 128.30, 127.98, 127.44, 123.49, 118.73, 112.57, 109.10, 

32.78, 31.65, 26.68, 21.59 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C19H19NNaO: 

300.1359, found: 300.1359. 

 

1-(4-((5-Methoxy-1-methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ma) 

1H NMR (500 MHz, CDCl3) δ 7.89 (2H, d, J 8.1), 7.38 (2H, d, J 8.1), 7.20 (1H, d, J 

8.5), 6.90 (2H, d, J 8.9), 6.75 (1H, s), 4.12 (2H, s), 3.81 (3H, s), 3.71 (3H, s), 2.58 

(3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 198.02, 153.90, 147.36, 135.22, 132.71, 

128.92, 128.66, 128.05, 127.98, 112.61, 111.89, 110.15, 101.14, 56.05, 32.91, 31.70, 

26.67 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C19H19NNaO2: 316.1308, found: 

316.1308. 

 

tert-Butyl (3-(4-acetylbenzyl)-1-methyl-1H-indol-5-yl)carbamate (3na) 

1H NMR (500 MHz, CDCl3) δ 7.87 (2H, d, J 8.1), 7.49 (1H, s), 7.35 (2H, d, J 8.1), 

7.20 (2H, d, J 8.3), 6.72 (1H, s), 6.48 (1H, s), 4.10 (2H, s), 3.70 (3H, s), 2.57 (3H, s), 

1.51 (9H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.97, 153.65, 147.35, 135.26, 

134.36, 130.57, 128.93, 128.66, 128.11, 127.92, 115.61, 113.12, 109.65, 109.52, 
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80.04, 32.86, 31.58, 28.54, 26.63 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C23H26N2NaO3: 401.1836, found: 401.1836. 

 

3-(4-Acetylbenzyl)-1-methyl-1H-indole-5-carbonitrile (3oa) 

1H NMR (500 MHz, CDCl3) δ 7.88 (2H, d, J 8.3), 7.77 (1H, s), 7.41 (1H, dd, J 8.5, 

1.4), 7.33 (3H, d, J 8.4), 6.93 (1H, s), 4.12 (2H, s), 3.78 (3H, s), 2.57 (3H, s) ppm. 

13C NMR (126 MHz, CDCl3) δ 197.75, 146.12, 138.79, 135.61, 129.56, 128.83, 

128.81, 127.53, 124.81, 124.79, 114.61, 110.27, 102.18, 33.00, 31.37, 26.62 ppm. 

HRMS (ESI): m/z [M+Na]+ calcd for C19H16N2NaO: 311.1155, found: 311.1155. 

 

1-(4-((5-Bromo-1-methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3pa) 

1H NMR (400 MHz, CDCl3) δ 7.88 (2H, d, J 8.2), 7.58 (1H, d, J 1.8), 7.34 (2H, d, J 

8.1), 7.29 (1H, dd, J 8.7, 1.8), 7.16 (1H, d, J 8.7), 6.78 (1H, s), 4.09 (2H, s), 3.72 

(3H, s), 2.58 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 198.03, 146.82, 135.95, 

135.35, 129.40, 128.86, 128.76, 128.53, 124.70, 121.65, 112.88, 112.54, 110.93, 

32.96, 31.46, 26.72 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C18H16BrNNaO: 

364.0308, found: 364.0307. 
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1-(4-((6-Fluoro-1-methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3qa) 

1H NMR (400 MHz, CDCl3) δ 7.89 (2H, d, J 8.2), 7.36 (3H, d, J 7.9), 6.97 (1H, dd, 

J 9.9, 2.2), 6.84 (1H, td, J 9.3, 2.2), 6.78 (1H, s), 4.13 (2H, s), 3.68 (3H, s), 2.58 (3H, 

s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.84, 160.11 (d, JC–F 237.8), 147.02, 137.43, 

137.38 (d, JC–F 12.3), 128.86, 128.64, 127.60 (d, JC–F 3.5), 124.31, 119.90 (d, JC–F 

10.3), 113.51, 107.73 (d, JC–F 24.7), 95.75 (d, JC–F 26.1), 32.74, 31.63, 26.56 ppm. 

19F NMR (376 MHz, CDCl3) δ –120.79 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C18H16FNNaO: 304.1108, found: 304.1108. 

 

 

 

1-(4-((7-Chloro-1-methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ra) 

1H NMR (400 MHz, CDCl3) δ 7.88 (2H, d, J 8.0), 7.33 (3H, t, J 7.5), 7.14 (1H, d, J 

7.6), 6.94 (1H, t, J 7.7), 6.73 (1H, s), 4.11 (2H, s), 4.09 (3H, s), 2.58 (3H, s) ppm. 

13C NMR (101 MHz, CDCl3) δ 197.90, 146.81, 135.37, 132.57, 130.87, 130.12, 

128.87, 128.69, 123.39, 119.90, 117.92, 117.14, 113.31, 36.55, 31.47, 26.65 ppm. 

HRMS (ESI): m/z [M+Na]+ calcd for C18H16ClNNaO: 320.0813, found: 320.0813. 
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1-(4-((1-Methyl-2-phenyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3sa) 

1H NMR (500 MHz, CDCl3) δ 7.86 (2H, d, J 8.1), 7.49 (4H, dt, J 20.5, 7.4), 7.41 

(3H, t, J 6.7), 7.30 (3H, dd, J 13.9, 7.7), 7.14 (1H, t, J 7.4), 4.18 (2H, s), 3.69 (3H, 

s), 2.58 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.86, 147.95, 139.03, 137.48, 

135.06, 131.77, 130.60, 128.59, 128.53, 128.49, 128.36, 127.78, 122.03, 119.63, 

119.28, 110.64, 109.55, 31.00, 30.92, 26.54 ppm. HRMS (ESI): m/z [M+Na]+ calcd 

for C24H21NNaO: 362.1515, found: 362.1515. 

 

1-(4-((2-(4-Methoxyphenyl)-1-methyl-1H-indol-3-yl)methyl)phenyl)ethan-1-one 

(3ta) 

1H NMR (500 MHz, CDCl3) δ 7.84 (2H, d, J 8.3), 7.43 (1H, d, J 7.9), 7.39 (1H, d, J 

8.2), 7.28 (5H, dd, J 13.3, 8.5), 7.11 (1H, t, J 7.5), 7.02 (2H, d, J 8.7), 4.14 (2H, s), 

3.89 (3H, s), 3.65 (3H, s), 2.57 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.92, 

159.76, 148.10, 138.93, 137.33, 135.04, 131.81, 128.54, 128.51, 127.79, 123.93, 

121.83, 119.55, 119.13, 114.11, 110.39, 109.49, 55.42, 30.98, 30.91, 26.57 ppm. 

HRMS (ESI): m/z [M+Na]+ calcd for C25H23NNaO2: 392.1621, found: 392.1621. 
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1-(4-((1-Methyl-2-(pyridin-4-yl)-1H-indol-3-yl)methyl)phenyl)ethan-1-one (3ua) 

3ua was prepared according to the general procedure D with the following 

modifications: The reaction was conducted for 23 h with 4CzIPN instead of 

Ir[dF(CF3)ppy]2(dtbbpy)PF6. 

1H NMR (400 MHz, CDCl3) δ 8.72 (2H, s), 7.82 (2H, d, J 8.2), 7.42 (2H, dd, J 11.7, 

8.1), 7.35 – 7.28 (3H, m), 7.22 (2H, d, J 8.1), 7.12 (1H, t, J 7.4), 4.16 (2H, s), 3.70 

(3H, s), 2.55 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 197.89, 149.78, 147.15, 

140.15, 138.16, 135.75, 135.30, 128.73, 128.39, 127.72, 125.14, 123.20, 120.22, 

119.76, 112.48, 109.89, 31.41, 30.72, 26.66 ppm. HRMS (ESI): m/z [M+H]+ calcd 

C23H21N2O: 341.1648, found: 341.1648. 

 

1-(4-((1-Methyl-1H-indol-2-yl)methyl)phenyl)ethan-1-one (3va) 

1H NMR (500 MHz, CDCl3) δ 7.90 (2H, d, J 7.1), 7.57 (1H, d, J 7.8), 7.31 – 7.25 

(3H, m), 7.19 (1H, t, J 7.5), 7.10 (1H, t, J 7.4), 6.29 (1H, s), 4.20 (2H, s), 3.55 (3H, 

s), 2.58 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.88, 144.22, 138.05, 137.81, 

135.77, 128.92, 128.85, 127.79, 121.28, 120.24, 119.64, 109.05, 101.64, 33.56, 
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29.87, 26.72 ppm. HRMS (ESI): m/z [M+H]+ calcd C18H18NO: 264.1383, found: 

264.1379. 

 

Ethyl 4-((1-methyl-1H-indol-3-yl)methyl)benzoate (3ab) 

1H NMR (400 MHz, CDCl3) δ 7.98 (2H, d, J 8.2), 7.49 (1H, d, J 7.9), 7.36 (2H, d, J 

8.1), 7.31 (1H, d, J 8.2), 7.23 (1H, d, J 7.6), 7.09 (1H, t, J 7.4), 6.78 (1H, s), 4.38 

(2H, q, J 7.1), 4.17 (2H, s), 3.75 (3H, s), 1.40 (3H, t, J 7.1) ppm. 13C NMR (101 MHz, 

CDCl3) δ 166.81, 146.95, 137.30, 129.79, 128.77, 128.36, 127.78, 127.34, 121.84, 

119.19, 119.04, 113.41, 109.35, 60.88, 32.76, 31.75, 14.48 ppm. HRMS (ESI): m/z 

[M+Na]+ calcd for C19H19NNaO2: 316.1308, found: 316.1308. 

 

4-((1-Methyl-1H-indol-3-yl)methyl)benzonitrile (3ac) 

1H NMR (300 MHz, CDCl3) δ 7.59 (2H, d, J 8.0), 7.50 – 7.33 (4H, m), 7.30 (1H, d, 

J 6.9), 7.13 (1H, t, J 7.3), 6.86 (1H, s), 4.20 (2H, s), 3.80 (3H, s) ppm. 13C NMR (126 

MHz, CDCl3) δ 147.22, 137.23, 132.18, 129.36, 127.52, 127.33, 121.90, 119.17, 

119.11, 118.92, 112.38, 109.75, 109.37, 32.68, 31.70 ppm. HRMS (ESI): m/z 

[M+Na]+ calcd for C17H14N2Na: 269.1049, found: 269.1049. 
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1-Methyl-3-(4-(trifluoromethyl)benzyl)-1H-indole (3ad) 

3ad was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 

1H NMR (500 MHz, CDCl3) δ 7.56 (2H, d, J 8.0), 7.51 (1H, dt, J 7.9, 0.9), 7.42 (2H, 

d, J 7.9), 7.35 (1H, dt, J 8.3, 0.8), 7.28 (1H, ddd, J 8.3, 7.0, 1.2), 7.13 (1H, ddd, J 

8.0, 7.0, 1.0), 6.81 (1H, s), 4.19 (2H, s), 3.77 (3H, s) ppm. 13C NMR (126 MHz, 

CDCl3) δ 145.76, 137.34, 129.04, 128.34 (q, JC–F 32.0), 127.76, 127.37, 125.38 (q, 

JC–F 3.8), 124.55 (q, JC–F 271.8), 121.93, 119.14, 119.13, 113.23, 109.42, 32.75, 

31.52 ppm. 19F NMR (376 MHz, CDCl3) δ –62.24 ppm. HRMS (ESI): m/z [M+Na]+ 

calcd for C17H14F3NNa: 312.0971, found: 312.0971. 

 

4-((1-Methyl-1H-indol-3-yl)methyl)benzaldehyde (3ae) 

3ae was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 
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1H NMR (500 MHz, CDCl3) δ 9.97 (1H, s), 7.79 (2H, d, J 8.0), 7.45 (3H, t, J 8.5), 

7.32 (1H, d, J 8.2), 7.24 (1H, t, J 7.6), 7.08 (1H, t, J 7.4), 6.81 (1H, s), 4.19 (2H, s), 

3.76 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 192.20, 149.09, 137.31, 134.70, 

130.11, 129.43, 129.39, 127.74, 127.41, 121.91, 119.15, 112.94, 109.45, 32.84, 

31.93 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C17H15NNaO: 272.1046, found: 

272.1046. 

 

3-(4-Methoxybenzyl)-1-methyl-1H-indole (3af) 

3af was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 

1H NMR (400 MHz, CDCl3) δ 7.51 (1H, d, J 7.9), 7.29 (1H, d, J 8.2), 7.20 (3H, d, J 

8.3), 7.07 (1H, t, J 7.9), 6.83 (2H, d, J 8.6), 6.74 (1H, s), 4.04 (2H, s), 3.78 (3H, s), 

3.73 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 157.91, 137.31, 133.64, 129.70, 

127.92, 127.14, 121.67, 119.34, 118.85, 114.89, 113.86, 109.25, 55.39, 32.72, 30.74 

ppm. HRMS (ESI): m/z [M+Na]+ calcd for C17H17NNaO: 274.1202, found: 

274.1202. 
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1-Methyl-3-(3-(trifluoromethyl)benzyl)-1H-indole (3ag) 

3ag was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 

1H NMR (400 MHz, CDCl3) δ 7.57 (1H, s), 7.47 (3H, dd, J 11.5, 8.0), 7.42 – 7.36 

(1H, m), 7.32 (1H, d, J 8.2), 7.23 (1H, d, J 8.1), 7.09 (1H, t, J 7.4), 6.78 (1H, s), 4.16 

(2H, s), 3.76 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 142.56, 137.41, 132.19, 

130.78 (q, JC–F 31.9), 128.87, 127.81, 127.35, 125.50 (q, JC–F 3.9), 122.94 (q, JC–F 

3.8), 122.30 (q, JC–F 272.2), 121.93, 119.15, 119.13, 113.39, 109.41, 32.75, 31.54 

ppm. 19F NMR (376 MHz, CDCl3) δ –62.48 ppm. HRMS (ESI): m/z [M+Na]+ calcd 

for C17H14F3NNa: 312.0971, found: 312.0971. 

 

1-Methyl-3-(3-methylbenzyl)-1H-indole (3ah) 

3ah was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 

1H NMR (400 MHz, CDCl3) δ 7.56 (1H, d, J 8.7), 7.31 (1H, d, J 8.2), 7.26 – 7.21 

(1H, m), 7.18 (1H, d, J 7.4), 7.15 – 7.07 (3H, m), 7.03 (1H, d, J 7.4), 6.77 (1H, s), 

4.08 (2H, s), 3.75 (3H, s), 2.33 (3H, s) ppm. 13C NMR (101 MHz, CDCl3) δ 141.49, 

137.98, 137.28, 129.61, 128.34, 128.01, 127.23, 127.21, 126.72, 125.86, 121.66, 



88 

119.34, 118.87, 114.55, 109.24, 32.74, 31.56, 21.57 ppm. HRMS (ESI): m/z 

[M+Na]+ calcd for C17H17NNa: 258.1253, found: 258.1253. 

 

1-Methyl-3-(2-methylbenzyl)-1H-indole (3ai) 

3ai was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 

1H NMR (400 MHz, CDCl3) δ 7.58 (1H, d, J 7.9), 7.31 (1H, d, J 8.2), 7.25 – 7.06 

(6H, m), 6.57 (1H, s), 4.08 (2H, s), 3.71 (3H, s), 2.34 (3H, s) ppm. 13C NMR (101 

MHz, CDCl3) δ 139.24, 137.14, 136.41, 130.09, 129.41, 127.89, 127.12, 127.10, 

126.11, 125.90, 121.53, 119.08, 118.69, 113.58, 109.11, 32.59, 29.13, 19.49 ppm. 

HRMS (ESI): m/z [M+Na]+ calcd for C17H17NNa: 258.1253, found: 258.1253. 

 

1-Methyl-3-(naphthalen-2-ylmethyl)-1H-indole (3aj)  

3aj was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 
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1H NMR (500 MHz, CDCl3) δ 7.86 – 7.76 (4H, m), 7.59 (1H, d, J 7.9), 7.50 – 7.41 

(3H, m), 7.33 (1H, d, J 8.2), 7.29 – 7.23 (1H, m), 7.11 (1H, t, J 7.8), 6.79 (1H, s), 

4.30 (2H, s), 3.75 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 139.10, 137.38, 

133.83, 132.26, 128.06, 128.01, 127.80, 127.75, 127.69, 127.43, 126.79, 125.95, 

125.28, 121.75, 119.36, 118.98, 114.37, 109.29, 32.72, 31.90 ppm. HRMS (ESI): 

m/z [M+Na]+ calcd for C20H17NNa: 294.1253, found: 294.1253. 

 

3-((3,4-Dihydronaphthalen-1-yl)methyl)-1-methyl-1H-indole (3ak) 

3ak was prepared according to the general procedure D with the following 

modifications: The reaction was conducted using alkenyl triflate with 4,4‘-

dimethoxy-2,2‘-bipyridine instead of 1,10-phenanthroline. 

1H NMR (500 MHz, CDCl3) δ 7.64 (1H, d, J 7.9), 7.35 – 7.32 (1H, m), 7.30 (1H, d, 

J 8.2), 7.23 (1H, t, J 7.6), 7.18 – 7.09 (4H, m), 6.80 (1H, s), 5.90 (1H, t, J 4.5), 3.90 

(2H, s), 3.72 (3H, s), 2.80 (2H, t, J 8.0), 2.33 – 2.26 (2H, m) ppm. 13C NMR (126 

MHz, CDCl3) δ 137.33, 136.82, 135.39, 135.22, 128.27, 127.58, 127.44, 127.43, 

126.70, 126.45, 123.31, 121.58, 119.39, 118.80, 113.06, 109.24, 32.75, 28.86, 28.60, 

23.41 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C20H19NNa: 296.1410, found: 

296.1410. 
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1-Methyl-3-(pyridin-3-ylmethyl)-1H-indole (3al) 

3al was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with the reaction temperature reaching 

53 °C (without fan-cooling). 

1H NMR (500 MHz, CDCl3) δ 8.61 (1H, s), 8.46 (1H, d, J 3.9), 7.57 (1H, d, J 7.7), 

7.48 (1H, d, J 7.9), 7.31 (1H, d, J 8.2), 7.26 – 7.18 (2H, m), 7.09 (1H, t, J 7.4), 6.78 

(1H, s), 4.11 (2H, s), 3.75 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 149.94, 

147.28, 137.36, 137.07, 136.50, 127.64, 127.33, 123.54, 121.97, 119.17, 119.06, 

113.04, 109.42, 32.76, 28.89 ppm. HRMS (ESI): m/z [M+H]+ calcd for C15H15N2: 

223.1230, found: 223.1230. 

 

1-Methyl-3-(pyrimidin-5-ylmethyl)-1H-indole (3am) 

3am was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with the reaction temperature reaching 

53 °C (without fan-cooling). 

1H NMR (500 MHz, CDCl3) δ 9.08 (1H, s), 8.66 (2H, s), 7.46 (1H, d, J 7.9), 7.32 

(1H, d, J 8.2), 7.25 (1H, t, J 7.5), 7.10 (1H, t, J 7.4), 6.80 (1H, s), 4.09 (2H, s), 3.76 

(3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 157.00, 156.85, 156.83, 137.38, 134.64, 

127.33, 122.20, 119.42, 118.77, 111.66, 109.56, 32.81, 26.48 ppm. HRMS (ESI): 

m/z [M+H]+ calcd for C14H14N3: 224.1182, found: 224.1182.  
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4-((1-Methyl-1H-indol-3-yl)methyl)isoquinoline (3an) 

3an was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with the reaction temperature reaching 

53 °C (without fan-cooling). 

1H NMR (500 MHz, CDCl3) δ 9.22 (1H, s), 8.53 (1H, s), 8.02 (2H, dd, J 19.5, 8.2), 

7.70 (1H, d, J 7.9), 7.62 (2H, dt, J 25.6, 7.2), 7.35 – 7.25 (2H, m), 7.17 (1H, t, J 7.2), 

6.52 (1H, s), 4.50 (2H, s), 3.64 (3H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 151.62, 

143.22, 137.11, 135.04, 130.32, 130.17, 128.58, 128.21, 127.60, 127.41, 126.95, 

123.70, 121.83, 119.05, 118.94, 113.12, 109.33, 32.65, 26.24 ppm. HRMS (ESI): 

m/z [M+H]+ calcd for C19H17N2: 273.1386, found: 273.1386. 

 

tert-Butyl 5-((1-methyl-1H-indol-3-yl)methyl)-1H-indole-1-carboxylate (3ao) 

3ao was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with 4,4‘-dimethoxy-2,2‘-bipyridine 

instead of 1,10-phenanthroline. 

1H NMR (500 MHz, CDCl3) δ 8.04 (1H, s), 7.58 – 7.56 (1H, m), 7.54 (1H, d, J 7.9), 

7.46 (1H, s), 7.32 – 7.25 (2H, m), 7.22 (1H, t, J 8.0), 7.07 (1H, t, J 7.8), 6.75 (1H, s), 
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6.49 (1H, d, J 3.7), 4.20 (2H, s), 3.73 (3H, s), 1.67 (9H, s) ppm. 13C NMR (126 MHz, 

CDCl3) δ 150.00, 137.36, 135.91, 130.94, 128.01, 127.29, 127.28, 126.08, 125.44, 

121.67, 120.78, 119.41, 118.87, 115.10, 115.03, 109.23, 107.39, 83.61, 32.72, 31.54, 

28.35 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C23H24N2NaO2: 383.1730, found: 

383.1730. 

