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Preface 

The whole work presented in this dissertation has been carried out at the Institute of Chemical 

Researcher of Catalonia (ICIQ), during the period of November 2014 to September 2018 under the 

guidance of Professor Rubén Martín. The thesis contains five chapters: a general introduction, three 

research chapters, and a last chapter with a general conclusion of all the research work. Each of the 

research chapter includes an introduction and an aim of the presenting project, followed by a 

discussion of experimental results, mechanistic analysis, conclusions, and experimental sections. 

The first Chapter deals with the historical background and modern development of visible light 

photoredox catalysis. A brief overview of photophysical properties and redox potentials of selected 

visible light photocatalysts are presented, followed by the discussion of general catalytic manners of 

commonly used visible light photocatalysts. 

The second Chapter, ‘‘Visible-Light-Promoted Atom Transfer Radical Cyclization of Unactivated 

Alkyl Iodides’’, describes the synthesis of exo-cyclic trisubstituted vinyl iodides via visible light 

photoredox promoted atom transfer radical cyclization of unactivated alkyl iodides. Preliminary 

mechanistic studies and control experiments have indicated an activation mode challenging the 

canonical photoredox catalytic cycle. The results in this chapter have been published in ACS Catal. 

2017, 7, 409-412 in collaboration with Dr. Josep Cornella and Dr. Francisco Julía-Hernández. 

The third Chapter, ‘‘Catalytic Intermolecular Dicarbofunctionalization of Styrenes with CO2 and 

Radical Precursors’’, describes the synthesis of substituted phenylacetic acid with styrenes, radical 

precursors and CO2 via visible light photoredox catalysis. With the present work, many valuable 

phenylacetic acids that are not easily accessible with traditional method can be efficiently synthesized 

under mild conditions. Preliminary mechanistic studies and control experiments have indicated a 

reductive quenching pathway. The results in this chapter have been published in Angew. Chem. Int. 

Ed. 2017, 56, 10915-10919 in collaboration with Dr. Veera Reddy Yatham. 

The last research Chapter, ‘‘sp3 C–H Arylation and Alkylation Enabled by the Synergy of Triplet 

Excited Ketones and Nickel Catalysts’’, presents our efforts toward the undirect sp3 C-H 

functionalizations with cheap diaryl ketone and nickel salt as catalytic combination. The successful 

arylation and alkylation of hydrocarbons with our system holds promise for a more prolific use of 

diaryl ketone as visible light photocatalyst in the context of metallaphotoredox arena. Preliminary 

mechanistic studies and control experiments have suggested the ketone functions as HAT & SET 
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catalyst. The results in this chapter have been published in J. Am. Chem. Soc. 2018, 140, 12200-12209 

in collaboration with Yiting Gu. 
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Abstract of This Doctoral Thesis 

In recent years, visible light photoredox catalysis has become a powerful alternative to existing 

methodologies for generating transient radical species via outer-sphere mechanisms. Consequently, 

numerous well-known chemistry could be interwoven with visible light photoredox catalysis, thus 

unlocking novel enabling techniques for both C-C and C-X bond formation under exceptionally mind 

conditions with broad substrate scope and functional group tolerance. 

In line with the research interest in Martín’s group of activating inert bonds or molecules, such as 

unactivated halides, carbon dioxide or sp3 C-H bonds, among others, this Doctoral Thesis focuses on 

the development of novel techniques to make use of these functionalities via visible light photoredox 

catalysis. The transformations realized herein contribute to the understanding of more prolific use of 

inert chemical bonds to the synthesis value added compounds. 

  

Scheme 1. Visible light-mediated atom transfer radical cyclization of unactivated alkyl iodide 

Our very first effort in visible light photoredox catalysis aimed at developing a visible light-

mediated atom transfer radical cyclization of unactivated alkyl iodide. Due to the large mismatch in 

reduction potential, unactivated alkyl iodide are challenging substrates to directly reduce with visible 

light photocatalysts. The successful development of this transformation and preliminary mechanistic 

studies challenge the perception that a canonical photoredox catalytic cycle is being operative. The 

careful control experiments revealed that a rather elusive exciplex between tertiary amine and alkyl 

iodide might come into play to facilitate the interaction of the substrate and photocatalyst via electron 

transfer or energy transfer. This protocol operated under mild conditions and exhibits excellent 

chemoselectivity profile while avoiding parasitic hydrogen atom transfer pathways. 
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Scheme 2. Photoredox catalyzed dicarbofunctionalization of styrenes with CO2 and radical 

precursors 

In 2017, we described a redox-neutral intermolecular dicarbofunctionalization of styrenes with inert 

CO2 at atmospheric pressure and carbon-centered radicals. At the outset of this work, the synthesis 

of valuable phenylacetic acids with CO2 remained confined to single bond formation with relatively 

simple backbones. Our protocol took advantage of photoredox catalysis to generate open-shell 

species that add across the double bond, setting the stage for generating a benzyl anion via single-

electron transfer prior CO2 insertion. In this manner, this protocol offers the opportunity of triggering 

a double C–C bond-formation with concomitant CO2 insertion, and in the absence of any Ni catalyst 

or sophisticated ligand backbone, thus exploiting a previously unrecognized opportunity that 

complements existing catalytic carboxylations. 

 

Scheme 3. sp3 C-H functionalization enabled by the synergy of diaryl ketone and nickel 

catalyst 

Our last venture into photoredox catalysis focused on the functionalization of native sp3 C-H bonds. 

At the outset of our study, the vast majority of visible light photocatalysts function as either electron 

or energy transfer catalysts. Driven by the observation that diaryl ketones are capable of abstracting 

a hydrogen atom from a hydrocarbon feedstock at the triplet excited state, we wondered whether we 

could utilize simple ketones as photocatalysts within the context of sp3 C–H functionalization under 

visible light irradiation.  Although the radical-type character of triplet excited states of diaryl ketones 

suggests the viability for triggering hydrogen-atom transfer (HAT) and single-electron transfer (SET) 

processes, among others, their use as multifaceted catalysts in C–C bond-formation via sp3 C–H 

functionalization of alkane feedstocks still remains rather unexplored. In this PhD thesis, we have 

unlocked a modular photochemical platform for forging C(sp3)–C(sp2) and C(sp3)–C(sp3) linkages 

from abundant alkane sp3 C–H bonds as functional handles using the synergy between nickel catalysts 

and simple, cheap and modular diaryl ketones.  This method is distinguished by its wide scope that 
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is obtained from cheap catalysts and starting precursors, thus complementing existing inner-sphere 

C–H functionalization protocols or recent photoredox scenarios based on iridium polypyridyl 

complexes. Additionally, such a platform provides a new strategy for streamlining the synthesis of 

complex molecules with high levels of predictable site-selectivity and preparative utility. Mechanistic 

experiments suggest that sp3 C–H abstraction occurs via HAT from the ketone triplet excited state, 

thus offering a new technique for bond-forming reactions within the metallaphotoredox arena.  

In conclusion, we have developed new methods for the functionalization of inert chemical bonds or 

molecules via photoredox catalysis under exceptionally mild conditions and with an excellent 

chemoselectivity profile. We also carried out preliminary mechanistic studies to understand how and 

why these reactions proceeded.  
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1.1. General Background 

‘‘… And if in a distant future the supply of coal becomes completely exhausted, civilization will not 
be checked by that, for life and civilization will continue as long as the sun shines! If our black and 
nervous civilization, based on coal, shall be followed by a quieter civilization based on the utilization 
of solar energy, that will not be harmful to progress and to human happiness.  
The photochemistry of the future should not however be postponed to such distant times; I believe 
that industry will do well in using from this very day all the energies that nature puts at its disposal. 
So far, human civilization has made use 
almost exclusively of fossil solar energy. Would it not be advantageous to make better use of radiant 
energy?’’ 

---Giacomo Ciamician (1912) 

One century ago, the Italian photochemist Giacomo Ciamician had the vision of transforming solar 

energy into valuable compounds in a way similar to photosynthesis that nature does.1 Taking into 

consideration that photochemistry deals with chemical changes promoted by just the absorption of a 

photon, it is reasonable to assume that the use of light as an abundant, clean and inexpensive natural 

source for building up molecular complexity holds promise to revolutionize approaches in organic 

synthesis, particularly if light can be used to change our dependence on fossil fuels.1 

 

Scheme 1.1. The absorption and bond dissociation energy of common organic scaffolds 

Taking a close look at the literature data, there are certainly a wide variety of photochemical 

reactions that proceed under UV irradiation, inevitably requiring a specialized photochemical device.2 

However, the use of high energy UV-light can be rather problematic due to the ability of a wide range 

of functional groups to absorb in the UV region, which may lead to deleterious side reactions arising 
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from photoexcitation of the substrate itself.2 Not surprisingly, chemists have been challenged to 

utilize visible light energy in lieu of UV-light for C–C and C–heteroatom bond-forming reactions. To 

such end, chromophores capable of collecting photons from visible light and transferring such 

inherent energy to organic substrates have attracted considerable attention within the context of 

organic synthesis.3 As shown in Scheme 1.1, visible light has less energy than UV-light, thus 

preventing decomposition pathways derived from the excitation of the substrate upon irradiation. 

Conceptuality aside, the utilization of simple, and cheap visible-light emitting device such as compact 

fluorescence light bulbs represents an important step-forward for improving the practicality and 

generality of light-induced reactions, suggesting that these techniques might find immediate 

application in various disciplines, including organic synthesis, material science or drug discovery, 

among others.3 

The utilization of chromophores for enabling visible light photocatalytic reactions can be traced 

back to the work of Burstall when preparing tris(bipyridine)ruthenium(II) chloride [Ru(bpy)3Cl2].4 

While this field remained relatively dormant for a period of time, with notable exceptions by Kellogg, 

Pac, Deronzier, Willner, Kern and Sauvage, Tanaka, Fukuzumi, Oda and Okada, 12-22 the recent years 

have witnessed an exponential growth in the area of visible light photocatalysis.5-7 Indeed, this field 

of expertise has undoubtedly entered into a new era of continuous development that have found 

application in water splitting, energy storage, phototherapy or photovoltaic devices, among others.8-

11 

1.2. Photophysical and Redox Properties of Visible-Light Photocatalysts  

 

Figure 1.1. Generalized Jablonski diagram for photocatalyst 

The optical and redox properties of visible light photocatalysts allow them to be employed in single-

electron transfer (SET) or energy transfer (ET) processes. The photophysical changes during the 

irradiation could be summarized by the Jablonski diagram which is also applicable to other related 

photocatalysts (Figure 1.1).23 The photochemical process is initiated by the absorption of a photon by 

the singlet ground state PC(S0), allowing the electron to occupy a higher energetic singlet excited 
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state PC(*S1n), which then typically relaxes to the lowest vibrational levels of singlet excited state 

PC(*S10) via internal conversion (kic). The PC(*S10) state can return back to the singlet ground state 

via radiative (fluorescence, kf) or non-radiative (knr) pathway. However, the PC(*S10) state can also 

undergo an efficient intersystem crossing (ISC, kisc) with high quantum yield to the triplet state 

PC(*T1n) followed by internal conversion to produce the lowest triplet excited state PC(*T10). Such 

excited stage is reasonably long-lived (e.g. τ = 1100 ns for Ru-1) due to the spin forbidden transition 

of the triplet state (PC(S0) – PC(*T10)). As for PC(*S10), the PC(*T10) slow deactivation through the 

radiative (phosphorescence, kp) or non-radiative (knr) pathway might lead to the PC(S0). From a 

chemical standpoint, the long-lived triplet excited state PC(*T10) serves both as a better single-

electron reductant or oxidant than the corresponding PC(S0) ground state. While the enhanced 

reducing ability is explained by shifting one electron from the HOMO into a higher energetic state, 

the oxidizing feature derives from the singly occupied ‘HOMO’ in the ground state which is available 

to meet an extra electron. In addition, it is worth noting that the long-lived triplet excited state can 

participate in bimolecular quenching through triplet energy transfer sequences. 

 

Figure 1.2. Simplified molecular orbital and electron shift of photoexcited Ru-1 

Taking Ru-1 as a model, visible light photoexcitation facilitates that an electron from a metal-

centered t2g orbitals shifts to a ligand-centered π* orbital. This process is better described as a metal 

to ligand charge transfer (MLCT), generating a transient species in which the metal has formally been 

oxidized to a higher oxidation state whereas the ligand backbone has been reduced to a radical anion 

(Figure 1.2).23 As the photocatalyst has a fully coordinated metal center, a subsequent single-electron 

transfer takes place via an outer sphere-type mechanism. Regardless of whether a single-electron 
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reduction or oxidation event occurs, the presence of a singly occupied orbital suggests that the original 

configuration will be recovered by a subsequent SET process. 

1.3. Catalytic Functions of Visible-Light Photocatalysts 

Upon photoexcitation, Ru(bpy)3* typically facilitates a single electron transfer (SET) with organic 

molecules. Depending on the reaction conditions and on the nature of the substrate, the SET of 

Ru(bpy)3* proceeds via either reductive quenching or oxidative quenching (Scheme 1.2, left).23 In a 

reductive quenching, Ru(II)* serves as an oxidant by accepting an electron from an electron donor, 

thus affording the reduced species Ru(I) species (Scheme 1.2, left). With such higher reducing ability, 

the Ru(I) is particularly prone to regenerate the ground state Ru(II) in the presence of an appropriate 

electron acceptor. Such reductive quenching scenario is typically facilitated by tertiary amines, 

serving as effective quenchers for Ru(II)*. If an oxidative quenching operates, however, Ru(II)* 

functions as a reductant by donating one electron to an electron acceptor, thus delivering Ru(III) that 

is particularly predisposed to a SET from an electron-rich donor to recover back the ground state 

Ru(II). Common oxidative quenchers that accept electron from Ru(II)* are viologens, 

polyhalomethanes, polynitroarenes and persulfate. As the redox quenching depends on the redox 

potentials of the photocatalyst, this can be modulated by a subtle change in the electronic parameters 

of the latter; specifically, the presence of electron-donating substituents increases the reducing ability 

of the photocatalyst whereas the inclusion of electron-withdrawing substituents improves its 

oxidizing character.23 While SET processes effectively quench the triplet excited state of the 

photocatalyst, energy transfer (ET) can be used for similar purposes (Scheme 1.2, right). The long-

lived triplet excited state can effectively be quenched with appropriate substances possessing a lower 

triplet energy than the triplet energy of photocatalyst. In this manner, the triplet energy of the 

photocatalyst is transferred to the quencher, thus recovering back its ground state while delivering a 

triplet state at the quencher. Such energetic triplet excited state may be used to participate in a myriad 

of organic transformations, ranging from cycloaddition, to ring-opening or isomerization events, 

among others. 23 
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Scheme 1.2. Single electron transfer and energy transfer 

In order to identify whether quenching occurs or not, Stern-Volmer luminescence is typically 

employed. In the absence of a quencher, the photoexcited catalyst emits a stable emission, while in 

the presence of increased concentration of the quencher, the emission is attenuated. 

I/I0 = 1 + kqt0[Q] 

The formula that describes this phenomenon is the Stern-Volmer equation, in which I0 stands for 

the luminescence intensity of the photocatalyst without quencher, I represents the intensity of 

luminescence in the presence of the quencher, and t0 is the lifetime of photocatalyst. Plotting the ratio 

of I/I0 against the quencher concentration would give a straight line in an ideal scenario. The 

observation of this relationship between emission intensity of photocatalyst and concentration of a 

quencher provides evidence that the quencher involves in single electron transfer with the 

photocatalyst.  

A number of commonly employed photocatalysts with selected redox potentials and photophysical 

properties are listed in Table 1.1 and Scheme 1.3.23 
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Table 1.1. Redox potential and selected photophysical properties 

 

Scheme 1.3. Commonly utilized visible light photocatalysts 

1.4. The Renaissance of Homogeneous Visible Light Photoredox Catalysis  

As judged by the wealth of literature data, it is evident that visible light photoredox catalysis has 

witnessed a renaissance. This is largely due to the seminal work of MacMillan24 and Yoon,25a 

inevitably contributing to the adoption of visible light photocatalysis as a new tool to build up 

molecular complexity under exceptionally mild reaction conditions.25b It is worth noting that there is 

a vast literature data on heterogeneous photoredox catalysis that have showed to be a powerful, yet 

practical, alternative to the conventional homogeneous photoredox scenarios.26a,26b However, this 

area of expertise will not be treated here, as this PhD thesis is focused on the development of 

homogeneous photoredox scenarios. 
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1.4.1 Merging Organocatalysis with Visible Light Photoredox 

 

Scheme 1.4. The Synergy of organocatalysis and Photoredox 

 

Scheme 1.5. The mechanism of the synergy of organocatalysis and photoredox 
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classical 2-electron pathways (Scheme 1.4). 24 The reaction proceeded via generation of an electron-

deficient radical Int-2 that might react efficiently with an electron-rich chiral enamine Int-1. The 

resulting a-amino radical Int-3 can then be oxidized by photoexcited Ru(II)* via SET to produce 

ground state photocatalyst and an iminium ion Int-4 that ultimately deliver the alkylated aldehyde by 

hydrolysis. The transformation proceeded in excellent yields and enantiomeric excesses (ee) for a 

range of alkyl aldehydes and a-carbonyl bromides. While a canonical oxidative quenching was 

claimed by MacMillan, the Yoon group demonstrated later on that this assumption was better 

described as a chain-propagation event by measuring the quantum yield of these reactions (Scheme 

1.5, bottom).47 

1.4.2. Visible Light Photoredox Promoted Cycloaddition 

Concurrently with MacMillan´s work, Yoon and co-workers demonstrated the ability of Ru(bpy)3 

(II) photocatalysts to trigger intramolecular [2+2]-cycloadditions under visible light irradiation 

instead of conventional UV-light (Scheme 1.6).25 The reaction was initiated by reductive quenching, 

with the lithium salt proposed to facilitate the SET reduction of the enone to the radical anion, 

followed by radical addition to furnish the desired product with excellent diastereoselectivities (dr). 

 

Scheme 1.6. Photoredox catalyzed [2+2] cycloaddition 
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cation was found to couple isoprene, giving rise to a radical cation adduct that subsequently ends up 

in the neutral species by a final single-electron transfer from either oxygen or Ru(bpz)3 (I). 

Interestingly, higher yields were obtained under air, presumably because the turnover of the 

ruthenium catalyst could be improved by oxygen. Importantly, the radical ionic Diels-Alder-type 

reaction was found to be orthogonal with conventional thermal [2+4] cycloaddition, as the coupling 

reaction efficiently delivers the targeted product with two electron-rich partners.49 

 

Scheme 1.7. Radical cation Diels-Alder cycloaddition 

1.4.3. Visible Light Photoredox Promoted Dehalogenation and Atom Transfer Radical Addition 

 

Scheme 1.8. Visible light photoredox catalyzed photodehalogenation 
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Scheme 1.9. Classical Atom Transfer Radical Addition Procedure 

Atom transfer radical addition (ATRA) reactions rank among one of the most fundamental reactions 

within the organic synthesis toolbox, and is characterized by the formal addition of halogenated 

compounds across a p-component such as alkenes or alkynes.51,52 The synthetic interest of this 

transformation relies on its high efficiency and atom-economy, in which two new C–C and C–halogen 

bonds are simultaneously formed, thus constituting a rather powerful technique for preparing 

complex halogenated species that can be used for further functionalization (Scheme 1.7). Historically 

pioneered by Kharasch,53,54 this field has been extensively developed by the elegant contributions 

from Curran55-61, Oshima62-64 or Renaud,65-67 among others.68,69 Generally, ATRA reactions proceed 

through a radical chain process, typically requiring stoichiometric amounts of toxic and hazardous 

initiators such as peroxides, organotin reagents or triethylboron. While other initiators have been 

employed for similar purposes, 70-77 the moderate functional group tolerance has hampered the 

application profile of ATRA reactions. 

 

X
XATRA/ATRC

radical addition

initiation Xchain
process

Classical methods:
hash conditions
limited functionalility

X
X

ATRA/ATRC

Reductive quenching:
broad range of quenchers

substoichiometric quencher

Ru photocatalyst

X

Ar
R1

X

EWG
R2

X

X
X

S
X

O
O

Activated
Halides Oxidative quenching:

redox neutral
little byproducts

PC*

PC

Donor
Donor

PC
hv

X

PC

X

Ts
Cl

80%

Br

EtO2C

FF
88%

Cl3C
Br

OH

95%

Ru(bpy)3Cl2 (1 mol%), DMF or DMSO, LiBr (0-2 equiv)

EtO2C
NHBoc

BrEtO2C

99%
3

F3C
I

90%

Ru(bpy)3Cl2 (1 mol%), MeCN/MeOH, Na-ascorbate (0.35 equiv)

n-C8F17

I

90%
N

Br n-C8F17

I

96% (Z/E= 1.8:1)
OHOH

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

12 

Scheme 1.10. Photoredox promoted ATRA/ATRC with activated halides 

Prompted by its interest in photoredox catalysis, the Stephenson group disclosed an efficient atom 

transfer radical addition or cyclization (ATRA/ATRC) enabled by visible light photoredox catalysis. 

The reactions can be performed with either reductive quenching pathway or oxidative quenching 

pathway with activated halides (Scheme 1.8).78,79 These transformations are distinguished by the mild 

condition, broad functional group tolerance and excellent substrate scope, allowing to prepare a wide 

range of fluorinated compounds. In a formal sense, this study showcased the potential of photoredox 

catalysis for ATRA-type transformations, suggesting that the implementation of more complex 

scenarios would a priori be within reach.52,81 

1.4.4. Photochemical Transformations Enabled by Triplet Energy Transfer 

 

Scheme 1.11. An Early Example of [2+2] Cycloaddition via Energy Transfer 

Despite the advances realized in photoredox catalysis, it is somewhat surprising that a rather limited 

number of organic transformations are driven by triplet energy transfer. In 1986, it was shown that 

Ru(bpy)3 promoted the intermolecular [2+2] cycloaddition of substituted norbornadiene under visible 

light irradiation via triplet-triplet energy transfer (Scheme 1.9).82 The dramatic mismatch of redox 

potential between the 1,3-diene (E1/20/-1 = -1.39 V, E1/2+1/0 = +1.82 V, vs SCE) and Ru(bpy)3* (E1/2II*/I 

= -0.81 V, E1/2III/II* = +0.77 V, vs SCE) indicated a disfavored electron transfer pathway. Further 

evidence about triplet energy transfer pathway was gained under UV light irradiation, enabling the 

transformation in a rather efficient manner. 

Yoon and co-workers demonstrated that the success of previously reported cycloaddition reactions 

(Scheme 1.6 and Scheme 1.7) highly relied on the redox potential of the substrates and photocatalysts. 

Specifically, only electron-deficient alkenes that can be easily reduced or olefins that are particularly 

prone to oxidation could be utilized. Driven by these observations, Yoon disclosed a [2+2] 

cycloaddition via energy transfer (Scheme 1.12, top), in which electron-rich, neutral and deficient 

alkenes efficiently underwent the targeted cyclization.83 Taking into consideration the redox 

potentials of the styrene (E1/2red = +1.42 V vs SCE) and the oxidation potential of Ir-3* (E1/2III*/II = 

+1.21 V vs SCE), a pathway consisting of an electron transfer process was highly unlikely. A close 

look at the triplet energies, however, indicated that a triplet-triplet energy transfer was more likely 

(ET (styrene) = 60 kcal/mol vs ET (Ir-3*) = 61 kcal/mol). This interpretation gained credence by the 
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observation that the more strongly oxidizing Ru-3 (E1/2III*/II = +1.45 V vs SCE) possessing a lower 

triplet energy (ET = 47.4 kcal/mol) did not catalyze the cycloaddition reaction. These observations 

suggested that orthogonal cycloadditions could be implemented by either electron transfer or energy 

transfer; as shown in Scheme 1.12 (bottom), this turned out to be the case, obtaining different products 

depending on the photocatalyst utilized. 

 

Scheme 1.12. Orthogonal Cycloaddition Enable by Energy Transfer 

1.4.5. Photochemical Transformations Enabled by Non-Metal Based Visible Light Photoredox 

1.4.5.1. Non-Metal Based Visible Light Photocatalyst Enabled Photochemical Reactions 

Despite the versatility of Ru(II) and Ir(III) photocatalysts in a wide number of chemical 

transformations under visible light irradiation, the high price and limited supply of these noble metals 
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photocatalysts, chemists have recently been challenged to come up with non-metal-based alternatives 

with improved practicality and generality.84a 

 

Scheme 1.13. Visible light photoredox promoted Newman-Kwart rearrangement 

Driven by the observation that Newman-Kwart rearrangements84b – undoubtedly one of the most 

important methods to prepare thiophenols – typically require harsh conditions (200-300 ºC) and 

exclusion of air and moisture, a number of alternative methods have been proposed to trigger these 

reactions. Although Lloyd-Jones described a rather powerful protocol for effecting Newman-Kwart 

rearrangements based on Pd(0) catalysts, high temperatures and a rather limited substrate scope was 

found.84c Indeed, electron-rich substrates were not particularly prone for C–S bond-formation, thus 

remaining an elusive goal in these endeavors. Aiming at providing a solution for these challenges, 

Nicewicz demonstrated that a photoredox strategy based on pyrylium photocatalysts might provide a 

conceptually new approach for Newman-Kwart rearrangements.84d Specifically, it was found that 

electron-rich substrates were particularly efficient for such transformation, an argument that goes in 

line with the ease for triggering a SET-oxidation (Scheme 1.13). The resulting radical cation 

facilitates an intramolecular attack at the ipso position, thus representing a complementary approach 

to classical Newman−Kwart Rearrangements based on either electron-neutral or electron-poor 

arenes.84e 
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Scheme 1.14. Alkylation of amide enabled by selective oxidation potential 

The versatility of organic photocatalysts capable of triggering a rather uphill SET oxidation was 

further demonstrated by Nicewicz in the a-alkylation of amide backbones (Scheme 1.14).84f Indeed, 

N-Boc amines typically require about 1.96 V to be oxidized to the corresponding a-amido radical, an 

unrealistic scenario with classical Ir or Ru complexes; however, the utilization of acridinium salts as 

photocatalysts enable the a-alkylation of N-Boc amines with a wide range of a,b-unsaturated 

carbonyls, thus serving as a testament to the possibilities that organic photocatalysts might offer in 

organic chemistry. 

Inspired by the ability of biological photosynthesis to promote the oxidation of water via multiple 

photon excitation, König described that consecutive photoinduced electron transfer could be used in 

organic synthesis.84g Specifically, it was found that the in situ generated radical anion of perylene 

bisimide (PDI) is colored and reasonably stable in the ground state, thus being readily available for 

an additional excitation by visible light, thus yielding a more reducing species (Scheme 1.15, bottom 

left). Such ability to be engaged in successive photon excitations was turned into a strategic advantage 

to promote the rather uphill reduction of aryl bromides, including the always-elusive aryl chlorides 

via the formation of aryl radical species (Scheme 1.15, top). 
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Scheme 1.15. Consecutive photoinduced electron transfer enabled reduction of aryl halides 

As evident from the representative set of examples shown above, the utilization of organic 

photocatalysts with a wider redox window offers the possibility of triggering photochemical reactions 

under visible light irradiation that otherwise would be difficult to accomplish using classical metal-

based photocatalysts, suggesting the novel transformations might be within reach if the appropriate 

organic photocatalyst is utilized.  

1.4.5.2. Electron Donor-Acceptor Complex Enabled Photochemical Reactions 

 

Scheme 1.16. Generalized representation of EDA complex 

While photocatalysts are often necessary to overcome the minimal, if any, absorption of organic 

molecules in the visible light region, a number of photochemical transformations can also be triggered 

by other reaction pathways. For example, the diffusion controlled, ground state association between 

an electron rich donor (D) and an electron poor acceptor (A), produces an electron donor-acceptor 

(EDA) complex; in many instances, such compounds can absorb light in the visible region, thus 

enabling an electron transfer event without the need for any external photocatalyst (Scheme 1.16).84h 

Although such phenomena is known since the 1950’s,84i this field did not gain momentum due to the 

harsh conditions that typically were required to effect the corresponding photochemical event.84j 
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Prompted by the inherent synthetic potential of EDA complexes to trigger SET, it comes as no 

surprise that these transformations recently attracted considerable interest at the Community. 

 

Scheme 1.17. EDA complex enable arylation of pyrrole 

An early example on the potential of EDA complexes was discovered by Chatani and co-workers 

in 2013 (Scheme 1.17).84k Specifically, it was found that a photochemical arylation of pyrroles could 

be effected with diaryl iodonium salts in the absence of an external photocatalyst under white LED 

irradiation, suggesting the involvement of a colored EDA complex between the electron-rich pyrrole 

and the electron-deficient diaryl iodonium salt. 

 

Scheme 1.18. Enantioselective alkylation of aldehyde enabled by EDA complex 

In the same year, Melchiorre and co-workers uncovered complementary radical pathways by 

irradiating in situ generated organic intermediates in the absence of photoredox catalysis, resulting in 

a highly enantioselective a-alkylation of aldehydes with activated alky bromides and Hayashi-

JØrgensen type organic catalyst (Scheme 1.18).84l Control experiments indicated that none of the 

starting precursors absorbed light in visible region; however, a ground-state colored substance was 

obtained upon mixing both precursors, revealing a new absorption band in the visible range. Such 
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enamine and the electron-deficient alkyl bromide, leading to a single-electron transfer process via 

inner-sphere mechanisms. The corresponding radical intermediate followed a similar reaction 

outcome to that of Scheme 1.4 via either an organocatalytic cycle or a chain-propagation process. 

While a significant step-forward, the catalytic a-alkylation of aldehydes with unactivated alkyl 

electrophiles is still beyond reach.24,84l 

 

Scheme 1.19. EDA complex enabled alkylation of indole 

In 2015, Melchiorre’s group reported the alkylation of indole following an otherwise identical 

mechanistic rationale (Scheme 1.19).84m In this case, however, the authors managed to isolate and 

fully characterize the EDA complex by X-ray crystallographic analysis. The measured distance 

between two aromatic rings was ca. 3.33Å, which is significantly shorter than the usual van der Waals 

radii between two aromatic molecules (3.40 Å). 

 

Scheme 1.20. EDA complex enabled perfluoroalkylation of b-ketoester 
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alkylation of b-ketoesters with a wide range of perfluoroalkyl iodides could be affected in the 

presence of phase transfer catalysis under visible light irradiation.84n 

Simple tertiary amines could also form the EDA complex in the presence of an appropriate electron 

acceptor. In 2015, the Leonori group (Scheme 1.21) disclosed an intramolecular iminohydroxylation 

of alkene via cyclization of N-centered radical initiated by the formation of an EDA complex between 

triethylamine (Ered1/2 = -0.76V vs SCE in MeCN) and aryl hydroxylimine (Ar = 2,4-NO2C6H4, Ered1/2 

= -0.55V vs SCE in MeCN).84o In the absence of hydrogen donor, the nitro group in phenoxyl anion 

leaving group served as oxidant to convert the carbon radical into a hydroxyl group. Interestingly, a 

wide range of aryl oximes bearing either electron-rich or electron-deficient substituents could all 

successfully afford the desired product. 

 

Scheme 1.21. EDA complex enabled intramolecular iminohydroxylation of alkene 

1.5. Merging Photoredox with Transition Metal Catalysis: Metallaphoredox Catalysis 

1.5.1. The Initiation: Palladium Metallaphotocatalysis 

The prospective potential of combining visible light photoredox catalysis with transition metal 

catalysis was first recognized in 2007 by Osawa, who successfully developed a protocol containing 
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absence of conventional Cu catalysts, allowing to couple even sterically hindered substrate 
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photoexcited Ru(bpy)3* catalyst had an effect on the oxidative addition of the aryl bromide to 

Pd(0)Ln. 

 

Scheme 1.22. Dual photoredox/Pd-catalyzed Cu-free Sonogashira coupling 

Inspired by Osawa’s seminal work,85 Sanford designed a dual catalytic Pd/photoredox catalysis for 

a directed sp2 C–H arylation with aryl diazonium salts, affording o-substituted biaryl compounds 

under mild reaction conditions (Scheme 1.23). 86 Unlike classical two-electron oxidation techniques 

requiring elevated temperatures and acidic media, 87 the presence of Ru(bpy)3Cl2 in MeOH under 

visible light irradiation provided the desired C–H arylation at room temperature with high 

chemoselectivity profile. Based on the work of Deronzier,16 Sanford suggested that the aryl radical 

generated from the aryldiazonium salt via oxidative quenching could be recombined with Int-6, 

giving rise to Int-7 that could be further oxidized to Pd(IV) Int-8 by Ru(III) via SET. Finally, a fast 

reductive elimination from Int-8 delivers the desired product. Theoretical calculations suggested that 

an alternative mechanism involving reductive elimination from Pd(III) Int-7 and subsequent 

oxidation of the Pd(I) species to Pd(II) catalyst by the oxidized photocatalyst could not be ruled out.88 
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Scheme 1.23. Dual photoredox/Pd-catalyzed ortho-directed C-H arylation with diazonium salt 

Subsequently, Sanford described a follow-up protocol employing air and moisture stable 

diaryliodonium salts in the presence of a stronger reducing photocatalyst Ir(ppy)2(dtbbpy)(PF6) (5 

mol%) and Pd(NO3)2 (10 mol%) as precatalyst (Scheme 1.24).89 Beyond any reasonable doubt, the 

seminal studies highlighted above provided the fundamental blueprint for inspiring the development 

of metallaphotoredox reactions to build up molecular complexity. 90-97 

 

Scheme 1.24. Dual photoredox/Pd-catalyzed ortho-directed C-H arylation with iodonium salt 

1.5.2. Copper Metallaphotocatalysis 
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(Scheme 1.25).99 The reaction was believed to proceed via a reductive quenching pathway, thus 

generating a Cu(II) intermediate and Ru(I) species upon visible light irradiation. A trifluoromethyl 

radical is then generated via reduction of CF3I by the Ru(I) complex, leading to the regeneration of 

Ru(II). , Subsequently, the CF3 radical is captured by the Cu(II) intermediate to afford a Cu(III) Int-

9 complex, setting the scene for a transmetalation with the aryl boronic acid under basic conditions 

to give Int-10 followed by reductive elimination. 100,101 

 

Scheme 1.25. Dual photoredox/Cu-catalyzed trifluoromethylation of aryl boronic acids 
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The merger of photoredox and gold catalysis was first recognized by Glorius and co-workers in 
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diaryliodonium) salts.105 In their original report, aryl radical capture was initially proposed to occur 

after Au(I)-mediated 5/6 exo-trig cyclization; however, subsequent computational and stoichiometric 

studies105-107  suggested that the aryl radical was trapped by Au(I) prior to cyclization, resulting in a 

Au(II) complex that was oxidized to Au(III) by the Ru(III) photocatalyst. A rapid oxyl/amino 

cyclization followed by reductive elimination from Int-13 led to the targeted product while 

recovering back the Au(I) complex. The ability to access Au(III) by means of photoredox catalysis 

was particularly important, allowing to apply this technology in multiple endeavors.109-117 

 

Scheme 1.26. Gold metallaphotoredox catalyzed intramolecular oxyl/amino arylation 

1.6. Summary 

This chapter describes the evolution of homogeneous photoredox catalysis from its inception, 

including the general description of the photophysical and electrochemical properties of the 

corresponding photocatalysts, showing the prospective potential that these technologies at the 

Community. In a relatively short period of time, these methods have not showed only the ability to 

improve existing non-photoredox transfomations, but also offered a conceptually new manifold to 

build up molecular complexity via SET or ET processes, holding promise to revolutionize approaches 

in organic synthesis. While this field has gained considerable momentum, several aspects need to 

take into consideration: (1) the high cost and limited supply of noble iridium photocatalysts that are 

commonly employed in photoredox transformations; (2) the implementation of scale-up processes 
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necessarily require engineering such as flow chemistry techniques; (3) a cheap and convenient 

standardized photochemical device remains to be invented for bench studies; (4) the pioneering vision 

from Ciamician back in 1912 about the use of solar energy still remains to be fully implemented in 

the photoredox arena. 

1.7. General Objective of this Doctoral Thesis 

The last decade has witnessed the dramatic development of visible light photoredox catalysis, 

enabling the implementation of a wide number of previously inaccessible transformations that occur 

via either SET or ET processes under exceptionally mild conditions. Despite the numerous advances 

realized, the functionalization of particularly inert chemical bonds still remains rather underexplored. 

Prompted by the inherent interest of the Martin group for designing new methods for activating a 

priori unreactive chemical bonds, the following thesis is aimed at providing new photoredox 

techniques capable of enabling a series of C–C bond-forming reactions that otherwise would be 

beyond reach using classical metal-catalyzed manifolds. To such end, the following objectives will 

be taken into consideration: 

Ø To expand the visible light promoted ATRA/ATRC to accommodate the use of unactivated alkyl 

halides, a current limitation not yet explored within the photoredox arena. 

Ø To develop a dicarbofunctionalization of olefins with carbon dioxide as coupling partner under 

photoredox conditions, allowing to meet an elusive goal in conventional metal-catalyzed 

carboxylation technologies. 

Ø To unlock new concept for functionalizing native sp3 C-H bonds by the synergy of non-noble 

metal-based photocatalysts and nickel catalysts. 
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Chapter 2. 
 

Visible Light-Promoted Atom Transfer Radical Cyclization of Unactivated 

Alkyl Iodides 
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2.1. Introduction: Atom Transfer Radical Addition/Cyclization  

2.1.1. Traditional Methods to Promote ATRA/ATRC 

Atom transfer radical addition or cyclization reactions (ATRA/ATRC) of halogenated compounds 

with p-components rank among the most fundamental transformations within our chemical portfolio. 

Such interest arises from the high efficiency and atom-economy of these processes, enabling the 

simultaneous generation of two new C–C and C–halogen bonds via the cleavage of a single covalent 

C–halogen bond, and allowing to access more complex organic halides that might be amenable for 

further functionalization.1,2 

 

Scheme 2.1. Classical atom transfer radical addition  

The development of ATRA reactions was pioneered by Kharasch when studying the addition of HBr 

to alkenes. Specifically, Markovnikov selectivity3 was expected for a classical mechanism consisting 

of the intermediacy of carbocations by addition of a proton across the alkene. However, the addition 

of peroxides resulted in a rather intriguing anti-Markovnikov scenario, contributing to the perception 

that a “peroxide effect” came into play (Scheme 2.2).4 Such a regioselectivity switch could be 

explained by the generation of bromine radicals via hydrogen atom abstraction (HAT) that were added 

across the double bond to generate an alkyl radical, thus setting the stage for a chain-propagation via 

subsequent HAT to HBr.  

 

Scheme 2.2. Markovnikov addition and the peroxide effect 

Prompted by the seminal studies from Kharasch with peroxide as initiators of chain-radical 

processes, this field has been extensively developed by elegant contributions of Curran, Oshima or 
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Renaud, among others (Scheme 2.3).5-19 Despite the inherent synthetic interest in ATRA reactions, 

these technologies typically need stoichiometric amounts of toxic or hazardous radical initiators such 

as peroxides, organotin reagents or triethylboron, among others (Scheme 2.3.). These drawbacks have 

partially been alleviated by the implementation of metal-catalyzed ATRA reactions.20-27 

 

Scheme 2.3. Classical ATRA conditions 

Among various scenarios, particularly attractive was the method developed by Burton in 1991, 

describing a new approach en route to a,a-difluoro-functionalized ester with cheap Cu powder under 

solvent-free and mild conditions (Scheme 2.4).20 This transformation was particularly noteworthy 

taking into consideration that these compounds were typically obtained from a prefunctionalized b-

hydroxy derivative via Reformatsky reaction. Under these conditions, a wide variety of sensitive 

functional groups, such as alcohol and terminal epoxides could all be well accommodated. Although 

Cu was utilized as the catalyst, the reaction was proposed to operate via a radical chain mechanism. 

 

Scheme 2.4. Cu(0) promoted ATRA reactions with activated alkyl iodides 

Another example make use of cheap Fe(0) to catalyze an otherwise similar transformation. In this 

case, however, gentle heating was required to facilitate the SET from Fe(0) to the less activated alkyl 

chlorides.22 

 

Scheme 2.5. Fe(0) promoted ATRA reactions with activated alkyl chlorides 
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In 2008, Li and co-workers developed a novel system to mediate ATRA transformations with a 

series of activated organic halides.27 Specifically, it was found that diazonium salts and TiCl3 as 

catalysts can promote a wide range of ATRA reactions with broad scope and excellent functional 

group tolerance in EtOH/H2O (Scheme 2.6).26 Even terminal alkynes can give rise to the desired 

product in excellent regioselectivities, albeit with E/Z mixtures. The initiation relies on the generation 

of aryl radical from an aryl diazonium salt and TiCl3 followed by a chain-propagation process. 

 

Scheme 2.6. TiCl3 and diazonium salt promoted ATRA with activated alkyl halides 

Alternatively, bimetallic Rh–Ru complexes, Cr(OAc)2 or Mn2(CO)10 can be employed as catalysts 

for initiating ATRA reactions.20-26 Still, however, ATRA reactions are typically restricted to relatively 

activated substrates, thus lowering down the application profile of these transformations, particularly 

within the context of late-stage functionalization.  

 
Scheme 2.7. Pd-catalyzed iodine atom transfer cyclizations 
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In 2011, Tong and Lautens independently reported a remarkable Pd-catalyzed iodine transfer 

reaction from aryl or vinyl iodides (Scheme 2.7).27a,27b These reports are genuinely Pd-catalyzed 

reactions, as shown by the stereochemical course of a deuterated analogue (Scheme 2.7, top right)27a 

and in the presence of a norbornene backbone, suggesting a scenario consisting of a reductive 

elimination from Pd(II) to form the targeted C(sp3)-I bond (Scheme 2.7, top).27b No b-hydrogen 

elimination takes place in the latter, probably due to the inability of adopting the necessary cis-agostic 

interaction with the b-hydrogen.  

 

Scheme 2.8. Pd(0)-catalyzed intramolecular iodine transfer 

Interestingly, ATRC reactions could be extended to unactivated alkyl iodides under similar reaction 

conditions to those reported by Tong in which a tether was required for the reaction to occur, most 

likely due to a Thorpe-Ingold effect (Scheme 2.8).27c 

 

Scheme 2.9. Pd(0)-catalyzed iodine transfer with double cyclization 
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virtually all cases analyzed, the transformation gave rise to the corresponding double cyclization 

event in excellent diastereoselectivities. The authors provided evidence of a radical pathway in the 

presence of radical clocks as well as by the observation that racemic products were obtained with 

chiral precursors (Scheme 2.X, bottom). While Pd-catalyzed reactions showed complementary 

reactivity to that of classical ATRA triggered by other radical initiators, it is worth noting that these 

procedures typically proceed with high catalyst loadings. Additionally, substrates susceptible to 

oxidative addition such as aryl sulfides or aryl halides were not be tolerated, thus leaving ample room 

to develop more applicable ATRA and ATRC-type reactions. 

 

Scheme 2.10. Selenium group transfer radical addition 

From a mechanistic standpoint, ATRA reactions should by no means limited to halogen atom 

transfer. Indeed, this concept has been expanded to other translocation scenarios. For example, Curran 

reported that a selenium group can be utilized in ATRA reactions in high yields for a wide number of 

substrates. Key for success was the utilization of methyl(phenylseleno)malonitrile, allowing to 

significantly expand the scope of olefin partners, enabling the addition to electron-rich olefins which 

are problematic in traditional ATRA reactions, such enol ethers and thioethers.27c 

2.1.2. Visible Light Photoredox Promoted ATRA/ATRC with Activated Halides 

In the past decade, visible light photocatalysis has gained considerable attention as a method for 

generating carbon-centered radical intermediates via single-electron transfer (SET) processes.28 

Unlike classical SET protocols based on radical initiators or metal-catalyzed protocols initiated by a 

chemical activation mode and inner-sphere mechanisms,29 photoredox catalysis is capable of 

employing energy of visible light to promote otherwise analogous processes via outer-sphere 

mechanisms under exceptionally mild conditions,  holding promise for a more practical synthetic 

benefit by using visible light.28 

Among all the transformations enabled by photoredox catalysis, particularly illustrative is the 

implementation of redox-neutral ATRA/ATRC, which might lead to elegant bond-disconnections for 

rapidly advancing molecular complexity in both atom- and step-economical fashion. The 

conventional methods to promote ATRA make use of toxic initiators, high energy UV light irradiation, 
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high catalyst loadings of transition metals and/or elevated temperatures. As a consequence, these 

reactions normally suffer from a wider application profile, and have found limited use within the 

context of late-stage functionalization of complex molecules. Aimed at providing a solution to this 

challenge, and prompted by the ability of visible light photoredox catalysis to trigger SET processes, 

Stephenson and co-workers found that ATRA reactions could be realized at ambient temperature with 

low catalyst loading, high chemical yielding and broad scope (Scheme 2.11).30 In this case, a rather 

different mechanism to that of conventional ATRA reactions was proposed. Specifically, the 

transformation occurred via oxidative quenching and a subsequent anionic halide recombination to 

give rise the corresponding alkyl halides. 

 

Scheme 2.11. Photoredox promote ATRA via oxidative quenching 

Chu and co-workers employed organic photocatalyst Eosin Y (Ered*1/2 = -1.15 V vs SCE In MeCN) 

to functionalize a-olefins with tosyl cyanide (TsCN, Ered1/2 = -0.78 V vs SCE in MeCN). The 

mechanism followed by the same oxidative quenching and ionic recombination proposed by 

Stephenson, an assumption that was later on confirmed by quenching studies and the low quantum 

yields observed in these processes (Scheme 2.12).31a 
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Scheme 2.12. Sulfonylcyanation of alkenes enabled by organic photoredox catalysis 

Apart from the conventional use of radical initiators and single electron transfer processes, there is 

evidence that triplet energy transfer could also be used for triggering ATRA reactions. In 2014, 

Melchiorre and co-workers described an ATRA reaction that operated via energy transfer 

mechanisms by using an aromatic aldehyde as the formal catalyst (Scheme 2.13). They found that a 

wide range of energy transfer agents (eg. benzophenone, carbazole) could promote the reaction with 

moderate yield under CFL irradiation.31b 

 

Scheme 2.13. Intermolecular ATRA enabled by energy transfer 

Taken together, the current portfolio of photoredox ATRA/ATRC reactions remains confined to 

activated organic halides possessing weak C(sp3)–X bonds adjacent to  p-systems, electron-

withdrawing groups or heteroatoms, thus rapidly triggering a thermodynamically favoured SET 

processes (Scheme 2.14).30-33 
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Scheme 2.14. Visible light photoredox ATRA/ATRC of activated halides 

In line of these precedents, one might easily argue that unactivated alkyl halides might not be within 

reach in photoredox ATRA reactions due to the rather uphill SET process required to generate an 

open-shell intermediate (n-BuI: Ered  ≤ –2.5V) that will subsequently trigger the addition across the 

p-component. Although the use of a strongly reducing photocatalyst may be employed to drive the 

reaction forward, the inherent similarities between the initial and the final C-halide bond or between 

the initial and final alkyl radical leaves a reasonable doubt on whether this reaction could ever be 

effected within the context of photoredox catalysis (Scheme 2.15).  