 

tert-Butyl 4-(2-((1-methyl-1H-indol-3-yl)methyl)dibenzo[b,f][1,4]oxazepin-11-yl) 

piperazine-1-carboxylate (3ap) 

3ap was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 4,4’-

dimethoxy-2,2’-bipyridine (15.0 mol%), DMA (0.033 M) and corresponding aryl 

chloride instead of aryl bromide. 

1H NMR (500 MHz, CDCl3) δ 7.41 (1H, d, J 6.9), 7.36 (1H, d, J 7.9), 7.32 (1H, d, J 

8.2), 7.23 (1H, t, J 7.6), 7.19 – 7.09 (4H, m), 7.06 (2H, q, J 7.2, 6.7), 6.99 (1H, t, J 

7.6), 6.82 (1H, s), 4.07 (2H, s), 3.76 (3H, s), 3.26 (8H, s), 1.50 (9H, s) ppm. 13C NMR 

(126 MHz, CDCl3) δ 160.62, 159.43, 154.87, 152.47, 140.37, 138.50, 137.43, 133.09, 

129.38, 127.54, 127.29, 127.04, 125.58, 124.56, 123.00, 121.97, 121.06, 120.32, 

119.12, 119.10, 113.38, 109.50, 80.01, 47.29, 43.47, 32.78, 30.83, 28.56 ppm. 

HRMS (ESI): m/z [M+H]+ calcd for C32H35N4O3: 523.2704, found: 524.2704. 
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tert-Butyl -(2-((1-benzyl-5-methoxy-1H-indol-3-yl)methyl)dibenzo[b,f][1,4] 

oxazepin-11-yl)piperazine-1-carboxylate (3xp) 

3xp was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 4,4’-

dimethoxy-2,2’-bipyridine (15.0 mol%), DMA (0.033 M) and corresponding aryl 

chloride instead of aryl bromide. 

1H NMR (500 MHz, CDCl3) δ 7.43 (1H, d, J 8.1), 7.29 (3H, m), 7.23 – 7.05 (8H, m), 

6.98 (1H, t, J 7.5), 6.91 (1H, s), 6.84 (1H, dd, J 8.8, 1.9), 6.73 (1H, s), 5.24 (2H, s), 

4.06 (2H, s), 3.71 (3H, s), 3.25 (8H, s), 1.49 (9H, s) ppm. 13C NMR (126 MHz, 

CDCl3) δ 160.57, 159.47, 154.80, 154.06, 152.45, 138.23, 137.73, 133.03, 132.52, 

129.37, 128.89, 128.20, 127.81, 127.42, 127.08, 126.87, 125.56, 124.50, 123.15, 

121.05, 120.29, 113.38, 112.01, 110.75, 101.63, 79.94, 55.98, 50.27, 47.37, 43.17, 

30.94, 28.57 ppm. HRMS (ESI): m/z [M+H]+ calcd for C39H41N4O4: 629.3122, 

found: 629.3122. 
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Isopropyl 2-methyl-2-(4-(4-((1-methyl-1H-indol-3-yl)methyl)benzoyl)phenoxy) 

propanoate (3aq) 

3aq was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 4,4’-

dimethoxy-2,2’-bipyridine (15.0 mol%), DMA (0.033 M) and corresponding aryl 

chloride instead of aryl bromide. 

1H NMR (400 MHz, CDCl3) δ 7.77 (2H, d, J 8.2), 7.70 (2H, d, J 7.5), 7.52 (1H, d, J 

7.7), 7.39 (2H, d, J 7.5), 7.32 (1H, d, J 8.0), 7.27 – 7.21 (1H, m), 7.10 (1H, t, J 7.1), 

6.87 (2H, d, J 8.2), 6.82 (1H, s), 5.13 – 5.04 (1H, m), 4.19 (2H, s), 3.76 (3H, s), 1.67 

(6H, s), 1.21 (6H, d, J 6.0) ppm. 13C NMR (126 MHz, CDCl3) δ 195.44, 173.30, 

159.47, 146.23, 137.28, 135.91, 132.07, 130.98, 130.18, 128.58, 127.79, 127.37, 

121.82, 119.19, 119.03, 117.23, 113.37, 109.36, 79.44, 69.37, 32.73, 31.67, 25.48, 

21.62 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C30H31NNaO4: 492.2145, found: 

492.2145. 

 

Ethyl 4-(8-((1-methyl-1H-indol-3-yl)methyl)-5,6-dihydro-11H-benzo[5,6] 

cyclohepta[1,2-b]pyridin-11-ylidene)piperidine-1-carboxylate (3ar) 

3ar was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 4,4’-
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dimethoxy-2,2’-bipyridine (15.0 mol%), DMA (0.033 M) and corresponding aryl 

chloride instead of aryl bromide. 

1H NMR (500 MHz, CDCl3) δ 8.39 (1H, dd, J 4.8, 1.6), 7.53 (1H, dt, J 7.9, 0.9), 7.44 

(1H, d, J 7.5), 7.28 (1H, dt, J 8.2, 0.8), 7.21 (1H, ddd, J 8.1, 7.1, 1.0), 7.14 – 7.03 

(5H, m), 6.78 (1H, s), 4.13 (2H, q, J 7.5), 4.04 (2H, s), 3.82 (2H, s), 3.73 (3H, s), 

3.43 – 3.26 (2H, m), 3.20 – 3.06 (2H, m), 2.88 – 2.72 (2H, m), 2.53 – 2.22 (4H, m), 

1.25 (3H, t, J 7.2) ppm. 13C NMR (126 MHz, CDCl3) δ 157.76, 155.64, 146.18, 

140.87, 137.80, 137.48, 137.24, 136.93, 136.56, 134.95, 134.14, 129.51, 129.41, 

127.98, 127.23, 126.45, 122.23, 121.68, 119.28, 118.88, 114.10, 109.26, 61.38, 

45.01, 44.92, 32.73, 32.00, 31.83, 31.18, 30.84, 30.71, 14.81 ppm. HRMS (ESI): m/z 

[M+H]+ calcd for C32H34N3O2: 492.2646, found: 492.2646. 

 

 

2-(tert-Butylamino)-1-(3-((1-methyl-1H-indol-3-yl)methyl)phenyl)propan-1-one 

(3as) 

3as was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 4,4’-

dimethoxy-2,2’-bipyridine (15.0 mol%), DMA (0.033 M) and corresponding aryl 

chloride instead of aryl bromide. 
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1H NMR (500 MHz, CDCl3) δ 7.95 (1H, s), 7.82 (1H, d, J 7.7), 7.52 – 7.48 (2H, m), 

7.39 (1H, t, J 7.7), 7.30 (1H, d, J 8.2), 7.25 – 7.21 (1H, m), 7.08 (1H, ddd, J 7.9, 7.1, 

0.9), 6.79 (1H, d, J 1.0), 4.33 (1H, q, J 7.1), 4.18 (2H, s), 3.75 (3H, s), 2.75 (1H, d, 

J 6.9), 1.24 (3H, d, J 7.1), 1.04 (9H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 205.29, 

142.43, 137.36, 135.25, 133.80, 128.88, 128.69, 127.78, 127.30, 126.12, 121.87, 

119.15, 119.06, 113.60, 109.38, 52.06, 50.89, 32.74, 31.58, 29.88, 22.85 ppm. 

HRMS (ESI): m/z [M+H]+ calcd for C23H29N2O: 349.2274, found: 349.2274. 

 

Cyclopentyl (3-(2-methoxy-4-((o-tolylsulfonyl)carbamoyl)benzyl)-1-methyl-1H-

indol-5-yl)carbamate (3wt) 

3wt was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 1,10-

phenanthroline (15.0 mol%) and DMA (0.033 M). 

1H NMR (500 MHz, CDCl3) δ 9.12 (1H, s), 8.25 (1H, d, J 7.8), 7.55 – 7.46 (2H, m), 

7.40 (1H, t, J 7.6), 7.33 – 7.27 (2H, m), 7.17 (2H, dd, J 12.7, 8.5), 7.10 (2H, t, J 10.0), 

6.77 (1H, s), 6.52 (1H, s), 5.24 – 5.16 (1H, m), 4.03 (2H, s), 3.84 (3H, s), 3.70 (3H, 

s), 2.68 (3H, s), 1.86 (2H, s), 1.75 (4H, m), 1.60 (2H, s) ppm. 
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Cyclopentyl (1-methyl-3-(pyrimidin-5-ylmethyl)-1H-indol-5-yl)carbamate (3wm) 

3wm was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 1,10-

phenanthroline (15.0 mol%) and DMA (0.033 M) and the reaction temperature 

reaching 53 °C (without fan-cooling). 

1H NMR (500 MHz, CDCl3) δ 9.06 (1H, s), 8.64 (2H, s), 7.59 (1H, s), 7.21 (1H, d, J 

8.6), 7.14 (1H, d, J 7.1), 6.75 (1H, s), 6.68 (1H, s), 5.19 (1H, s), 4.03 (2H, s), 3.71 

(3H, s), 1.92 – 1.83 (2H, m), 1.75 (4H, m), 1.65 – 1.54 (2H, m) ppm. 13C NMR (126 

MHz, CDCl3) δ 156.98, 156.78, 154.26, 134.62, 134.42, 130.72, 128.16, 127.54, 

115.71, 111.55, 109.79, 109.26, 77.94, 32.94, 26.34, 23.80 ppm. HRMS (ESI): m/z 

[M+Na]+ calcd for C20H22N4NaO2: 373.1635, found: 373.1635. 

 

Cyclopentyl (3-(isoquinolin-4-ylmethyl)-1-methyl-1H-indol-5-yl)carbamate (3wn) 

3wn was prepared according to the general procedure D with the following 

modifications: The reaction was conducted with NiCl2·glyme (10.0 mol%), 1,10-

phenanthroline (15.0 mol%) and DMA (0.033 M) and the reaction temperature 

reaching 53 °C (without fan-cooling). 

1H NMR (400 MHz, CDCl3) δ 9.19 (1H, s), 8.42 (1H, s), 8.02 (2H, dd, J 7.9, 3.6), 

7.75 (1H, s), 7.68 (1H, t, J 7.6), 7.61 (1H, t, J 7.4), 7.22 – 7.13 (2H, m), 6.64 (1H, s), 

6.49 (1H, s), 5.27 – 5.17 (1H, m), 4.44 (2H, s), 3.62 (3H, s), 1.95 – 1.83 (2H, m), 
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1.83 – 1.67 (4H, m), 1.67 – 1.53 (2H, m) ppm. 13C NMR (101 MHz, CDCl3) δ 154.35, 

150.92, 141.90, 135.40, 134.30, 131.03, 130.90, 130.45, 128.53, 128.41, 128.39, 

127.76, 127.40, 123.82, 115.48, 112.63, 109.66, 109.38, 77.90, 32.96, 32.89, 26.21, 

23.82 ppm. HRMS (ESI): m/z [M+H]+ calcd for C25H26N3O2: 400.2020, found: 

400.2020. 

 

Characterization data of acylation products 

 

1-(1-Benzyl-1H-indol-3-yl)propan-2-one (5ca) 

5ca was prepared according to the general procedure E with the following 

modifications: The reaction was conducted in the absence of K2CO3. 

1H NMR (500 MHz, CDCl3) δ 7.54 (1H, d, J 7.9), 7.31 – 7.22 (4H, m), 7.21 – 7.15 

(1H, m), 7.15 – 7.08 (3H, m), 7.07 (1H, s), 5.29 (2H, s), 3.80 (2H, s), 2.16 (3H, s) 

ppm. 13C NMR (126 MHz, CDCl3) δ 207.43, 137.50, 136.77, 128.92, 128.10, 127.80, 

127.32, 126.94, 122.22, 119.71, 119.05, 109.97, 108.09, 50.15, 40.92, 29.01 ppm. 

HRMS (ESI): m/z [M+Na]+ calcd for C18H17NNaO: 286.1202, found: 286.1202. 

 

1-(1-Benzyl-1H-indol-3-yl)butan-2-one (5cb) 
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1H NMR (500 MHz, CDCl3) δ 7.56 (1H, d, J 7.8), 7.33 – 7.22 (4H, m), 7.18 (1H, t, 

J 7.2), 7.16 – 7.09 (3H, m), 7.07 (1H, s), 5.28 (2H, s), 3.80 (2H, s), 2.51 (2H, q, J 

7.3), 1.01 (3H, t, J 7.3) ppm. 13C NMR (126 MHz, CDCl3) δ 207.43, 137.50, 136.77, 

128.92, 127.80, 127.32, 126.94, 122.22, 119.71, 119.05, 109.97, 108.09, 50.15, 

40.92, 29.01 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C19H19NNaO: 300.1359, 

found: 300.1359. 

 

1-(1-Benzyl-1H-indol-3-yl)-3-methylbutan-2-one (5cc) 

1H NMR (500 MHz, CDCl3) δ 7.57 (1H, d, J 7.9), 7.34 – 7.24 (4H, m), 7.20 (1H, t, 

J 7.6), 7.14 (3H, dd, J 11.3, 7.3), 7.12 (1H, s), 5.31 (2H, s), 3.90 (2H, s), 2.93 – 2.68 

(1H, m), 1.13 (6H, d, J 6.9) ppm. 13C NMR (126 MHz, CDCl3) δ 212.63, 137.61, 

136.71, 128.87, 128.28, 127.73, 127.36, 126.93, 122.09, 119.57, 119.01, 109.90, 

108.06, 50.13, 39.66, 37.67, 18.69 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C20H21NNaO: 314.1515, found: 314.1515. 

 

1-(1-Benzyl-1H-indol-3-yl)heptan-2-one (5cd) 

1H NMR (500 MHz, CDCl3) δ 7.57 (1H, d, J 7.5), 7.33 – 7.23 (4H, m), 7.22 – 7.16 

(1H, m), 7.16 – 7.09 (3H, m), 7.08 (1H, s), 5.29 (2H, s), 3.81 (2H, s), 2.48 (2H, t, J 
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7.4), 1.62 – 1.50 (2H, m), 1.29 – 1.14 (4H, m), 0.85 (3H, t, J 7.0) ppm. 13C NMR 

(126 MHz, CDCl3) δ 209.49, 137.55, 136.72, 128.86, 128.18, 127.73, 127.28, 126.90, 

122.12, 119.61, 119.06, 109.90, 108.14, 50.09, 41.52, 39.99, 31.43, 23.69, 22.52, 

14.00 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C22H25NNaO: 342.1828, found: 

342.1828. 

 

2-(1-Benzyl-1H-indol-3-yl)-1-phenylethan-1-one (5ce) 

1H NMR (500 MHz, CDCl3) δ 8.09 – 8.02 (2H, m), 7.67 – 7.62 (1H, m), 7.56 – 7.49 

(1H, m), 7.43 (2H, t, J 7.7), 7.28 – 7.22 (4H, m), 7.20 – 7.12 (2H, m), 7.08 (1H, s), 

7.06 (2H, dd, J 7.9, 1.5), 5.24 (2H, s), 4.41 (2H, s) ppm. 13C NMR (126 MHz, CDCl3) 

δ 197.91, 137.57, 136.78, 136.66, 133.05, 128.81, 128.69, 128.65, 128.17, 127.65, 

127.44, 126.84, 122.09, 119.58, 119.11, 109.91, 108.17, 50.07, 35.70 ppm. HRMS 

(ESI): m/z [M+Na]+ calcd for C23H19NNaO: 348.1359, found: 348.1359. 

 

2-(1-Benzyl-1H-indol-3-yl)-1-(naphthalen-2-yl)ethan-1-one (5cf) 

1H NMR (500 MHz, CDCl3) δ 8.61 (1H, s), 8.10 (1H, dd, J 8.6, 1.8), 7.93 (1H, d, J 

8.1), 7.87 (2H, dd, J 8.4, 4.4), 7.70 (1H, dd, J 6.8, 1.0), 7.57 (2H, dtd, J 16.2, 6.9, 

1.2), 7.29 – 7.22 (4H, m), 7.18 (2H, ddd, J 14.4, 8.2, 2.6), 7.13 (1H, s), 7.06 (2H, dd, 
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J 6.4, 2.9), 5.27 (2H, s), 4.55 (2H, s) ppm. 13C NMR (126 MHz, CDCl3) δ 197.99, 

137.56, 136.68, 135.65, 134.09, 132.62, 130.41, 129.75, 128.83, 128.55, 128.51, 

128.19, 127.86, 127.67, 127.46, 126.85, 126.82, 124.51, 122.14, 119.63, 119.15, 

109.95, 108.37, 50.11, 35.89 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C27H21NNaO: 398.1515, found: 398.1515. 

 

(E)-1-(1-Benzyl-1H-indol-3-yl)pent-3-en-2-one (5cg) 

1H NMR (500 MHz, CDCl3) δ 7.59 (1H, d, J 7.8), 7.38 – 7.23 (4H, m), 7.20 (1H, t, 

J 7.1), 7.14 (3H, dd, J 12.3, 7.3), 7.08 (1H, s), 6.98 (1H, dq, J 18.2, 6.9), 6.25 (1H, 

dd, J 15.6, 1.6), 5.31 (2H, s), 3.94 (2H, s), 1.86 (3H, dd, J 6.9, 1.6) ppm. 13C NMR 

(126 MHz, CDCl3) δ 197.77, 143.19, 137.60, 136.75, 130.68, 128.88, 128.27, 127.74, 

127.36, 126.95, 122.12, 119.60, 119.14, 109.91, 108.15, 50.15, 37.86, 18.37 ppm. 

HRMS (ESI): m/z [M+Na]+ calcd for C20H19NNaO: 312.1359, found: 312.1359. 

 

1-(1-Methyl-2-phenyl-1H-indol-3-yl)butan-2-one (5sb) 

1H NMR (500 MHz, CDCl3) δ 7.57 – 7.50 (3H, m), 7.48 (1H, dd, J 10.3, 4.4), 7.44 

– 7.35 (3H, m), 7.32 – 7.27 (1H, m), 7.18 (1H, td, J 7.5, 0.8), 3.75 (2H, s), 3.64 (3H, 

s), 2.40 (2H, q, J 7.3), 0.97 (3H, t, J 7.3) ppm. 13C NMR (126 MHz, CDCl3) δ 210.28, 



102 

139.38, 137.38, 131.57, 130.66, 128.72, 128.54, 127.77, 122.19, 119.93, 119.04, 

109.62, 106.44, 39.57, 34.76, 31.03, 7.95 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C19H19NNaO: 300.1359, found: 300.1359. 

 

2-(1-Benzyl-1H-indol-3-yl)pentan-3-one (5yb) 

1H NMR (500 MHz, CDCl3) δ 7.60 (1H, d, J 7.9), 7.36 – 7.23 (4H, m), 7.19 (1H, t, 

J 7.3), 7.12 (3H, dd, J 16.3, 7.9), 7.00 (1H, s), 5.29 (2H, s), 4.04 (1H, q, J 7.0), 2.58 

– 2.30 (2H, m), 1.49 (3H, d, J 7.0), 0.96 (3H, t, J 7.3) ppm. 13C NMR (126 MHz, 

CDCl3) δ 212.53, 137.51, 136.93, 128.92, 127.79, 127.37, 126.90, 126.04, 122.22, 

119.66, 119.28, 115.16, 110.03, 50.21, 43.97, 33.53, 17.13, 8.28 ppm. HRMS (ESI): 

m/z [M+Na]+ calcd for C20H21NNaO: 314.1515, found: 314.1515. 

 

tert-Butyl (1-(1-benzyl-1H-indol-3-yl)-2-oxobutyl)carbamate (5zb) 

1H NMR (500 MHz, CDCl3) δ 7.60 (1H, d, J 7.9), 7.32 – 7.22 (4H, m), 7.18 (1H, t, 

J 7.5), 7.14 (1H, s), 7.12 (1H, d, J 6.6), 7.07 (2H, d, J 6.7), 5.64 (2H, m), 5.26 (2H, 

s), 2.60 – 2.38 (2H, m), 1.40 (9H, s), 0.99 (3H, t, J 7.3) ppm. 13C NMR (126 MHz, 

CDCl3) δ 207.69, 155.30, 137.00, 136.97, 128.93, 127.90, 127.90, 126.91, 126.51, 
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122.59, 120.29, 119.35, 110.55, 110.21, 79.74, 56.39, 50.28, 32.96, 28.46, 8.01 ppm. 

HRMS (ESI): m/z [M+H]+ calcd for C24H29N2O3: 393.2173, found: 393.2167. 

 

4-(1-Benzyl-1H-indol-3-yl)hept-6-en-3-one (5zab) 

1H NMR (500 MHz, CDCl3) δ 7.66 (1H, d, J 7.7), 7.29 (4H, t, J 8.0), 7.18 (2H, dt, J 

14.7, 7.1), 7.09 (2H, d, J 6.8), 7.03 (1H, s), 5.79 (1H, dt, J 24.0, 12.0), 5.31 (2H, s), 

5.06 (1H, d, J 17.0), 4.98 (1H, d, J 10.2), 4.03 (1H, t, J 7.5), 2.89 (1H, dt, J 14.5, 

7.3), 2.65 – 2.34 (3H, m), 0.98 (3H, t, J 7.3) ppm. 13C NMR (126 MHz, CDCl3) δ 

211.12, 137.46, 136.85, 136.56, 128.89, 127.77, 127.52, 126.79, 126.65, 122.21, 

119.70, 119.28, 116.41, 112.85, 110.04, 50.17, 49.55, 36.14, 34.60, 8.13 ppm. 

HRMS (ESI): m/z [M+H]+ calcd for C22H24NO: 318.1852, found: 318.1853. 

 

1-(1-Benzyl-1H-indol-2-yl)butan-2-one (5zbb) 

1H NMR (500 MHz, CDCl3) δ 7.62 (1H, d, J 7.6), 7.34 – 7.19 (4H, m), 7.15 (2H, dt, 

J 14.7, 7.0), 6.95 (2H, d, J 7.0), 6.49 (1H, s), 5.33 (2H, s), 3.77 (2H, s), 2.45 (2H, q, 

J 7.3), 0.97 (3H, t, J 7.3) ppm. 13C NMR (126 MHz, CDCl3) δ 207.64, 137.73, 137.63, 

133.34, 128.91, 128.01, 127.53, 126.11, 121.83, 120.42, 119.99, 109.77, 102.94, 

46.86, 41.77, 35.03, 7.72 ppm. HRMS (ESI): m/z [M+Na]+ calcd for C19H19NNaO: 

300.1359, found: 300.1359. 
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1-(1,3-Dimethyl-1H-indol-2-yl)butan-2-one(5zcb-C2) & 1-(1,2-Dimethyl-1H-

indol-3-yl)butan-2-one (5zcb-C3) 

Regioisomers were obtained in 5zcb-C2 and 5zcb-C3 at a ratio of 4:3, respectively. 

1H NMR (500 MHz, CDCl3) δ 7.56 (1H, d, J 7.9, 5zcb-C2), 7.49 (0.72H, d, J 6.9, 

5zcb-C3), 7.28 (1.81H, d, J 7.7), 7.25 – 7.16 (1.70H, m), 7.16 – 7.08 (1.66H, m), 

3.84 (2H, s, 5zcb-C2), 3.75 (1.45H, s, 5zcb-C3), 3.68 (2.15H, s, 5zcb-C3), 3.64 (3H, 

s, 5zcb-C2), 2.45 (3.44H, qd, J 7.3, 1.6), 2.39 (2.15H, s, 5zcb-C3), 2.34 (3H, s, 5zcb-

C2), 1.01 (5.17H, dt, J 16.6, 7.3) ppm. 13C NMR (126 MHz, CDCl3) δ 210.03, 207.96, 

137.15, 136.79, 134.58, 129.63, 128.28, 127.72, 121.63, 121.02, 119.41, 119.04, 

118.61, 117.89, 108.98, 108.85, 108.72, 104.28, 39.71, 39.35, 34.83, 34.38, 30.02, 

29.72, 10.49, 9.16, 7.92, 7.73 ppm. HRMS (ESI): m/z [M+Na]+ calcd for 

C14H17NNaO: 238.1202, found: 238.1202.  
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2.4.6 Optimization of reaction conditions 

Table 2.6 Optimization of the reaction with 1a and 2aa 
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Table 2.7 Evaluation of other Ni sourcesa 
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Table 2.8 Attempted enantioselective arylation with chiral ligands 

 

 

All reactions performed in the presence of a chiral ligand did not show the required 

level of reactivity in the first place. Hence, the enantioselective benzylic 

functionalization has been excluded from the scope of the current study. 
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Table 2.9 Attempted enantioselective acylation with chiral ligands 

 

 

All reactions performed in the presence of a chiral ligand did not show the required 

level of reactivity in the first place. Hence, the enantioselective benzylic 

functionalization has been excluded from the scope of the current study. 
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Table 2.10 Unsuccessful substrates for the arylation reaction 

 

 

Table 2.11 Unsuccessful substrates for the acylation reaction 
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2.4.7 Radical trapping experiments 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped 

with a PTFE-coated stirrer bar was added the corresponding indole 1a (0.30 mmol, 

1.5 equiv), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.2 mg, 0.0020 mmol, 1.0 mol%), 

NiCl2·glyme (2.2 mg, 0.010 mmol, 5.0 mol%), 1,10-phenanthroline (2.7 mg, 0.015 

mmol, 7.5 mol%), DBU (30 μL, 0.20 mmol, 1.0 equiv), LiCl (12.7 mg, 0.30 mmol, 

1.5 equiv), aryl halide 2a (0.20 mmol, 1.0 equiv), (2,2,6,6-tetramethylpiperidine-1-

yl)oxy (93.7 mg, 0.60 mmol, 3.0 equiv) and DMA (4.0 mL). The reaction vial was 

removed from the glove box, stirred for 16 h under 34 W blue LED irradiation with 

fan cooling. At the end of the reaction, the resulting solution was transferred to a 

separatory funnel and partitioned between water (7 mL) and Et2O (20 mL). The 

organic extract was washed with water (7 mL x 2) and brine (7 mL), dried over 

MgSO4, filtered and concentrated under reduced pressure. The crude residue was 

analyzed by 1H NMR relative to 1,1,2,2-tetrachloroethane(10 μL, 0.094 mmol) as an 

external standard to determine the existence of the product 3aa.61 

In the LC-MS analysis, the product 3aa was not detected and the TEMPO-indole 

adduct was detected. This indicates that the reaction indeed proceeds through a 

radical pathway and that the indole radical is generated during the reaction. Figure 

2.3 depicts the selective ion chromatogram with peaks showing molecular weight 
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values of 301.23. The peak eluting at 13.120 min was determined to be the TEMPO-

indole adduct. The mass spectrum is shown in Figure 2.3. 

 
Figure 2.2 1H-NMR spectrum of the crude reaction mixture 

 

 
Figure 2.3 LC-MS spectrum of the crude mixture showing ions of mass 301.2  
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2.4.8 Control experiments to exclude the HAT process 

Giese addition with LiCl 

For the experiments shown in Scheme 2.3A, the following procedure was employed. 

 

The reaction was set up in a nitrogen-filled glove box. To a 4 mL vial equipped with 

a PTFE-coated stirring bar was added the corresponding indole 1a (14.6 mg, 0.10 

mmol, 1.0 equiv), methyl acrylate (10.8 μL, 0.12 mmol, 1.2 equiv), 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (1.1 mg, 0.0010 mmol, 1.0 mol%), DBU (15 μL, 0.10 

mmol, 1.0 equiv), LiCl (6.3 mg, 0.15 mmol, 1.5 equiv), and DMF (2.0 mL). The 

reaction vial was removed from the glove box, stirred for 16 h under 34 W blue LED 

irradiation with fan cooling. At the end of the reaction, the resulting solution was 

transferred to a separatory funnel and partitioned between water (7 mL) and Et2O 

(20 mL). The organic extract was washed with water (7 mL x 2) and brine (7 mL), 

dried over MgSO4, filtered and concentrated under reduced pressure. The crude 

residue was analyzed by 1H NMR relative to 1,1,2,2-tetrachloroethane as an external 

standard. 
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Stoichiometric experiment with [Ni]-1 

The oxidative addition complex [Ni]-1 was prepared following the literature 

procedure.53 For the experiments shown in Scheme 2.3B, the following procedure 

was employed. 

 

Table 2.12 Stoichiometric experiment result of nickel complex [Ni]-1 with various 

oxidants and additives 

 

 

The reaction was set up in a nitrogen-filled glove box. To a 4 mL vial equipped 

with a PTFE-coated stirring bar was added the corresponding [Ni]-1 (25 mg, 0.050 

mmol, 1.0 equiv), indole 1a (7.3 mg, 0.050 mmol, 1.0 equiv), oxidant (0.050 mmol, 

1.0 equiv), LiCl (42.39 mg, 1.0 mmol, 20 equiv), DBU (7.5 μL, 0.050 mmol, 1.0 

equiv), and DMF (2.0 mL). The reaction vial was removed from the glove box, 
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stirred for 16 h under 34 W blue LED irradiation with fan cooling. At the end of the 

reaction, the resulting solution was transferred to a separatory funnel and partitioned 

between water (7 mL) and Et2O (20 mL). The organic extract was washed with water 

(7 mL x 2) and brine (7 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. The crude residue was analyzed by 1H NMR relative to 1,1,2,2-

tetrachloroethane as an external standard. 

 

2.4.9 Fluorescence quenching experiment (Stern–Volmer relationship) 

Fluoresence quenching experiment was conducted with 25 μM 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 in DMA. Various substrates were used as quenchers 

(see below in more detail). Samples were excited at 400 nm and peak emissions were 

recorded at 500 nm to construct the Stern–Volmer regression. 

 

Figure 2.4 Stern–Volmer quenching study with 1,3-dimethyl-1H-indole, 1a 

 

Figure 2.5 Stern–Volmer quenching study with LiCl 
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Figure 2.6 Stern–Volmer quenching studies with various indoles and other 

heterocyclic compounds  

 

2.4.10 Electrochemical characterizations 

The electrochemical properties of the substrates and the photocatalyst were 

characterized by standard cyclic voltammetry (CV) techniques. The samples were 

dissolved in Ar-saturated CH3CN (10 mL) to a concentration of 10.0 mM 

photocatalyst and 5.0 mM other substrates. The solution contained 0.10 M TBAPF6 
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supporting electrolyte. A three-electrode cell assembly consisting of a glassy carbon 

(GC) working electrode, a Pt coiled counter electrode, and Ag/AgCl pseudo 

reference electrode was employed for the voltammetric measurements. All cyclic 

voltammogram data (grey line) were obtained in Ar-saturated CH3CN. The dotted 

line is an electrochemical response of a blank CH3CN solution. The photoexcitation 

wavelength was 400 nm. 

 

Procedure for Ir[dF(CF3)ppy]2(dtbbpy)PF6  

The cyclic voltammogram was acquired at a scan rate of 0.10 V s-1 and a scan range 

of ‒1.8 to 0.0 V. The excited-state reduction potential of Ir[dF(CF3)ppy]2(dtbbpy)PF6 

was calculated from the triplet state energy (2.57 eV) and ground-state redox 

potential. The cyclic voltammograms indicate that a reversible reduction has 

occurred at ‒1.32 V vs. Ag/AgCl. As a result, the excited-state reduction potential 

of Ir[dF(CF3)ppy]2(dtbbpy)PF6 is +1.24 V vs. Ag/AgCl. 

 

 

Figure 2.7 The cyclic voltammograms (left) and the phosphorescence spectrum 

(right) of 10.0 mM of [Ir] 
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Procedure for 1,3-dimethyl-1H-indole (1a) 

The cyclic voltammogram was acquired at a scan rate of 0.10 V s-1 and a scan range 

of 0.0 to +2.0 V. The cyclic voltammograms indicates that an irreversible oxidation 

occurred at +1.00 V vs. Ag/AgCl. 

 

Figure 2.8 The cyclic voltammograms (grey line) of 5.0 mM of 1,3-dimethyl-1H-

indole 

 

Procedure for tert-butyl 3-methyl-1H-indole-1-carboxylate (1h) 

The cyclic voltammogram was acquired at a scan rate of 0.10 V s-1 and a scan range 

of 0.0 to +2.0 V. The cyclic voltammograms indicates that an irreversible oxidation 

occurred at +1.49 V vs. Ag/AgCl. 

 

Figure 2.9 The cyclic voltammograms (grey line) of 5.0 mM of tert-butyl 3-methyl-

1H-indole-1-carboxylate 
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Procedure for lithium chloride (LiCl) 

The cyclic voltammogram was acquired at a scan rate of 0.10 V s-1 and a scan range 

of 0.0 to +2.5 V. The cyclic voltammograms indicates that an irreversible oxidation 

occurred at +1.31 V vs. Ag/AgCl. 

 

Figure 2.10 The cyclic voltammograms (grey line) of 5.0 mM of lithium chloride 

 

Procedure for 3-methyl-1-(triisopropylsilyl)-1H-pyrrole (7c) 

The cyclic voltammogram was acquired at a scan rate of 0.10 V s-1 and a scan range 

of 0.0 to +2.0 V. The cyclic voltammograms indicates that an irreversible oxidation 

occurred at +1.32 V vs. Ag/AgCl. 

 

Figure 2.11 The cyclic voltammograms (grey line) of 5.0 mM of 3-methyl-1-

(triisopropylsilyl)-1H-pyrrole 
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2.4.11 Kinetic isotope effect (KIE) experiment 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped 

with a PTFE-coated stirrer bar was added the corresponding indole 1a (0.30 mmol, 

1.5 equiv) deutrated indole D-1a (0.30 mmol, 1.5 equiv), Ir[dF(CF3)ppy]2(dtbpy)PF6 

(2.2 mg, 0.0020 mmol, 1.0 mol%), NiCl2·glyme (2.2 mg, 0.010 mmol, 5.0 mol%), 

1,10-phenanthroline (2.7 mg, 0.015 mmol, 7.5 mol%), DBU (30 μL, 0.20 mmol, 1.0 

equiv), LiCl (12.7 mg, 0.30 mmol, 1.5 equiv) the corresponding aryl halide 2c (0.20 

mmol, 1.0 equiv), and DMA (4.0 mL). The reaction vial was removed from the glove 

box, stirred for 16 h under 34 W blue LED irradiation with fan cooling. At the end 

of the reaction, the resulting solution was transferred to a separatory funnel and 

partitioned between water (7 mL) and Et2O (20 mL). The organic extract was washed 

with water (7 mL x 2) and brine (7 mL), dried over MgSO4, filtered and concentrated 

under reduced pressure. Purification by flash column chromatography led to the 72% 

of the combined arylated products. The KIE value was kH/kD=2.36 determined by 1H 

NMR spectrum (Figure 2.12). 
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Figure 2.12 1H-NMR spectrum of KIE experiment, D-3ac  
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Part II. Visible-light-induced carbon–halogen bond cleavage 

for radical generation 

Chapter 3. A tandem process for the synthesis of β-

aminoboronic acids from aziridines with haloamine 

intermediates*

 

3.1 Introduction 

Organoboronic acids are important class of compounds in synthetic chemistry. They 

act as versatile building blocks for organic reactions, but also as important motifs in 

drug discovery because of the unique structural and electronic nature of the boron 

centre.1 Among the subclasses of organoboronic acids, particular attention has been 

given to aminoboronic acids because of their potential use as bioisosteres of amino 

acids.2 Moreover, growing interest in the chemistry and biology of metabolically 

inert amino acids has stimulated synthetic demands for β-aminoboronic acids, which 

are the bioisosteres of β-amino acids (Scheme 3.1A).3 

Numerous strategies for synthesising β-aminoboronic acids have been 

developed to meet the pharmacological needs.4 Conventionally, the classic 1,2-

metallate rearrangement and its associated reactivity have played a central role in 

this field.5 However, these approaches impose fundamental issues associated with 

the use of extremely basic organometallic reagents and generation of excessive metal 

                                           
* The majority of this work has been published (Chem. Commun. 2022, 58, 3767-3770). 
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waste. Therefore, numerous alternatives have been introduced to overcome these 

shortcomings.6 One of the influential turning points was the advent of transition-

metal-catalysed methods for incorporating a boryl group into organic molecules 

(Scheme 3.1B).7 Representatively, activated π-systems, such as a C=C double bond 

or an azomethine moiety could be utilised as handles for the installation of a boron-

based functional group through transition-metal-catalysed hydroboration,8 

aminoboration,9 or addition of boryl alkyl nucleophiles (Scheme 3.1B, a–c).10 

Another important class of functional handles that allows orthogonal access to β- 

 

 

Scheme 3.1 Pharmaceutical importance and synthetic strategies of β-aminoboronic 

acids 
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aminoboronic acids via catalytic borylation is aziridine (Scheme 3.1B, d).11 The 

strained azacycle can undergo regioselective borylation via nucleophilic palladium 

catalysis. However, the reactivity latitude of this method is severely limited by the 

fact that only electronically activated and sterically uncrowded aziridines can be 

empolyed as suitable substrates. 

We envisaged that a more reactive mode of the ring-opening process would help 

overcome these limitations. Specifically, it was contemplated that a nucleophilic 

halide could serve as a transient handle for the subsequent transformation, that is, the 

introduction of a boryl group (Scheme 3.1C).12, 13 As such, incorporation of iodide 

was exploited as a central strategy to (a) activate the aziridine precursors in a more 

general manner and (b) promote the generation of a radical intermediate that can 

mediate borylation via various established protocols. Among these, the recently 

emerging approach based on photochemical reactivity is believed to enable the 

construction of the desired C–B bond under environmentally friendly and mild 

conditions.14 Herein, we present a novel synthetic strategy for β-aminoboronic acids 

from aziridines via a combination of nucleophilic ring-opening with iodide and 

visible-light-mediated radical borylation. The tandem process can be applied to 

prepare β-aminoboronic acid derivatives with unprecedented substitution patterns. 
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3.2 Results and discussion 

3.2.1 Evaluation of reaction parameters 

Table 3.1 Evaluation of reaction parametersa 

 

Entry Conditions Yield (%)b 

1 As shown 80 (26)c 

2 1.0, 2.0 or 3.0 equiv of B2cat2 45–69 

3 TBAI, LiI, or NaI instead of NH4I 42–59 

4 No light 0 

5 B2pin2, B2neop2, or B2(OH)4 instead of B2cat2 0 

 

a Reaction conditions: 1a (0.10 mmol), 4CzIPN (1.0 mol%), NH4I (0.20 mmol), B2cat2 (0.40 

mmol) and DMF (0.20 M) irradiated with 34 W blue LEDs (456 nm); pinacol (0.7 mmol), 

TEA (1.0 M). b Yields were determined by 1H NMR analysis using 1,1,2,2-tetrachloroethane 

as an internal standard. c The reaction was performed without 4CzIPN. 4CzIPN=1,2,3,5-

tetrakis(carbazol-9-yl)-4,6-dicyanobenzene, TBAI=tetrabutylammonium iodide. 

 

At the outset of the investigation, we explored the reactivity of 2-n-butyl-1-

tosylaziridine (1a) with bis(catecholato)diboron (B2cat2) to promote the formation of 

aminoboronic acid in the corresponding pinacol ester form (3a) (Table 3.1).15 We 

noted that ammonium iodide in N,N-dimethylformamide (DMF) mediates the 

desired transformation upon light irradiation. It was shown that the use of a 4CzIPN 
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photocatalyst and 4 equivalents of the boron source is important for achieving the 

high efficiency of the reaction (entry 1 and 2). Other sources of iodide were not as 

competent as ammonium iodide (entry 3). In addition, a control experiment revealed 

that light irradiation was essential for the success of the developed method (entry 4). 

Significantly, the replacement of B2cat2 with other diboron reagents, such as 

bis(pinacolato)diboron (B2pin2), bis(neopentyl glycolato)diboron (B2neop2), or 

tetrahydroxy diboron (B2(OH)4), completely inhibited the desired reactivity, 

suggesting the unique contribution of B2cat2 (entry 5).14a 

 

3.2.2 Sequential ring opening and radical borylation of aziridines 

With the optimsed conditions in hand, we examined the applicability of the protocol 

to a variety of aziridines (Table 3.2). In addition to 3a, the significantly more 

lipophilic 2-n-dodecylaziridine provided the desired product in a good yield (3b). 

Sterically demanding 2-isobutyl aziridine and 2-cyclohexyl aziridine also underwent 

borylation in practical yields (3c and 3d). The C=C double bond was compatible 

with the optimised conditions (3e), and substrates containing ester or phenoxy 

substituents also provided the desired products (3f and 3g). Products with aromatic 

substituents, such as benzyl or homobenzyl groups, were formed in useful yields (3h 

and 3i). Interestingly, aziridines derived from styrene derivatives delivered the 

corresponding β-aminoboronic acids as a mixture of regioisomers (3j’ – 3m’). This 

process favoured the formation of branched products, presumably due to the 

preferential nucleophilic attack of iodide at the benzylic position of the aziridine. 

Furthermore, the modified reaction conditions without the photocatalytic system 

proved to be superior in terms of product formation for this class of substrates.16 
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Importantly, an extended π-system and halogen substituent on the arene were 

tolerated (3l’ and 3m’). Moreover, 2,3-disubstituted aziridines are compatible 

precursors capable of affording the 1,2-disubstituted β-aminoboronic acids, which 

are a class of products that are difficult to obtain using other methods. The bicyclic 

aziridines, containing either a cyclohexyl or a cyclopentyl moiety, could be 

selectively transformed into a single trans diastereomer (3n and 3o). 

 

Table 3.2 Sequential ring opening and radical borylation of aziridinesa 

 

a Reaction conditions: 1a (0.20 mmol), 4CzIPN (1.0 mol%), NH4I (0.40 mmol), B2cat2 (0.80 

mmol) and DMF (0.20 M) irradiated with 34 W blue LEDs (456 nm); pinacol (0.7 mmol), 

TEA (1.0 M). b The reaction was performed without 4CzIPN c The desired product was 

converted to the corresponding alcohol by reaction with sodium perborate tetrahydrate 

(NaBO3·4H2O). All yields are the yield of the isolated products. b=branched isomer, l=linear 

isomer. 
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Scheme 3.2 Transformation of β-aminoboronic acid, 3a 

 

The synthetic utility of the developed method was demonstrated by 

functionalising the boronic acid moiety of the β-aminoboronic acid product (Scheme 

3.2).5c After straightforward alkylation of the nitrogen atom, the product was 

successfully subjected to the Suzuki–Miyaura cross-coupling reaction with 

bromobenzene (4a). Moreover, the product could be conveniently converted to its 

trifluoroborate salt form, which is another class of versatile and bench-stable 

synthetic intermediates for organic reactions (5a).17 

 

3.2.3 Mechanistic studies 

Mechanistic studies were then conducted to analyse the reactive intermediates of the 

reaction (Scheme 3.3). First, we examined the nucleophilic ring-opening process of 

aziridines using iodide as a nucleophile (Scheme 3.3A-1). Contrary to our 

expectations, virtually no β-iodoamine intermediate was formed when the aziridine 

substrates were treated with ammonium iodide alone without light irradiation (eq. 1). 