 

Scheme 2.15. The challenges involved in photoredox ATRA with unactivated alkyl halide 

2.2. Visible Light Photoredox Promoted Unactivated Halide Reduction 

Photoredox catalysis has nicely shown the capability of reducing molecules by a downhill redox 

SET process. However, there are not a wide number of photocatalysts capable of overcoming the 

redox potentials required to effect the reduction of unactivated alkyl halides (n-BuI: Ered ≤ –2.5V ). 

Stephenson’s group reported a seminal discovery by employing a strongly reducing photocatalyst 

fac-Ir(ppy)3 (E1/2Ir(II)/Ir(III) = -2.19 V vs SCE in MeCN) together with excess amounts of different 

reductants combination (Scheme 2.16).33a Under these conditions, a series of unactivated alkyl, vinyl 

and aryl iodides were smoothly reduced at ambient temperature. These results are particularly 

interesting when considering that conventional methods aimed at the same goal make use of toxic tin 

reagents. As expected, the presence of aryl bromides and chlorides were tolerated, probably due to 

the rather uphill SET process required to generate transient radical intermediates from these entities.   
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Scheme 2.16. Photoreduction of unactivated iodides with Ir(ppy)3 

Concurrently with Stephenson´s report, Lee and co-workers showed a rather similar transformations 

and substrate scope (Scheme 2.17).33b Although the redox potential of Ir(ppy)2(dtbbpy)+ (E1/2Ir(II)/Ir(III) 

= -1.51 V vs SCE in MeCN) suggest that a SET might occur with aryl iodides (E1/2 = -1.71 to -1.55), 

such a pathway was highly unlikely with unactivated alkyl iodides (E1/2 ≤ -2.1 V). However, Lee 

observed that unactivated alkyl iodides could be utilized as substrates, albeit longer reaction times 

were required; intriguingly, no mechanistic explanation was provided. The SET to C(sp3)-I bond is 

likely occurring at the s* (C-I) orbital prior C–I scission, whereas the reaction of C(sp2)-I bond may 

involve a localized radical anion intermediate followed by orbital rotation to favor the subsequent 

heterolytic cleavage of the C-I bond. Regardless of the mode of action, the seminal work of Lee 

paved the way for designing ATRA reactions with unactivated alkyl iodides.  

 

Scheme 2.16. Photoreduction of unactivated iodides with Ir(ppy)(dtbbpy)PF6 

2.3. General Aim of the Project 

At the outset of this PhD thesis, the development of photoredox-mediated ATRA reactions remained 

restricted to the utilization of activated alkyl halides. Driven by this observation, we aimed at 

providing a solution to this challenge, hoping that such a pathway might open up new perspectives 

for the utilization of unactivated alkyl halides within the photoredox arena beyond 

I
“hydride source”

Ir(ppy)3 (1 - 2.5 mol%)

95%

H

Ir(ppy)3 (1 mol%), MeCN, Blue LEDs

Br

O

H

6

82%

H

N

Br

n-C8F172

94%95%

Ir(ppy)3 (1 mol%), MeCN, Blue LEDs

Br H

CO2Me

H2N H

Cl
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H
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H
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I
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photodehalogenation processes. In line with other metal-mediated ATRA reactions (see for example, 

Scheme 2.9), we anticipated that we could tackle this challenge by incorporating a p-component 

within the alkyl side-chain, thus enabling an ATRC process.  

2.4. Visible Light-Photoredox Promoted ATRC of Unactivated Alkyl Iodides 

As indicated above, Stephenson and Lee’s independently work paved the way for the utilization of 

unactivated alkyl halides in photochemical transformations under visible light irradiation,33 

suggesting that the implementation of ATRC reactions might be within reach under appropriate 

reaction conditions. However, we anticipated that this could not be particularly straightforward, as 

the in situ generated alkyl radical might trigger a HAT process prior to intramolecular cyclization, 

leading to otherwise similar products to those described by Stephenson and Lee. Additionally, we 

should take into consideration that the product should be stable under the reaction conditions, 

preventing a subsequent C–I homolysis, and that the overall transformation should be kinetically and 

thermodynamically downhill. With all these considerations in mind, we decided to start our 

investigations with unactivated alkyl iodides decorated with triple-bond on the side-chain as radical 

acceptors. In principle, a 5-exo-dig radical cyclization should trap effectively the in situ generated 

alkyl radical, thus changing the hybridization of the C–I bond (sp3 to sp2), making the reaction 

thermodynamically and kinetically downhill. However, it was unclear whether the lower bond-

dissociation energy of the final sp2 C–I bond would ultimately lead to a parasitic HAT process. 

 

Scheme 2.17. Challenges associated to the ATRC reaction with unactivated alkyl halides 
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2.4.1 Optimization of the Reaction Conditions 

 

Table 2.1. Photoredox ATRC of unactivated alkyl iodides 

Driven by our ongoing interest in cross-coupling reactions of unactivated alkyl halides,34 and 

encouraged by Stephenson and Lee’s contributions,33 we initiated our study with (6-iodohex-1-yn-1-

yl)benzene as model substrate under Ir(III) photocatalyst conditions with an appropriate tertiary 

amine. As expected, the unactivated C(sp3)-I bond can be photocleaved to give reduced product 1-H 

with the formation of the targeted ATRC product (1) after three days reaction time (Table 2.1). 

Intriguingly, the use of 50 mol% of amine showed high reactivity, albeit in low chemoselectivity 

(entry 1, 3, 5 and 7), as stoichiometric quencher was often required in a typical reductive quenching 

scenario. 

 

Ph Ph

I
I

Ph

H

photocatalyst (1 mol%)

Amine, ACN (0.1 M)

entry photocatalyst amine conversion

1
2
3
4
5
6
7
8

fac-Ir(ppy)3

fac-Ir(ppy)3

fac-Ir(ppy)3

fac-Ir(ppy)3

Ir(ppy)2(dtbbpy)PF6

Ir(ppy)2(dtbbpy)PF6

Ir(ppy)2(dtbbpy)PF6

Ir(ppy)2(dtbbpy)PF6

DIPEA (0.5 equiv)
DIPEA (1.0 equiv)

Cy2NMe (0.5 equiv)
Cy2NMe (1.0 equiv)
DIPEA (0.5 equiv)
DIPEA (1.0 equiv)

Cy2NMe (0.5 equiv)
Cy2NMe (1.0 equiv)

68%
78%
82%
96%
78%

100%
100%
83%

39%
41%
34%
15%
45%
28%
20%
39%

Conversion, yield and ratio were calculated with GC-FID with decane as internal standard.

3 days, Blue LEDs
1 1-H

yield of 1
1s

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

DIPEA (0.5 equiv)

entry solvent (0.1 M) conversion  yield of 1

1
2
3
4
5
6
7
8
9

10
11
12

ACN
DMF

DMSO
NMP
DMAc

Toluene
Dioxane
t-BuCN

ACN (2 mol% Ir)
ACN (1.0 equiv DIPEA)

ACN (0.2 M)
ACN (0.05 M)

66%
38%
74%
30%
28%
0%
7%

32%
63%
73%
70%
62%

40%
16%
39%
8%

13%
0%
9%

32%
43%
39%
51%
39%

Conversion, yield and ratio were calculated with GC-FID with decane as internal standard.

12-16 h, Blue LEDs

Ph Ph

I
I

Ph

H
1 1-H1s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

40 

Table 2.2. Solvent screening 

With the conditions of entry 5 in hand (Table 2.1), we next focused on screening a wide variety of 

solvents (Table 2.2). Polar solvents tended to give moderate to good reactivity (Table 2.2, entry 1 to 

5) while apolar solvent showed way less or no reactivity (Table 2.2, entry 6 and 7), indicating that 

the electron transfer event might be favored in the former and inhibited in the latter. Although high 

conversions were found in DMSO, non-negligible amounts of aliphatic aldehyde (20% by H-NMR) 

were obtained in the crude mixtures, suggesting that a Kornblum oxidation took place. Among all 

solvents analyzed, t-BuCN without weak sp3 C-H bonds provided the best specificity in terms of 

chemoselectivity profile, as trace amount of reduced 1-H was observed, albeit in lower yields (entry 

8). This might suggest the reduced product (1-H), at least partially, might derive from the weak sp3 

C-H bonds present in the solvent via HAT. 

 

Table 2.3. Reductant screening of photoredox ATRC of unactivated alkyl iodide 

In light of these results, we decided to continue our optimization in DMSO with lower amounts of 

tertiary amine in order to prevent parasitic HAT reactions. Not surprisingly, amines containing 

relatively weaker C–H bonds gave rise to more reduced product (Table 2.3, entry 3 to 5) while the 

utilization of aniline derivatives (Table 2.3, entry 8-12) turned out to be detrimental compared to the 

corresponding alkyl series (Table 2.3, entry 1 and 3). Interestingly, the employment of bulky and 

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

DMSO (0.2 M)

entry reductant (0.25 equiv) conversion yield of 1

1
2
3
4
5
6
7
8
9

10
11
12

Et3N
Bu3N

BnNMe2

TMEDA
EDTA
DBU
Me2S

PhNMe2

B-1
B-2
B-3
B-4

63%
71%
36%
53%
25%
42%
5%

23%
30%
14%
48%
20%

37%
48%
1%
6%
2%
8%
1%
11%
4%
3%

24%
11%

Conversion, yield and ratio were calculated with GC-FID with decane as internal standard.

12-16 h, Blue LEDs

Me2N Br NTMS2 NMe2

Me

Me

N Ph
2

B-1 B-2 B-3 B-1

Ph Ph

I
I

Ph

H
1 1-H1s
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nucleophile amine DBU showed some reactivity (Table 2.3, entry 6), but with considerable amounts 

of the corresponding ammonium salt by reaction with 1s.  

 

Scheme 2.17. When came out the reduction? 

Taking into consideration the above data, it was unclear whether the reduced product derived from 

a parasitic side-reaction from the final product under the reaction conditions or whether HAT 

occurred prior to C–I bond-formation (Scheme 2.17). 

 

Scheme 2.18. Origin of the reduced product 

Therefore, a series of experiments were designed to find out the pathway from which the reduction 

event took place.  It was found that after 30 min, the reaction of 1s in DMSO with DIPEA (0.25 equiv) 

led to a good 1: 1-H ratio; interestingly, stirring the reaction for a longer time in the dark gave rise to 

considerable amounts of aliphatic aldehyde via Kornblum oxidation. Particularly noteworthy was the 

experiment shown in Scheme 2.18 (bottom), finding out that exposure of the ATRC product (1) under 

t-BuCN in DIPEA (1 equiv) resulted in a non-negligible erosion in 1: 1-H ratio after 24 h irradiation, 

thus suggesting that the product is amenable to C–I homolysis followed by HAT. 

Ph

H

Ph
I

Ph

Ph

I

or HAT
‘early stage’

‘late stage’

Ph Ph

I
I

Ph

H

1-H

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

11s

DIPEA (0.25 equiv)

entry time conv. % 1 % 1 / 1-H

1
2

0.5 h
0.5 h, then 2 days in dark

32
64

29
25

5.5
5.3

DMSO (0.2 M), Blue LEDs

Ph

I

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

DIPEA (1.0 equiv), 24h
t-BuCN (0.1 M), Blue LEDs

Ph

X

X / H = 17 : 1 X / H = 3.7 : 1
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Table 2.4. Solvents screening with 2s 

In light of these results, it was clear that the starting precursor we utilized in our optimization 

delivered non-negligible amounts of reduced product. Therefore, we decided to slightly modify the 

starting alkyl iodide with a cyclohexyl-end capped alkyne. As shown in Table 2.4, this seemingly 

trivial modification resulted in a much more desirable outcome, obtaining significantly lower 

amounts of reduced product. Specifically, it was found that 2 could be obtained in 68% yield together 

with 25% of 2-H in MeCN after half day irradiation (entry 1). As expected, the solvent had a marked 

influence on both yield and selectivity. For example, while 2-H was not observed with a protocol 

based on t-BuCN (Table 2.4, entry 4), solvents that can act as HAT donors generated substantial 

amounts of 2-H such as MeCN, i-PrCN, DMF, DMSO or acetone (Table 2.4, entries 1 to 3 and 5 to 

7).37 In addition, we found that exclusion of oxygen was necessary to obtain high yields of the targeted 

product (entry 4 vs entries 8-9).   

 

Cy Cy

I
I

Cy

H
2-H

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

22s

DIPEA (1.0 equiv)

entry solvent (0.2 M) conv. (%)a 2 (%)a 2-H (%)a

1
2
3
4
5
6
7
8b

9c

ACN
EtCN
i-PrCN
t-BuCN

DMF
DMSO

Acetone
t-BuCN
t-BuCN

98
53
47
93
58
100
47
85
45

68
30
30
89
35
82
33
76
39

25
20
11
0
13
7
6
1
0

a determined by GC using decane as internal standard. b without freeze-pum-thaw. c under air.

12 h, Blue LEDs

Cy Cy

I
I

Cy

H
2-H

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

22s

t-BuCN (0.2 M)

entry amine (equiv.) conv. (%)a 2 (%)a 2-H (%)a

1
2
3
4
5
6
7
8
9b

DIPEA (1.0)
Et3N (1.0)
Bu3N (1.0)

Cy2MeN (1.0)
PMP (1.0)

DIPEA (0.5)
DIPEA (0.25)
DIPEA (0.13)
DIPEA (0.13)

93
100
100
100
100
93
84
69
88

89
88
87
82
85
86
84
67
83

0
2
0
0
5
0
0
0
0

a GC analysis using decane as internal standard. b 48.PMP: 1,2,2,6,6-Pentamethyl piperidine

12 h, Blue LEDs
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Table 2.5. Amines screening with 2s 

Encouraged by these results, we next set up to explore the influence of the amine when using 2s as 

starting precursor (Table 2.5).  Although the nature of the amine did not have a significant influence 

on reactivity and selectivity (Table 2.5, entries 1to 5), it is worth noting that catalytic amounts of 

DIPEA delivered 2s in a remarkable 83% yield, but at a considerably lower rate (Table 2.5, entry 9). 

This result indicated that a canonical photoredox cycle might not come into play, as a typical reductive 

quenching requires stoichiometric amounts of the quencher.  

 

Table 2.6. Photocatalysts screening 

Putting everything into perspective, we questioned whether the efficiency of our photochemical 

ATRC could be correlated to the redox potential of the Ir photocatalyst employed. Therefore, a 

systematic screening of photocatalysts was our next goal. The results compiled in Table 2.6 are 

particularly intriguing if one takes into consideration the remarkable mismatch between the redox 

potential of 2s (E1/2red ≤ -2.5 V vs. SCE in MeCN), and the redox potentials of the corresponding 

photocatalysts. Indeed, we realized that stronger reducing complexes such as fac-Ir(ppy)3 (Ered IrIII/IrII 

= -2.19 V vs SCE in MeCN) resulted in a significant erosion in reaction rate (entry 3), whereas 

strongly oxidizing Ir(dFCF3ppy)2(dtbbpy)PF6 (Ered IrIII/IrII = -1.37 V vs SCE in MeCN) delivered 

otherwise identical yields (83%) (entry 4), thus challenging the perception that a conventional SET 

photoredox catalytic cycle is operative. Control experiments revealed that the presence of both 

DIPEA and Ir(III) under visible-light irradiation was absolutely critical for success (Table 2.7). 

Cy Cy

I
I

photocatalyst (1 mol%)

22s

DIPEA (1.0 equiv), t-BuCN (0.2 M)

entry photocatalyst conv. (%)a 2 (%)a

1
2
3
4
5
6
7
8
9

Ir(ppy)2(dtbbpy)PF6

Ru(bpy)3(PF6)2

Ir(ppy)3

Ir(dFCF3ppy)2(dtbbpy)PF6

Ru(bpz)3(PF6)2

Pt(ppy)(acac)
Fluorescein
Fluorescein

Fluorescein Sodium

93
56
63
91
12
98
78
32
77

89
53
58
83
8
86
71
26
70

a GC analysis using decane as internal standard.

12 h, Blue LEDs

emission E (M/M-) light source

581 nm
615 nm
494 nm
470 nm
591 nm

-
514 nm
514 nm
515 nm

-1.51 V
-1.33 V
-2.19 V
-1.37 V
-0.80 V

-
-1.27 V
-1.27 V

-

Blue LEDs
Blue LEDs
Blue LEDs
Blue LEDs
Blue LEDs

CFL (2 x 23 W)
CFL (2 x 23 W)

Green LEDs
Green LEDs
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Table 2.7. Control experiments 

Taking into consideration the results shown above, one might wonder whether an ATRC reaction 

could be implemented by using alkyl bromides as starting precursors. Unfortunately, however, this 

turned out not to be the case for a wide number of substrates analyzed with different substitution 

patterns at the alkyne terminus. Therefore, alternative strategies should be necessary to 

photochemically cleave inert unactivated alkyl bromides via visible light photoredox technique. 

 

Scheme 2.19. Visible light photoredox reduction of unactivated bromides 

It is worth noting that in 2016, the Stephenson group described a photodebromination 

transformation that made use of silyl radicals to abstract bromine atom from even unactivated organic 

bromides (Scheme 2.19).36 Obviously, this strategy was not suitable for ATRA type reactions as the 

corresponding product will react with the corresponding silyl radicals. 

Cy Cy

I
I

Cy

H
2-H

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

22s

DIPEA (1.0 equiv), t-BuCN (0.2 M)

entry deviation conv. (%)a 2 (%)a 2-H (%)a

1
2
3
4
5

in the dark
no DIPEA
no Ir(III)

Ir(III) (0.5 mol%)
CFL (2*23 W) instead

-
-
-

78
87

trace
≤ 1
2

78
78

-
-
-
-
2

a determined by GC using decane as internal standard.

12 h, Blue LEDs

R2 R1Br
R1

R2 Hcarbon-centered 
radical

photocatalyst
visible light

R2
R1·

H
R1

R2

sp3 & sp2

Condition: Ir(ppy)2(dtbbpy)PF6 (0.5 mol%), DIPEA (2 equiv), TTMSH (2 equiv), air, MeCN

HAT

Si

C Br Si BrBDE: 76 kcal/mol 85.6 kcal/mol
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Scheme 2.20. Interrupted I-ATRC by unactivated alkyl bromide 

Aiming at providing a solution to this challenge, we questioned whether the addition of KI would 

trigger the ATRC reaction of an alkyl bromide. However, traces amount of 4 were observed in the 

crude reaction mixtures (Scheme 2.20, up), suggesting that a halide exchange via conventional 

Finkelstein reaction did not occur, or at least at a decent extent. Intriguingly, traces amount of 4 were 

found when utilizing catalytic amounts of 5s in the ATRC reaction of 4s-Br (Scheme 2.20, middle) 

whereas the utilization of stoichiometric amounts of 5 gave rise to traces of 5 (Scheme 2.20, bottom). 

These results highlight the difficulty for conducting an ATRC reaction with unactivated alkyl 

bromides in the presence of iodide species, probably due to the ease of C-I bond-homolysis and the 

high-lying  s* orbital of the C(sp3)-Br bond. 

 

 

 

 

 

 

 

 

 

 

I
Br Ir(ppy)2(dtbbpy)PF6 (1 mol%)

4, trace4s-Br
DIPEA (1.0 equiv), t-BuCN (0.2 M)

12 h, Blue LEDs

KI (10 - 20 mol%)

I
Br

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

5, trace4s-Br
DIPEA (1.0 equiv), t-BuCN (0.2 M)

12 h, Blue LEDs

Bn

I

4, trace

IBn 5 (10 mol%) H

Bn

5-H, trace

I
Br

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

5, 82%4s-Br
DIPEA (1.0 equiv), t-BuCN (0.2 M)

12 h, Blue LEDs

Bn

I

4, trace

IBn 5 (100 mol%)
Br

5, trace

Bn

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

46 

2.4.2 Preparative Substrate Scope 

 

Table 2.8. Scope of I-ATRC with Single Cyclization 

With the optimized conditions in hand for our ATRC reaction of unactivated alkyl iodide (Table 

2.4, entry 4), we next focused our attention on exploring the preparative scope of this reaction. As 

evident from the results compiled in Table 2.8, our visible light photocatalytic ATRC of unactivated 

alkyl iodides turned out to be highly chemoselective, as alkyl iodides possessing silyl groups (7, 8 

and 12), nitriles (9), alkenes (11), carbamates (10 to 14), trifluoromethyl (13) or trifluoromethoxyl 

(14) group among others, were accommodated quite well. Importantly, substrates with steric 

hindrance showed good to excellent reactivity (6 to 8). Notably, aryl or alkyl halides do not interfere 

(10, 13), providing an additional handle via iterative metal-catalyzed cross-coupling techniques. 

Moreover, the reaction of 8 could be easily scaled up, even at 0.1 mol% loadings of Ir(III) 

photocatalyst. 

I

O
HN

O
Cl

I

O
HN

O

I

O
HN

O
Si(OEt)3

I

O
HN

O Cl

CF3

I

O
HN

O

OCF3

10, 95% 11, 72%

12, 61% 13, 89% 14, 90% X-ray of 14

3

R

I I I

2, 87% (R = Cy)

I
I

Me
MeMe

Si

I

Ph
MeMe

I

CN

3, 96% 4, 91% 5, 88% 6, 60%

7, 81% 9, 66%

R1 R1

I
I

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

DIPEA (1 equiv), t-BuCN (0.2 M), Blue-LEDs

8, 75%c

Si

I

Me
MeMe

a As for Table 2.4, entry 1 (12-96 h). b Isolated yields, average of at least two runs. c 8 (5.80 mmol scale) with Ir-2 (0.1 mol%).

1, 73% (R = Ph)
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Scheme 2.21. Potential intermediates of the I-ATRC 

Next, we decided to synthesize a rather specific starting precursors to study the corresponding iodine 

transfer event (Scheme 2.21). As shown, substrates possessing weak C–H atoms locating an 

appropriate location within the side-chain did not result in a parasitic HAT (15 to 17). Likewise, the 

presence of a pending alkyl iodide did not interfere (18), with no reduced or biscyclization products 

being observed in the crude mixtures. In addition, the lack of double cyclization with a pending 

alcohol (22) or an alkene motif (20) leaves a reasonable doubt about the involvement of transient 

vinyl cationic species via an oxidative quenching pathway (Scheme 2.21, right).30,31 

 

Table 2.9. Potential substrates for double cyclizations or ring opening of I-ATRC 

Interestingly, the utilization of an alkyne end-capped with a cyclopropane did not trigger ring-

opening (Table 2.9, 19). While one might argue that this challenges the perception that vinyl radicals 

intervene, one should take into consideration the differences between the ring-opening of a carbon or 

a vinyl radical adjacent to a cyclopropyl unit. Unlike the fast ring-opening of the former, the latter 

R1

I

R1 iodine transfer R1iodide transfer

GX

G
I

I

X

17, 88%16, 93%15, 92%

I

19, 79% 22, 89%21, 93%

18, 85%c

I

O

Cl I

O

OHC

Br OMe

I

S

MeO
I

I

I
HO

I
TBSO

a As for Table 2.4, entry 1 (12-96 h). b Isolated yields, average of at least two independent runs. c impure with SM.