Instead, most of the starting material remained intact. Control experiments showed 
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that the presence of B2cat2 was crucial for the successful formation of the iodide 

intermediate (eq. 2). It is speculated that the strongly Lewis acidic boron centre of 

B2cat2 helps activate the ring-opening step of the overall process.  

 

 

Scheme 3.3 Mechanistic studies 

 

Next, the role of β-iodoamine as a direct precursor to provide the product was 

assessed by subjecting the intermediate to borylation conditions (Scheme 3.3A-2). 

Interestingly, although the use of photocatalyst improved the efficiency of the 

borylation process for the intermediate with an aliphatic substituent (3a’, eq. 3), it 

did not significantly affect the efficiency for the substrates with an aromatic 

substituent (3j’, eq. 4). Therefore, the photocatalytic system was excluded for the 
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transformation of 2-arylaziridine substrates. Finally, the radical clock experiment 

was performed to examine the involvement of the radical pathway in the 

transformation (Scheme 3.3B). The cyclised product (7u’) was formed under 

standard conditions, suggesting the formation of a radical intermediate. However, 

the substantial formation of 3u’ also indicates that the trapping of a primary carbon-

centred radical with B2cat2 is a competitive process (3.8  106 M-1 s-1 for borylation 

vs. 2.3  105 s-1 for 5-exo-trig cyclisation).14a 

 

3.2.4 Plausible mechanistic scenario 

Based on these results and previous reports, a plausible reaction mechanism was 

proposed (Figure 3.1). First, the nucleophilic ring opening of aziridine, assisted by 

the Lewis acidity of the boron source, forms a β-iodoamine intermediate (Int-1). The 

generated Int-1 is transformed to the corresponding radical intermediate (Int-2) via 

light-mediated C–I bond homolysis. The subsequent homolytic substitution of the 

B2cat2-DMF complex14a, 18 provided the adduct radical (Int-3). Finally, the 

fragmentation of Int-3 by cleavage of the B–B bond affords the desired β- 

aminoboronate product (2) and the DMF-complexed boryl radical (Int-4). This 

reactive radical intermediate, Int-4, could generate Int-2 through iodine atom 

transfer from Int-1. Alternatively, Int-4 can undergo electron transfer to the 

photocatalyst with concomitant iodide addition. The reduced photocatalyst (PC•–) 

could also generate the reactive intermediate Int-2 via a single-electron transfer 

process, regenerating the previous state.19 
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Figure 3.1 Plausible mechanistic scenario 

 

3.3 Conclusion 

In conclusion, we have developed a novel strategy for the synthesis of β-

aminoboronic acids. The aziridine ring-opening reaction by using nucleophilic 

iodide sets off a cascade process, in which an in situ-generated haloamine 

intermediate serves as a precursor for subsequent radical borylation. The developed 

protocol enabled the preparation of β-aminoboronic acids from various types of 

substrates that were not suitable for previous approaches. Eventually, the method has 

successfully expanded the synthetic utility of aziridines compared to previous 

methods. During our investigation, an unexpected participation of B2cat2 in the 

aziridine opening step was identified, which critically facilitated the overall 

transformation. The finding will eventually contribute to drug design processes that 

are based on β-aminoboronic acids, a pharmaceutically important motif.  
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3.4 Experimental section 

3.4.1 General experimental details  

Unless otherwise noted, all reactions were performed under inert conditions. 

Analytical TLC was performed on a Merck 60 F254 silica gel plates (0.25mm 

thickness), and visualized either using UV light (254 nm) or by staining with 

potassium permanganate and heating. Column chromatography was performed on 

Merck 60 silica gel (230–400 mesh). NMR spectroscopy experiments were 

conducted with a Varian 400 and 500 MHz or a Bruker 300 MHz system. NMR 

spectra were processed with ACD NMR Processor or MestReNova. Chemical shifts 

are reported in ppm and referenced to residual solvent peaks (CHCl3 in CDCl3: 7.26 

ppm for 1H, 77.16 ppm for 13C). Coupling constants are reported in Hertz. 

Deuterated compounds were purchased from Cambridge Isotope Laboratories, Inc. 

All anhydrous solvents and chemicals were purchased from commercial sources 

(Sigma-Aldrich, Acros, Alfa Aesar, TCI, or Strem) and used without further 

purification. 34 W Blue LED lamps purchased from Kessil (Kessil H150 Grow 

Light-Blue) were used for all the visible light photocatalytic reactions. High-

resolution mass spectrometry (HRMS) was performed at the Organic Chemistry 

Research Center in Sogang University or at the Chemistry Core Facility in Seoul 

National University using the ESI method. 
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3.4.2 Optimisation of reaction conditions 

Table 3.3 Optimisation of reaction conditions 

 

Entry Conditions Yield (%) 

1 As shown 80 (26) 

2 1.0 equiv of B2cat2 45 

3 2.0 equiv of B2cat2 60 

4 3.0 equiv of B2cat2 69 

5 TBAI instead of NH4I 52 

6 KI instead of NH4I 30 

7 NaI instead of NH4I 42 

8 LiI instead of NH4I 59 

9 No light N.D. 

10 B2pin2, B2neop2, or B2(OH)4 instead of B2cat2 N.D. 

11 NBoc instead of NTs N.D. 

12 NCbz instead of NTs N.D. 

13 NNs instead of NTs N.D. 
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3.4.3 General procedure for synthesis of aziridines 

General procedure A20 

 

A flame-dried round bottom flask equipped with a stir bar was charged with 

chloramine-T trihydrate (5.0 g, 20 mmol, 1.1 equiv) and trimethylphenylammonium 

tribromide (0.75 g, 2.0 mmol, 0.1 equiv) and dissolved in MeCN (25 mL, 0.80 M). 

Alkene (20 mmol, 1.0 equiv) was added and the mixture was stirred at room 

temperature for 24 h. The reaction mixture was concentrated in vauco, dissolved in 

a minimal amount of DCM and filtered through a short silica gel colunm eluting with 

1:9 EtOAc/hexane (150 mL). The solvent was removed and the reside was dissolved 

in MeCN (15 mL). Anhydrous potassium carbonate (11.0 g, 80 mmol, 4.0 equiv) was 

added and the mixture was stirred at 45 °C for 2 h. The reaction was concentrated to 

dryness and Et2O was added. The solution was filtered through a pad of Celite eluting 

with Et2O, and concentrated to dryness. The crude mixture was purified by flash 

column chromatography on silica gel, eluting with a mixture of EtOAc in hexanes 

to give the corresponding compounds.  

 

General procedure B21 
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A flame-dried round bottom flask equipped with a stir bar was charged with 

manganese sulfate monohydrate (168 mg, 1.0 mmol, 0.05 equiv), p-

toluenesulfonamide (3.42 g, 20 mmol, 1.0 equiv) and N-bromosuccinimide (3.92g, 

1.1 equiv) and dissolved in CH2Cl2 (25 mL, 0.8 M). Alkene (20 mmol, 1.0 equiv) 

was added and the mixture was stirred at room temperature for 24 h. Anhydrous 

potassium carbonate (11.0 g, 80 mmol, 4.0 equiv) was added and the mixture was 

stirred at room temperature for 2 h. The reaction mixture was diluted with CH2Cl2 

and H2O, and the aqueous layer was extracted with CH2Cl2 (2 times). The combined 

organic layer was dried over anhydrous Na2SO4 and the filterate was concentrated to 

dryness. The crude mixture was purified by flash column chromatography on silica 

gel, eluting with a mixture of EtOAc in hexanes to give the corresponding 

compounds . 

 

General procedure C22 

 

A flame-dried round bottom flask equipped with a stir bar was charged with 

tetrakis(acetonitrile)copper(I) hexafluorophosphate (372 mg, 1.0 mmol, 0.1 equiv), 

p-toluenesulfonamide (1.71 g, 10 mmol, 1.0 equiv) and activated 3 Å molecular 

sieves (1.0 g/mmol alkene) and dissolved in MeCN (20 mL, 0.5 M). Alkene (10 

mmol, 1.0 equiv) was added and the mixture was cooled to 0 °C, then iodosylbenzene 

(3.08 g, 14 mmol, 1.4 equiv) was added in one portion. The mixture was allowed to 

warm to room temperature and stirred overnignt. The reaction mixture was filtered 
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through a pad of Celite and the filterate was concentrated to dryness. The crude 

mixture was purified by flash column chromatography on silica gel eluting with a 

mixture of EtOAc in hexanes to give the corresponding compounds . 

 

General procedure D23 

 

A flame-dried round bottom flask equipped with a stir bar was charged with 

benzyltriethylammonium chloride (228 mg, 1.0 mmol, 0.05 equiv), iodine (507 mg, 

2.0 mmol, 0.1 equiv) and chloramine-T (5.0 g, 22 mmol, 1.1 equiv) and dissolved in 

2:1 CH2Cl2/H2O (25 mL, 0.8 M). Alkene (20 mmol, 1.0 equiv) was added and the 

mixture was stirred at room temperature for 24 h. The reaction mixture was treated 

with a saturated aq. Na2S2O3 (10 mL) and the aqueous layer was extracted with 

CH2Cl2 (3 times). The combined organic layer was dried over anhydrous Na2SO4 and 

concentrated to dryness. The crude mixture was purified by flash column 

chromatography on silica gel eluting with a mixture of EtOAc in hexanes to give the 

corresponding compounds. 

 

3.4.4 General procedure for photoinduced borylation of aziridines 

General procedure E 
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The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aziridine 1 (0.20 mmol, 1.0 

equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), NH4I (58 mg, 0.80 mmol, 2.0 

equiv), B2cat2 (190 mg, 0.80 mmol, 4.0 equiv), and DMF (1.0 mL, 0.20 M). The 

reaction vial was removed from the glove box, stirred under 34 W blue LED 

irradiation. After 4 h, a solution of pinacol (0.70mmol., 3.5 equiv) in triethylamine 

(1.0 M) was added to the mixture and stirred for an additional 1.5 h. The reaction 

mixture was transferred to a separatory funnel and partitioned between water (7 mL) 

and Et2O (20 mL). The organic layer was washed with water (7 mL x 3), dried over 

anhydrous Na2SO4 and concentrated to dryness. The crude mixture was purified by 

flash column chromatography on silica gel eluting with a mixture of EtOAc in 

hexanes to give the desired products.  

 

General procedure F 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aziridine 1 (0.20 mmol, 1.0 

equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), NH4I (58 mg, 0.80 mmol, 2.0 

equiv), B2cat2 (190 mg, 0.80 mmol, 4.0 equiv), and DMF (1.0 mL, 0.20 M). The 



147 

reaction vial was removed from the glove box, stirred under 34 W blue LED 

irradiation. After 4 h, NaBO3·4H2O in THF/H2O (0.30M) was added to the mixture 

and stirred for an additional 3 h. The reaction mixture was transferred to a separatory 

funnel and partitioned between water (7 mL) and Et2O (20 mL). The organic layer 

was washed with water (7 mL x 3), dried over anhydrous Na2SO4 and concentrated 

to dryness. The crude mixture was purified by flash column chromatography on 

silica gel eluting with a mixture of EtOAc in hexanes to give the desired products. 
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3.4.5 Instability evaluation of β-aminoboronate products 

Table 3.4 Yield decreasing trend according to the number of isolations 

 

Table 3.5 Comparison of the yields of isolated products 
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3.4.6 Investigation of modified reaction conditions for aziridines derived from 

styrene 

The reaction of styrene derived aziridine under photocatalytic conditions 

(General procedure F) 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aziridine 1 (0.20 mmol, 1.0 

equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), NH4I (58 mg, 0.80 mmol, 2.0 

equiv), B2cat2 (190 mg, 0.80 mmol, 4.0 equiv), and DMF (1.0 mL, 0.20 M). The 

reaction vial was removed from the glove box, stirred under 34 W blue LED 

irradiation. After 4 h, NaBO3·4H2O in THF/H2O (0.30M) was added to the mixture 

and stirred for an additional 3 h. The reaction mixture was transferred to a separatory 

funnel and partitioned between water (7 mL) and Et2O (20 mL). The organic layer 

was washed with water (7 mL x 3), dried over anhydrous Na2SO4 and concentrated 

to dryness. The crude residue was analyzed by 1H NMR relative to 1,1,2,2-

tetrachloroethane (10 μL, 0.094 mmol) as an external standard. 
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Control experiments of 1j with iodide salts and photocatalyst under blue light 

irradiation 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aziridines (1) (0.20 mmol, 

1.0 equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), NH4I (58 mg, 0.80 mmol, 2.0 

equiv) and DMF (1.0 mL, 0.20 M). The reaction vial was removed from the glove 

box, stirred for 4 h under 34W blue LED irradiation. The reaction mixture was 

transferred to a separatory funnel and partitioned between water (7 mL) and Et2O 

(20 mL). The organic layer was washed with water (7 mL x 3), dried over anhydrous 

Na2SO4 and concentrated to dryness. The crude residue was analyzed by 1H NMR 

relative to 1,1,2,2-tetrachloroethane (10 μL, 0.094 mmol) as an external standard. 

The result showed that virtually neither iodiamine intermediate nor 1j remained. 

This observation suggested that the presence of the photocatalytic system not only 

prevented the generation of β-iodoamine intermediate, but also had a destructive 

effect on the entire system by decomposing the starting material.  
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3.4.7 A summary of reactions with challenging substrates 

Table 3.6 A summary of experimental trials with challenging substrates 

 

 

Table 3.7 Postulation of inhibition effect of alcohols and control experiments with 

alcohol additives 
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In evaluating the reactivity of the developed conditions, we applied not only 

aziridines but also epoxides as the strained cyclic compounds. However, this class 

of compounds did not show the required level of reactivity in the first place. We 

hypothesized that the generation of the alcohol (or the alkoxide form thereof) during 

the reaction could inhibit the further process by coordination to a vacant p orbital of 

the boron reagent. To evaluate our postulation, control experiments were conducted 

on the modified reaction condition with 1a. The yield of the corresponding β-amino 

alcohol, 3a’, was diminished by treatment of additional alcohol additives. As a result, 

the postulated effect of alcohol may affect the efficiency of the reaction. 

 

3.4.8 Mechanistic studies 

Ring opening experiments with iodide salts 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aziridines (1) (0.20 mmol, 

1.0 equiv), NH4I (58 mg, 0.80 mmol, 2.0 equiv), and DMF (1.0 mL, 0.20 M). The 

reaction vial was removed from the glove box, stirred for 4 h at room temperature. 

The reaction mixture was transferred to a separatory funnel and partitioned between 

water (7 mL) and Et2O (20 mL). The organic layer was washed with water (7 mL x 
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3), dried over anhydrous Na2SO4 and concentrated to dryness. The crude residue was 

analyzed by 1H NMR relative to 1,1,2,2-tetrachloroethane (10 μL, 0.094 mmol) as 

an external standard. 

 

Ring opening experiments with iodide salts and B2cat2 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aziridines (1) (0.20 mmol, 

1.0 equiv), NH4I (58 mg, 0.80 mmol, 2.0 equiv), B2cat2 (190 mg, 0.80 mmol, 4.0 

equiv), and DMF (1.0 mL, 0.20 M). The reaction vial was removed from the glove 

box, stirred for 4 h at room temperature. The reaction mixture was transferred to a 

separatory funnel and partitioned between water (7 mL) and Et2O (20 mL). The 

organic layer was washed with water (7 mL x 3), dried over anhydrous Na2SO4 and 

concentrated to dryness. The crude residue was analyzed by 1H NMR relative to 

1,1,2,2-tetrachloroethane (10 μL, 0.094 mmol) as an external standard. 

 

Visible-light mediated radical borylation of N-(1-iodohexan-2-yl)-4-

methylbenzenesulfonamide 
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To an 8 mL vial equipped with a PTFE-coated stirrer bar was added 6a (76.2 mg, 

0.20 mmol, 1.0 equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), B2cat2 (190 mg, 

0.80 mmol, 4.0 equiv), and DMF (1.0 mL, 0.20 M). The reaction vial was removed 

from the glove box, stirred for 4 h under 34 W blue LED irradiation. The reaction 

mixture was transferred to a separatory funnel and partitioned between water (7 mL) 

and Et2O (20 mL). The organic layer was washed with water (7 mL x 3), dried over 

anhydrous Na2SO4 and concentrated to dryness. The crude residue was analyzed by 

1H NMR relative to 1,1,2,2-tetrachloroethane (10 μL, 0.094 mmol) as an external 

standard. 

 

Visible-light mediated radical borylation of N-(2-iodo-1 or 2-phenylethyl)-4-

methylbenzenesulfonamide 

 

To an 8 mL vial equipped with a PTFE-coated stirrer bar was added 6j (80.2 mg, 

0.20 mmol, 1.0 equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), B2cat2 (190 mg, 

0.80 mmol, 4.0 equiv), and DMF (1.0 mL, 0.20 M). The reaction vial was removed 

from the glove box, stirred for 4 h under 34 W blue LED irradiation. After 4 h, 
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NaBO3·4H2O in THF/H2O (0.30M) was added to the mixture and stirred for an 

additional 3 h. The reaction mixture was transferred to a separatory funnel and 

partitioned between water (7 mL) and Et2O (20 mL). The organic layer was washed 

with water (7 mL x 3), dried over anhydrous Na2SO4 and concentrated to dryness. 

The crude residue was analyzed by 1H NMR relative to 1,1,2,2-tetrachloroethane (10 

μL, 0.094 mmol) as an external standard. 

 

Radical cyclization experiments 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added 2-(but-3-en-1-yl)-1-tosylaziridine 1u (0.20 

mmol, 1.0 equiv), 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), NH4I (58 mg, 0.80 

mmol, 2.0 equiv), B2cat2 (190 mg, 0.80 mmol, 4.0 equiv), and DMF (1.0 mL, 0.20 

M). The reaction vial was removed from the glove box, stirred for 4 h under 34 W 

blue LED irradiation. After 4 h, NaBO3·4H2O in THF/H2O (0.30M) was added to the 

mixture and stirred for an additional 3 h. The reaction mixture was transferred to a 

separatory funnel and partitioned between water (7 mL) and Et2O (20 mL). The 

organic layer was washed with water (7 mL x 3), dried over anhydrous Na2SO4 and 

concentrated to dryness. The crude mixture was purified by flash column 

chromatography on silica gel eluting with a mixture of EtOAc in hexanes to give the 

desired amino alcohol product (37%) and cyclized amino alcohol product (18%, 

cis:trans 1.2:1.0). 
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3.4.9 Miscellaneous experiments 

Control experiment; an exclusion of aziridine to investigate what happens to the 

rest of B2cat2 

 

The reaction was set up in a nitrogen-filled glove box. To an 8 mL vial equipped with 

a PTFE-coated stirrer bar was added 4CzIPN (1.6 mg, 0.0020 mmol, 1.0 mol%), 

NH4I (58 mg, 0.80 mmol, 2.0 equiv), B2cat2 (190 mg, 0.80 mmol, 4.0 equiv), and 

DMF-d7 (1.0 mL, 0.20 M). The reaction vial was removed from the glove box, stirred 

under 34 W blue LED irradiation. The crude mixture was directly transferred to 

quartz-NMR tube after passing through a short silica filter for analysis.  

Based on 11B NMR analysis, the formation of bis(catecholato)boronate24 was 

observed as the major boron species under our reaction conditions. The existence of 

competitive pathway that undesirably consumes the diboron reagent suggests the 

necessary use of 4 equivalents of the reagent. 
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B2cat2 in DMF-d7 

 

B2cat2 with 4CzIPN and NH4I under light irradiation for 4 h in DMF-d7 

 

Figure 3.2 11B NMR studies 
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Attempts to use other protecting groups 

Table 3.8 Attempts to use other protecting groups instead of the tosyl group 

 

 

Experiment for removing tosyl group of 3h25 

 

Naphthalene (256 mg, 2.0 mmol) was added to a vigorously stirred suspension of 

sodium (46 mg, 2.0 mmol; washed free of oil in hexanes) in tetrahydrofuran (4 mL) 

under nitrogen at 25 °C. The resulting green suspension was stirred for 1 h at 25 °C, 

then transferred to a solution of 3h (40 mg, 0.1 mmol) in THF (4 mL) cooled at –

78 °C. Portion-wise addition of this suspension to the reaction solution was ceased 

upon formation of a persistent dark-green reaction solution. The dark-green solution 

was stirred at –78 °C for 1 h. Water (1 mL) was added to the solution at –78 °C. The 

resulting suspension was stirred at –78 °C for 2 min, then warmed to ambient 

temperature. The organic layer was separated and the aqueous layer was extracted 

with CH2Cl2 (5 mL x 3), dried over anhydrous Na2SO4 and concentrated to dryness.  
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3.4.10 Characterization data of synthesized compounds 

 

2-Butyl-1-tosylaziridine (1a) 

Following the general procedure A, compound 1a was prepared from 1-hexene 

(colorless oil, 60%). 

δ H (400 MHz, Chloroform-d) 7.82 (2 H, d, J 8.2), 7.33 (2 H, d, J 8.0), 2.75–2.62 (1 

H, m), 2.63 (1 H, d, J 7.0), 2.44 (3 H, s), 2.05 (1 H, d, J 4.6), 1.58–1.50 (1 H, m), 

1.38–1.28 (1 H, m), 1.27–1.18 (4 H, m), 0.81 (3 H, t, J 6.9). The identity of 

synthesized product was confirmed based on reported NMR spectra.20 

 

2-Dodecyl-1-tosylaziridine (1b) 

Following the general procedure A, compound 1b was prepared from 1-tetradecene 

(colorless oil, 51%). 

δ H (500 MHz, Chloroform-d) 7.83 (2 H, d, J 7.7), 7.33 (2 H, d, J 7.9), 2.74-2.66 (1 

H, m), 2.62 (1 H, d, J 7.0), 2.43 (3 H, s), 2.05 (1 H, d, J 4.5), 1.62–1.47 (1 H, m), 

1.44–1.07 (21 H, m), 0.91 (3 H, t, J 6.5). δ c (126 MHz, Chloroform-d) 144.23, 

135.30, 129.54, 127.94, 40.27, 33.56, 31.92, 31.28, 29.68, 29.66, 29.47, 29.45, 29.37, 

29.01, 26.76, 22.68, 21.46, 14.10. HRMS (ESI): m/z [M+Na]+ calcd for 

C21H35NNaO2S: 388.2286, found: 388.2281 
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2-Isobutyl-1-tosylaziridine (1c) 

Following the general procedure A, compound 1c was prepared from 4-methylpent-

1-ene (colorless oil, 37%). 

δ H (500 MHz, Chloroform-d) 7.83 (2 H, d, J 8.2), 7.33 (2 H, d, J 8.0), 2.82–2.76 (1 

H, m), 2.63 (1 H, d, J 7.0), 2.45 (3 H, s), 2.02 (1 H, d, J 4.6), 1.67–1.54 (1 H, m), 

1.39–1.28 (2 H, m), 0.88 (6 H, dd, J 6.7, 2.4). The identity of synthesized product 

was confirmed based on reported NMR spectra.20 

 

2-Cyclohexyl-1-tosylaziridine (1d) 

Following the general procedure A, compound 1d was prepared from 

vinylcyclohexene (white solid, 45%). 

δ H (500 MHz, Chloroform-d) 7.82 (2 H, d, J 8.3), 7.33 (2 H, d, J 7.9), 2.60 (1 H, d, 

J 7.0), 2.54 (1 H, td, J 7.2, 4.6), 2.45 (3 H, s), 2.10 (1 H, d, J 4.6), 1.73–1.59 (4 H, 

m), 1.53–1.46 (1 H, m), 1.25–0.83 (6 H, m). The identity of synthesized product was 

confirmed based on reported NMR spectra.20 

 

2-Allyl-1-tosylaziridine (1e) 

Following the general procedure A, compound 1e was prepared from 1,4-pentadiene 

(colorless oil, 30%). 

δ H (500 MHz, Chloroform-d) 7.81 (2 H, d, J 8.3), 7.33 (3 H, d, J 8.1), 5.63–5.55 (1 
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H, m), 5.11–4.93 (2 H, m), 2.82–2.77 (1 H, m), 2.63 (1 H, d, J 6.9), 2.44 (3 H, s), 

2.32–2.13 (2 H, m), 2.09 (1 H, d, J 4.5). The identity of synthesized product was 

confirmed based on reported NMR spectra.26 

 

3-(1-Tosylaziridin-2-yl)propyl acetate (1f) 

Following the general procedure A, compound 1f was prepared from 4-pentenyl 

acetate (colorless oil, 40%). 

δ H (500 MHz, Chloroform-d) 7.82 (2 H, d, J 8.3), 7.34 (2 H, d, J 8.0), 4.01 (2 H, q, 

J 6.0), 2.79–2.74 (1 H, m), 2.63 (1 H, d, J 6.9), 2.45 (3 H, s), 2.08 (1 H, d, J 4.5), 

2.02 (3 H, s), 1.73–1.65 (1 H, m), 1.65–1.58 (2 H, m), 1.40–1.34 (1 H, m). The 

identity of synthesized product was confirmed based on reported NMR spectra.20 

 

2-(Phenoxymethyl)-1-tosylaziridine (1g) 

Following the general procedure A, compound 1g was prepared from 

(allyloxy)benzene (white solid, 45%). 

δ H (500 MHz, Chloroform-d) 7.83 (2 H, d, J 8.3), 7.34–7.30 (2 H, m), 7.23 (2 H, dd, 

J 8.7, 7.3), 6.96–6.91 (1 H, m), 6.73 (2 H, d, J 7.8), 4.05 (1 H, dd, J 10.8, 4.4), 3.93 

(1 H, dd, J 10.8, 6.1), 3.18–3.12 (1 H, m), 2.80 (1 H, d, J 7.1), 2.45 (3 H, s), 2.35 (1 

H, d, J 4.4). The identity of synthesized product was confirmed based on reported 

NMR spectra.27 
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2-Benzyl-1-tosylaziridine (1h) 

Following the general procedure A, compound 1h was prepared from allylbenzene 

(white solid, 30%).  

δ H (500 MHz, Chloroform-d) 7.68 (2 H, d, J 8.4), 7.21 (2 H, d, J 8.0), 7.17–7.13 (3 

H, m), 7.08–7.02 (2 H, m), 2.98–2.91 (1 H, m), 2.85–2.65 (3 H, m), 2.42 (3 H, s), 

2.16 (1 H, d, J 4.5). The identity of synthesized product was confirmed based on 

reported NMR spectra.20 

 

2-Phenethyl-1-tosylaziridine (1i) 

Following the general procedure A, compound 1i was prepared from 4-phenyl-1-

butene (white solid, 60%). 

δ H (400 MHz, Chloroform-d) 7.83 (2 H, d, J 8.0), 7.34 (2 H, d, J 8.0), 7.30–7.23 (2 

H, m), 7.19 (1 H, d, J 7.4), 7.11 (2 H, d, J 7.4), 2.77 (1 H, tt, J 7.5, 4.6), 2.64–2.56 

(3 H, m), 2.45 (3 H, s), 2.05 (1 H, d, J 4.4), 1.93–1.82 (1 H, h, J 7.5), 1.74–1.61 (1 

H, dq, J 14.6, 7.5). The identity of synthesized product was confirmed based on 

reported NMR spectra.28 

 

2-Phenyl-1-tosylaziridine (1j)  
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Following the general procedure B, compound 1j was prepared from styrene (white 

solid, 50%). 

δ H (400 MHz, Chloroform-d) 7.85 (2 H, d, J 8.0), 7.31 (2 H, d, J 8.0), 7.28–7.16 (6 

H, m), 3.76 (1 H, dd, J 7.2, 4.5), 2.96 (1 H, d, J 7.2), 2.41 (3 H, s), 2.37 (1 H, d, J 

4.5). The identity of synthesized product was confirmed based on reported NMR 

spectra.20 

 

4-(1-Tosylaziridin-2-yl)benzonitrile (1k) 

Following the general procedure C, compound 1k was prepared from 4-cyanostyrene 

(white solid, 66%). 

δ H (400 MHz, Chloroform-d) 7.86 (2 H, d, J 8.3), 7.59 (2 H, d, J 8.3), 7.35 (4 H, dd, 

J 8.4, 2.8), 3.80 (1 H, dd, J 7.2, 4.3), 3.02 (1 H, d, J 7.2), 2.45 (3 H, s), 2.35 (1 H, d, 

J 4.3). The identity of synthesized product was confirmed based on reported NMR 

spectra.20 

 

2-(Naphthalen-2-yl)-1-tosylaziridine (1l) 

Following the general procedure D, compound 1l was prepared from 2-

vinylnaphthalene (white solid, 70%). 

δ H (400 MHz, Chloroform-d) 7.90 (2 H, d, J 8.1), 7.82–7.71 (4 H, m), 7.47 (2 H, td, 
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J 5.8, 5.4, 3.0), 7.33 (2 H, d, J 8.0), 7.27 (1 H, d, J 8.0), 3.93 (1 H, dd, J 7.2, 4.5), 

3.07 (1 H, d, J 7.2), 2.50 (1 H, d, J 4.4), 2.42 (3 H, s). The identity of synthesized 

product was confirmed based on reported NMR spectra.29 

 

2-(4-Chlorophenyl)-1-tosylaziridine (1m) 

Following the general procedure B, compound 1m was prepared from 4-

chlorostyrene (white solid, 60%).  

δ H (400 MHz, Chloroform-d) 7.85 (2 H, d, J 8.1), 7.34 (2 H, d, J 8.0), 7.29–7.24 (2 

H, m), 7.15 (2 H, d, J 8.4), 3.73 (1 H, dd, J 7.2, 4.4), 2.98 (1 H, d, J 7.2), 2.44 (3 H, 

s), 2.34 (1 H, d, J 4.4). The identity of synthesized product was confirmed based on 

reported NMR spectra.29 

 

6-Tosyl-6-azabicyclo[3.1.0]hexane (1n) 

Following the general procedure B, compound 1n was prepared from cyclopentene 

(white solid, 60%). 

δ H (400 MHz, Chloroform-d) 7.81 (2 H, d, J 8.2), 7.32 (2 H, d, J 7.9), 3.33 (2 H, d, 

J 1.6), 2.44 (3 H, s), 1.94 (2 H, dd, J 13.2, 7.8), 1.69–1.52 (3 H, m), 1.48–1.30 (1 H, 

m). The identity of synthesized product was confirmed based on reported NMR 

spectra.20 
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7-Tosyl-7-azabicyclo[4.1.0]heptane (1o) 

Following the general procedure D, compound 1o was prepared from cyclohexene 

(white solid, 80%).  

δ H (400 MHz, Chloroform-d) 7.81 (2 H, d, J 8.3), 7.32 (2 H, d, J 7.9), 3.04–2.89 (2 

H, m), 2.44 (4 H, s), 1.90–1.72 (5 H, m), 1.45–1.34 (3 H, m), 1.29–1.16 (3 H, m). 

The identity of synthesized product was confirmed based on reported NMR spectra.29 

 

2-(But-3-en-1-yl)-1-tosylaziridine (1u) 

Following the general procedure A, compound 1u was prepared from 1,5-hexadiene 

(colorless liquid ,56%). 

δ H (400 MHz, Chloroform-d) 7.82 (2 H, d, J 8.2), 7.34 (2 H, d, J 8.0), 5.72 (1 H, 

ddt, J 17.0, 10.3, 6.6), 5.00–4.91 (2 H, m), 2.81–2.72 (1 H, m), 2.63 (1 H, d, J 7.0), 

2.45 (3 H, s), 2.08 (1 H, d, J 4.6), 2.06–1.98 (2 H, m), 1.70–1.62(1 H, m), 1.45 (1 H, 

td, J 14.5, 7.4). The identity of synthesized product was confirmed based on reported 

NMR spectra.20 

 

4-Methyl-N-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-2-

yl)benzenesulfonamide (3a)  
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δ H (400 MHz, Chloroform-d) 7.75 (2 H, d, J 8.0), 7.26 (2 H, d, J 8.1), 5.06 (1 H, d, 

J 9.4), 3.48 – 3.37 (1 H, m), 2.40 (3 H, s), 1.45 – 1.26 (4 H, m), 1.21 (12 H, d, J 8.0), 

1.19 – 1.12 (2 H, m), 0.88 – 0.73 (5 H, m). δ C (101 MHz, Chloroform-d) 143.05, 

138.93, 129.63, 127.14, 83.64, 51.15, 37.16, 28.14, 24.96, 24.78, 22.44, 21.63, 14.04. 

δ B (161 MHz, Chloroform-d) 33.37. HRMS (ESI): m/z [M+Na]+ calcd for 

C19H32BNNaO4S: 404.20373, found: 404.2029 

 

4-Methyl-N-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetradecan-2-

yl)benzenesulfonamide (3b) 

δ H (500 MHz, Chloroform-d) 7.75 (2 H, d, J 8.3), 7.26 (2 H, d, J 8.0), 5.06 (1 H, d, 

J 9.4), 3.42 (1 H, m), 2.40 (3 H, s), 1.33 – 1.11 (34 H, m), 0.86 (5 H, m). δ C (126 

MHz, Chloroform-d) δ 143.01, 138.90, 129.61, 127.14, 83.62, 51.16, 37.44, 32.04, 

29.80, 29.79, 29.78, 29.76, 29.69, 29.66, 29.60, 29.49, 29.37, 25.96, 24.95, 24.77, 

22.82, 21.62, 14.26. δ B (161 MHz, Chloroform-d) 33.96. HRMS (ESI): m/z [M+H]+ 

calcd for C27H49BNO4S: 494.34699, found: 494.3459 

 

4-Methyl-N-(4-methyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-

yl)benzenesulfonamide (3c) 

δ H (400 MHz, Chloroform-d) 7.75 (2 H, d, J 7.9), 7.26 (2 H, d, J 8.0), 5.05 (1 H, d, 

J 9.7), 3.51 (1 H, m), 2.40 (3 H, s), 1.63 (1 H, h, J 6.9), 1.33 (1 H, m), 1.21 (12 H, d, 
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J 8.5), 1.14 – 1.06 (1 H, m), 0.84 – 0.75 (8 H, m). δ C (101 MHz, Chloroform-d) 

143.06, 138.97, 129.63, 127.15, 83.62, 49.31, 46.87, 24.96, 24.77, 24.71, 22.86, 

22.16, 21.63. δ B (161 MHz, Chloroform-d) 33.45. HRMS (ESI): m/z [M+H]+ calcd 

for C19H33BNO4S: 382.22179, found: 382.2207 

 

N-(1-Cyclohexyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)-4-

methylbenzenesulfonamide (3d) 

δ H (400 MHz, Chloroform-d) 7.74 (2 H, d, J 8.0), 7.25 (2 H, d, J 8.0), 5.18 (1 H, d, 

J 9.7), 3.24 (1 H, dtd, J 10.1, 6.7, 3.5), 2.40 (3 H, s), 1.85 – 1.49 (6 H, m), 1.20 (12 

H, d, J 8.3), 1.13 – 1.03 (3 H, m), 0.93 – 0.80 (3 H, m), 0.61 (1 H, dd, J 16.3, 6.6). δ 

C (101 MHz, Chloroform-d) 142.97, 138.94, 129.59, 127.12, 83.62, 55.85, 43.80, 

29.50, 29.41, 26.34, 26.25, 26.21, 24.86, 24.75, 21.63. δ B (161 MHz, Chloroform-

d) 33.11 HRMS (ESI): m/z [M+H]+ calcd for C21H35BNO4S: 408.23744, found: 

408.2359 

 

4-Methyl-N-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-2-

yl)benzenesulfonamide (3e) 

δ H (400 MHz, Chloroform-d) 7.73 (2 H, d, J 8.0), 7.25 (2 H, d, J 7.8), 5.61 (1 H, td, 

J 17.2, 7.2), 5.04 (1 H, d, J 8.8), 4.97 (2 H, t, J 12.9), 3.51 (1 H, dd, J 15.8, 9.8), 2.39 

(4 H, s), 2.26 – 2.05 (2 H, m), 1.20 (12 H, d, J 5.3), 0.94 (1 H, dd, J 16.3, 4.1), 0.84 



168 

(1 H, dd, J 16.3, 6.7). δ C (101 MHz, Chloroform-d) 143.17, 138.64, 134.23, 129.67, 

127.19, 118.33, 83.69, 50.66, 41.65, 24.95, 24.84, 21.65. δ B (161 MHz, Chloroform-

d) 32.96. HRMS (ESI): m/z [M+H]+ calcd for C18H29BNO4S: 366.19049, found: 

366.1895 

 

4-((4-Methylphenyl)sulfonamido)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pentyl acetate (3f) 

δ H (400 MHz, Chloroform-d) 7.72 (2 H, d, J 8.2), 7.25 (2 H, d, J 6.7), 5.11 (1 H, d, 

J 9.5), 4.01 – 3.90 (2 H, m), 3.50 – 3.35 (1 H, m), 2.39 (3 H, s), 1.99 (3 H, s), 1.72 – 

1.63 (1 H, m), 1.60 – 1.52 (1 H, m), 1.40 (2 H, ddd, J 15.6, 9.2, 5.9), 1.19 (12 H, d, 

J 8.2), 0.79 (2 H, qd, J 16.5, 5.2). δ C (101 MHz, Chloroform-d) 171.22, 143.23, 

138.69, 129.71, 127.08, 83.76, 64.15, 50.84, 33.79, 25.30, 24.94, 24.75, 21.66, 21.07. 

δ B (161 MHz, Chloroform-d) 33.17. HRMS (ESI): m/z [M+H]+ calcd for 

C20H33BNO6S: 426.21162, found: 426.2103 

 

4-Methyl-N-(1-phenoxy-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-2-

yl)benzenesulfonamide (3g) 

δ H (400 MHz, Chloroform-d) 7.76 (2 H, d, J 8.2), 7.27 – 7.20 (4 H, m), 6.93 (1 H, t, 

J 7.4), 6.75 (2 H, d, J 8.1), 5.33 (1 H, d, J 8.2), 3.92 (1 H, dd, J 8.8, 4.0), 3.87 – 3.76 

(2 H, m), 2.39 (3 H, s), 1.21 (12 H, s), 1.11 (2 H, d, J 7.2). δ C (101 MHz, Chloroform-
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d) 158.44, 143.31, 138.27, 129.70, 129.50, 127.17, 121.22, 114.82, 83.78, 70.92, 

50.26, 24.96, 24.90, 21.63. δ B (161 MHz, Chloroform-d) 33.66. HRMS (ESI): m/z 

[M+H]+ calcd for C22H31BNO5S: 432.20105, found: 432.1997 

 

4-Methyl-N-(1-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-2-

yl)benzenesulfonamide (3h) 

δ H (400 MHz, Chloroform-d) 7.66 (2 H, d, J 8.2), 7.24 – 7.15 (5 H, m), 7.04 (2 H, 

d, J 6.7), 5.10 (1 H, d, J 8.7), 3.73 – 3.62 (1 H, m), 2.80 (1 H, dd, J 13.4, 6.0), 2.65 

(1 H, dd, J 13.5, 7.7), 2.39 (3 H, s), 1.24 (12 H, d, J 6.3), 0.93 (2 H, dd, J 5.3, 2.5). δ 

C (101 MHz, Chloroform-d) 143.02, 138.28, 137.85, 129.65, 129.55, 128.50, 127.11, 

126.53, 83.70, 52.40, 43.50, 24.99, 24.94, 21.63, 21.56. δ B (161 MHz, Chloroform-

d) 33.16. HRMS (ESI): m/z [M+H]+ calcd for C22H31BNO4S: 416.20614, found: 

416.2060 

 

4-Methyl-N-(4-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-

yl)benzenesulfonamide (3i) 

δ H (400 MHz, Chloroform-d) 7.75 (2 H, d, J 7.8), 7.25 (5 H, dd, J 11.4, 7.5), 7.09 

(2 H, d, J 7.5), 5.20 (1 H, d, J 9.5), 3.55 – 3.43 (1 H, m), 2.72 – 2.60 (1 H, m), 2.59 

– 2.48 (1 H, m), 2.41 (3 H, s), 1.68 (2 H, ddd, J 15.1, 13.4, 7.2), 1.21 (11 H, d, J 8.3), 

0.89 – 0.83 (2 H, m). δ C (101 MHz, Chloroform-d) 143.16, 141.77, 138.74, 129.69, 
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128.50, 128.43, 127.14, 125.89, 83.72, 50.88, 39.21, 32.31, 24.96, 24.78, 21.63. δ B 

(161 MHz, Chloroform-d) 33.02. HRMS (ESI): m/z [M+H]+ calcd for C23H33BNO4S: 

430.22179, found: 430.2205 

 

4-Methyl-N-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)cyclopentyl)benzenesulfonamide (3n) 

δ H (400 MHz, Chloroform-d) 7.77 (2 H, d, J 8.1), 7.28 (2 H, d, J 8.0), 4.64 (1 H, d, 

J 5.3), 3.43 (1 H, dt, J 14.3, 7.0), 2.41 (3 H, s), 1.93 – 1.73 (2 H, m), 1.42 (4 H, dd, 

J 11.7, 8.0), 1.16 (12 H, s), 1.14 – 1.08 (1 H, m). δ c (126 MHz, Chloroform-d) 

143.18, 137.67, 129.64, 127.48, 83.53, 57.53, 34.74, 25.95, 24.81, 24.79, 24.25, 

21.63. . δ B (161 MHz, Chloroform-d) 33.17. HRMS (ESI): m/z [M+Na]+ calcd for 

C18H28BNNaO4S: 388.17243, found: 388.1711 

 

4-Methyl-N-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)cyclohexyl)benzenesulfonamide (3o) 