R1 R1

I
I

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

DIPEA (1 equiv), t-BuCN (0.2 M), Blue-LEDs

20, 78%

I
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requires a flip of 90 º, a feature that is likely beyond reach with the substrates employed in our ATRC 

process. 38  

 

Figure 2.3. Ring opening of cyclopropane 

As expected, the reaction of secondary alkyl iodides posed no problems (Table 2.10), although 

statistical E/Z mixtures were obtained for 23 to 25.39 As shown for 25, the fused cyclopentane rings 

were equally effective. Although we demonstrated the viability for performing a photochemical 

ATRC with unactivated alkyl iodides (1 to 25), it was unclear whether the reaction could be extended 

to unactivated alkyl iodides bearing alkenes on the side-chain. This perception was reinforced by the 

notion that the product could be amenable for parasitic sp3 C–I homolysis, leading to undesired HAT 

processes. 

 

Table 2. 10. Challenging substrate for I-ATRC 

Surprisingly, we found that 26s possessing a pending alkene reacted equally well to give 26 in 85% 

yield with an excellent dr, invariably favoring the cis-isomer (Table 2.10) These results are 

particularly noteworthy taking into consideration the low diastereoselectivities found with “radical-

type” cyclizations.  

 

Scheme 2.22. Assessing the E/Z problem 

The significant erosion in selectivity obtained for 23 to 25 is consistent with a rapid interconversion 

of Z and E-isomers via either SET or ET, ending up in a flat sp2-type radical or triplet biradical state 

flip 90 oC
vs

Ph

I

Me

I

Ph
Et

I

Ph

I

H
Ph

23, 95%c 24, 88%c 25, 94%c 26, 85%d

R1

R2

R1

I
I

R2

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

DIPEA (1 equiv), t-BuCN (0.2 M), Blue-LEDs

a As for Table 2.4, entry 1 (12-96 h). b Isolated yields, average of at least two  runs. c E/Z = 1:1. d dr = 10:1.

Ph

Me

I

I

R

R

Ph

I
Me

I

Ph
Me

R

(Z)-23 (E)-23
isomerization via ET or SET double cyclizations
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of the tetrasubstituted styrene that can trigger the halide abstraction with equal ease to lead to E-23 

or Z-23.  In light of these results, we hypothesized that the use of a secondary alkyl iodide bearing an 

allyl group could allow us to obtain bicyclic skeletons via atom transfer radical double-cyclizations 

in excellent diastereoselectivities.23 As shown in Table 2.11, this turned out to be the case and 27 to 

30 were obtained in good yields with high levels of diastereoselectivities under the reaction conditions. 

To the best of our knowledge, these results represent the first atom transfer double radical cyclization 

performed using photocatalysis under visible light irradiation.40  

 

Table 2.11. Scope of ATRC with double cyclizations 

Although the results shown in Tables 2.8-2.11 illustrate the prospective impact of visible light-

mediated redox-neutral ATRC reactions with unactivated alkyl iodides, our efforts to extend this 

concept to the synthesis of six-membered rings failed, even with substrates possessing tethers at an 

appropriate location on the side-chain that might facilitate the cyclization via Thorpe-Ingold effect 

(Scheme 2.23). 

 

Scheme 2.23. Failed substrate to access six membered ring 

2.5. Mechanistic Considerations 

2.5.1. Determination of redox potentials by cyclic voltammetry. 

In view of these results, we turned our attention to study the mechanism of our photochemical ATRC 

reaction. To such end, a cyclic voltammetry study was carried out to investigate the feasibility of the 

electron transfer between the Ir photocatalyst and the unactivated alkyl iodide 2s in t-BuCN. 

Photocatalyst [Ir(ppy)2(dtbbpy)]PF6 (Ir-2) displayed quasi-reversible redox behavior (Table 2.5, 

E1/2red = -1.42 V), whereas 2s showed an irreversible reduction below -2.5 V (Table 2.5) under the 
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same conditions. This seemingly trivial experiment reinforced the notion that a direct electron transfer 

between the reduced Ir(II) complex and compound 2s is unlikely under the reaction conditions 

because of the high mismatch in redox potential of the starting material and photocatalyst (1.08V). 

 

Table 2.5. Electrochemical data for 2s and Ir-2 

2.5.2. Mechanistic Considerations: ON/OFF experiment. 

“ON-OFF” experiments are routinely performed in photochemical transformations to unravel 

whether the reaction proceeds in the absence of light irradiation or not. However, the interpretation 

of these results can often be controversial, particularly if excimers or chain-propagation scenarios 

come into play. As shown in Figure 2.4, we found no conversion during the dark period. While this 

necessarily invokes that constant irradiation is required, it does not allow us to rule out whether 

radical-chain mechanisms might be operative. 

 

Figure 2.4. ON/OFF experiment 
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2.5.3. Mechanistic Considerations: Luminescence Quenching Experiments. 

 

Figure 2.5. Quenching Ir-2* with DIPEA 

 

Figure 2.6. Quenching Ir-2* with 2s 

In order to study the interaction of Ir-2 and the reaction components, Stern-Volmer quenching 

experiments were performed. As shown in Figures 2.5 and 2.6, luminescence quenching of Ir-2 was 

observed when DIPEA was added; as expected for the considerable mismatch in redox-potentials, no 

quenching occurred with starting material 2s. Even though the quenching studies indicated a reductive 

quenching pathway, the large energy mismatch between redox potentials of Ir-2 (Ered IrIII/IrII vs Ered 

(2s) = ~ 1 V) suggested that a conventional photocatalytic redox cycle might not be operative. In line 

with this notion, we measured the quantum yield of the standard reaction with a fluorimeter and our 

Blue LED strips. The measured quantum yield lied in the range of 2.2 to 2.3. Although this value 

falls into the category of a radical-chain propagation, this data could not explain that the standard 

reaction gave 83% yield with catalytic amounts of DIPEA (Table 2.5, entry 9), pointing towards the 

existence of alternate light-consuming events. 

It has long been recognized that absorption of high energy UV light by the carbon–halogen 

chromophore results in homolytic cleavage of the C–X bond. Alkyl iodides afford mixtures of radical- 

and, in particular, ion-derived photoproducts in solution. However, in the presence of amine, the 

selectivity can be altered. Irradiation of alkyl halides in the presence of tertiary amines is a 
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synthetically useful method for generating radical-derived products that avoids the troublesome 

purification problems associated with the conventional method of using trialkyltin hydrides to 

generate radicals from alkyl halide precursors.  

2.5.4. Mechanistic Considerations: Excimer Formation 

 

Scheme 2.24. Cossy’s Tertiary Amine Promoted Reductive Photocyclization 

In 1994, Cossy reported a rather intriguing photochemical reaction that promoted the reductive 

photocyclization of unactivated alkyl halides without using toxic reagents by using NEt3 and high 

energy UV-irradiation (Scheme 2.7). In view of the high yields obtained, the reaction was proposed 

to operate via the formation of an excimer between the alkyl halide and the tertiary amine, which 

subsequently would form an alkyl radical via single electron transfer. Such open-shell species could 

then be trapped in an intramolecular fashion with the pending alkyne followed by HAT from the 

amino radical cation to deliver the photocyclized product. The importance of these observations can 

hardly be underestimated, as it suggests that mechanisms other than SET or ET might be operative in 

photochemical events with rather unreactive bonds. This is particularly illustrative within the context 

of our ATRC reaction. Indeed, it is worth noting that we observed non-negligible amounts of 2 when 

Ir-2 was omitted at longer reaction times (Table 2.12, entry 1), suggesting that excimers might 

intervene in our photochemical ATRC reaction as well. Unlike Cossy’s protocol, however, the 

observation of 2 in the absence of Ir-2 under visible light irradiation suggests that the formation of 

excimers should by no means limited to high-intensity UV-irradiation. 

In light with our expectations, such photochemical reaction could be correlated by the intensity of 

the visible light irradiation (Table 2.12, entry 2). As shown in entries 3-4, lower yields were obtained 

at lower temperatures, suggesting that the temperature plays an important role on accelerating the 

electron transfer from the electron-rich amine to the corresponding alkyl iodide. After further 

experimentation, it was found that the stoichiometry of the tertiary amine and the solvent played an 

important role en route to either 2 or 2-H. Specifically, the best results were accomplished in DMSO 

with 1 equivalent of the amine, thus predominantly leading to 2 (entry 5); interestingly, a selectivity 

switch en route to 2-H was observed under otherwise similar reaction conditions but using 10 

equivalents of DIPEA instead (entry 6). 
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Table 2.12. Assessing Visible Light Photocatalyst-free ATRC 

2.5.5. Mechanistic Considerations: Catalytic Cycle and Discussions. 

The large energy mismatch between the redox potentials of Ir-2 (Ered [IrIII/IrII] vs Ered [2s] = ~ 1 V) 

suggested that a conventional photocatalytic redox cycle might not be operative.16 In principle, a 

number of different pathways can be considered for our visible light-mediated atom transfer radical 

cyclization of unactivated alkyl iodides, although some of them can be ruled out on the basis of our 

experimental information. 

 

Figure 2.5. Possible catalytic cycle 

The behavior of the tertiary amine as a quenching agent for the triplet state of the photocatalyst Ir-

2 pointed towards a reductive quenching scenario for the targeted photocatalytic transformation. 

However, the absence of double cyclization products with substrates 20s and 22s (Table 2.9), and the 

fact that substoichiometric amounts of amine can efficiently promote the reaction (Table 2.5, entry 9) 

rules out the formation of cationic vinyl intermediates. Therefore, we started considering the 

possibility of a radical-chain propagation photoinitiated by Ir-2 (Figure 2.5, pathways a and b), an 
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assumption that correlates well with the measurement of the quantum yield of the reaction (2.2-2.4). 

The formation of the alkyl radical can be explained by the formation of an exciplex under blue light 

irradiation, which could potentially trigger the chain-propagation event to yield 2. Although an in-

depth mechanistic proposal requires further investigations, we speculate that the formation of an 

exciplex might be accelerated due to energy transfer from the triplet excited state of Ir-2 (pathway c) 

to the substrate, indirectly ruling out the possibility of a canonical SET from the iridium photocatalyst 

to the starting precursor. However, we cannot exclude the possibility of chain-processes initiated from 

in situ generated a-amino radicals generated by deprotonation of the corresponding amine radical 

cation (pathway d). 

2.6. Visible Light Photoredox ATRC: The Conclusion 

In summary, we have described the development of an unconventional photocatalytic redox-neutral 

ATRC of unactivated alkyl iodides under visible light irradiation. The salient features of this 

transformation are the mild conditions, broad scope and exquisite chemoselectivity, thus enabling the 

preparation of highly versatile building blocks susceptible to further functionalization. Preliminary 

mechanistic experiments leave some doubt about a canonical photoredox cycle and suggests the 

intermediacy of exciplex under visible light irradiation in the presence of tertiary amines. 
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2.8. Experimental Section 

2.8.1. General Considerations 

Reagents: Unless otherwise noted, all reactions were carried out in Schlenk tubes with screw cap using standard Schlenk 

techniques for the manipulation of solvents and reagents. Ir(ppy)2(dtbbpy)PF6 (Ir-2) was prepared following the reported 

literature method.1 6s,2 7s,3 1s4 and 29s5 were all prepared following the reported literature protocols. t-BuCN was 

purchased from Alfa Aesar and used as received. All other reagents were purchased from commercial sources and used 

as received. 

Analytical Methods: 1H NMR, 13C NMR and 19F NMR spectra and melting points (where applicable) are included for 

all new compounds. 1H NMR, 13C NMR and 19F NMR spectra were recorded on a Bruker 300 MHz, a Bruker 400 MHz 

or a Bruker 500 MHz at 20 ºC. All 1H NMR spectra are reported in parts per million (ppm) downfield of TMS and were 

measured relative to the signals for CHCl3 (7.26 ppm). All 13C NMR spectra were reported in ppm relative to residual 

CHCl3 (77.16 ppm) and were obtained with 1H decoupling. Coupling constants, J, are reported in hertz (Hz). In the case 

of diastereisomeric mixtures, a crude NMR was recorded to determine the ratio. Melting points were measured using 

open glass capillaries in a Büchi B540 apparatus. Infrared spectra were recorded on a Bruker Tensor 27. Mass spectra 

were recorded on a Waters LCT Premier spectrometer. Gas chromatographic analyses were performed on HewlettPackard 

6890 gas chromatography instrument with a FID detector using 25m x 0.20 mm capillary column with cross-linked methyl 

siloxane as the stationary phase. Flash chromatography was performed with EM Science silica gel 60 (230- 400 mesh) 

and using KMnO4 TLC stain. All electrochemical experiments were performed on a PAR 263A EG&G potentiostat or on 

an IJ-Cambria HI-660 potentiostat, using a three-electrode cell. Glassy carbon (S = 0.07 cm2) as working electrode, 

platinum mesh as counter electrode, and MSE or SSCE as reference electrode unless otherwise indicated. E1/2 values 

reported in this work were estimated from Cyclic Voltammetry (CV) experiments as the average of the oxidative and 

reductive peak potentials. Fluorescence measurements were carried out on a Fluorolog Horiba Jobin Yvon 

spectrofluorimeter equipped with photomultiplier detector, double monochromator and Xenon light source. UV-Vis 

measurements were carried out on a Shimadzu UV-1700PC spectrophotometer equipped with a photomultiplier detector, 

double beam optics and D2 and W light sources. Lifetime measurements were carried out on a Edinburgh Instruments 

LifeSpec-II based on the time-correlated single photon counting (TCSPC) technique, equipped with a PMT detector, 

double subtractive monochromator and picosecond pulsed diode lasers source. The yields reported in Table 2 and Scheme 

2 refer to isolated yields and represent an average of at least two independent runs. The procedures described in this 

section are representative. Thus, the yields may differ slightly from those given in the tables of the manuscript. 

2.8.2. Luminescence Quenching Experiments 

Samples for the quenching experiments were prepared in a 2 mL glass cuvette with a septum screw cap. Different amounts 

of quenchers were added to a solution of the photocatalyst Ir-2 in t-BuCN (5.0 x 10-5 M). Samples were irradiated at 470 

nm and emission was measured at 560 nm. 

Luminescence quenching experiments were carried out using the Stern–Volmer relationship: 

I/I0 = 1+ kqt0[quencher] 

I0 stands for the luminescence intensity of the photocatalyst (Ir-2) and I represents the intensity of luminescence in the 

presence of the quencher. t0 is the lifetime of Ir-2, determined to be 661.04±0.75 ns (5.0 x 10-5 M in t-BuCN) using a 
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time-correlated single photon counting (TCSPC) technique. 

Quenching with i-Pr2NEt: kq = 5.58 x 108 M-1 s-1. 

Quenching with 2s: No quenching was observed. 

2.8.3. Quantum Yield Determination 

The determination of the quantum yield of the reaction was carried out using two light sources: (a) a spectrophotometer 

and (b) using blue LED strip (photoreactor). All manipulations and preparation of samples were carried out in a dark lab 

with red irradiation. The measurement of the photon flux of both light sources was determined by standard ferrioxalate 

actinometry following already reported procedures. 

Spectrophotometer (Irradiation at 468 nm, slit 3 nm).  

Photon flux (average of 3 measurements) = 5.86 x 10-9 einstein s-1 

Blue LED strip photoreactor (Irradiation at 450 nm) (QY of ferrioxalate at 450 nm estimated to be 0.95).  

Photon flux (average of 3 measurements) = 1.56 x 10-8 einstein s-1 

2.8.3.1. Quantum Yield Determination Using a Spectrophotometer  

In a dark lab, a cuvette was charged with Ir(ppy)2(dtbbpy)PF6 (Ir-2, 1 mol%, 3.6 mg), 2s (0.4 mmol, 1 equiv, 116.0 mg), 

i-Pr2NEt (0.4 mmol, 1 equiv, 70 µL), decane (0.4 mmol, 1 equiv, 78 µL) and t-BuCN (2.0 mL, 0.2 M). The cuvette was 

then closed with a septum screw cap and degassed for 30 min. The sample was irradiated at 468 nm (slit 3 nm) for 1800 

s (30 min). An aliquot was filtered through a plug of silica and celite and analyzed by GC with FID detector. 2-p-1 was 

detected in 6% yield. 

Under these conditions, the fraction of light absorbed by Ir-2 was f = 0.974. 

 

2.8.3.2. Quantum Yield Determination Using the blue LED Photoreactor 

A 12.0 mL screw-cap Schlenk tube containing a stirring bar was charged with Ir(ppy)2(dtbbpy)PF6 (Ir-2, 1 mol%, 3.6 

mg). The tube was then evacuated and back-filled with argon. 2s (0.4 mmol, 1 equiv, 116 mg) was added with a 

microsyringe followed by addition of decane (0.4 mmol, 1 equiv, 78 µL), t-BuCN (2.0 mL, 0.2 M) and i-Pr2NEt (0.4 

mmol, 1 equiv, 70 µL) under a positive Ar flow. Then three freeze-pump-thaw cycles were conducted in liquid nitrogen. 

The sample was irradiated with the blue LED photoreactor (FlexLed Inspire. 20 LEDs, 1.7 W, 0.364 mW/cm2) for 1800 

s (30 min). An aliquot was filtered through a plug of silica and celite and analyzed by GC with FID detector. 2 was 

detected in 15% yield. Under these conditions, the fraction of light absorbed by Ir-2 was f = 0.974. 

 

mol of 2

flux · t · f
Φ  =

2.4 x 10-5 mol
5.86 x 10-9 einstein s-1 · 1800 s · 0.974Φ  = =  2.34

mol of 2

flux · t · f
Φ  =

6.0 x 10-5 mol
1.56 x 10-8 einstein s-1 · 1800 s · 0.974Φ  = =  2.19
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2.8.4. Emission Spectra of Different Light Sources. 

 

2.8.5. Synthesis of Starting Materials 

 

General reaction conditions A:4 

To a stirred solution of the terminal alkyne (1.0 eq) in dry THF (0.3 M) under Ar at -78 ºC, n-BuLi (2.5 M, 1.03 eq) was 

slowly added by syringe. The reaction mixture was stirred for 30 min and then warmed up to room temperature. Then, 

1,4-diiodobutane (1.5 eq) was added and the mixture was refluxed until total consumption of the alkyne. The reaction 

was then cooled down to room temperature, diluted with diethyl ether, washed with water (2x), sodium thiosulfate (aq. 

10%) and brine (2x). The organic layer was dried over anhydrous MgSO4, filtered, and concentrated under vacuum. The 

residue was purified by silica gel flash chromatography to deliver the corresponding alkyl iodide. 

 
General reaction conditions B: 

Step 1. To a stirred solution of TsOH·H2O (0.1 eq) in MeOH (0.1 M) at room temperature, the THP protected alcohol 

was added (1.0 eq). The reaction was allowed to stir overnight at room temperature. Then the solvent was removed under 

vacuum and the crude diluted with EtOAc, washed with a saturated solution of NaHCO3 (2x) and brine (2x). The organic 

layer was dried over anhydrous MgSO4, filtered and concentrated under vacuum. The residue was purified by silica gel 

flash chromatography to afford the unprotected alcohol 22s. 

Step 2.7 To a stirred solution of alcohol 22s (1.0 equiv) in anhydrous DCM (0.1 M) at 0 ºC, NEt3 (3 equiv) and 

corresponding electrophile (1.2 equiv) were consecutively added and the reaction was stirred overnight at room 

temperature. The mixture was then concentrated and the residue purified by silica gel column chromatography to afford 

the corresponding starting material. 
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General reaction conditions C: 

Step 1. The corresponding nucleophile (1.0 equiv) and K2CO3 (1.3 equiv) were added to a solution of the protected 

alcohol (1.0 equiv) in DMF (0.1 M) at room temperature. The mixture was allowed to stir overnight at room temperature. 

After completion, the reaction was diluted with Et2O and the mixture washed with water (2x) and brine (2x). The organic 

layer was separated, dried over MgSO4 anhydrous and the solvent evaporated. The crude product was used in the next 

step without further purification. 

Step 2. The crude compound from step 1 was added to a stirred solution of TsOH·H2O (0.1 eq) in MeOH (0.1 M) at room 

temperature. The reaction was allowed to stir overnight at room temperature. Then the solvent was removed under vacuum 

and the crude diluted with EtOAc, washed with a saturated solution of NaHCO3 (2x) and brine (2x). The organic layer 

was dried over anhydrous MgSO4, filtered and concentrated under vacuum. The residue was purified by silica gel flash 

chromatography to afford the corresponding unprotected alcohol. 

Step 3. To a solution of triphenylphosphine (1.3 equiv) in anhydrous DCM (0.5 M) was added imidazole (1.3 equiv) at 

room temperature. Then, I2 (1.3 equiv) was added in portions over 5 minutes, followed by additional 10 min of stirring in 

the dark. A solution of the alcohol from the previous step (1.0 equiv) in DCM was added dropwise and the mixture was 

stirred overnight. After completion, the mixture was diluted with Et2O and filtered through a short pad of silica. The 

filtrate was then concentrated and the residue purified by silica gel flash chromatography to give the corresponding 

starting material. 

 
General reaction conditions D:5 

Step 1. The corresponding aldehyde (1.0 eq) was dissolved in THF (0.1 M) and the corresponding Grignard reagent 

R1MgBr (2.0 eq) was added slowly at -30 ºC. After completion, the reaction was allowed to warm up at room temperature 

and stirred for 3 h. Then, the mixture was carefully quenched at 0o C upon addition of NH4Cl (aq. 10%), and then extracted 

with EtOAc (3x). The organic phase was washed with water (1x), brine (2x), filtered and concentrated. The residue was 

utilized in the next step without further purification. 

Step 2 (R ¹ H). To a solution of triphenylphosphine (1.3 equiv) in anhydrous DCM (0.5 M) was added imidazole (1.3 

equiv) at room temperature. Then, I2 (1.3 equiv) was added in portions over 5 minutes, followed by additional 10 min of 

stirring in the dark. After that, a solution of the alcohol obtained in the previous step (1.0 equiv) in DCM was added 

dropwise and the mixture stirred overnight. After completion, the mixture was diluted with Et2O and filtered through a 

short pad of silica. The filtrate was then concentrated and the residue purified by silica gel flash chromatography to give 

the corresponding starting material. 

Step 2 (R = H). To a suspension of Pd(PPh3)2Cl2 (5 mol%) in anhydrous DMF (0.33M), the corresponding terminal 

alkyne (1.2 equiv), aryl (pseudo)halide (1.0 equiv) and NEt3 (2.0 equiv) were added. The mixture was stirred at room 

temperature for 5 minutes. After that, CuI (5 mol%) was added and the mixture was heated to 80 ºC for 24 h. Then, the 

reaction was cooled down to room temperature, quenched with H2O and extracted with Et2O (3x). The combined organic 
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phases were washed with H2O (2x), brine (2x), dried over MgSO4, filtered and concentrated. The residue was purified by 

silica gel flash chromatography giving rise to the cross-coupled product.  