δ H (500 MHz, Chloroform-d) 7.76 (2 H, d, J 8.3), 7.27 (3 H, d, J 9.1), 4.72 (1 H, d, 

J 6.2), 3.23 (1 H, dq, J 13.8, 4.6, 3.9), 2.41 (3 H, s), 1.39 – 1.22 (5 H, m), 1.20 (13 

H, d, J 5.5), 1.16 – 1.05 (1 H, m), 0.95 (1 H, td, J 10.5, 3.6). δ C (126 MHz, 

Chloroform-d) 143.05, 138.88, 129.65, 127.23, 83.70, 54.19, 34.23, 29.85, 26.49, 

25.81, 24.92, 24.84, 21.65. δ B (161 MHz, Chloroform-d) 33.96. HRMS (ESI): m/z 

[M+H]+ calcd for C19H31BNO4S: 380.20614, found: 380.2050 
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N-(1-Hydroxyhexan-2-yl)-4-methylbenzenesulfonamide (3a') 

δ H (400 MHz, Chloroform-d) 7.78 (2 H, d, J 8.1), 7.30 (2 H, d, J 8.0), 4.98 (1 H, d, 

J 7.9), 3.57 (1 H, dd, J 11.3, 3.8), 3.47 (1 H, dd, J 11.3, 5.3), 3.21 (1 H, tt, J 8.0, 6.1, 

2.8), 2.42 (3 H, s), 2.31 (1 H, s), 1.48 – 0.93 (6 H, m), 0.74 (3 H, t, J 6.9). The identity 

of synthesized product was confirmed based on reported NMR spectra.30 

 

N-(1-Hydroxytetradecan-2-yl)-4-methylbenzenesulfonamide (3b') 

δ H (500 MHz, Chloroform-d) 7.79 (2 H, d, J 8.0), 7.31 (2 H, d, J 8.0), 4.98 (1 H, d, 

J 7.7), 3.59 (1 H, dd, J 11.2, 3.7), 3.49 (1 H, dd, J 11.2, 5.3), 3.23 (1 H, s), 2.43 (3 H, 

s), 1.51 – 1.00 (22 H, m), 0.89 (3 H, t, J 6.9). δ C (126 MHz, Chloroform-d) 143.63, 

137.70, 129.82, 127.30, 65.10, 55.79, 32.05, 31.85, 29.80, 29.78, 29.77, 29.63, 29.53, 

29.48, 29.31, 25.65, 22.82, 21.65, 14.25. HRMS (ESI): m/z [M+Na]+ calcd for 

C21H37NNaO3S: 406.2392, found: 406.2386 

 

N-(1-Hydroxy-4-methylpentan-2-yl)-4-methylbenzenesulfonamide (3c') 

δ H (400 MHz, Chloroform-d) 7.78 (2 H, d, J 8.1), 7.30 (2 H, d, J 8.0), 5.14 (1 H, d, 

J 8.0), 3.57 (1 H, dd, J 11.3, 3.6), 3.44 (1 H, dd, J 11.3, 5.0), 3.27 (1 H, dtd, J 14.4, 
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7.9, 4.2), 2.42 (3 H, s), 1.43 (1 H, dt, J 13.5, 6.7), 1.31 – 1.15 (2 H, m), 0.75 (3 H, d, 

J 6.6), 0.61 (3 H, d, J 6.5). The identity of synthesized product was confirmed based 

on reported NMR spectra.31 

 

N-(1-Cyclohexyl-2-hydroxyethyl)-4-methylbenzenesulfonamide (3d') 

δ H (400 MHz, Chloroform-d) 7.77 (2 H, d, J 8.0), 5.01 (1 H, d, J 8.4), 3.55 (2 H, qd, 

J 11.5, 4.3), 3.04 (1 H, tt, J 9.3, 5.3), 2.42 (3 H, s), 1.73 – 1.37 (6 H, m), 1.18 – 0.73 

(6 H, m). δ C (101 MHz, Chloroform-d) 143.55, 137.78, 129.75, 127.27, 62.76, 60.48, 

39.21, 29.48, 29.07, 26.21, 26.12, 26.10, 21.67. HRMS (ESI): m/z [M+Na]+ calcd 

for C15H23NNaO3S: 320.1296, found: 320.1291 

 

N-(1-Hydroxypent-4-en-2-yl)-4-methylbenzenesulfonamide (3e') 

δ H (500 MHz, Chloroform-d) 7.76 (2 H, d, J 8.2), 7.31 (2 H, d, J 8.0), 5.47 (1 H, 

ddt, J 16.0, 10.8, 7.3), 5.07 – 4.94 (2 H, m), 4.83 (1 H, d, J 7.1), 3.60 (1 H, dd, J 11.3, 

4.1), 3.53 (1 H, dd, J 11.3, 5.2), 3.31 – 3.24 (1 H, m), 2.43 (3 H, s), 2.18 (2 H, hept, 

J 6.9), 2.03 (1 H, m). The identity of synthesized product was confirmed based on 

reported NMR spectra.26 
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5-Hydroxy-4-((4-methylphenyl)sulfonamido)pentyl acetate (3f') 

δ H (400 MHz, Chloroform-d) 7.77 (2 H, d, J 8.0), 7.30 (2 H, d, J 8.0), 5.15 (1 H, d, 

J 8.2), 3.92 (2 H, dt, J 6.6, 3.2), 3.50 (2 H, qd, J 11.2, 4.2), 3.26 (1 H, dq, J 7.9, 3.8), 

2.42 (3 H, s), 2.30 (1 H, s), 2.01 (3 H, s), 1.64 – 1.36 (4 H, m). δ C (101 MHz, 

Chloroform-d) 171.34, 143.77, 137.70, 129.90, 127.19, 64.63, 63.97, 55.22, 28.40, 

24.92, 21.68, 21.07. HRMS (ESI): m/z [M+Na]+ calcd for C14H21NNaO5S: 338.1038, 

found: 338.1033 

 

N-(1-Hydroxy-3-phenoxypropan-2-yl)-4-methylbenzenesulfonamide (3g') 

δ H (500 MHz, Chloroform-d) 7.84 – 7.74 (2 H, m), 7.31 – 7.18 (4 H, m), 6.96 (1 H, 

t, J 7.5), 6.80 – 6.69 (2 H, m), 5.41 (1 H, d, J 7.8), 4.00 (1 H, dd, J 9.7, 4.7), 3.89 (1 

H, dd, J 9.6, 5.6), 3.80 (1 H, dd, J 11.3, 4.5), 3.69 (1 H, dd, J 11.3, 4.8), 3.63 (1 H, 

dt, J 7.8, 4.8), 2.41 (3 H, s), 2.15 (1 H, s). δ H (126 MHz, Chloroform-d) 157.98, 

143.84, 137.40, 129.92, 129.64, 127.23, 121.55, 114.50, 66.89, 62.37, 54.10, 21.66. 

HRMS (ESI): m/z [M+Na]+ calcd for C16H19NNaO4S: 344.0932, found: 344.0927 

 

N-(1-Hydroxy-3-phenylpropan-2-yl)-4-methylbenzenesulfonamide (3h') 

δ H (400 MHz, Chloroform-d) 7.59 (2 H, d, J 8.0), 7.23 – 7.14 (5 H, m), 6.97 (2 H, 

dd, J 6.1, 3.0), 5.12 (1 H, d, J 7.2), 3.63 (1 H, dd, J 11.3, 3.8), 3.52 (1 H, dd, J 11.2, 

4.8), 3.44 (1 H, tt, J 7.5, 4.4), 2.77 (1 H, dd, J 13.8, 7.1), 2.67 (1 H, dd, J 13.8, 7.2), 
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2.48 (1 H, s), 2.40 (3 H, s). The identity of synthesized product was confirmed based 

on reported NMR spectra.32 

 

N-(1-Hydroxy-4-phenylbutan-2-yl)-4-methylbenzenesulfonamide (3i') 

δ H (500 MHz, Chloroform-d) 7.79 – 7.71 (2 H, m), 7.30 (2 H, d, J 7.8), 7.25 – 7.20 

(2 H, m), 7.16 (1 H, dd, J 8.3, 6.2), 6.99 (2 H, d, J 7.4), 4.95 (1 H, s), 3.58 (1 H, dt, 

J 11.0, 3.1), 3.51 (1 H, dt, J 11.3, 3.3), 3.28 (1 H, s), 2.54 (1 H, ddd, J 15.2, 9.3, 6.7), 

2.48 – 2.40 (4 H, m), 1.93 (2 H, s), 1.84 – 1.60 (2 H, m). δ H (101 MHz, Chloroform-

d) 143.65, 141.11, 137.69, 129.87, 128.48, 128.35, 127.23, 126.06, 64.64, 55.25, 

33.40, 31.85, 21.65. HRMS (ESI): m/z [M+Na]+ calcd for C17H21NNaO3S: 342.1140, 

found: 342.1134 

 

N-(2-Hydroxy-2-phenylethyl)-4-methylbenzenesulfonamide (3j'-b) 

3j'-b was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.72 (2 H, d, J 8.1), 7.37 – 7.20 (7 H, m), 5.07 (1 H, 

dd, J 8.2, 4.6), 4.86 – 4.74 (1 H, m), 3.24 (1 H, ddd, J 12.3, 8.3, 3.6), 3.02 (1 H, ddd, 

J 13.2, 8.7, 4.5), 2.59 (1 H, d, J 3.6), 2.42 (3 H, s). The identity of synthesized product 

was confirmed based on reported NMR spectra.33 
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N-(2-Hydroxy-1-phenylethyl)-4-methylbenzenesulfonamide (3j'-l) 

3j'-l was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.61 (2 H, d, J 8.0), 7.24 – 7.14 (5 H, m), 7.14 – 7.06 

(2 H, m), 5.32 (1 H, d, J 6.6), 4.39 (1 H, q, J 5.9), 3.75 (2 H, q, J 6.3, 4.5), 2.38 (3 H, 

s). The identity of synthesized product was confirmed based on reported NMR 

spectra.34 

 

N-(2-(4-Cyanophenyl)-2-hydroxyethyl)-4-methylbenzenesulfonamide (3k'-b) 

3k'-b was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.62 – 7.51 (2 H, m), 7.51 – 7.42 (2 H, m), 7.32 – 7.23 

(2 H, m), 7.18 (2 H, d, J 7.9), 5.91 (1 H, s), 4.49 (1 H, t, J 5.3), 3.79 (1 H, dd, J 11.4, 

4.2), 3.68 (1 H, dd, J 11.3, 6.6), 2.39 (3 H, s). δ C (101 MHz, Chloroform-d) 144.06, 

143.30, 138.64, 137.79, 136.84, 132.37, 129.75, 128.00, 127.25, 65.72, 59.02, 21.66. 

HRMS (ESI): m/z [M-H]- calcd for C16H15N2O3: 315.0809, found: 315.0807 
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N-(2-(4-Chlorophenyl)-2-hydroxyethyl)-4-methylbenzenesulfonamide (3l'-b) 

3l'-b was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.71 (2 H, d, J 8.0), 7.32 – 7.27 (4 H, m), 7.22 (2 H, 

d, J 8.2), 4.98 (1 H, t, J 6.3), 4.83 – 4.77 (1 H, m), 3.23 (1 H, ddd, J 12.1, 7.8, 3.5), 

2.99 (1 H, ddd, J 13.2, 8.4, 4.5), 2.59 (1 H, s), 2.43 (3 H, s). The identity of 

synthesized product was confirmed based on reported NMR spectra.32 

 

N-(1-(4-Chlorophenyl)-2-hydroxyethyl)-4-methylbenzenesulfonamide (3l'-l) 

3l'-l was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.59 (2 H, d, J 8.0), 7.18 (4 H, dd, J 8.1, 5.3), 7.05 (2 

H, d, J 8.2), 5.38 (1 H, d, J 6.3), 4.38 (1 H, q, J 5.8), 3.71 (2 H, dp, J 22.8, 5.8), 2.39 

(3 H, s). The identity of synthesized product was confirmed based on reported NMR 

spectra.35 
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N-(2-Hydroxy-2-(naphthalen-2-yl)ethyl)-4-methylbenzenesulfonamide (3m'-b)  

3m'-b was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.80 (4 H, d, J 8.2), 7.70 (2 H, dd, J 8.3, 1.9), 7.53 – 

7.44 (2 H, m), 7.35 (1 H, d, J 8.5), 7.30 (1 H, d, J 7.8), 7.28 – 7.21 (2 H, m), 5.11 (1 

H, t, J 6.3), 5.00 – 4.94 (1 H, m), 3.34 (1 H, ddd, J 12.2, 8.0, 3.6), 3.11 (1 H, ddd, J 

12.9, 8.5, 4.4), 2.72 (1 H, s), 2.42 (3 H, s). The identity of synthesized product was 

confirmed based on reported NMR spectra.32 

 

N-(2-Hydroxy-1-(naphthalen-2-yl)ethyl)-4-methylbenzenesulfonamide (3m'-l) 

3m'-l was prepared according to the general procedure E with the following 

modifications: The reaction was conducted without 1,2,3,5-tetrakis(carbazol-9-yl)-

4,6-dicyanobenzene. 

δ H (400 MHz, Chloroform-d) 7.80 – 7.73 (1 H, m), 7.67 (2 H, dd, J 11.9, 7.5), 7.58 

(2 H, d, J 7.9), 7.52 – 7.41 (3 H, m), 7.19 (1 H, dt, J 8.5, 1.4), 7.04 (2 H, d, J 7.9), 

5.47 (1 H, d, J 6.7), 4.58 (1 H, q, J 5.9), 3.84 (2 H, s), 2.24 (3 H, s), 2.06 (1 H, s). δ 

C (101 MHz, Chloroform-d) 143.58, 137.09, 134.72, 133.11, 129.87, 129.50, 128.67, 

127.97, 127.68, 127.29, 126.44, 126.40, 126.35, 124.53, 66.22, 59.75, 21.46. HRMS 
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(ESI): m/z [M+Na]+ calcd for C19H19NNaO3S: 364.0978, found: 364.0976. 

 

N-(2-Hydroxycyclopentyl)-4-methylbenzenesulfonamide (3n') 

δ H (400 MHz, Chloroform-d) 7.78 (2 H, d, J 8.0), 7.32 (2 H, d, J 8.1), 4.99 (1 H, d, 

J 5.9), 4.04 (1 H, q, J 6.8), 3.22 (1 H, ddd, J 14.1, 8.2, 6.0), 2.89 (1 H, s), 2.43 (3 H, 

s), 2.04 – 1.82 (2 H, m), 1.69 – 1.26 (4 H, m). The identity of synthesized product 

was confirmed based on reported NMR spectra.36 

 

N-(2-Hydroxycyclohexyl)-4-methylbenzenesulfonamide (3o') 

δ H (400 MHz, Chloroform-d) 7.78 (2 H, d, J 7.9), 7.32 (2 H, d, J 7.9), 4.76 (1 H, d, 

J 7.0), 3.29 (1 H, q, J 8.7, 7.4), 2.91 – 2.74 (1 H, m), 2.53 (1 H, s), 2.43 (3 H, s), 2.02 

(1 H, dt, J 11.7, 3.8), 1.86 – 1.69 (1 H, m), 1.66 (1 H, dd, J 8.6, 3.0), 1.30 – 1.05 (4 

H, m). The identity of synthesized product was confirmed based on reported NMR 

spectra.32 

 

N-(1-Hydroxyhex-5-en-2-yl)-4-methylbenzenesulfonamide (3u') 

δ H (500 MHz, Chloroform-d) 7.77 (2 H, d, J 8.3), 7.31 (3 H, d, J 8.0), 5.61 (1 H, 

ddt, J 17.0, 10.3, 6.6), 4.98 (1 H, d, J 8.2), 4.94 – 4.79 (2 H, m), 3.56 (1 H, dd, J 11.2, 
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3.8), 3.48 (1 H, dd, J 11.2, 4.9), 3.27 (1 H, tt, J 7.1, 3.9), 2.43 (3 H, s), 2.17 (0 H, d, 

J 5.8), 2.01 – 1.83 (2 H, m), 1.60 – 1.42 (2 H, m). δ C (126 MHz, Chloroform-d) 

143.58, 137.68, 137.22, 129.73, 127.13, 115.39, 64.55, 55.06, 31.00, 29.60, 21.51. 

HRMS (ESI): m/z [M+Na]+ calcd for C13H19NNaO3S: 292.0983, found: 292.0978 

 

N,4-Dimethyl-N-(1-phenylhexan-2-yl)benzenesulfonamide (4a) 

δ H (400 MHz, Chloroform-d) 7.52 (2 H, d, J 7.7), 7.29 – 7.16 (5 H, m), 7.10 (2 H, 

d, J 6.7), 4.21 – 4.08 (1 H, m), 2.71 (3 H, s), 2.56 (2 H, t, J 7.2), 2.38 (3 H, s), 1.38 

(2 H, d, J 5.2), 1.29 – 1.10 (4H, m), 0.80 (3 H, t, J 5.9). δ C (101 MHz, Chloroform-

d) 142.77, 138.48, 137.25, 129.45, 129.14, 128.46, 127.09, 126.33, 58.84, 39.17, 

30.88, 28.45, 27.71, 22.33, 21.45, 13.90. HRMS (ESI): m/z [M+H]+ calcd for 

C20H28NO2S: 346.18353, found: 346.1824 

 

N,4-Dimethyl-N-(1-(trifluoro-4-boraneyl)hexan-2-yl)benzenesulfonamide, 

potassium salt (5a) 

δ H (500 MHz, Acetone-d6) 7.70 (2 H, d, J 8.4), 7.32 (2 H, d, J 7.9), 4.09 (1 H, tt, J 

10.4, 3.5), 2.87 (3 H, s), 2.53 (3 H, s), 2.38 (3 H, s), 1.68 (1 H, tdd, J 13.2, 6.3, 3.0), 

1.36 – 1.27 (1 H, m), 1.26 – 1.09 (4 H, m), 0.83 (3 H, t, J 6.8), 0.23 – 0.13 (1 H, m), 

0.05 – -0.06 (1 H, m). δ c (126 MHz, Chloroform-d) 141.97, 138.51, 129.10, 127.31, 

57.21, 57.19, 33.24, 26.53, 22.41, 20.47, 13.66.δ B (161 MHz, Chloroform-d) 4.64.  
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δ F (471 MHz, Acetone-d6) -139.06 (d, J 80.6). HRMS (ESI): m/z [M-K]- calcd for 

C14H22BF3NO2S: 336.14164, found: 336.1422 

 

cis : trans = 1.2 : 1.0 

N-(2-(Hydroxymethyl)cyclopentyl)-4-methylbenzenesulfonamide (7u') 

6u-cis δ H (400 MHz, Chloroform-d) 7.75 (1 H, d, J 8.0), 7.28 (1 H, d, J 8.2), 5.51 

(1 H, d, J 7.9), 3.62 (1 H, q, J 6.4), 3.52 (1 H, d, J 5.0), 2.42 (3 H, s), 2.09 (1 H, q, J 

7.6, 5.4), 1.93 (1 H, ddd, J 13.4, 9.1, 6.7), 1.72 – 1.60 (2 H, m), 1.56 – 1.45 (2 H, m), 

1.20 (1 H, tdd, J 10.9, 8.0, 3.7). δ c (126 MHz, Chloroform-d) 143.26, 138.19, 129.76, 

127.17, 65.95, 54.95, 38.99, 36.63, 33.63, 25.77, 21.65.  

6u-trans δ H (400 MHz, Chloroform-d) 7.75 (2 H, d, J 8.0), 7.35 – 7.23 (2 H, m), 

4.87 (1 H, d, J 7.1), 3.62 (1 H, h, J 6.2), 3.43 (2 H, dd, J 6.7, 2.8), 2.42 (3 H, s), 2.26 

– 1.11 (5 H, m). δ c (126 MHz, Chloroform-d) 143.47, 137.81, 129.83, 127.20, 66.71, 

54.71, 39.50, 36.36, 33.54, 26.77, 21.65. 

HRMS (ESI): m/z [M+Na]+ calcd for C13H19NNaO3S: 292.0983, found: 292.0978. 

  

N-(1-Iodohexan-2-yl)-4-methylbenzenesulfonamide (6a) 

δ H (400 MHz, Chloroform-d) 7.77 (2 H, d, J 8.1), 7.31 (2 H, d, J 8.0), 4.65 (1 H, d, 

J 8.7), 3.22 (1 H, dd, J 10.3, 3.1), 3.15 (1 H, dd, J 10.3, 4.8), 2.94 (1 H, tq, J 7.7, 3.9), 
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2.43 (3 H, s), 1.76 (1 H, s), 1.43 (2 H, tt, J 7.5, 5.8), 1.30 – 1.03 (3 H, m), 0.80 (3 H, 

t, J 6.9). The identity of synthesized product was confirmed based on reported NMR 

spectra.20 

  

b : l = 2.0 : 1.0 

N-(2-Iodo-2-phenylethyl)-4-methylbenzenesulfonamide (6j-b) and N-(2-Iodo-1-

phenylethyl)-4-methylbenzenesulfonamide (6j-l) 

6j-b δ H (400 MHz, Chloroform-d) 7.71 (2 H, d, J 8.3), 7.32 (2 H, d, J 8.0), 7.30 – 

7.17 (5 H, m), 5.01 (1 H, t, J 7.8), 4.88 (1 H, t, J 6.6), 3.69 (1 H, dt, J 14.3, 7.2), 3.51 

(1 H, ddd, J 14.2, 8.2, 6.2), 2.45 (3 H, s). 