Step 3 (R = H). To a solution of triphenylphosphine (1.3 equiv) in anhydrous DCM (0.5 M) was added imidazole (1.3 

equiv) at room temperature. Then, I2 (1.3 equiv) was added in portions over 5 minutes, followed by additional 10 min of 

stirring in the dark. After that, a solution of the secondary alcohol obtained in the previous step (1.0 equiv) in DCM was 

added dropwise and the mixture stirred overnight. After completion, the mixture was diluted with Et2O and filtered 

through a short pad of silica. The filtrate was then concentrated and the residue purified by silica gel flash chromatography 

to give the corresponding starting material. 

 
(6-Iodohex-1-yn-1-yl)cyclohexane (2s): Following reaction conditions A. 80% yield. Colorless oil. 1H NMR (300 MHz, 

CDCl3): δ 3.21 (t, J = 7.2 Hz, 2H), 2.31 (b, 1H), 2.19 (dt, J = 6.9, 2.1 Hz, 2H), 1.93 (quint, J = 7.2 Hz, 2H), 1.78-1.24 (m, 

12H) ppm. 13C NMR (75 MHz, CDCl3): 85.5, 79.0, 33.2, 32.6, 29.8, 29.2, 26.0, 25.0, 17.8, 6.6 ppm. IR (neat, cm-1): 2925, 

2851, 1447, 1286, 1211, 1164, 888. HRMS calcd. for (C12H20I) [M+H]+: 291.0604, found 291.0603. 

 
1-Iodododec-5-yne (3s): Following reaction conditions A. 46% yield. Colorless oil. 1H NMR (300 MHz, CDCl3): δ 3.21 

(t, J = 6.9 Hz, 2H), 2.22-2.10 (m, 4H), 1.93 (quint, J = 6.9 Hz, 2H), 1.63-1.54 (m, 2H), 1.52-1.26 (m, 8H), 0.89 (t, J = 7.2 

Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3): 81.2, 79.2, 32.6, 31.5, 29.9, 29.2, 28.7, 22.7, 18.9, 17.9, 14.2, 6.5 ppm. IR 

(neat, cm-1): 2927, 2856, 1455, 1331, 1287, 1211, 1165. HRMS calcd. for (C13H26IO) [M+CH3OH+H]+: 325.1023, found 

325.1020. 

 
(7-Iodohept-2-yn-1-yl)cyclopentane (4s): Following reaction conditions A. 56% yield. Colorless oil. 1H NMR (300 

MHz, CDCl3): δ 3.21 (t, J = 6.9 Hz, 2H), 2.22-2.12 (m, 4H), 2.07-1.89 (m, 3H), 1.78-1.73 (m, 2H), 1.63-1.52 (m, 6H), 

1.31-1.19 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 80.6, 79.3, 39.5, 32.6, 32.1, 29.9, 25.4, 24.7, 17.9, 6.6 ppm. IR (neat, 

cm-1): 2943, 2862, 1450, 1429, 1328, 1286, 1211. HRMS calcd. for (C12H20I) [M+H]+: 291.0604, found 291.0601. 

 
(8-Iodooct-3-yn-1-yl)benzene (5s): Following reaction conditions A. 85% yield. Pale yellow oil. 1H NMR (300 MHz, 

CDCl3): δ 7.33-7.20 (m, 5H), 3.23-3.14 (m, 2H), 2.86-2.76 (m, 2H), 2.50-2.44 (m, 2H), 2.23-2.16 (m, 2H), 1.95-1.82 (m, 

2H), 1.64-1.53 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 141.0, 128.5, 128.4, 126.3, 80.3, 80.1, 35.6, 32.5, 29.7, 21.0, 

17.8, 6.6 ppm. IR (neat, cm-1): 3061, 3026, 2928, 2859, 2212, 1453, 1339. HRMS calcd. for (C14H18I) [M+H]+: 313.0448, 

found 313.0446. 
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(6-Iodohex-1-yn-1-yl)dimethyl(phenyl)silane (8s): Following reaction conditions A. 75% yield. Colorless oil. 1H NMR 

(300 MHz, CDCl3): δ 7.66-7.63 (m, 2H), 7.41-7.37 (m, 3H), 3.23 (t, J = 6.9 Hz, 2H), 2.33 (t, J = 7.0 Hz, 2H), 1.98 (quint, 

J = 7.0 Hz, 2H), 1.68 (quint, J = 7.1 Hz, 2H), 0.41 (s, 6 H) ppm. 13C NMR (75 MHz, CDCl3): 137.6, 133.7, 129.4, 128.0, 

108.4, 83.4, 32.5, 29.3, 19.1, 6.3, 0.5 ppm. IR (neat, cm-1): 3068, 3048, 2957, 2173, 1427, 1248, 1114. HRMS calcd. for 

(C14H20ISi) [M+H]+: 343.0374, found 343.0371. 

 
11-Iodoundec-6-ynenitrile (9s): Following reaction conditions C, but using KCN (3.0 equiv) as nucleophile in DMSO 

(0.25 M) in step 1. 75% yield. Colorless oil. 1H NMR (300 MHz, CDCl3): δ 3.21 (t, J = 6.9 Hz, 2H), 2.38 (t, J = 7.2 Hz, 

2H), 2.25-2.15 (m, 4 H), 1.97-1.87 (m, 2H), 1.83-1.74 (m, 2H), 1.68-1.54 (m, 4H) ppm. 13C NMR (75 MHz, CDCl3): 

119.7, 80.5, 79.5, 32.6, 29.8, 27.8, 24.6, 18.1, 17.8, 16.9, 6.4 ppm. IR (neat, cm-1): 2935, 2866, 2246, 2211, 1672, 1426, 

1212. HRMS calcd. for (C11H17IN) [M+H]+: 290.0400, found 290.0392. 

 
9-Iodonon-4-yn-1-yl (2-chloroethyl)carbamate (10s): Following reaction conditions B. 75% yield. White solid. M.P. 

= 48.0 oC.1H NMR (300 MHz, CDCl3): δ 5.14 (b, 1H), 4.14 (t, J = 6.3 Hz, 2H), 3.61-3.47 (m, 4H), 3.19 (t, J = 6.9 Hz, 

2H), 2.25-2.14 (m, 4H), 1.93-1.80 (m, 2H), 1.78-1.74 (m, 2H), 1.61-1.52 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 

156.4, 80.1, 79.4, 63.9, 44.2, 42.8, 32.5, 29.7, 28.5, 17.7, 15.5, 6.5 ppm. IR (neat, cm-1): 3344, 2936, 1690, 1539, 1317, 

1257, 1152. HRMS calcd. for (C12H19ClINNaO2) [M+Na]+: 394.0041, found 394.0042. 

 
9-Iodonon-4-yn-1-yl allylcarbamate (11s): Following reaction conditions B. 83% yield. Brown oil. 1H NMR (400 MHz, 

CDCl3): δ 5.87-5.77 (m, 1H), 5.20-5.08 (m, 2H), 4.79 (b, 1H), 4.13 (t, J = 6.4 Hz, 2H), 3.78 (b, 2H), 3.54-3.18 (m, 2H), 

2.24-2.13 (m, 4H), 1.94-1.74 (m, 4H), 1.64-1.53 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3): 156.5, 134.6, 116.0, 80.09, 

80.03, 79.55, 79.52, 68.9, 63.7, 44.7, 43.5, 32.5, 31.6, 29.7, 28.60, 26.2, 18.1, 17.7, 15.1, 6.4 ppm. IR (neat, cm-1): 3337, 

2934, 1698, 1518, 1432, 1239, 1144. HRMS calcd. for (C13H20INNaO2) [M+Na]+: 372.0431, found 372.0415. 
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9-Iodonon-4-yn-1-yl (3-(triethoxysilyl)propyl)carbamate (12s): Following reaction conditions B. 60% yield. Brown 

oil. 1H NMR (300 MHz, CDCl3): δ 4.9 (b, 1H), 4.10 (t, J = 6.0 Hz, 2H), 3.80 (q, J = 6.9 Hz, 6H), 3.21-3.12 (m, 4H), 2.21-

2.14 (m, 4H), 1.93-1.54 (m, 8H), 1.21 (t, J = 6.9 Hz, 9H), 0.61 (t, J = 8.1 Hz, 2H) ppm. 13C NMR (75 MHz, CDCl3): 

156.6, 79.9, 79.6, 63.5, 58.5, 43.4, 32.5, 29.7, 28.6, 23.4, 18.4, 17.8, 15.5, 7.7, 6.4 ppm. IR (neat, cm-1): 3346, 2972, 2927, 

1702, 1525, 1240, 1073. HRMS calcd. for (C19H36INNaO5Si) [M+Na]+: 536.1300, found 536.1300. 

 
9-Iodonon-4-yn-1-yl (2-chloro-4-(trifluoromethyl)phenyl)carbamate (13s): Following reaction conditions B. 78% 

yield. Yellow oil. 1H NMR (300 MHz, CDCl3): δ 8.52 (b, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.24-7.20 (m, 2H), 4.30 (t, J = 

6.3 Hz, 2H), 3.18 (t, J = 6.9 Hz, 2H), 2.32-2.26 (m, 2H), 2.20-2.14 (m, 2H), 1.96-1.83 (m, 4H), 1.62-1.53 (m, 2H) ppm. 
13C NMR (75 MHz, CDCl3): 152.9, 135.5, 130.3 (q, JC-F = 32.7 Hz), 129.6, 125.1, 123.6 (q, JC-F = 270.8 Hz), 120.1 (q, 

JC-F = 3.8 Hz), 116.6 (q, JC-F = 3.8 Hz), 80.4, 79.1, 64.8, 32.6, 29.7, 28.2, 17.8, 15.5, 6.4 ppm. 19F NMR (376 MHz, 

CDCl3): -62.883 ppm. IR (neat, cm-1): 3422, 2939, 1739, 1591, 1527, 1434, 1330. HRMS calcd. for (C17H18ClF3INNaO2) 

[M+Na]+: 509.9915, found 509.9903. 

 
9-Iodonon-4-yn-1-yl (4-(trifluoromethoxy)phenyl)carbamates (14s): Following reaction conditions B. 89% yield. 

White solid. M.P. = 50.3 oC. 1H NMR (300 MHz, CDCl3): δ 7.40 (d, J = 9.0 Hz, 2H), 7.15 (d, J = 9.0 Hz, 2H), 6.73 (b, 

1H), 4.26 (t, J = 6.3Hz, 2H), 3.20 (t, J = 6.9 Hz, 2H), 2.31-2.25 (m, 2H), 2.21-2.16 (m, 2H), 1.97-1.80 (m, 4H), 1.63-1.53 

(m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 153.5, 144.8, 136.7, 122.0, 120.6 (q, JC-F = 255.1 Hz), 119.8, 80.4, 79.3, 64.3, 

32.6, 29.7, 28.4, 17.8, 15.5, 6.5 ppm. 19F NMR (376 MHz, CDCl3): -58.304 ppm. IR (neat, cm-1): 3330, 2935, 2859, 1702, 

1604, 1528, 1153. HRMS calcd. for (C17H19F3INNaO3) [M+Na]+: 492.0254, found 492.0257. 
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2-Bromo-4-chloro-1-((10-iododec-5-yn-1-yl)oxy)benzene (15s): Following reaction conditions C. 43% yield. Brown 

oil. 1H NMR (300 MHz, CDCl3): δ 7.52 (d, J = 2.7 Hz, 1H), 7.21 (dd, J = 8.7, 2.7 Hz, 1H), 6.80 (d, J = 8.7 Hz, 1H), 4.02 

(t, J = 6.3 Hz, 2H), 3.21 (t, J = 6.9 Hz, 2H), 2.28-2.15 (m, 4H), 1.98-1.88 (m, 4H), 1.75-1.66 (m, 2H), 1.63-1.54 (m, 2H) 

ppm. 13C NMR (75 MHz, CDCl3): 154.4, 132.9, 128.3, 126.0, 113.8, 112.9, 80.5, 79.9, 69.1, 32.7, 29.8, 28.3, 25.6, 18.6, 

17.9, 6.5 ppm. IR (neat, cm-1): 2937, 2212, 1672, 1479, 1465, 1262, 1046. HRMS calcd. for (C16H19OClBrI): 467.9353, 

found 467.9347. 

 
4-((10-Iododec-5-yn-1-yl)oxy)-3-methoxybenzaldehyde (16s): Following reaction conditions C. 30% yield. Pale 

yellow solid. M.P. = 54.7 oC. 1H NMR (300 MHz, CDCl3): δ 9.85 (s, 1H), 7.45-7.40 (m, 2H), 6.97 (d, J = 8.1 Hz, 1H), 

4.13 (t, J = 6.6 Hz, 2H), 3.93 (s, 3H), 3.20 (t, J = 6.9 Hz, 2H), 2.28-2.15 (m, 4H), 2.02-1.87 (m, 4H), 1.73-1.53 (m, 4H) 

ppm. 13C NMR (75 MHz, CDCl3): 191.0, 154.2, 150.0, 130.1, 126.9, 111.5, 109.4, 80.3, 80.0, 68.7, 56.2, 32.6, 29.8, 28.2, 

25.5, 18.6, 17.8, 6.5 ppm. IR (neat, cm-1): 3071, 2942, 2925, 1670, 1583, 1508, 1259. HRMS calcd. for (C18H23INaO3) 

[M+Na]+: 437.0584, found 437.0589. 

 
(10-Iododec-5-yn-1-yl)(4-methoxyphenyl)sulfane (17s): Following reaction conditions C. 50% yield. Colorless oil. 
1H NMR (300 MHz, CDCl3): δ 7.34 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H), 3.19 (t, J = 6.9 Hz, 2H), 

2.83 (t, J = 6.9 Hz, 2H), 2.16-2.14 (m, 4H), 1.95-1.86 (m, 2H), 1.73-1.51 (m, 6H) ppm. 13C NMR (75 MHz, CDCl3): 

158.9, 133.2, 126.7, 114.6, 80.4, 79.8, 55.5, 35.5, 32.6, 29.8, 28.5, 28.0, 18.4, 17.8, 6.5 ppm. IR (neat, cm-1): 2999, 

2934, 1591, 1492, 1439, 1240, 1030. HRMS calcd. for (C17H24IOS) [M+H]+: 403.0587, found 403.0593. 

 
 (6-Iodohex-1-yn-1-yl)cyclopropane (19s): Following reaction conditions A. 67% yield. Colorless oil. 1H NMR (300 

MHz, CDCl3): δ 3.20 (t, J = 6.0 Hz, 2H), 2.16 (dt, J = 6.0, 2.1 Hz, 2H), 1.91 (quint, J = 7.2 Hz, 2H) 1.57 (quint, J = 7.2 

Hz, 2H), 1.24-1.14 (m, 1H), 0.74-0.65 (m, 2H), 0.65-0.57 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3): 84.1, 74.7, 32.6, 

29.8, 17.9, 8.1, 6.5, -0.38 ppm. IR (neat, cm-1): 3009, 2937, 2203, 1700, 1666, 1426, 1168. HRMS calcd. for (C9H14I) 

[M+H]+: 249.0135, found 249.0131. 

 
12-Iodododec-1-en-7-yne (20s): Following reaction conditions A. 75% yield. Colorless oil. 1H NMR (300 Hz): δ 5.87-
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5.74 (m, 1H), 5.04-4.93 (m, 2H), 3.20 (t, J = 6.9 Hz, 2H), 2.21-2.05 (m, 6H), 1.93 (quint, J = 7.2 Hz, 2H), 1.63-1.46 (m, 

6H) ppm. 13C NMR (75 MHz, CDCl3): 138.8, 114.6, 80.9, 79.4, 33.4, 32.6, 29.8, 28.6, 28.1, 18.7, 17.8, 6.5 ppm. IR (neat, 

cm-1): 3075, 2931, 2857, 1640, 1432, 1332, 1211. HRMS calcd. for (C12H20I) [M]+: 291.0604, found 291.0596. 

 
tert-Butyl((10-iododec-5-yn-1-yl)oxy)dimethylsilane (21s): Following reaction conditions B. 79% yield. Colorless oil. 
1H NMR (300 MHz, CDCl3): δ 3.62 (t, J = 6.0 Hz, 2H), 3.21 (t, J = 6.9 Hz, 2H) 2.21-2.14 (m, 4H), 1.98-1.89 (m, 2H), 

1.63-1.52 (m, 6H) 0.89 (s, 9H), 0.05 (s, 6H) ppm. 13C NMR (75 MHz, CDCl3): 80.9, 79.5, 62.9, 32.6, 32.1, 29.9, 26.1, 

25.6, 18.7, 18.5, 17.9, 6.5, -5.1 ppm. IR (neat, cm-1): 2929, 2856, 1471, 1253, 1102, 834, 774. HRMS calcd. for 

(C16H32IOSi) [M+H]+: 395.1262, found 395.1252. 

 
10-Iododec-5-yn-1-ol (22s): Following reaction conditions B. 90% yield. Colorless oil. 1H NMR (300 MHz, CDCl3): δ 

3.67 (t, J = 4.2 Hz, 2H), 3.20 (t, J = 6.9 Hz, 2H), 2.21-2.16 (m, 4H), 1.93 (quint, J = 7.2 Hz, 2H), 1.71-1.53 (m, 6H), 1.38 

(br, 1H) ppm. 13C NMR (75 MHz, CDCl3): 80.6, 79.6, 62.4, 32.5, 31.8, 29.7, 25.3, 18.5, 17.7, 6.5 ppm. IR (neat, cm-1): 

3341, 2935, 2862, 1431, 1286, 1211, 1165, 1056. HRMS calcd. for (C10H18OI) [M+H]+: 281.0397, found 281.0394. 

 
(6-Iodohept-1-yn-1-yl)benzene (23s): Following reaction conditions D. 65% yield. Colorless oil. 1H NMR (300 MHz, 

CDCl3): δ 7.42-7.38 (m, 2H), 7.31-7.26 (m, 3H), 4.30-4.19 (m, 1H), 2.46 (t, J = 6.9 Hz, 2H), 2.03-1.64 (m, 7H) ppm. 
13C NMR (75 MHz, CDCl3): 131.6, 128.3, 127.7, 123.9, 89.4, 81.3, 41.9, 29.6, 29.1, 28.9, 18.7 ppm. IR (neat, cm-1): 

2943, 1702, 1489, 1442, 1137, 754, 690. HRMS calcd. for (C13H15) [M-I]+: 171.1168, found 171.1174. 

 
(10-Iodododec-5-yn-1-yl)benzene (24s): Following reaction conditions D. 70% yield. Colorless oil. 1H NMR (300 MHz, 

CDCl3): δ 7.30-7.25 (m, 2H), 7.19-7.15 (m, 3H), 4.13-4.04 (m, 1H), 2.62 (t, J = 7.5 Hz, 2H), 2.20-2.15 (m, 4H), 2.00-

1.47 (m, 10 H), 1.01 (t, J = 7.2 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3): 142.5, 128.5, 128.4, 125.8, 80.7, 79.7, 41.6, 

39.3, 35.5, 33.9, 30.7, 29.0, 28.7, 18.7, 18.1, 14.2 ppm. IR (neat, cm-1):3025, 2933, 2858, 1495, 1453, 1332, 1298. HRMS 

calcd. for (C18H26I) [M+H]+: 369.1074, found 369.1074.  
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(6-Iodonon-8-en-1-yn-1-yl)trimethylsilane (25s): Compound 25s was prepared following a reported procedure.2 78% 

yield. Colorless oil. 1H NMR (300 MHz, CDCl3): δ 7.37-7.13 (m, 9H), 3.34-3.20 (m, 4H), 2.96 (t, J = 7.5 Hz, 2H), 2.76 

(t, J = 7.5 Hz, 2H) ppm. 13C NMR (75 MHz, CDCl3): 142.5, 140.6, 132.5, 129.0, 128.6, 128.5, 128.0, 126.9, 126.5, 123.2, 

93.9, 79.3, 39.3, 35.2, 21.7, 4.8 ppm. IR (neat, cm-1):3061, 3025, 2926, 2221, 1483, 1451, 1172. HRMS calcd. for (C18H18I) 

[M+H]+: 361.0448, found 361.0449. 

 
1-(2-Iodoethyl)-2-(4-phenylbut-1-yn-1-yl)benzene (26s): Following reaction conditions D. 95% yield. Colorless oil. 1H 

NMR (300 MHz, CDCl3): δ 7.33-7.28 (m, 2H), 7.25-7.16 (m, 3H), 5.73-5.59 (m, 1H), 5.02-4.94 (m, 2H), 3.12-3.04 (m, 

1H), 2.90-2.74 (m, 2H), 2.41-2.36 (m, 2H), 2.28-2.17 (m, 1H), 2.10-1.98 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3): 

143.2, 136.3, 128.7, 127.8, 126.7, 116.6, 46.3, 40.8, 39.6, 5.1 ppm. IR (neat, cm-1): 3062, 6026, 2923, 1493, 1453, 1226, 

913.  

 
(6-Iodonon-8-en-1-yn-1-yl)trimethylsilane (27s): Following reaction conditions D. 83% yield. Colorless oil. 1H NMR 

(300 MHz, CDCl3): δ 5.89-5.75 (m, 1H), 5.17-5.10 (m, 2H), 4.16-4.08 (m, 1H), 2.74-2.57 (m, 2H), 2.26 (t, J = 6.9 Hz, 

2H), 1.92-1.57 (m, 4H), 0.15 (s, 9H) ppm. 13C NMR (75 MHz, CDCl3): 136.3, 117.8, 106.6, 85.3, 45.0, 38.7, 36.0, 28.4, 

19.1, 0.28 ppm. IR (neat, cm-1): 3079, 2955, 2924, 2174, 1432, 1248, 838. 

 
(1-Iodohex-5-en-3-yl)benzene (28s): Following reaction conditions D. 75% yield. Pale yellow oil. 1H NMR (300 MHz, 

CDCl3): δ 7.42-7.39 (m, 2H), 7.31-7.28 (m, 3H), 5.91-5.78 (m, 1H), 5.19-5.12 (m, 2H), 4.20-4.12 (m, 1H), 2.68 (q, J = 

6.3 Hz, 2H), 2.46 (t, J = 6.9 Hz, 2H), 2.00-1.65 (m, 4H) ppm. 13C NMR (75 MHz, CDCl3): 136.3, 131.7, 128.3, 127.8, 

123.9, 117.9, 89.4, 81.3, 44.9, 38.9, 36.2, 28.7, 18.7 ppm. IR (neat, cm-1): 3077, 2944, 2834, 1489, 961, 754, 690. HRMS 

calcd. for (C15H17) [M-I]+: 179.1325, found 179.1319. 

 
3-(6-Iodonon-8-en-1-yn-1-yl)-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthren-17-

one (30s): Following reaction conditions D. 35% yield. Yellow solid. M.P. = 75.4 oC. 1H NMR (300 MHz, CDCl3): δ 

7.26-7.14 (m, 3H), 5.90-5.77 (m, 1H), 5.18-5.11 (m, 2H), 4.19-4.11 (m, 1H), 2.90-2.85 (m, 2H), 2.70-2.64 (m, 2H), 2.55-

1.39 (m, 19H), 0.91 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3): 220.8, 139.6, 136.5, 136.3, 132.1, 128.9, 125.4, 121.2, 

117.8, 88.7, 81.2, 50.6, 48.0, 44.9, 44.5, 38.9, 38.1, 36.2, 35.9, 31.6, 29.2, 28.7, 26.5, 25.7, 21.7, 18.7, 13.9 ppm. IR (neat, 

cm-1): 2930, 2874, 1732, 1495, 1454, 1084, 1006. HRMS calcd. for (C27H33INaO) [M+Na]+: 523.1468, found 523.1461. 
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2.8.6. Preparative Scope for Iodine Transfer Radical Cyclization 

General Procedure. A 12.0 mL Schlenk tube with screw cap containing a 

stirring bar was charged with [Ir(ppy)2(dtbbpy)]PF6 (Ir-2, 1 mol%, 1.8 mg). 