6j-l δ H (400 MHz, Chloroform-d) 7.62 (2 H, d, J 8.3), 7.25 – 7.17 (5 H, m), 7.08 (2 

H, dd, J 6.6, 2.9), 5.31 (1 H, d, J 7.0), 4.40 (1 H, q, J 6.5), 3.47 – 3.36 (2 H, m), 2.39 

(3 H, s). 

The identity of synthesized products were confirmed based on reported NMR 

spectra.37 
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Chapter 4. Metal-free 1,2-arylboration for the synthesis of 

heterocyclic boronate esters via photoinduced C(sp2)–I bond 

cleavage*

 

4.1 Introduction 

Efficient methodologies for the synthesis of complex molecules are continuously 

being sought.1 In this regard, the difunctionalization of simple alkenes presents a 

unique and noteworthy strategy as two chemical bonds are installed 

simultaneously.2,3 Among the myriad of possible functional groups, the boron group 

is of great interest because its various bonding modes enable several well-known 

transformations (Scheme 4.1A).4 

Since the recent advent of transition-metal-mediated cross-coupling, numerous 

highly efficient carboboration methods have been reported.5,6 However, considering 

the aim of achieving sustainable chemical production, the development of greener, 

wasteless protocols is highly desirable. To our knowledge, the radical-based 

carboboration strategy, which avoids the use of transition metal catalysts and 

external additives, has been less developed.7 Herein, we present a metal-catalyst-free 

1,2-arylboration strategy and its application in the synthesis of indoline and 

coumaran boronate esters using blue LED light irradiation (Scheme 4.1B). 

 

                                           
* The majority of this work contains unpublished results. 
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Scheme 4.1 Target strategy for the synthesis of heterocyclic boronate esters 

 

In terms of developing a green and sustainable process, we attempt to minimize 

the reaction waste by using photons as the only energy. Moreover, this new single-

step C–C and C–B bond-forming reaction enables rapid access to the target 

molecules with excellent step- and atom-economy. Ultimately, convenient 

preparation of heterocyclic compounds containing indoline or coumaran scaffolds,8,9 

common structural motifs with important bioactivity,10 was realized (Figure 4.1). 

 



190 

 

Figure 4.1 Potentially accessible bioactive compounds 

 

4.2 Results and discussion 

4.2.1 Evaluation of reaction parameters 

To evaluate the hypothesis, we attempted the coupling of 1-allyloxy-2-iodobenzene 

(1) with bis(catecholato)diboron (B2cat2) in N,N-dimethylformamide (DMF) for 15 

h under visible light with a wavelength of 390 nm (Table 4.1). Due to the instability 

of catechol alkylboronic esters, the crude product was transesterified using pinacol 

and triethylamine (TEA). The reaction proceeded efficiently to afford desired 

product 1a in 93% yield (entry 1). In the absence of light, the reaction did not occur, 

indicating the necessity for photon energy (entry 2). However, when a light source 

with a wavelength of 456 nm was used, the desired product was formed in low yield 

(entry 3). In recent years, several examples of bis(pinacolato)diboron (B2pin2)-

activated radical borylations have been published.11 No conversion of starting 

material was observed with the use of B2pin2 under the optimized conditions (entry 

4). When aryl bromide was used instead of 1, the reaction did not proceed (entry 5). 

Decreasing the reaction time from 15 h to 3 h did not improve the yield of the desired 
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product (entry 6). The use of N,N-dimethylacetamide (DMAc) instead of DMF as 

the solvent led to inferior results (entry 7). 

 

 

Table 4.1 Evaluation of reaction parametersa 

 

Entry Conditions Yields (%) 

1 As shown 93 

2 No light 0 

3 Wavelength of 456 nm instead of 390 nm 15 

4 B2pin2 instead of B2cat2 0 

5 Ar–Br instead of Ar–I 0 

6 3 h instead of 15 h  68 

7 DMAc instead of DMF 0 

 

a The reaction is set up with 1-allyloxy-2-iodobenzene (0.20 mmol), B2cat2 (2.0 equiv) in 

DMF (0.10 M), irradiated with the blue LEDs wavelength of 390 nm. Yields were determined 

by 1H NMR analysis using 1,1,2,2,-tetrachloroethane as an internal standard. 

B2pin2=bis(pinacolato)diboron. B2cat2=bis(catecholato)diboron. DMAc=N,N-

dimethylacetamide. DMF= N,N-dimethylformamide.  
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4.2.2 Expected reaction mechanism 

Based on previous reports,12 the reaction mechanism is proposed in Figure 4.2. An 

aryl radical (Int-I), generated photochemically from aryl iodide (1) via C–I bond 

homolysis, is trapped intramolecularly by the tethered alkene.13 Following the 

formation of an sp3-hybridized carbon radical intermediate (Int-II), complexation 

with DMF and B2cat2 occurs, delivering a B–B single electron σ-bond complex (Int-

III).14 Following B–B bond homolysis, the borylated compound (Int-IV) and DMF-

complexed boryl radical (Int-V) are formed. Treatment with pinacol and triethyl- 

 

 

Figure 4.2 Expected reaction mechanism  
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amine (TEA) converted the unstable catechol boronic ester into a stable pinacol 

boronic ester as the desired product 1a. The ensuing α-aminoalkyl radical 

intermediate (Int-VI), best described by resonance structures, abstracts an iodine 

atom or reduces the aryl halide providing an aryl radical (Int-I) and Int-VII.15 

 

4.2.3 Preliminary 1,2-arylboration results (intra- and intermolecular reactions) 

Table 4.2 Preliminary results of the 1,2-arylborationa 

 

a The reaction is set up with aryl iodide (0.20 mmol), B2cat2 (2.0 equiv) in DMF (0.10 M), 

irradiated with the blue LEDs wavelength of 390 nm (10.0 equivalents of alkene were used 

in eq 2). B2cat2=bis(catecholato)diboron, DMF=N,N-dimethylformamide. rt=room 

temperature. TEA=triethylamine. Ac=acetyl. 

 

With the optimized reaction conditions in hand, the developed intramolecular 1,2-

arylboration reaction was evaluated for the preparation of heterocyclic boronate ester 

derivatives (Table 4.2, eq 1). Successful reactivity was observed in the cases of 

coumaran and indoline derivatives, and the corresponding products 1a and 2a were 

formed in 91% and 83% yield, respectively. Interestingly, when applied in a more 
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complicated system, sequential intermolecular 1,2-arylboration occurred between 

the aryl radical precursor (3) and alkene to afford the desired product 3a with high 

selectivity. 

 

4.3 Conclusion 

In conclusion, we have developed an efficient 1,2-arylboration method for the 

synthesis of heterocyclic boronate esters using light as the only energy source. The 

developed method is advantageous as it does not require the use of transition metals 

or organocatalysts and provides ready access to target boronate esters via C(sp2)–I 

activation and radical cascade cyclization. Moreover, the formation of C(sp2)–C(sp3) 

and C(sp3)–B bonds in a one-pot process contributes to both step- and atom-economy. 

Overall, an unprecedented catalyst-free synthesis of heterocyclic boronate esters was 

developed. 

  



195 

4.4 Experimental section 

4.4.1 General experimental details  

Unless otherwise noted, all reactions were performed under inert conditions. 

Analytical TLC was performed on a Merck 60 F254 silica gel plates (0.25mm 

thickness), and visualized either using UV light (254 nm) or by staining with 

potassium permanganate and heating. Column chromatography was performed on 

Merck 60 silica gel (230–400 mesh). NMR spectroscopy experiments were 

conducted with a Varian 400 and 500 MHz or a Bruker 300 MHz system. NMR 

spectra were processed with ACD NMR Processor or MestReNova. Chemical shifts 

are reported in ppm and referenced to residual solvent peaks (CHCl3 in CDCl3: 7.26 

ppm for 1H, 77.16 ppm for 13C). 19F NMR spectra were calibrated to an external 

standard of neat CFCl3 (0.0 ppm for 19F). Coupling constants are reported in Hertz. 

Deuterated compounds were purchased from Cambridge Isotope Laboratories, Inc. 

All anhydrous solvents and chemicals were purchased from commercial sources 

(Sigma-Aldrich, Acros, Alfa Aesar, TCI, or Strem) and used without further 

purification. 34 W Blue LED lamps purchased from Kessil (Kessil H150 Grow 

Light-Blue) were used for all the visible light photocatalytic reactions. High 

resolution mass spectroscopy (HRMS) analyses were performed by the ultrahigh 

resolution ESI Q-TOF mass spectrometer at the Mass Spectrometry Laboratory of 

National Instrumentation Center for Environmental Management (NICEM) in Seoul 

National University. 
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4.4.2 General procedure for the preparation of aryl iodide16 

 

To a solution of 2-iodophenol (1.0 mmol, 1.0 equiv) in DMF (3.0 mL) was slowly 

added NaH (60% in mineral oil, 1.2 mmol, 1.2 equiv) at 0 °C under N2 atmosphere. 

The corresponding allyl bromide (1.2 mmol, 146 mg) was added dropwise and 

stirred at 0 °C for 20 min. After that, the resulting mixture was stirred at room 

temperature for 12 h. Upon completion, the reaction mixture was treated with a 

saturated aq. Na2S2O3 (10 mL) and the aqueous layer was extracted with CH2Cl2 (20 

mL, 3 times). The combined organic layer was dried over anhydrous Na2SO4 and 

concentrated to dryness. The crude mixture was purified by flash column 

chromatography on silica gel eluting with a mixture of EtOAc in hexanes to give the 

corresponding compounds. 

 

 

To a round bottom flask containing a solution of 2-iodoaniline (2.0 mmol, 1.0 equiv) 

in 8 mL ethyl acetate (EtOAc), acetic anhydride (4.0 mmol, 2.0 equiv) was added 

and the reaction mixture was stirred at room temperature overnight. The solvent was 

removed under reduced pressure and the crude solid was recrystallized from a 
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mixture of hexane and ethyl acetate to provide the N-(2-iodophenyl)acetamide as a 

white solid. 

To a solution of N-(2-iodophenyl)acetamide (1.0 mmol, 1.0 equiv) in DMF (3.0 

mL) was slowly added NaH (60% in mineral oil, 1.5 mmol, 1.5 equiv) at 0 °C under 

N2 atmosphere. After vigorous evolution of hydrogen gas, the reaction mixture was 

treated with allyl bromide (1.5 mmol, 1.5 equiv) and warmed to room temperature. 

After stirring for 5 h, the reaction mixture was treated with a saturated aq. Na2S2O3 

(10 mL) and the aqueous layer was extracted with CH2Cl2 (20 mL, 3 times). The 

combined organic layer was dried over anhydrous Na2SO4 and concentrated to 

dryness. The crude mixture was purified by flash column chromatography on silica 

gel eluting with a mixture of EtOAc in hexanes to give the corresponding compounds. 

 

4.4.3 General procedure for intramolecular 1,2-arylboration of unactivated 

alkenes 

 

The reaction was set up in a nitrogen-filled glove box. To a 4 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aryl iodide (0.20 mmol, 1.0 

equiv), B2cat2 (95 mg, 0.40 mmol, 2.0 equiv), and DMF (2.0 mL, 0.10 M). The 

reaction vial was removed from the glove box, stirred under 34 W blue LED 

irradiation. After 15 h, a solution of pinacol (0.40 mmol, 2.0 equiv) in triethylamine 

(1.0 M) was added to the mixture and stirred for an additional 1.5 h. The reaction 
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mixture was transferred to a separatory funnel and partitioned between water (7 mL) 

and Et2O (20 mL). The organic layer was washed with water (7 mL x 3), dried over 

anhydrous Na2SO4 and concentrated to dryness. The crude mixture was purified by 

flash column chromatography on silica gel eluting with a mixture of EtOAc in 

hexanes to give the desired products.  

 

4.4.4 General procedure for intermolecular 1,2-arylboration of unactivated 

alkenes 

 

The reaction was set up in a nitrogen-filled glove box. To a 4 mL vial equipped with 

a PTFE-coated stirrer bar was added the corresponding aryl iodide (0.20 mmol, 1.0 

equiv), alkene (2.0 mmol, 10.0 equiv), B2cat2 (95 mg, 0.40 mmol, 2.0 equiv), and 

DMF (2.0 mL, 0.10 M). The reaction vial was removed from the glove box, stirred 

under 34 W blue LED irradiation. After 15 h, NaBO3·4H2O in THF/H2O (0.30M) 

was added to the mixture and stirred for an additional 1.5 h. The reaction mixture 

was transferred to a separatory funnel and partitioned between water (7 mL) and 

Et2O (20 mL). The organic layer was washed with water (7 mL x 3), dried over 

anhydrous Na2SO4 and concentrated to dryness. The crude mixture was purified by 

flash column chromatography on silica gel eluting with a mixture of EtOAc in 

hexanes to give the desired products. 
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4.4.5 Characterization data of synthesized compounds 

 

2-((2,3-Dihydrobenzofuran-3-yl)methyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(1a) 

1H NMR (499 MHz, CDCl3) δ 7.20 (d, J = 7.3 Hz, 1H), 7.09 (t, J = 7.7 Hz, 1H), 6.84 

(t, J = 7.4 Hz, 1H), 6.76 (d, J = 7.9 Hz, 1H), 4.70 (t, J = 8.8 Hz, 1H), 4.11 (t, J = 8.1 

Hz, 1H), 3.71 – 3.57 (m, 1H), 1.33 (dd, J = 16.1, 5.8 Hz, 1H), 1.25 (d, J = 7.6 Hz, 

12H), 1.10 (dd, J = 16.2, 8.8 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 168.71, 142.54, 

136.84, 127.70, 123.73, 123.67, 116.99, 83.57, 56.98, 36.11, 25.00, 24.85, 24.31. 

HRMS (ESI): m/z [M+Na]+ calcd for C15H21BNaO3: 283.1476, found: 283.1479. 

The identity of synthesized product was confirmed based on reported NMR spectra.17 

 

1-(3-((4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)indolin-1-yl)ethan-1-

one (2a) 

1H NMR (499 MHz, CDCl3) δ 8.16 (d, J = 7.9 Hz, 1H), 7.17 (t, J = 8.1 Hz, 2H), 7.01 

(t, J = 7.4 Hz, 1H), 4.21 (t, J = 9.8 Hz, 1H), 3.67 (dd, J = 10.2, 6.6 Hz, 1H), 3.63 – 

3.53 (m, 1H), 2.21 (s, 3H), 1.33 (dt, J = 10.8, 5.4 Hz, 1H), 1.20 (d, J = 6.9 Hz, 12H), 

1.17 – 1.07 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 168.71, 142.54, 136.83, 127.70, 

123.73, 123.67, 116.99, 83.57, 56.98, 36.11, 25.00, 24.85, 24.32. HRMS (ESI): m/z 

[M+H]+ calcd for C17H25BNO3: 302.1922, found: 302.1919. 
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1-(4-(Trifluoromethyl)phenyl)hexan-2-ol (3a) 

1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 

4.02 – 3.59 (m, 1H), 2.88 (dd, J = 13.6, 4.0 Hz, 1H), 2.73 (dd, J = 13.6, 8.3 Hz, 1H), 

1.58 – 1.28 (m, 7H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 143.13 

(d, 5JCF = 1.2 Hz, Cq), 129.88, 128.90 (d, 2JCF = 32.4 Hz, Cq), 125.50 (q, 3JCF = 3.8 

Hz), 124.43 (d, 1JCF = 271.8 Hz, Cq), 72.65, 43.90, 36.88, 28.02, 22.81, 14.20. 19F 

NMR (376 MHz, CDCl3) δ -62.85. HRMS (CI): m/z [M–H]+ calcd for C13H16F3O: 

245.1148, found: 245.1154. The identity of synthesized product was confirmed based 

on reported NMR spectra.18 
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Chapter 5. Functionalization of the benzylic C(sp3)–F bond 

driven by the excited state of boryl radicals*

 

5.1 Introduction 

Organofluorine chemistry has attracted significant attention because fluorine 

incorporation often leads to improved properties of compounds investigated in 

pharmaceutical, agrochemical, and materials chemistry fields.1 Fluorine is similar to 

hydrogen in size; however, its bond to carbon is the strongest of all carbon bonds 

due its high electronegativity.2 Therefore, the development of C–F bond activation 

modes is challenging and has been recognized as a notable research objective.3 

Moreover, C–F bond functionalization leads to changes in the properties of the 

parent materials, allowing for new discoveries in industry.4 

Classic approaches for cleavage of the C–F bond have been well studied, 

including nucleophilic aromatic substitution (SNAr) or fluoride abstraction using a 

Lewis acid as an activator (Scheme 5.1A and B).5,6 However, the above-mentioned 

strategies are limited by the requirement of activated and/or limited organofluorine 

compounds. With the recent advent of transition metal catalysis and improvements 

in the reaction setup, the introduction of various functional groups and expansion of 

the carbon skeleton has become feasible under mild conditions using simple fluorine 

compounds (Scheme 5.1C).7,8 With the rapid development of this field, various 

                                           
* The majority of this work contains unpublished results. 



206 

methodologies entailing C–F bond manipulation have been developed, disproving 

the existing prejudice that this bond is impossible to activate due to its exceptionally 

high bond dissociation energy. 

 

 

Scheme 5.1 Representative approaches for C–F bond activation in organic synthesis 

 

Herein, we present an unprecedented C–F bond activation mode. Halogen atom 

transfer (XAT) is one of the most applied and significant protocols for the selective 

activation of carbon–halogen bonds and has been applied in numerous radical 

approaches.9 The boryl radical can abstract a fluorine atom bonded to carbon, 

providing a thermodynamically favored equilibrium (Figure 5.1). The Lewis-base-

ligated boryl radical, which is readily prepared via hydrogen atom transfer (HAT), 
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has been used in organic reactions and serves as a potential candidate for the boryl 

radical.10 The simultaneously generated radical could be utilized as a reactive 

intermediate, thereby enabling subsequent functionalization. 

 

 

Figure 5.1 Design principle of fluorine atom transfer (FAT) 
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5.2 Results and discussion 

5.2.1 Evaluation of reaction parameters 

Table 5.1 Evaluation of reaction parametersa 

 

Entry Conditionsc 
Yields (%) 

2a / 2b 

1 As shown 86 / 10 

2 Wavelength of 456 nm instead of 390 nm N.R. 

3 No NHC–BH3 N.R. 

4 No Mn2(CO)10 2 / 0 

5 Under air 2 / 0 

 

a Reaction conditions: 1 (0.20 mmol), NHC–BH3 (0.10 mmol), radical initiator (20 mol%), 

and DMSO (0.10 M) irradiated with 34 W blue LEDs. Yields were determined by 19F NMR 

analysis using HFIP as an internal standard. b 10 mol% of the radical initiator was used. c 10 

mol% of the Mn2CO10 was used as radical initiator. DMSO = dimethyl sulfoxide. TBADT = 

tetra-n-butylammonium decatungstate. HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol. N.R. = no 

reaction. 
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Initially, we explored the reactivity of NHC–BH3 as a boryl radical precursor using 

1,3-bis(trifluoromethyl)benzene (1) and radical initiators to promote C–F bond 

activation under light irradiation. To our delight, the hydrodefluorinated product (2a) 

was formed in 86% yield, along with the overreduction product 2b in 10% yield, 

when manganese carbonyl (Mn2(CO)10) was used as the radical initiator (Table 5.1, 

entry 1). Furthermore, the application of commonly used visible light HAT catalysts, 

namely, tetra-n-butylammonium decatungstate (TBADT), benzophenone, and 9-

fluorenone, was successful. It should be noted that the reactivity was determined by 

the wavelength of the light source (entry 2). Control experiments indicated that the 

presence of both NHC–BH3 and the radical initiator, Mn2(CO)10, was crucial for a 

successful reaction (entries 3 and 4). For optimal results, the reaction was set up 

using a glove box (entry 5). Interestingly, when a silicon-based radical precursor was 

used instead of NHC–BH3, the reactivity was maintained; further investigations in 

this area are ongoing in our research group.11 

 

5.2.2 Plausible reaction mechansim 

Based on our initial observation and previous literature, the proposed reaction 

mechanism is depicted in Figure 5.2. Light-induced radical initiation (RI) proceeded 

via HAT from NHC–BH3 (BDEB-H = ca. 70 kcal/mol) to generate the boryl radical 

(Int-1). The corresponding radical intermediate (Int-1) can fully convert to the 

excited species (Int-2) in the reaction media based on our initial observation of 

wavelength-dependent reactivity (Table 5.1, entry 2) and the reported absorption 

spectra of Int-1 at ~390 nm.12 The excited boryl radical (Int-2) reacts with 
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trifluoromethyl arene (ArCF3) leading to C–F bond cleavage to deliver the 

defluorinative benzylic radical, Int-3. Subsequent HAT from the radical initiator 

(RI–H) or NHC–BH3 delivers the desired hydrodefluorination product, completing 

the catalytic cycle or radical propagation process. 

 

 

Figure 5.2 Proposed reaction mechanism of the hydrodefluorination reaction  

 

At this point, two possible cleavage modes for the C–F bond to generate the 

benzylic radical intermediate (Int-3) were considered (Figure 5.3). In the first case, 

reduction of the excited boryl radical (Int-2) is favored due to the strong reducing 

character of the photoexcited radical species (path A), and a radical anion 

intermediate (Int-2’) is formed via single electron transfer (E0
1/2 = −2.50 V vs. SCE 

in MeCN for trifluorotoluene). Resultant Int-2’ could undergo mesolytic cleavage 

to expel the fluoride anion, delivering Int-3. However, in the case of path B, where 
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the radical reactivity of Int-2 is dominant, C–F bond activation could occur via 

fluorine atom transfer (FAT). 

 

 

Figure 5.3 Two plausible reaction pathways by excited boryl radicals   
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5.2.3 Mechanistic studies 

Next, we investigated the mechanistic aspects of the transformation to determine 

whether the reductive process (path A) could be excluded. First, to identify the 

radical anion intermediate (Figure 5.3, Int-2’) provided by the reductive process, an 

additional leaving group was installed at the benzylic position to observe the 

mesolytic cleavage (Scheme 5.2A). Under the optimized standard conditions (Table 

5.1, entry 1), the prepared substrate 3 generated products wherein the pyridone was 

removed (4–6). Second, the contribution of the reducing process was examined using 

a redox indicator and spectroscopic analysis (Scheme 5.2B). When the optimized 

reaction was attempted in the presence of an electron acceptor (indigo), the 

hydrodefluorination efficiency was affected. Additionally, spectroscopic analysis of 

the reaction system following the addition of indigo indicated that a reduced form of 

indigo was detected ~380 nm, which is the similar absorption maximum of leuco-

indigo.13 Thus, these experimental results (Scheme 5.2A and B) were concluded that 

the reduction pathway is likely involved in the transformation. To gain further insight 

of the exact role of the excited boryl radical (Int-2), we used 1,1-diphenylacetylene 

7 as a boryl radical acceptor,14 which has a similar reduction potential (E0
1/2 = −2.07 

V vs. SCE in MeCN for 1,1-diphenylacetylene) to that of substrate 1 (Scheme 5.2C). 

As a result, only the hydrodefluorination product 2a was obtained as a single product 

without any transformation of alkyne (8 or 9), suggesting that our methodology did 

not simply depend on the reduction potential. Thus, on the basis of our experimental 

observations, further mechanistic investigations and computational simulations to 

demonstrate the C–F bond cleavage step are currently underway in our group.  
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Scheme 5.2 Mechanistic studies  

a) indigo (3 mM) 
b) leuco-indigo (3 mM) 
c) standard conditions (without indigo) 

d) standard conditions (with 0.2 equiv of indigo) 
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5.3 Experimental section 

5.3.1 General experimental details  

Unless otherwise noted, all reactions were performed under inert conditions. 

Analytical TLC was performed on a Merck 60 F254 silica gel plates (0.25mm 

thickness), and visualized either using UV light (254 nm) or by staining with 

potassium permanganate and heating. Column chromatography was performed on 

Merck 60 silica gel (230–400 mesh). NMR spectroscopy experiments were 

conducted with a Varian 400 and 500 MHz or a Bruker 300 MHz system. Gas 

chromatography (GC) was carried out using a GC-2030 (Shimadzu) equipped with 

an Rxi®-5Sil MS column and a flame ionization detector (FID). NMR spectra were 

processed with ACD NMR Processor or MestReNova. Chemical shifts are reported 

in ppm and referenced to residual solvent peaks (CHCl3 in CDCl3: 7.26 ppm for 1H, 

77.16 ppm for 13C). 19F NMR spectra were calibrated to an external standard of neat 

CFCl3 (0.0 ppm for 19F). Coupling constants are reported in Hertz. Deuterated 

compounds were purchased from Cambridge Isotope Laboratories, Inc. All 

anhydrous solvents and chemicals were purchased from commercial sources (Sigma-

Aldrich, Acros, Alfa Aesar, TCI, or Strem) and used without further purification. 34 

W Blue LED lamps purchased from Kessil (Kessil H150 Grow Light-Blue) were 

used for all the visible light photoreactions. UV–Vis spectra were recorded on an 

Agilent 8453 UV–Vis spectrophotometer with ChemStation software.   
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5.3.2 General procedure for hydrodefluorination reaction  

 

The reaction was set up in a nitrogen-filled glove box. To a 4 mL vial equipped with 

a PTFE-coated stirring bar was added the corresponding trifluoromethyl arene 1 

(0.20 mmol, 2.0 equiv), NHC–BH3 (0.10 mmol, 1.0 equiv), Mn2CO10 (0.01 mmol, 

10 mol%), and DMSO (1.0 mL). The reaction vial was removed from the glove box, 

stirred for 17 h under 34 W blue LED irradiation without fan cooling. At the end of 

the reaction, the crude residue was analyzed by 19F NMR relative to 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) as an external standard. 

 

5.3.3 Competitive experiments of two leaving groups 

 

The reaction was set up in a nitrogen-filled glove box. To a 4 mL vial equipped with 

a PTFE-coated stirring bar was added the corresponding trifluoromethyl arene 3 

(0.10 mmol, 1.0 equiv), NHC–BH3 (0.10 mmol, 1.0 equiv), benzophenone (0.02 

mmol, 20 mol%), and DMSO (1.0 mL). The reaction vial was removed from the 

glove box, stirred for 17 h under 34 W blue LED irradiation without fan cooling. At 

the end of the reaction, the resulting solution was transferred to a separatory funnel 
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and partitioned between water (7 mL) and Et2O (20 mL). The organic extract was 

washed with water (7 mL x 2) and brine (7 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. The crude residue was analyzed by 1H NMR 

relative to 1,1,2,2-tetrachloroethane (5.0 μL, 0.047 mmol) as an external standard to 

determine the existence of products 4–6 (Figure 5.4). The identity of synthesized 

products were confirmed based on reported NMR spectra.15 

In GC-MS analysis, the selective ion chromatogram with peaks showing 

molecular weight values of products 4–6 (Figure 5.5). The elution peak at 14.796 

min was determined to be product 4 with molecular weight values of 304. The elution 

peak at 16.676 min was determined to be product 5 with molecular weight values of 

286. The elution peak at 17.665 min was determined to be product 6 with molecular 

weight values of 268. 

 

 

Figure 5.4 1H-NMR spectrum of the reaction mixture 
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Figure 5.5 GC-MS spectrum of the reaction mixture 
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5.3.4 Characterization data of synthesized compounds 

 

(1,3-Dimethyl-1H-imidazol-3-ium-2-yl)trihydroborate (NHC–BH3) 

It was synthesized by a previously reported procedure and the identity of the 

synthesized product was confirmed based on the reported NMR spectra.16 

1H NMR (400 MHz, CDCl3) δ 6.79 (s, 2H), 3.73 (s, 6H), 1.01 (dd, J = 173.0, 86.0 

Hz, 3H).  

 

2-((3,5-Bis(trifluoromethyl)phenyl)(phenyl)methoxy)pyridine (3) 

It was synthesized by a previously reported procedure and the identity of the 

synthesized product was confirmed based on the reported NMR spectra.17  

1H NMR (400 MHz, CDCl3) δ 8.09 (dd, J = 4.3, 0.7 Hz, 1H), 7.90 (s, 2H), 7.76 (s, 

1H), 7.61 (td, J = 8.3, 1.9 Hz, 1H), 7.43 (d, J = 7.7 Hz, 2H), 7.37 (dd, J = 8.8, 5.8 

Hz, 3H), 7.31 (t, J = 7.2 Hz, 1H), 6.95 – 6.84 (m, 2H). 
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국문초록 

 

탄소-수소 및 탄소-할로겐 결합 기능화에 

기반한 새로운 합성 방법론의 개발 

 

구장우 

서울대학교 자연과학대학 화학부 

 

화학적 다양성의 확장은 합성 유기 화학 분야에서 가장 깊게 생각해봐야 

하는 주제 중 하나입니다. 라디칼을 활용하는 화학 반응은 앞선 논제에 

핵심 해결책을 제공할 수 있습니다. 하지만 라디칼은 구조적으로 

불안정한 화합물이기에, 가혹한 조건에서 만들어졌으며 통제하기 어려운 

반응성을 가지고 있었습니다. 현대 유기 화학의 발전에 따라, 수많은 

연구진은 온화한 조건에서 해당 화학종을 만들고자 하였으며 선택적이고 

통제 가능한 반응 설계를 위해 오랜 시간 연구해왔습니다. 더불어 

다양한 장비와 도구의 도입으로 새로운 반응 시스템을 확립하고자 

하였습니다. 1장에서는 지난 십여 년 동안 탄소 중심 라디칼을 형성하는 

대표적인 전략들과 이를 활용하여 새로운 화학 결합을 형성하는 방법을 
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소개합니다. 특히 탄소–수소(1부), 탄소–할로겐(2부) 결합의 활성화로 

형성되는 라디칼에 대해 중점적으로 설명합니다. 

1부에서는 탄소–수소 결합의 기능화를 중점적으로 다룹니다. 그 

예시로 2장에서는, 광촉매와 니켈 촉매의 이중 촉매 전략을 활용하여 

인돌의 벤질 자리 탄소–수소 결합 활성화를 소개합니다. 인돌의 

산화되기 쉬운 성질에 착안하여, 순차적인 산화/탈 양성자화 과정을 

거쳐 가장 산도가 낮은 벤질 자리의 수소를 활성화하게 됩니다. 다양한 

아릴 및 아실 그룹은 니켈 촉매의 교차 짝지음 반응을 통해 

도입되었습니다. 그뿐만 아니라 복잡한 기능성 기를 가지고 있는 

생리활성 분자에도 개발된 반응을 적용할 수 있었습니다. 반응 기작 

실험을 통해 라디칼 형성의 초기 단계를 밝힐 수 있었으며, 이는 분자 

내에 유사한 결합 해리 에너지를 갖는 탄소–수소 결합 중 벤질 자리만 

선택성이 높은 이유를 뒷받침합니다.  

2부에서는 탄소–할로겐 결합 기능화를 중점적으로 다룹니다. 빛 

에너지에 의해 요오드화 알킬(3장) 또는 요오드화 아릴(4장)으로부터 

만들어지는 탄소 라디칼은 라디칼 보릴화 과정을 거쳐 새로운 탄소–붕소 

결합을 형성합니다. 3장과 4장에서 형성된 생성물은 붕소기의 독특한 

성질로 인해 약학적 활성을 갖게 됩니다. 개발된 반응은 금속촉매나 

외부첨가제가 필요하지 않기 때문에 친환경적이고 원자 경제적인 

반응이라고 할 수 있습니다. 개발된 반응의 핵심은 다양한 화학물질이 

차례대로 반응하여서 한 용기 내에서 원하는 생성물을 제공한다는 
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것입니다. 또한, 5장에서는 예비 결과와 함께 라디칼 기반의 탄소–불소 

결합 활성화를 간략하게 소개합니다. 반응 메커니즘 연구가 현재 

연구실에서 진행 중이며, 탄소–불소 결합 절단 단계의 정확한 과정을 

밝히고 발견한 반응성을 다양한 기질에 적용하고자 합니다. 

 

주요어: 탄소, 수소, 할로겐, 라디칼, 광화학, 인돌, 아지리딘, 

아미노붕소산, 헤테로 고리 화합물, 교차 짝지음 반응, 붕소화 반응, 

탈수소불소화 반응, 불소 원자 이동 

 

학번: 2017-21595 

 


	Chapter 1. Functionalization of carbonhydrogen and carbonhalogen bonds through a radical pathway under light irradiation
	1.1 Introduction
	1.2 Visible-light-mediated CH bond activation enabling radical generation
	1.2.1 Hydrogen atom transfer (HAT) strategies
	1.2.1.1 Indirect HAT approaches
	1.2.1.1.1 HAT with oxygen-centered radicals
	1.2.1.1.2 HAT with nitrogen-centered radicals
	1.2.1.1.3 HAT with sulfur-centered radicals
	1.2.1.1.4 HAT with halogen radicals
	1.2.1.1.5 HAT with carbon-centered radicals

	1.2.1.2 Direct HAT approaches

	1.2.2 Electron transferproton transfer (ET/PT) strategies

	1.3 Visible-light-mediated CI bond activation enabling radical generation
	1.3.1 Light-induced homolysis strategies
	1.3.2 Photocatalytic strategies
	1.3.3 Halogen atom transfer (XAT) strategies
	1.3.4 EDA interaction strategies

	1.4 Visible-light-mediated CF bond activation enabling radical generation
	1.4.1 Defluorinative functionalization of C(sp2)F bond
	1.4.2 Defluorinative functionalization of C(sp3)F bond

	1.5 Conclusion
	1.6 References

	Part I. Visible-light-induced carbonhydrogen bond cleavage for radical generation
	Chapter 2. Benzylic C(sp3)C(sp2) cross-coupling of indoles enabled by oxidative radical generation and nickel catalysis
	2.1 Introduction
	2.2 Results and discussion
	2.2.1 Optimization of reaction conditions
	2.2.2 Substrate scope of indoles
	2.2.3 Substrate scope of (hetero)aryl halides
	2.2.4 Substrate scope of bioactive molecules
	2.2.5 Mechanistic investigations
	2.2.6 Proposed reaction mechanism
	2.2.7 Substrate scope of symmetric acid anhydrides

	2.3 Conclusion
	2.4 Experimental section
	2.4.1 General experimental details
	2.4.2 Substrate preparations
	2.4.3 Characterization data of substrates
	2.4.4 General procedure for arylation and acylation
	2.4.5 Characterization data
	2.4.6 Optimization of reaction conditions
	2.4.7 Radical trapping experiments
	2.4.8 Control experiments to exclude the HAT process
	2.4.9 Fluorescence quenching experiment (SternVolmer relationship)
	2.4.10 Electrochemical characterizations
	2.4.11 Kinetic isotope effect (KIE) experiment

	2.5 References

	Part II. Visible-light-induced carbonhalogen bond cleavage for radical generation
	Chapter 3. A tandem process for the synthesis of β-aminoboronic acids from aziridines with haloamine intermediates
	3.1 Introduction
	3.2 Results and discussion
	3.2.1 Evaluation of reaction parameters
	3.2.2 Sequential ring opening and radical borylation of aziridines
	3.2.3 Mechanistic studies
	3.2.4 Plausible mechanistic scenario

	3.3 Conclusion
	3.4 Experimental section
	3.4.1 General experimental details
	3.4.2 Optimisation of reaction conditions
	3.4.3 General procedure for synthesis of aziridines
	3.4.4 General procedure for photoinduced borylation of aziridines
	3.4.5 Instability evaluation of β-aminoboronate products
	3.4.6 Investigation of modified reaction conditions for aziridines derived from styrene
	3.4.7 A summary of reactions with challenging substrates
	3.4.8 Mechanistic studies
	3.4.9 Miscellaneous experiments
	3.4.10 Characterization data of synthesized compounds

	3.5 References

	Chapter 4. Metal-free 1,2-arylboration for the synthesis of heterocyclic boronate esters via photoinduced C(sp2)I bond cleavage
	4.1 Introduction
	4.2 Results and discussion
	4.2.1 Evaluation of reaction parameters
	4.2.2 Expected reaction mechanism
	4.2.3 Preliminary 1,2-arylboration results (intra- and intermolecular reactions)

	4.3 Conclusion
	4.4 Experimental section
	4.4.1 General experimental details
	4.4.2 General procedure for the preparation of aryl iodide
	4.4.3 General procedure for intramolecular 1,2-arylboration of unactivated alkenes
	4.4.4 General procedure for intermolecular 1,2-arylboration of unactivated alkenes
	4.4.5 Characterization data of synthesized compounds

	4.5 References

	Chapter 5. Functionalization of the benzylic C(sp3)F bond driven by the excited state of boryl radicals
	5.1 Introduction
	5.2 Results and discussion
	5.2.1 Evaluation of reaction parameters
	5.2.2 Plausible reaction mechansim
	5.2.3 Mechanistic studies

	5.3 Experimental section
	5.3.1 General experimental details
	5.3.2 General procedure for hydrodefluorination reaction
	5.3.3 Competitive experiments of two leaving groups
	5.3.4 Characterization data of synthesized compounds

	5.4 References

	Abstract in Korean


<startpage>16
Chapter 1. Functionalization of carbonhydrogen and carbonhalogen bonds through a radical pathway under light irradiation 1
 1.1 Introduction 1
 1.2 Visible-light-mediated CH bond activation enabling radical generation 2
  1.2.1 Hydrogen atom transfer (HAT) strategies 2
   1.2.1.1 Indirect HAT approaches 4
    1.2.1.1.1 HAT with oxygen-centered radicals 4
    1.2.1.1.2 HAT with nitrogen-centered radicals 9
    1.2.1.1.3 HAT with sulfur-centered radicals 11
    1.2.1.1.4 HAT with halogen radicals 14
    1.2.1.1.5 HAT with carbon-centered radicals 17
   1.2.1.2 Direct HAT approaches 20
  1.2.2 Electron transferproton transfer (ET/PT) strategies 23
 1.3 Visible-light-mediated CI bond activation enabling radical generation 25
  1.3.1 Light-induced homolysis strategies 26
  1.3.2 Photocatalytic strategies 28
  1.3.3 Halogen atom transfer (XAT) strategies 30
  1.3.4 EDA interaction strategies 32
 1.4 Visible-light-mediated CF bond activation enabling radical generation 34
  1.4.1 Defluorinative functionalization of C(sp2)F bond 35
  1.4.2 Defluorinative functionalization of C(sp3)F bond 38
 1.5 Conclusion 41
 1.6 References 42
Part I. Visible-light-induced carbonhydrogen bond cleavage for radical generation 48
Chapter 2. Benzylic C(sp3)C(sp2) cross-coupling of indoles enabled by oxidative radical generation and nickel catalysis 48
 2.1 Introduction 48
 2.2 Results and discussion 51
  2.2.1 Optimization of reaction conditions 51
  2.2.2 Substrate scope of indoles 53
  2.2.3 Substrate scope of (hetero)aryl halides 54
  2.2.4 Substrate scope of bioactive molecules 56
  2.2.5 Mechanistic investigations 57
  2.2.6 Proposed reaction mechanism 59
  2.2.7 Substrate scope of symmetric acid anhydrides 61
 2.3 Conclusion 62
 2.4 Experimental section 63
  2.4.1 General experimental details 63
  2.4.2 Substrate preparations 65
  2.4.3 Characterization data of substrates 67
  2.4.4 General procedure for arylation and acylation 72
  2.4.5 Characterization data 74
  2.4.6 Optimization of reaction conditions 105
  2.4.7 Radical trapping experiments 110
  2.4.8 Control experiments to exclude the HAT process 112
  2.4.9 Fluorescence quenching experiment (SternVolmer relationship) 114
  2.4.10 Electrochemical characterizations 115
  2.4.11 Kinetic isotope effect (KIE) experiment 119
 2.5 References 121
Part II. Visible-light-induced carbonhalogen bond cleavage for radical generation 131
Chapter 3. A tandem process for the synthesis of β-aminoboronic acids from aziridines with haloamine intermediates 131
 3.1 Introduction 131
 3.2 Results and discussion 134
  3.2.1 Evaluation of reaction parameters 134
  3.2.2 Sequential ring opening and radical borylation of aziridines 135
  3.2.3 Mechanistic studies 137
  3.2.4 Plausible mechanistic scenario 139
 3.3 Conclusion 140
 3.4 Experimental section 141
  3.4.1 General experimental details 141
  3.4.2 Optimisation of reaction conditions 142
  3.4.3 General procedure for synthesis of aziridines 143
  3.4.4 General procedure for photoinduced borylation of aziridines 145
  3.4.5 Instability evaluation of β-aminoboronate products 148
  3.4.6 Investigation of modified reaction conditions for aziridines derived from styrene 149
  3.4.7 A summary of reactions with challenging substrates 151
  3.4.8 Mechanistic studies 152
  3.4.9 Miscellaneous experiments 156
  3.4.10 Characterization data of synthesized compounds 159
 3.5 References 182
Chapter 4. Metal-free 1,2-arylboration for the synthesis of heterocyclic boronate esters via photoinduced C(sp2)I bond cleavage 188
 4.1 Introduction 188
 4.2 Results and discussion 190
  4.2.1 Evaluation of reaction parameters 190
  4.2.2 Expected reaction mechanism 192
  4.2.3 Preliminary 1,2-arylboration results (intra- and intermolecular reactions) 193
 4.3 Conclusion 194
 4.4 Experimental section 195
  4.4.1 General experimental details 195
  4.4.2 General procedure for the preparation of aryl iodide 196
  4.4.3 General procedure for intramolecular 1,2-arylboration of unactivated alkenes 197
  4.4.4 General procedure for intermolecular 1,2-arylboration of unactivated alkenes 198
  4.4.5 Characterization data of synthesized compounds 199
 4.5 References 201
Chapter 5. Functionalization of the benzylic C(sp3)F bond driven by the excited state of boryl radicals 205
 5.1 Introduction 205
 5.2 Results and discussion 208
  5.2.1 Evaluation of reaction parameters 208
  5.2.2 Plausible reaction mechansim 209
  5.2.3 Mechanistic studies 212
 5.3 Experimental section 214
  5.3.1 General experimental details 214
  5.3.2 General procedure for hydrodefluorination reaction 215
  5.3.3 Competitive experiments of two leaving groups 215
  5.3.4 Characterization data of synthesized compounds 218
 5.4 References 219
Abstract in Korean 222
</body>