The tube was then evacuated and back-filled with argon. The corresponding 

alkyl iodide (0.2 mmol, 1 equiv) was added with a microsyringe followed by 

addition of t-BuCN (1.0 mL, 0.2 M) and i-Pr2NEt (0.2 mmol, 1 equiv, 35 µL) 

under a positive Ar flow. Then three freeze-pump-thaw cycles were 

conducted in liquid nitrogen. Finally, the reaction was placed in the 

photoreactor, consisting of a 150 mL beaker surrounded by blue LED strips 

(FlexLed Inspire. 20 LEDs, 1.7 W, 0.364 mW/cm2). A mini-fan was 

necessary on the top to keep internal temperature between 30 and 35oC. The 

reaction was stirred for 12-96 h, and then the solvent was evaporated under 

vacuum and the residue purified on silica gel column chromatography. 

 
(Cyclopentylideneiodomethyl)benzene (1). Following the general procedure, the corresponding vinyl iodide was 

obtained in 73% yield in 32 h (5% of 1-H was observed) as colorless oil. 1H NMR (300 MHz, CDCl3): δ 7.33-7.15 (m, 

5H), 2.48-2.43 (m, 2H), 2.32-2.28 (m, 2H), 1.81-1.74 (m, 4H) ppm. 13C NMR (75 MHz, CDCl3): 152.7, 144.2, 128.9, 

128.1, 127.4, 89.4, 42.0, 33.8, 28.7, 26.0 ppm. IR (neat, cm-1): 3077, 2953, 2831, 1441, 1305, 1156, 657. HRMS calcd. 

for (C12H14I) [M+H]+: 285.0135, found 285.0142.  

 
(Cyclopentylideneiodomethyl)cyclohexane (2). Following the general procedure, the corresponding vinyl iodide was 

obtained in 87% yield in 24 h as colorless oil. 1H NMR (400 MHz, CDCl3): δ 2.37-2.27 (m, 4H), 1.86-1.17 (m, 15H) ppm. 
13C NMR (100 MHz, CDCl3): 146.9, 108.1, 45.7, 41.6, 33.6, 32.4, 28.2, 25.9, 25.8, 25.5 ppm. IR (neat, cm-1): 2924, 2851, 

1448, 1427, 1230, 1173, 890. HRMS calcd. for (C12H20I) [M+H]+: 291.0604, found 291.0603.  

 
(1-Iodoheptylidene)cyclopentane (3). Following the general procedure, the corresponding vinyl iodide was obtained in 

96% yield in 24 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 2.41 (t, J = 7.2 Hz, 2H), 2.34-2.26 (m, 4H), 1.82 (quint, 

J = 6.9 Hz, 2H), 1.66 (quint, J = 6.9 Hz, 2H), 1.51-1.45 (m, 2H), 1.35-1.26 (6H), 0.91-0.87 (m, 3H) ppm. 13C NMR (75 

MHz, CDCl3): 148.6, 97.5, 41.9, 41.4, 31.9, 31.8, 29.4, 28.4, 28.3, 25.9, 22.8, 14.2 ppm. IR (neat, cm-1): 2954, 2926, 

2855, 1452, 1428, 1377, 1305. HRMS calcd. for (C12H21) [M-I]+: 165.1638, found 165.1637. 
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(2-cyclopentyl-1-iodoethylidene)cyclopentane (4). Following the general procedure, the corresponding vinyl iodide was 

obtained in 91% yield in 12 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 2.44-2.14 (m, 7H), 1.88-1.54 (m, 10H), 

1.22-1.10 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 148.8, 97.5, 47.4, 41.5, 40.5, 32.4, 31.8, 28.4, 25.8, 25.2 ppm. IR 

(neat, cm-1): 2974, 2865, 1450, 1427, 1305, 1231, 1174. HRMS calcd. for (C12H19) [M-I]+: 163.1481, found 163.1481.  

 
(3-cyclopentylidene-3-iodopropyl)benzene (5). Following the general procedure, the corresponding vinyl iodide was 

obtained in 88% yield in 24 h as colorless oil. 1H NMR (400 MHz, CDCl3): δ 7.30-7.27 (m, 2H), 7.22-7.17 (m, 3H), 2.81 

(t, J = 7.2 Hz, 2H), 2.72 (t, J = 7.0 Hz, 2H), 2.27 (t, J = 7.4 Hz, 2H), 2.04 (t, J = 7.2 Hz, 2H), 1.73-1.58 (m, 4H) ppm. 13C 

NMR (100 MHz, CDCl3): 150.1, 141.1, 128.9, 128.3, 126.1, 95.6, 44.3, 41.4, 35.4, 31.6, 28.3, 25.8 ppm. IR (neat, cm-1): 

3061, 3026, 2939, 2864, 1493, 747, 697. HRMS calcd. for (C14H17) [M-I]+: 185.1325, found 185.1322. 

 
(1-Iodo-2,2-dimethylpropylidene)cyclopentane (6). Following the general procedure, the corresponding vinyl iodide 

was obtained in 60% yield in 48 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 2.51 (dt, J = 7.2, 1.2 Hz, 2H), 2.44 (dt, 

J = 7.2, 1.2 Hz, 2H), 1.85 (quint, J = 6.9 Hz, 2H), 1.56 (quint, J = 6.9 Hz, 2H), 1.31 (s, 9H) ppm. 13C NMR (75 MHz, 

CDCl3): 146.6, 115.7, 48.2, 41.4, 33.0, 32.5, 29.9, 25.4 ppm. IR (neat, cm-1): 2954, 2923, 2864, 1453, 1362, 1220, 764. 

HRMS calcd. for (C10H17) [M-I]+: 137.1325, found 137.1322. 

 
(Cyclopentylideneiodomethyl)trimethylsilane (7). Following the general procedure, the corresponding vinyl iodide was 

obtained in 81% yield in 24 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 2.41 (t, J = 7.2 Hz, 2H), 2.34 (t, J = 6.9 Hz, 

2H), 1.89 (quint, J = 6.9 Hz, 2H), 1.67 (quint, J = 7.2 Hz, 2H), 0.25 (s, 9H) ppm.13C NMR (75 MHz, CDCl3): 164.4, 

100.5, 45.8, 34.7, 29.5, 25.6, 1.1 ppm. IR (neat, cm-1): 2954, 2868, 1595, 1419, 1247, 877, 834. HRMS calcd. for 

(C9H17ISi): 280.0144, found 280.0155. 

 
(Cyclopentylideneiodomethyl)dimethyl(phenyl)silane (8). Following the general procedure but using 2-s-8 (5.8 mmol), 

IrXX (0.1 mol%) and t-BuCN (0.6 M), the corresponding vinyl iodide was obtained in 84% yield in 24 h as colorless oil. 
1H NMR (300 MHz, CDCl3): δ 7.60-7.56 (m, 2H), 7.40-7.33 (m, 3H), 2.44 (t, J = 7.2 Hz, 2H), 2.08 (t, J = 7.2 Hz, 2H), 

1.78 (quint, J = 6.6 Hz, 2H), 1.65 (quint, J = 7.2 Hz, 2H), 0.54 (s, 6H) ppm. 13C NMR (75 MHz, CDCl3): 166.7, 138.2, 

134.1, 129.3, 128.0, 96.9, 45.9, 35.2, 29.4, 25.6, 0.4 ppm. IR (neat, cm-1): 3067, 3048, 2954, 2867, 1593, 1427, 1247. 

HRMS calcd. for (C14H20ISi) [M+H]+: 343.0374, found 343.0374. 
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6-Cyclopentylidene-6-iodohexanenitrile (9). Following the general procedure, the corresponding vinyl iodide was 

obtained in 66% yield in 48 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 2.47 (br, 2H), 2.38-2.26 (m, 6H), 1.88-1.79 

(m, 2H), 1.71-1.64 (m, 6H) ppm. 13C NMR (75 MHz, CDCl3): 150.0, 119.7, 95.3, 41.5, 40.8, 32.0, 28.5, 28.4, 25.8, 24.3, 

17.3 ppm. IR (neat, cm-1): 2941, 2866, 2246, 1451, 1425, 1305, 1176. HRMS calcd. for (C11H16INNa) [M+Na]+: 312.0220, 

found 312.0215. 

 
4-Cyclopentylidene-4-iodobutyl (2-chloroethyl)carbamates (10). Following the general procedure, the corresponding 

vinyl iodide was obtained in 95% yield in 48 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 5.15 (b, 1H), 4.05 (t, J = 

6.3 Hz, 2H), 3.61-3.47 (m, 4H), 2.50 (t, J = 7.2 Hz, 2H), 2.28 (q, J = 7.5 Hz, 4H), 1.87-1.76 (m, 4H), 1.70-1.60 (m, 2H) 

ppm. 13C NMR (75 MHz, CDCl3): 156.5, 150.0, 95.1, 63.8, 44.2, 42.8, 41.4, 38.0, 31.7, 28.6, 28.3, 25.8 ppm. IR (neat, 

cm-1): 3332, 2954, 1695, 1518, 1430, 1244, 1146. HRMS calcd. for (C12H19ClINNaO2) [M+Na]+: 394.0041, found 

394.0043. 

 
4-Cyclopentylidene-4-iodobutyl allylcarbamate (11). Following the general procedure, the corresponding vinyl iodide 

was obtained in 72% yield in 96 h as brown oil. 1H NMR (300 MHz, CDCl3): δ 5.90-5.77 (m, 1H), 5.22-5.09 (m, 2H), 

4.76 (b, 1H), 4.05 (t, J = 6.3 Hz, 2H), 3.79 (t, J = 5.4 Hz, 2H), 2.50 (t, J = 7.2 Hz, 2H), 2.29 (q, J = 7.5 Hz, 4H), 1.87-

1.77 (m, 4H), 1.70-1.61 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 156.5, 149.9, 134.7, 116.0, 95.3, 63.6, 43.5, 41.4, 

38.1, 31.7, 28.7, 28.3, 25.8 ppm. IR (neat, cm-1): 3339, 2954, 1679, 1520, 1427, 1244, 1060. HRMS calcd. for 

(C13H20INNaO2) [M+Na]+: 372.0431, found 372.0440. 

 
4-Cyclopentylidene-4-iodobutyl (3-(triethoxysilyl)propyl)carbamates (12). Following the general procedure, the 

corresponding vinyl iodide was obtained in 61% yield in 48 h as brown oil. 1H NMR (300 MHz, CDCl3): δ 4.92 (b, 1H), 

4.01 (t, J = 6.3 Hz, 2H), 3.80 (q, J = 6.9 Hz, 6H), 3.15 (q, J = 6.6 Hz, 2H), 2.49 (t, J = 6.9 Hz, 2H), 2.28 (q, J = 7.8 Hz, 

4H), 1.85-1.75 (m, 4H), 1.69-1.55 (m, 4H), 1.20 (t, J = 6.9 Hz, 9H), 0.60 (t, J = 8.1 Hz, 2H) ppm. 13C NMR (75 MHz, 
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CDCl3): 156.7, 149.8, 95.3, 63.3, 58.5, 43.4, 41.3, 38.1, 31.7, 28.7, 28.3, 25.8, 23.4, 18.3, 7.7 ppm. IR (neat, cm-1): 3324, 

2929, 1689, 1529, 1445, 1248, 1120.  

 
4-Cyclopentylidene-4-iodobutyl (2-chloro-4-(trifluoromethyl)phenyl)carbamates (13). Following the general 

procedure, the corresponding vinyl iodide 3s was obtained in 89% yield in 48 h as white solid. M.P. = 54.1 oC. 1H NMR 

(300 MHz, CDCl3): δ 8.53 (b, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.26-7.23 (m, 2H), 4.21 (t, J = 6.3 Hz, 2H), 2.57 (t, J = 6.9 

Hz, 2H), 2.36-2.27 (m, 4H), 1.99-1.90 (m, 2H), 1.87-1.78 (m, 2H), 1.71-1.62 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 

153.0, 150.3, 135.5, 130.4 (q, J (C-F)= 32.8 Hz), 129.6, 125.2, 123.6 (q, JC-F = 270.8 Hz), 120.3 (q, JC-F = 3.8 Hz), 116.8 

(q, JC-F = 3.8 Hz), 94.8, 64.7, 41.4, 38.0, 31.8, 28.4, 28.3, 25.8 ppm. 19F NMR (376 MHz, CDCl3): -62.89 ppm. IR (neat, 

cm-1): 3303, 2950, 2846, 1738, 1712, 1588, 1536. HRMS calcd. for (C17H18ClF3NNaO2) [M+Na]+: 509.9915, found 

509.9919. 

 
4-Cyclopentylidene-4-iodobutyl (4-(trifluoromethoxy)phenyl)carbamates (14). Following the general procedure, the 

corresponding vinyl iodide was obtained in 90% yield in 48 h as white solid. M.P. = 79.4 oC. 1H NMR (300 MHz, CDCl3): 

δ 7.41 (d, J = 9.0 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 6.73 (s, 1H), 4.17 (t, J = 6.3 Hz, 2H), 2.55 (t, J = 7.2 Hz, 2H), 2.34-

2.26 (q, J = 7.5 Hz, 4H), 1.95-1.77 (m, 4H), 1.70-1.61 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 153.6, 150.2, 144.8, 

136.7, 122.0, 120.6 (q, JC-F = 255.0 Hz), 119.9 (br), 118.9, 94.9, 64.3, 41.4, 38.1, 31.8, 28.6, 28.3, 25.8 ppm.19F NMR 

(376 MHz, CDCl3): -58.31 ppm. IR (neat, cm-1): 3327, 2958, 2862, 1699, 1541, 1414, 1270. HRMS calcd. for 

(C17H19F3INNaO3) [M+Na]+: 492.0254, found 492.0266. 

 
2-Bromo-4-chloro-1-((5-cyclopentylidene-5-iodopentyl)oxy)benzene (15). Following the general procedure, the 

corresponding vinyl iodide was obtained in 92% yield in 48 h as yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.52 (d, J = 

2.4 Hz, 1H), 7.21 (dd, J = 8.7, 2.4 Hz, 1H), 6.79 (d, J = 8.7 Hz, 1H), 4.00 (t, J = 6.0 Hz, 2H), 2.51 (t, J = 6.9 Hz, 2H), 

2.35-2.27 (m, 4H), 1.87-1.65 (m, 8H) ppm. 13C NMR (75 MHz, CDCl3): 154.4, 149.4, 132.9, 128.3, 125.9, 113.9, 112.8, 

96.5, 69.5, 41.5, 41.3, 31.9, 28.4, 27.9, 25.9, 25.9 ppm. IR (neat, cm-1): 2942, 2866, 1585, 1479, 1464, 1284, 1047.  
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4-((5-Cyclopentylidene-5-iodopentyl)oxy)-3-methoxybenzaldehyde (16). Following the general procedure, the 

corresponding vinyl iodide was obtained in 93% yield in 48 h as slight yellow solid. M.P. = 63.5 oC. 1H NMR (300 MHz, 

CDCl3): δ 9.83 (s, 1H), 7.44-7.38 (m, 2H), 6.95 (d, J = 8.4 Hz, 1H), 4.09 (t, J = 6.9 Hz, 2H), 3.90 (s, 3H), 2.49 (t, J = 7.2 

Hz, 2H), 2.33-2.24 (m, 4H), 1.91-1.76 (m, 4H), 1.73-1.60 (m, 4H) ppm. 13C NMR (75 MHz, CDCl3): 191.0, 154.1, 149.9, 

149.5, 130.0, 126.9, 111.5, 109.3, 96.4, 69.1, 56.1, 41.4, 41.2, 31.9, 28.4, 27.7, 25.8 ppm. IR (neat, cm-1): 3078, 2944, 

2866, 1677, 1582, 1506, 1465. HRMS calcd. for (C18H23INaO3) [M+Na]+: 437.0584, found 437.0579. 

 
(5-Cyclopentylidene-5-iodopentyl)(4-methoxyphenyl)sulfane (17). Following the general procedure, the 

corresponding vinyl iodide was obtained in 88% yield in 48 h as yellow oil. 1H NMR (300 MHz, CDCl3): δ 7.37-7.31 (m, 

2H), 6.87-6.82 (m, 2H), 3.79 (s, 3H), 2.82 (t, J = 7.2Hz, 2H), 2.41 (t, J = 6.6 Hz, 2H), 2.27 (t, J = 7.2 Hz, 4H), 1.85-1.76 

(m, 2H), 1.70-1.56 (m, 6H) ppm. 13C NMR (75 MHz, CDCl3): 158.9, 149.2, 133.4, 114.6, 96.6, 55.5, 41.4, 41.3, 35.9, 

31.8, 28.4, 28.4, 28.2, 25.9 ppm. IR (neat, cm-1): 2936, 2862, 2833, 1591, 1492, 1240, 824. HRMS calcd. for (C17H24IOS) 

[M+H]+: 403.0587, found 403.0590. 

 
(Cyclopropyliodomethylene)cyclopentane (19). Following the general procedure, the corresponding vinyl iodide was 

obtained in 70% yield in 32 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 2.45 (t, J = 7.4 Hz, 2H), 2.30 (t, J = 7.0 Hz, 

2H), 1.85 (quint, J = 7.2 Hz, 2H), 1.66 (quint, J = 7.0 Hz, 2H), 1.44-1.35 (m, 1H), 0.76-0.68 (m, 2H), 0.68-0.61 (m, 2H) 

ppm. 13C NMR (75 MHz, CDCl3): 150.1, 100.7, 42.0, 32.9, 28.4, 25.7, 19.9, 9.8 ppm. IR (neat, cm-1): 2956, 2870, 1736, 

1373, 12371045, 981. HRMS calcd. for (C9H13I) [M]+: 248.0056, found 248.0054. 

 
(1-Iodohept-6-en-1-ylidene)cyclopentane (20). Following the general procedure, the corresponding vinyl iodide was 

obtained in 78% yield in 32 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 5.88-5.75 (m, 1H), 5.05-4.93 (m, 2H), 2.43 

(t, J = 7.2 Hz, 2H), 2.34-2.26 (m, 4H), 2.11-2.04 (m, 2H), 1.82 (quint, J = 6.9 Hz, 2H), 1.66 (quint, J = 6.9 Hz, 2H), 1.57-

1.47 (m, 2H), 1.43-1.34 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 148.8, 138.9, 114.5, 97.1, 41.7, 41.4, 33.8, 31.8, 28.9, 

28.4, 27.8, 25.9 ppm. IR (neat, cm-1): 2933, 2859, 1709, 1430, 1373, 1234, 1172. HRMS calcd. for (C12H18I) [M-H]+: 

289.0448, found 289.0447. 
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tert-Butyl((5-cyclopentylidene-5-iodopentyl)oxy)dimethylsilane (21). Following the general procedure, the 

corresponding vinyl iodide was obtained in 93% yield in 32 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 3.62 (t, J = 

6.0 Hz, 2H), 2.44 (t, J = 6.9 Hz, 2H), 2.34-2.26 (m, 4H), 1.87-1.77 (m, 2H), 1.71-1.51 (m, 6H), 0.90 (s, 9H), 0.05 (s, 6H) 

ppm. 13C NMR (75 MHz, CDCl3): 148.9, 97.2, 63.2, 41.6, 41.4, 31.8, 31.7, 28.4, 26.1, 25.9, 25.8, 18.5, -5.1ppm. IR (neat, 

cm-1): 2934, 2863, 1451, 1428, 1051, 836, 781. HRMS calcd. for (C10H16I) [M-OTBS]+: 263.0291, found 263.0280.  

 
5-Cyclopentylidene-5-iodopentan-1-ol (22). Following the general procedure, the corresponding vinyl iodide was 

obtained in 89% yield in 32 h as colorless oil. 1H NMR (300 MHz, CDCl3): δ 3.67-3.61 (m, 2H), 2.47-2.43 (m, 2H), 2.34-

2.25 (m, 4H), 1.86-1.77 (m, 2H), 1.70-1.52 (m, 7H) ppm. 13C NMR (75 MHz, CDCl3): 149.2, 96.8, 62.9, 41.4, 31.9, 31.5, 

28.4, 25.9, 25.6 ppm. IR (neat, cm-1): 3497, 2937, 2864, 1438, 1351, 1201, 1159. HRMS calcd. for (C10H18OI) [M+H]+: 

281.0397, found 281.0394. 

 
(Iodo(2-methylcyclopentylidene)methyl)benzene (23). Following the general procedure, the corresponding vinyl 

iodide (E/Z mixture = 1.3: 1) was obtained in 95% yield in 72 h as colorless oil. 1H NMR (major isomer, 300 MHz, 

CDCl3): δ 7.36-7.20 (m, 5H), 2.93-2.78 (m, 1H), 2.68-2.20 (m, 2H), 2.05-1.54 (m, 4H), 0.75 (d, J = 6.9 Hz, 3H) ppm. 13C 

NMR (major isomer, 75 MHz, CDCl3): 157.0, 144.6, 128.6, 128.2, 127.5, 90.4, 41.8, 36.8, 33.7, 23.1, 19.5 ppm. IR (neat, 

cm-1): 3056, 2953, 2865, 1441, 1370, 749, 696. HRMS calcd. for (C13H15) [M-I]+: 171.1168, found 171.1167. 

 
(5-(2-Ethylcyclopentylidene)-5-iodopentyl)benzene (24). Following the general procedure, the corresponding vinyl 

iodide (E/Z mixture = 1: 1) was obtained in 88% yield in 32 h as colorless oil. 1H NMR (major isomer, 300 MHz, CDCl3): 

δ 7.33-7.28 (m, 2H), 7.23-7.18 (m, 3H), 2.69-2.21 (m, 7H), 1.87-1.55 (m, 8H), 1.43-1.12 (m, 2H), 0.98-0.89 (m, 3H) 

ppm. 13C NMR (major isomer, 75 MHz, CDCl3): 152.9, 142.64, 128.5, 125.8, 100.1, 52.4, 41.9, 40.9, 36.0, 32.2, 30.4, 

30.1, 29.0, 25.5, 22.7, 12.4 ppm. IR (neat, cm-1): 3025, 2929, 2857, 1453, 1160, 744, 697. HRMS calcd. for (C18H25) [M-

I]+: 241.1951, found 241.1946. 
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(Z)-1-(1-Iodo-3-phenylpropylidene)-2,3-dihydro-1H-indene (25). Following the general procedure, the corresponding 

vinyl iodide was obtained in 47% yield in 72 h as colorless oil (E/Z mixture = 1:1). Z isomer spectroscopic data: 1H NMR 

(300 MHz, CDCl3): δ 7.52 (d, J = 7.5 Hz, 1H), 7.35-7.27 (m, 4H), 7.24-7.13 (m, 4H), 3.35-3.29 (m, 2H), 3.03-2.93 (m, 

4H), 2.89-2.84 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 149.7, 147.1, 140.7, 137.9, 128.6, 128.6, 128.1, 126.6, 126.3, 

126.2, 124.0, 100.6, 44.7, 42.9, 35.1, 29.4 ppm. IR (neat, cm-1): 3019, 2921, 2851, 1455, 1376, 749, 699. HRMS calcd. 

for (C18H18I) [M+H]+: 361.0448, found 361.0446.  

 
3-(Iodomethyl)cyclopentyl)benzene (26). Following the general procedure, the corresponding alkyl iodide was obtained 

in 80% yield in 32 h (cis/trans mixture = 10:1) as colorless oil. 1H NMR (300 MHz, CDCl3): δ 7.31-7.15 (m, 5H), 3.29-

3.25 (m, 2H), 3.18-3.06 (m, 1H), 2.53-2.26 (2H), 2.16-2.08 (m, 1H), 2.05-1.85 (m, 1H), 1.83-1.70 (m, 1H), 1.59-1.48 (m, 

1H), 1.43-1.31 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3): 145.3, 128.4, 127.0, 126.1, 46.2, 42.7, 42.4, 33.5, 32.6, 14.1 

ppm. IR (neat, cm-1): 3025, 2947, 2863, 1492, 1447, 1181, 752, 697. HRMS calcd. for (C12H15I): 286.0219, found 

286.0223. 

 
2-(Iodomethyl)-2,3,3a,4,5,6-hexahydropentalen-1-yl)trimethylsilane (27). Following the general procedure, the 

corresponding alkyl iodide (single isomer) was obtained in 70% yield in 72 h as colorless oil. 1H NMR (300 MHz, CDCl3): 

δ 3.62 (dd, J = 9.0, 3.0 Hz, 1H), 3.41-3.31 (m, 1H), 3.065 (t, J = 9.3 Hz, 1H), 2.79-2.71 (m, 1H), 2.40-2.33 (m, 1H), 2.21-

2.15 (m, 2H), 2.07-1.84 (m, 3H), 1.11-0.97 (m, 2H), 0.13 (s, 9H) ppm. 13C NMR (75 MHz, CDCl3): 169.4, 130.4, 59.0, 

53.7, 40.5, 31.6, 28.5, 25.8, 17.2, 0.28 ppm. IR (neat, cm-1): 2922, 2852, 1460, 1377, 1249, 839.  

 
5-(Iodomethyl)-6-phenyl-1,2,3,3a,4,5-hexahydropentalene (28). Following the general procedure, the corresponding 

alkyl iodide was obtained in 72% yield in 60 h as yellow oil (dr = 25:1). 1H NMR (400 MHz, CDCl3): δ7.39-7.20 (m, 

5H), 3.75-3.66 (m, 1H), 3.53 (dd, J = 9.6 Hz, 3.2 Hz, 1H), 3.13 (dd, J = 9.6 Hz, 8.4 Hz, 1H), 2.97-2.88 (m, 1H), 2.63-

2.46 (m, 2H), 2.23-2.11 (m, 2H), 2.04-1.92 (m, 2H), 1.35-1.25 (m, 2H) ppm.13C NMR (101 MHz, CDCl3): 153.5, 137.3, 

130.6, 128.5, 127.1, 126.2, 54.4, 51.6, 38.3, 32.2, 28.8, 24.4, 16.5 ppm. IR (neat, cm-1): 3053, 3025, 2953, 2865, 1488, 

743, 693. HRMS calcd. for (C15H18I) [M+H]+: 325.0448, found 325.0442. 

 
3-(2-(Iodomethyl)-2,3,3a,4,5,6-hexahydropentalen-1-yl)quinolone (29). Following the general procedure, the 

corresponding alkyl iodide was obtained in 63% yield in 96 h as brown oil. The spectroscopic data correspond to those 

previously reported in the literature.5 1H NMR (300 MHz, CDCl3): δ 8.90 (d, J = 2.1 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 

7.93 (d, J = 2.1 Hz, 1H), 7.79-7.76 (m, 1H), 7.69-7.63 (m, 1H), 7.55-7.49 (m, 1H), 3.77-3.66 (m, 1H), 3.47 (dd, J = 10.2, 

3 Hz, 1H), 3.19 (dd, J = 9.9, 7.5 Hz, 1H), 3.02-2.93 (m, 1H), 2.67-2.56 (m, 1H), 2.51-2.42 (m, 1H), 2.27-2.12 (m, 2H), 
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2.05-1.90 (m, 2H), 1.44-1.31 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3): 156.5, 150.2, 146.6, 132.7, 130.5, 129.3, 129.0, 

128.0, 127.8, 127.6, 126.9, 53.9, 52.0, 37.9, 31.9, 28.7, 24.4, 16.0 ppm. 

 
3-(2-(iodomethyl)-2,3,3a,4,5,6-hexahydropentalen-1-yl)-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-

cyclopenta[a]phenanthren-17-one (30). Following the general procedure but using Irxx (2 mol%), the corresponding 

alkyl iodide was obtained in 44% yield in 72 h as yellow oil.1H NMR (300 MHz, CDCl3): δ 7.24 (d, J = 9.3 Hz, 1H), 

7.08-7.03 (m, 1H), 6.99-6.97 (d, J = 4.5 Hz, 1H), 3.70-3.62 (m, 1H), 3.52 (dt, J = 9.6, 2.4 Hz, 1H), 3.07 (dt, 9.0, 2.4 Hz, 

1H), 2.92-2.85 (m, 3H), 2.56-1.91 (m, 14H), 1.68-1.44 (m, 7H), 092 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3): 221.0, 

153.03, 152.99, 137.78, 137.75, 136.49, 136.46, 134.79, 134.77, 130.33, 130.31, 127.54, 127.41, 125.4, 124.70, 124.59, 

54.5, 51.5, 50.6, 48.1, 44.5, 44.5, 38.4, 38.2, 36.0, 32.1, 31.7, 29.6, 28.7, 26.7, 25.7, 24.4, 21.7, 14.0 ppm. IR (neat, cm-

1): 2924, 2854, 1736, 1453, 1374, 1260, 1084. (MALDI) HRMS calcd. for (C27H33IO) [M]+: 500.1570, found 500.1549. 

2.8.7. X-Ray Crystallographic Data for 14 

 
 

Table 1.  Crystal data and structure refinement for 14. 

_____________________________________________________________________ 

Identification code  yshen03-431a 

Empirical formula  C17 H19 F3 I N O3  

Formula weight  469.23 

Temperature  100(2) K 

Wavelength  0.71073 ≈ 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a =  47.1143(6)≈ a=  90∞. 

 b =  4.86847(8)≈ b = 97.7446(11)∞. 

 c =  16.0241(2)≈ g =  90∞. 

Volume 3642.00(9) ≈3 

Z 8 

Density (calculated) 1.712 Mg/m3 
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Absorption coefficient 1.803 mm-1 

F(000)  1856 

Crystal size  0.25 x 0.20 x 0.15 mm3 

Theta range for data collection 2.566 to 34.164∞. 

Index ranges -74<=h<=74,-7<=k<=7,-25<=l<=24 

Reflections collected  55197 

Independent reflections 7329[R(int) = 0.0289] 

Completeness to theta =34.164∞  97.299995%  

Absorption correction  Multi-scan 

Max. and min. transmission  0.840 and 0.646 

Refinement method  Full-matrix least-squares on F2 

Data / restraints / parameters  7329/ 3/ 262 

Goodness-of-fit on F2  1.033 

Final R indices [I>2sigma(I)]  R1 = 0.0328, wR2 = 0.0949 

R indices (all data)  R1 = 0.0363, wR2 = 0.0972 

Largest diff. peak and hole  2.049 and -1.418 e.≈-3 

 

Table 2.   Bond lengths [≈] and angles [∞] for 14. 

_____________________________________________________ 

Bond lengths---- 

C1-C13  1.326(2) 

C1-C2  1.507(2) 

C1-I1  2.1234(17) 

C2-C3  1.529(2) 

C3-C4  1.509(2) 

C4-O1  1.4502(19) 

C5-O2  1.2209(16) 

C5-O1  1.3430(17) 

C5-N1  1.3560(18) 

C6-C7  1.3970(19) 

C6-C11  1.3978(19) 

C6-N1  1.4118(19) 

C7-C8  1.387(2) 

C8-C9  1.385(2) 

C9-C10  1.389(2) 

C9-O3  1.411(2) 

C10-C11  1.389(2) 

C12-F1'  1.252(4) 

C12-F2  1.268(8) 
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C12-F3  1.285(3) 

C12-F2'  1.321(8) 

C12-O3  1.325(2) 

C12-F3'  1.374(4) 

C12-F1  1.396(4) 

C13-C14  1.518(3) 

C13-C17  1.519(3) 

C14-C15  1.538(3) 

C15-C16'  1.450(6) 

C15-C16  1.484(5) 

C16-C17  1.501(5) 

C16'-C17  1.599(4) 

 

Angles---------- 

C13-C1-C2 127.27(16) 

C13-C1-I1 118.64(13) 

C2-C1-I1 114.09(12) 

C1-C2-C3 112.80(14) 

C4-C3-C2 111.39(13) 

O1-C4-C3 106.40(12) 

O2-C5-O1 123.94(13) 

O2-C5-N1 126.11(13) 

O1-C5-N1 109.93(11) 

C7-C6-C11 119.63(13) 

C7-C6-N1 123.00(12) 

C11-C6-N1 117.28(12) 

C8-C7-C6 120.01(13) 

C9-C8-C7 119.42(13) 

C8-C9-C10 121.67(14) 

C8-C9-O3 118.93(15) 

C10-C9-O3 119.18(14) 

C11-C10-C9 118.62(13) 

C10-C11-C6 120.64(13) 

F2-C12-F3 114.1(5) 

F1'-C12-F2' 110.0(6) 

F1'-C12-O3 121.4(2) 

F2-C12-O3 112.6(5) 

F3-C12-O3 119.3(2) 

F2'-C12-O3 110.0(5) 

F1'-C12-F3' 106.3(4) 
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F2'-C12-F3' 103.1(4) 

O3-C12-F3' 104.2(2) 

F2-C12-F1 104.8(5) 

F3-C12-F1 100.9(4) 

O3-C12-F1 102.4(2) 

C1-C13-C14 126.45( 17) 

C1-C13-C17 125.08(17) 

C14-C13-C17 108.47(16) 

C13-C14-C15 104.43(17) 

C16'-C15-C14 108.2(3) 

C16-C15-C14 104.4(2) 

C15-C16-C17 105.9(3) 

C15-C16'-C17 102.7(3) 

C16-C17-C13 102.6(2) 

C13-C17-C16' 102.8(2) 

C5-N1-C6 125.36(11) 

C5-O1-C4 115.50(11) 

C12-O3-C9 118.07(13) 

------------------------------------------------------- 

 

Table 3.  Torsion angles [∞] for 14. 

________________________________________________________________ 

C13-C1-C2-C3 -115.7(2) 

I1-C1-C2-C3 64.30(17) 

C1-C2-C3-C4 178.08(14) 

C2-C3-C4-O1 175.28(13) 

C11-C6-C7-C8 1.1(2) 

N1-C6-C7-C8 -175.41(13) 

C6-C7-C8-C9 -0.5(2) 

C7-C8-C9-C10 -0.3(2) 

C7-C8-C9-O3 174.26(13) 

C8-C9-C10-C11 0.4(2) 

O3-C9-C10-C11 -174.14(13) 

C9-C10-C11-C6 0.2(2) 

C7-C6-C11-C10 -0.9(2) 

N1-C6-C11-C10 175.72(13) 

C2-C1-C13-C14 178.19(18) 

I1-C1-C13-C14 -1.8(3) 

C2-C1-C13-C17 -2.0(3) 

I1-C1-C13-C17 178.02(16) 
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C1-C13-C14-C15 179.0(2) 

C17-C13-C14-C15 -0.8(2) 

C13-C14-C15-C16' -22.8(3) 

C13-C14-C15-C16 22.9(3) 

C16'-C15-C16-C17 64.2(4) 

C14-C15-C16-C17 -37.3(4) 

C16-C15-C16'-C17 -56.4(3) 

C14-C15-C16'-C17 35.6(4) 

C15-C16-C17-C13 36.1(4) 

C15-C16-C17-C16' -59.0(4) 

C1-C13-C17-C16 159.0(3) 

C14-C13-C17-C16 -21.1(3) 

C1-C13-C17-C16' -158.6(3) 

C14-C13-C17-C16' 21.3(3) 

C15-C16'-C17-C16 59.9(4) 

C15-C16'-C17-C13 -34.7(3) 

O2-C5-N1-C6 -8.5(2) 

O1-C5-N1-C6 172.60(12) 

C7-C6-N1-C5 -25.7(2) 

C11-C6-N1-C5 157.75(13) 

O2-C5-O1-C4 1.7(2) 

N1-C5-O1-C4 -179.35(11) 

C3-C4-O1-C5 -179.60(12) 

F1'-C12-O3-C9 -41.9(5) 

F2-C12-O3-C9 170.6(4) 

F3-C12-O3-C9 32.8(4) 

F2'-C12-O3-C9 -172.3(4) 

F3'-C12-O3-C9 77.8(3) 

F1-C12-O3-C9 -77.5(3) 

C8-C9-O3-C12 91.1(2) 

C10-C9-O3-C12 -94.3(2) 
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2.8.9. 1H and 13C NMR Spectra 

 
 
 

 
 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

1
2

.6
1

2
.2

9

2
.0

0

1
.0

0

2
.2

5

1
.2

6
7

1
.2

9
2

1
.3

1
9

1
.3

5
8

1
.3

9
9

1
.4

8
8

1
.5

3
2

1
.5

5
5

1
.5

7
9

1
.6

0
4

1
.6

2
7

1
.6

8
6

1
.7

3
1

1
.7

5
9

1
.7

7
7

1
.8

8
4

1
.9

0
8

1
.9

3
2

1
.9

5
6

1
.9

8
0

2
.1

6
7

2
.1

7
4

2
.1

9
0

2
.1

9
7

2
.2

1
3

2
.2

2
0

2
.3

0
7

3
.1

8
6

3
.2

0
9

3
.2

3
2

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.6

4
3

1
7
.8

5
5

2
5
.0

8
1

2
6
.0

6
4

2
9
.2

5
2

2
9
.8

9
2

3
2
.6

0
6

3
3
.2

4
5

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
7
9
.0

8
6

8
5
.5

5
0

I2-s-12s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

81 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

3
.2

5

8
.4

3

2
.3

5

2
.1

2

3
.9

5

2
.0

0

0
.8

6
2

0
.8

8
5

0
.9

0
8

1
.2

6
8

1
.2

8
1

1
.2

9
1

1
.3

0
1

1
.5

5
1

1
.5

5
7

1
.5

8
1

1
.9

0
9

1
.9

3
4

1
.9

5
8

2
.1

3
0

2
.1

5
6

2
.1

6
1

2
.1

7
8

3
.1

8
4

3
.2

0
7

3
.2

3
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

4
3

1
4
.2

1
8

1
7
.8

8
0

1
8
.8

7
4

2
2
.7

2
8

2
8
.6

9
8

2
9
.2

0
0

2
9
.8

9
4

3
1
.5

1
3

3
2
.6

3
5

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
4
 C

D
C

l3
7
9
.2

4
2

8
1
.2

1
3

I2-s-33s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

82 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.2

7

6
.2

1
2

.0
7

3
.0

8
4

.0
4

2
.0

0

1
.2

5
3

1
.5

3
0

1
.5

4
0

1
.5

5
0

1
.5

5
9

1
.5

6
0

1
.5

8
3

1
.5

8
7

1
.6

0
9

1
.6

3
1

1
.7

4
3

1
.9

1
5

1
.9

1
5

1
.9

4
0

1
.9

4
0

1
.9

6
4

1
.9

6
4

1
.9

8
8

2
.1

1
9

2
.1

2
7

2
.1

3
5

2
.1

5
0

2
.1

5
0

2
.1

5
7

2
.1

6
6

2
.1

8
1

2
.1

8
9

2
.1

9
7

2
.2

1
2

3
.1

8
8

3
.2

1
1

3
.2

3
4

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

7
0

1
7
.8

6
6

2
4
.6

7
7

2
5
.4

2
0

2
9
.8

8
9

3
2
.1

0
1

3
2
.6

1
6

3
9
.4

7
6

7
6
.7

3
9
 C

D
C

l3
7
7
.1

6
2
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
7
9
.2

7
3

8
0
.6

1
0

I
2-s-44s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

83 

 
 
 

 
 
  

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.4

3

2
.0

0

2
.0

4

2
.0

0

2
.0

0

1
.8

8

5
.1

0

1
.5

4
5

1
.5

6
7

1
.5

7
2

1
.5

9
0

1
.6

1
5

1
.8

5
9

1
.8

8
2

1
.9

0
1

1
.9

0
7

1
.9

3
1

2
.1

6
1

2
.1

7
4

2
.1

8
2

2
.1

9
0

2
.1

9
7

2
.2

0
5

2
.2

1
3

2
.4

3
5

2
.4

4
5

2
.4

5
4

2
.4

6
1

2
.4

7
1

2
.4

7
8

2
.4

8
6

2
.5

0
3

2
.7

8
9

2
.8

0
7

2
.8

3
2

2
.8

5
7

3
.1

4
1

3
.1

6
4

3
.1

8
5

3
.2

0
8

3
.2

3
1

7
.1

9
6

7
.2

1
6

7
.2

3
4

7
.2

3
9

7
.2

4
8

7
.2

5
9

7
.2

6
3

7
.2

8
7

7
.3

0
7

7
.3

2
8

7
.3

2
8

7
.3

4
9

7
.3

5
5

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.6

0
4

1
7
.8

2
7

2
1
.0

4
3

2
9
.7

4
4

3
2
.4

8
7

3
5
.6

0
3

7
6
.7

3
9
 C

D
C

l3
7
7
.1

6
2
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
8
0
.1

4
8

8
0
.3

2
8

1
2
6
.3

1
2

1
2
8
.4

3
7

1
2
8
.5

9
0

1
4
1
.0

2
1

I2-s-55s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

84 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

5
.9

2

2
.0

3

2
.0

2

2
.0

2

2
.0

0

2
.9

5

1
.9

7

0
.4

1
4

1
.6

2
9

1
.6

5
3

1
.6

7
7

1
.7

0
2

1
.7

2
5

1
.9

2
9

1
.9

5
2

1
.9

7
7

2
.0

0
1

2
.0

2
4

2
.3

1
1

2
.3

3
4

2
.3

5
7

3
.2

0
8

3
.2

3
1

3
.2

5
4

7
.2

6
0

7
.3

7
4

7
.3

8
2

7
.3

9
4

7
.4

0
4

7
.6

2
9

7
.6

4
0

7
.6

4
2

7
.6

5
1

7
.6

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

-
0
.5

1
5

6
.2

6
6

1
9
.0

6
1

2
9
.2

6
0

3
2
.5

1
9

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3

8
3
.3

5
2

1
0
8
.3

9
6

1
2
7
.9

6
5

1
2
9
.4

1
9

1
3
3
.7

4
7

1
3
7
.5

5
9

Si

I

Ph

Me
Me

2-s-88s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

85 

 
 
 

 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

4
.4

6
2

.0
6

2
.0

4

4
.0

3

2
.0

2

2
.0

0

1
.5

6
0

1
.5

7
1

1
.5

8
3

1
.6

0
9

1
.6

3
1

1
.6

4
0

1
.6

5
5

1
.7

5
8

1
.7

7
4

1
.7

8
2

1
.7

8
7

1
.8

1
0

1
.8

9
7

1
.9

2
2

1
.9

4
6

2
.1

5
8

2
.1

6
6

2
.1

7
4

2
.1

8
2

2
.1

8
8

2
.1

9
4

2
.2

0
9

2
.2

1
6

2
.2

2
4

2
.2

3
1

2
.2

3
9

2
.3

5
7

2
.3

8
0

2
.4

0
4

3
.1

8
3

3
.2

0
6

3
.2

2
9

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.4

3
1

1
6
.9

4
3

1
7
.8

3
3

1
8
.1

2
0

2
4
.5

7
4

2
7
.8

2
8

2
9
.7

5
7

3
2
.6

3
1

7
6
.7

3
5
 C

D
C

l3
7
7
.1

5
8
 C

D
C

l3
7
7
.5

8
2
 C

D
C

l3
7
9
.4

8
3

8
0
.4

5
7

1
1
9
.6

6
2

I

CN

2-s-99s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

86 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

0

4
.1

2

3
.9

5

1
.8

4

4
.1

3

2
.0

4

1
.0

0

1
.5

3
8

1
.5

6
2

1
.5

8
8

1
.6

1
1

1
.7

4
3

1
.7

5
3

1
.7

7
5

1
.7

9
7

1
.8

5
3

1
.8

7
7

1
.9

0
2

1
.9

2
6

2
.1

2
9

2
.1

3
7

2
.1

4
5

2
.1

5
2

2
.1

6
0

2
.1

6
8

2
.1

8
4

2
.1

9
1

2
.1

9
8

2
.2

0
6

2
.2

1
3

2
.2

2
1

2
.2

2
9

2
.2

3
7

2
.2

4
5

3
.1

6
4

3
.1

8
7

3
.2

1
0

3
.4

8
5

3
.5

0
3

3
.5

2
2

3
.5

7
5

3
.5

9
3

3
.6

1
1

4
.1

1
6

4
.1

3
6

4
.1

5
7

5
.1

3
7

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

0
0

1
5
.4

9
8

1
7
.7

9
4

2
8
.5

0
6

2
9
.7

1
9

3
2
.5

5
0

4
2
.8

6
1

4
4
.2

3
3

6
3
.9

9
0

7
6
.7

3
5
 C

D
C

l3
7
7
.1

5
9
 C

D
C

l3
7
7
.5

8
3
 C

D
C

l3
7
9
.4

4
9

8
0
.1

1
4

1
5
6
.4

3
9

O
O

HN
I

2-s-16

Cl

10s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

87 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

2
.0

2

4
.4

4

4
.0

8

1
.4

2

0
.5

1

2
.0

7

2
.1

3

0
.9

0

2
.0

5

1
.0

0

1
.5

4
3

1
.5

6
1

1
.5

8
0

1
.5

9
8

1
.6

0
2

1
.7

5
3

1
.7

7
0

1
.7

8
7

1
.8

3
3

1
.8

5
3

1
.8

6
3

1
.8

7
0

1
.8

8
0

1
.8

9
9

1
.9

1
7

2
.1

3
3

2
.1

3
9

2
.1

4
5

2
.1

5
0

2
.1

5
7

2
.1

6
2

2
.1

6
7

2
.1

7
4

2
.1

8
0

2
.1

9
1

2
.1

9
7

2
.2

0
3

2
.2

0
9

2
.2

1
4

2
.2

2
0

2
.2

2
6

2
.2

3
2

2
.2

3
8

3
.1

6
7

3
.1

8
4

3
.2

0
2

3
.5

2
0

3
.5

3
7

3
.5

5
3

3
.7

7
7

4
.1

1
4

4
.1

3
0

4
.1

4
5

4
.7

9
2

5
.0

9
1

5
.1

1
6

5
.1

4
6

5
.1

4
9

5
.1

9
2

5
.7

7
4

5
.7

8
8

5
.8

0
1

5
.8

1
4

5
.8

3
1

5
.8

4
4

5
.8

5
7

5
.8

7
0

7
.2

6
0

0102030405060708090100110120130140150160170180190200
f1 (ppm)

6
.4

5
4

1
5
.5

1
1

1
7
.7

9
3

1
8
.1

2
0

2
6
.2

3
1

2
8
.5

9
9

2
9
.7

2
6

3
1
.6

7
2

3
2
.5

5
3

4
3
.5

0
2

4
4
.7

0
2

6
3
.7

8
7

6
8
.9

9
5

7
6
.8

4
2
 C

D
C

l3
7
7
.1

6
0
 C

D
C

l3
7
7
.4

7
8
 C

D
C

l3
7
9
.5

1
7

7
9
.5

5
2

8
0
.0

3
4

8
0
.0

8
9

1
1
6
.0

6
7

1
3
4
.6

7
0

1
5
6
.5

0
8

O
O

HN

2-s-17

I

11s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

88 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

0

8
.9

7

3
.8

6
2

.2
2

1
.8

6

3
.6

9

3
.7

3

5
.8

1

2
.0

6

0
.8

4

0
.5

8
0

0
.6

0
6

0
.6

3
4

1
.1

8
4

1
.2

0
7

1
.2

3
0

1
.5

4
1

1
.5

6
6

1
.5

9
1

1
.7

6
0

1
.8

7
9

1
.9

0
4

2
.1

6
1

2
.1

6
8

2
.1

8
5

2
.2

1
2

3
.1

1
9

3
.1

3
9

3
.1

6
6

3
.1

8
9

3
.2

1
2

3
.7

6
5

3
.7

8
8

3
.8

1
1

3
.8

3
5

4
.0

8
4

4
.1

0
4

4
.1

2
4

4
.9

0
8

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.4

9
2

7
.7

4
4

1
5
.5

4
7

1
7
.8

1
2

1
8
.3

9
5

2
3
.4

0
7

2
8
.6

8
4

2
9
.7

4
7

3
2
.5

6
5

4
3
.4

8
5

5
8
.5

6
1

6
3
.5

2
4

7
6
.7

3
7
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
7
9
.6

3
5

7
9
.9

8
2

1
5
6
.6

7
6

O
O

HN
I

Si(OEt)3
2-s-1812s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

89 

 
 
 

 
 

 
  

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

2
.0

9

4
.1

5

2
.1

1

2
.0

3

1
.9

8

2
.1

3

2
.0

9

1
.0

4

1
.0

0

1
.5

2
5

1
.5

4
8

1
.5

7
2

1
.5

9
8

1
.6

2
1

1
.8

2
7

1
.8

5
0

1
.8

5
9

1
.8

7
2

1
.8

8
2

1
.8

9
4

1
.9

0
8

1
.9

3
1

1
.9

5
5

2
.1

4
2

2
.1

5
0

2
.1

5
8

2
.1

6
5

2
.1

7
3

2
.1

8
1

2
.1

8
8

2
.1

9
6

2
.2

0
4

2
.2

6
3

2
.2

7
0

2
.2

7
8

2
.2

8
5

2
.2

9
3

2
.3

0
1

2
.3

0
8

2
.3

1
6

2
.3

2
4

3
.1

6
1

3
.1

8
4

3
.2

0
7

4
.2

7
9

4
.3

0
0

4
.3

2
1

7
.2

0
2

7
.2

0
9

7
.2

2
8

7
.2

3
5

7
.4

2
5

7
.4

5
2

8
.5

2
1

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.3

7
3

1
5
.4

9
6

1
7
.7

8
4

2
8
.2

2
8

2
9
.7

0
1

3
2
.5

5
3

6
4
.7

9
8

7
6
.7

3
5
 C

D
C

l3
7
7
.1

6
0
 C

D
C

l3
7
7
.5

8
3
 C

D
C

l3
7
9
.1

2
3

8
0
.3

9
6

1
1
6
.5

5
2

1
1
6
.6

0
5

1
1
6
.6

5
6

1
1
6
.7

0
5

1
1
8
.1

9
9

1
2
0
.0

6
1

1
2
0
.1

1
1

1
2
0
.1

6
1

1
2
0
.2

1
1

1
2
1
.8

0
9

1
2
5
.1

1
6

1
2
5
.4

1
9

1
2
9
.0

3
0

1
2
9
.6

4
3

1
3
0
.0

8
1

1
3
0
.5

1
7

1
3
0
.9

5
4

1
3
5
.4

6
5

1
5
2
.9

0
8

O
O

HN

CF3

Cl
I

2-s-1913s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

90 

 
 
 

 
 

 
  

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.1

3

4
.2

7

2
.0

7
2
.0

8

2
.0

0

2
.1

1

1
.0

2

2
.1

7

2
.1

8

1
.5

3
3

1
.5

5
6

1
.5

8
0

1
.6

0
5

1
.6

2
9

1
.8

0
4

1
.8

2
7

1
.8

4
9

1
.8

7
0

1
.8

9
3

1
.9

1
8

1
.9

4
2

1
.9

6
5

2
.1

5
6

2
.1

6
3

2
.1

7
1

2
.1

7
9

2
.1

8
6

2
.2

0
2

2
.2

0
9

2
.2

4
7

2
.2

5
5

2
.2

6
3

2
.2

7
0

2
.2

7
8

2
.2

8
6

2
.2

9
3

2
.3

0
1

2
.3

0
9

3
.1

7
3

3
.1

9
6

3
.2

1
9

4
.2

4
1

4
.2

6
2

4
.2

8
3

6
.7

3
4

7
.1

3
9

7
.1

6
9

7
.2

6
0

7
.3

8
9

7
.4

1
9

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.4

5
1

1
5

.5
4

4
1

7
.8

3
5

2
8

.3
9

2
2

9
.7

5
2

3
2

.6
0

9

6
4

.3
3

7

7
6

.7
3

3
 C

D
C

l3
7

7
.1

5
7

 C
D

C
l3

7
7

.5
8

0
 C

D
C

l3
7

9
.2

9
3

8
0

.3
7

7

1
1

5
.5

0
8

1
1

8
.9

0
7

1
1

9
.7

7
7

1
2

1
.9

9
8

1
2

2
.3

0
8

1
2

5
.7

0
6

1
3

6
.7

1
5

1
4

4
.8

1
6

1
5

3
.5

3
6

O
O

HN

OCF3

I

2-s-2014s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

91 

 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.4

3
2

.0
3

3
.9

7

3
.9

0

2
.0

0

2
.0

2

1
.0

0

0
.9

7

1
.0

0

1
.5

4
3

1
.5

5
8

1
.5

8
2

1
.6

0
7

1
.6

7
9

1
.7

0
3

1
.7

2
9

1
.8

8
1

1
.8

9
1

1
.9

0
5

1
.9

1
0

1
.9

3
0

1
.9

3
7

1
.9

5
4

2
.1

6
0

2
.1

6
8

2
.1

7
5

2
.1

8
3

2
.1

9
1

2
.2

0
6

2
.2

1
3

2
.2

2
2

2
.2

2
9

2
.2

3
7

2
.2

4
4

2
.2

5
2

2
.2

6
0

2
.2

6
7

2
.2

7
5

3
.1

8
2

3
.2

0
5

3
.2

2
9

4
.0

0
1

4
.0

2
2

4
.0

4
3

6
.7

8
5

6
.8

1
4

7
.1

9
2

7
.2

0
1

7
.2

2
1

7
.2

3
0

7
.2

6
0

7
.5

1
9

7
.5

2
8

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

3
7

1
7
.8

8
3

1
8
.5

7
8

2
5
.6

1
7

2
8
.2

8
9

2
9
.8

3
6

3
2
.6

5
3

6
9
.1

0
6

7
6
.7

3
6
 C

D
C

l3
7
7
.1

5
8
 C

D
C

l3
7
7
.5

8
2
 C

D
C

l3
7
9
.9

3
7

8
0
.4

4
9

1
1
2
.8

6
0

1
1
3
.8

2
0

1
2
5
.9

7
1

1
2
8
.3

2
2

1
3
2
.9

3
0

1
5
4
.3

8
9

O

Br

Cl

2

I

2-s-1315s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

92 

 
 
 

 
 
 
  

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

7

2
.3

3

4
.0

4

3
.9

2

1
.9

7

3
.0

1

2
.0

0

1
.0

0

2
.0

1

0
.9

8

1
.5

5
4

1
.5

7
8

1
.6

0
3

1
.6

5
9

1
.6

8
4

1
.7

1
0

1
.7

3
3

1
.8

7
4

1
.8

9
7

1
.9

2
3

1
.9

4
6

1
.9

6
8

1
.9

9
3

2
.0

1
7

2
.1

4
8

2
.1

5
6

2
.1

6
4

2
.1

7
1

2
.1

7
9

2
.1

8
6

2
.2

0
2

2
.2

0
9

2
.2

2
0

2
.2

2
8

2
.2

4
3

2
.2

5
1

2
.2

5
8

2
.2

6
6

2
.2

7
4

3
.1

7
4

3
.1

9
7

3
.2

2
0

3
.9

2
5

4
.1

1
1

4
.1

3
3

4
.1

5
5

6
.9

5
8

6
.9

8
5

7
.4

0
3

7
.4

0
9

7
.4

2
0

7
.4

2
6

7
.4

4
7

7
.4

5
3

9
.8

4
6

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.4

5
4

1
7
.8

4
5

1
8
.5

7
1

2
5
.5

0
9

2
8
.1

7
9

2
9
.7

9
4

3
2
.6

1
7

5
6
.1

6
6

6
8
.7

1
0

7
6
.7

3
7
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
4
 C

D
C

l3
8
0
.2

9
0

1
0
9
.3

9
3

1
1
1
.5

0
5

1
2
6
.8

8
2

1
3
0
.0

5
1

1
4
9
.9

6
0

1
5
4
.1

7
9

1
9
1
.0

1
3

O
2

MeO

CHO
2-s-14

I

16s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

93 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6
.3

5

2
.0

5

4
.0

4

2
.0

3

2
.0

4

3
.0

4

2
.0

0

2
.0

0

1
.5

1
4

1
.5

3
7

1
.5

6
1

1
.5

8
4

1
.6

0
5

1
.6

3
0

1
.6

5
2

1
.6

7
8

1
.7

0
5

1
.7

2
5

1
.8

5
8

1
.8

8
2

1
.9

0
7

1
.9

3
1

1
.9

5
4

2
.1

4
4

2
.1

5
4

2
.1

6
2

2
.1

8
3

2
.8

0
3

2
.8

2
7

2
.8

4
9

3
.1

6
8

3
.1

9
1

3
.2

1
4

3
.7

9
2

6
.8

2
2

6
.8

5
1

7
.2

6
0

7
.3

2
5

7
.3

5
4

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

4
3

1
7
.8

2
8

1
8
.4

3
7

2
8
.0

1
5

2
8
.5

1
3

2
9
.7

8
4

3
2
.5

8
1

3
5
.4

8
5

5
5
.4

6
6

7
6
.7

3
9
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
7
9
.7

7
3

8
0
.4

3
7

1
1
4
.6

2
4

1
2
6
.7

4
9

1
3
3
.1

9
6

1
5
8
.9

0
8

S
2

OMe
I

2-s-1517s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

94 

 

 
 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1 (ppm)

2
.0

0

2
.0

0

1
.0

0

2
.7

0

2
.0

9

2
.0

9

2
.0

4

0
.5

8
0

0
.5

8
6

0
.5

9
3

0
.5

9
5

0
.6

0
4

0
.6

1
1

0
.6

1
1

0
.6

2
2

0
.6

7
4

0
.6

8
5

0
.6

8
8

0
.6

9
3

0
.7

0
1

0
.7

1
3

0
.7

2
1

0
.7

2
7

0
.7

3
7

1
.1

6
1

1
.1

8
0

1
.1

8
9

1
.5

4
4

1
.5

4
9

1
.5

6
7

1
.8

6
5

1
.8

8
8

1
.9

1
4

1
.9

3
8

1
.9

3
8

2
.1

3
2

2
.1

3
9

2
.1

5
5

2
.1

6
2

2
.1

7
8

2
.1

8
5

3
.1

7
7

3
.2

0
0

3
.2

2
3

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

-
0
.3

7
6

6
.4

9
4

8
.1

0
2

1
7
.8

7
0

2
9
.8

1
2

3
2
.6

0
6

7
4
.7

1
2

7
6
.8

4
3
 C

D
C

l3
7
7
.1

6
0
 C

D
C

l3
7
7
.4

7
8
 C

D
C

l3

8
4
.0

5
7

I2-s-219s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

95 

 
 
 

 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6
.0

6

2
.0

1

5
.9

8

1
.9

9

1
.9

8

1
.0

0

1
.4

7
6

1
.4

8
8

1
.4

9
9

1
.5

1
1

1
.5

2
2

1
.5

5
1

1
.5

6
0

1
.5

7
3

1
.5

9
7

1
.6

2
2

1
.6

4
5

1
.8

9
9

1
.9

2
2

1
.9

4
7

1
.9

7
2

1
.9

9
5

2
.0

6
5

2
.0

8
8

2
.1

4
0

2
.1

5
4

2
.1

6
2

2
.1

7
0

2
.1

7
6

2
.1

9
3

2
.2

0
0

2
.2

1
5

2
.2

2
3

3
.1

9
8

3
.2

2
1

3
.2

4
4

4
.9

4
7

4
.9

7
8

4
.9

8
1

4
.9

9
0

4
.9

9
6

5
.0

4
2

5
.0

5
4

5
.7

5
5

5
.7

7
7

5
.7

8
9

5
.7

9
9

5
.8

1
1

5
.8

4
6

5
.8

5
6

5
.8

6
8

5
.8

9
0

7
.2

7
7

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

1
6

1
7
.8

6
8

1
8
.7

1
2

2
8
.1

8
7

2
8
.6

2
3

2
9
.8

6
5

3
2
.6

2
3

3
3
.3

9
5

7
6
.7

3
7
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
4
 C

D
C

l3
7
9
.3

9
8

8
0
.9

1
3

1
1
4
.6

1
8

1
3
8
.8

3
6

I2-s-1020s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

96 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6
.4

7

1
0

.0
9

6
.5

7

2
.0

9

4
.2

0

2
.0

0

2
.1

9

0
.0

4
6

0
.8

9
1

1
.5

3
3

1
.5

4
5

1
.5

4
8

1
.5

5
8

1
.5

8
2

1
.5

9
4

1
.6

0
3

1
.6

0
7

1
.9

0
4

1
.9

2
9

1
.9

5
3

2
.1

7
6

2
.1

8
3

2
.1

9
8

2
.2

0
6

3
.1

8
2

3
.2

0
5

3
.2

2
8

3
.6

0
1

3
.6

2
2

3
.6

4
2

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

-
5
.1

1
3

6
.5

3
4

1
7
.8

8
0

1
8
.5

0
2

1
8
.6

9
0

2
5
.6

3
6

2
6
.1

2
3

2
9
.8

7
3

3
2
.1

3
7

3
2
.6

2
9

6
2
.8

9
1

7
6
.7

3
9
 C

D
C

l3
7
7
.1

6
2
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
8
0
.9

3
6

I

OTBS

2-s-1221s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

97 

 
 
 

 
 

  

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

1
.1

3

6
.3

9

1
.9

2

3
.9

5

1
.8

2

2
.0

0

1
.3

8
4

1
.5

1
1

1
.5

3
4

1
.5

5
6

1
.5

7
9

1
.6

0
4

1
.6

4
3

1
.6

4
8

1
.6

6
5

1
.6

7
0

1
.6

8
8

1
.6

9
2

1
.7

1
0

1
.7

1
5

1
.8

7
8

1
.9

0
2

1
.9

2
7

1
.9

5
1

1
.9

7
4

2
.1

5
8

2
.1

6
4

2
.1

7
1

2
.1

8
4

2
.1

9
8

2
.2

0
4

2
.2

1
0

3
.1

8
0

3
.2

0
3

3
.2

2
6

3
.6

3
9

3
.6

5
9

3
.6

7
3

3
.6

9
0

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

6
.5

0
9

1
7

.7
5

8
1

8
.5

5
4

2
5

.3
3

9
2

9
.7

3
1

3
1

.8
7

3
3

2
.5

2
7

6
2

.4
1

0

7
6

.7
2

8
 C

D
C

l3
7

6
.7

4
7

 C
D

C
l3

7
7

.1
5

1
 C

D
C

l3
7

7
.1

7
0

 C
D

C
l3

7
7

.5
7

2
 C

D
C

l3
7

7
.5

9
0

 C
D

C
l3

7
9

.6
3

1
8

0
.6

1
3

I

OH

2-s-1122s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

98 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

7
.1

4

1
.9

2

1
.0

0

2
.9

8

1
.9

5

1
.6

4
9

1
.6

6
0

1
.6

7
2

1
.6

9
5

1
.7

0
6

1
.7

1
7

1
.7

2
9

1
.7

3
8

1
.7

6
4

1
.7

7
2

1
.8

0
0

1
.8

1
3

1
.8

4
2

1
.8

4
8

1
.8

6
0

1
.8

7
3

1
.8

7
9

1
.8

9
1

1
.9

4
2

1
.9

5
2

1
.9

7
5

2
.0

0
3

2
.0

3
4

2
.0

4
1

2
.4

3
5

2
.4

5
7

2
.4

8
0

4
.1

8
9

4
.2

0
4

4
.2

1
2

4
.2

1
8

4
.2

2
7

4
.2

3
4

4
.2

4
1

4
.2

4
9

4
.2

5
5

4
.2

6
3

4
.2

7
2

4
.2

7
8

4
.2

8
6

4
.3

0
1

7
.2

6
0

7
.2

7
3

7
.2

8
1

7
.2

9
2

7
.2

9
6

7
.3

0
3

7
.3

0
7

7
.3

8
6

7
.3

9
3

7
.4

0
4

7
.4

1
9

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
8
.7

0
9

2
8
.9

3
9

2
9
.1

3
4

2
9
.6

8
1

4
1
.9

9
2

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
0

7
7
.5

8
3
 C

D
C

l3
8
1
.2

9
7

8
9
.4

7
3

1
2
3
.9

0
6

1
2
7
.7

7
4

1
2
8
.3

4
1

1
3
1
.6

7
5

I2-s-22

Me

23s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

99 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

2
.9

8

1
0

.4
0

3
.9

4

2
.0

0

1
.0

0

2
.9

4
2

.1
8

0
.9

8
9

1
.0

1
3

1
.0

3
7

1
.7

2
3

1
.7

4
8

1
.7

7
3

1
.8

2
2

2
.1

5
9

2
.1

7
5

2
.1

7
8

2
.1

8
1

2
.2

0
1

2
.5

9
8

2
.6

2
4

2
.6

4
9

4
.0

4
3

4
.0

5
9

4
.0

6
9

4
.0

7
4

4
.0

8
6

4
.1

0
1

4
.1

1
4

4
.1

2
9

7
.1

4
7

7
.1

7
1

7
.1

8
3

7
.1

9
3

7
.2

5
1

7
.2

6
1

7
.2

7
1

7
.2

7
5

7
.2

8
4

7
.2

9
4

7
.2

9
9

7
.3

0
3

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
4
.2

2
1

1
8
.1

2
0

1
8
.7

5
3

2
8
.7

5
1

2
9
.0

5
0

3
0
.7

0
5

3
3
.9

1
8

3
5
.5

7
6

3
9
.3

6
4

4
1
.6

4
7

7
6
.7

3
5
 C

D
C

l3
7
7
.1

5
8
 C

D
C

l3
7
7
.5

8
1
 C

D
C

l3
7
9
.7

0
7

8
0
.7

3
8

1
2
5
.8

1
7

1
2
8
.4

0
7

1
2
8
.5

3
1

1
4
2
.5

3
9

I

Et

2-s-2324s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

100 

 
 
 

 
 
  

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

1

2
.0

1

4
.0

0

9
.0

2

2
.7

3
7

2
.7

6
2

2
.7

8
6

2
.9

3
2

2
.9

5
6

2
.9

8
1

3
.1

9
7

3
.2

0
7

3
.2

1
7

3
.2

3
0

3
.2

5
0

3
.2

5
4

3
.2

8
1

3
.2

8
6

3
.3

0
2

3
.3

0
6

3
.3

1
9

3
.3

2
8

3
.3

3
8

7
.1

3
1

7
.1

3
7

7
.1

4
1

7
.1

4
6

7
.1

5
3

7
.1

6
0

7
.1

7
1

7
.1

7
7

7
.1

8
8

7
.1

9
3

7
.1

9
7

7
.2

0
2

7
.2

1
2

7
.2

1
8

7
.2

2
6

7
.2

3
4

7
.2

4
9

7
.2

5
4

7
.2

6
7

7
.2

7
2

7
.2

8
9

7
.2

9
9

7
.3

0
2

7
.3

1
0

7
.3

2
0

7
.3

2
4

7
.3

2
9

7
.3

4
1

7
.3

4
8

7
.3

6
2

7
.3

6
6

7
.3

7
1

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

4
.8

3
9

2
1
.7

4
9

3
5
.2

5
3

3
9
.3

5
8

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3
7
9
.3

9
3

9
3
.9

4
8

1
2
3
.2

8
3

1
2
6
.5

0
1

1
2
6
.9

0
5

1
2
8
.0

0
6

1
2
8
.5

8
3

1
2
8
.6

0
3

1
2
9
.0

1
8

1
3
2
.5

4
6

1
4
0
.6

4
6

1
4
2
.5

3
4

I2-s-2425s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

101 

 
 
 

 
 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

1
.1

1
1

.0
9

2
.0

2

2
.0

4

1
.0

1

2
.0

1

1
.0

0

3
.1

7
1

.9
8

2
.0

2
2

2
.0

2
8

2
.0

3
9

2
.0

4
4

2
.0

5
3

2
.0

6
1

2
.0

6
9

2
.0

7
7

2
.0

8
6

2
.1

0
2

2
.1

6
7

2
.1

8
2

2
.1

9
4

2
.2

0
9

2
.2

2
1

2
.2

3
0

2
.2

3
6

2
.2

4
2

2
.2

5
6

2
.2

6
9

2
.3

5
9

2
.3

6
3

2
.3

8
3

2
.3

8
6

2
.4

0
7

2
.4

1
1

2
.8

1
5

2
.8

4
1

2
.8

4
7

2
.8

7
3

2
.9

0
0

3
.0

4
3

3
.0

5
9

3
.0

6
9

3
.0

7
5

3
.0

8
5

4
.9

3
4

4
.9

3
7

4
.9

4
0

4
.9

5
6

4
.9

6
1

4
.9

6
7

4
.9

7
1

5
.0

1
7

5
.0

2
3

5
.5

8
9

5
.6

1
3

5
.6

2
3

5
.6

3
6

5
.6

4
6

5
.6

7
0

5
.6

9
3

5
.7

0
3

7
.1

6
1

7
.1

7
6

7
.1

8
3

7
.1

8
9

7
.2

0
5

7
.2

1
4

7
.2

2
2

7
.2

3
3

7
.2

3
8

7
.2

4
3

7
.2

5
0

7
.2

8
1

7
.2

8
5

7
.3

0
1

7
.3

0
6

7
.3

1
2

7
.3

2
4

7
.3

2
9

7
.3

3
3

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

5
.1

8
2

3
9
.6

4
2

4
0
.8

7
2

4
6
.3

2
2

7
7
.1

6
1
 C

D
C

l3
7
7
.5

8
4
 C

D
C

l3

1
1
6
.6

2
9

1
2
6
.7

3
0

1
2
7
.8

2
3

1
2
8
.7

1
5

1
3
6
.3

9
4

1
4
3
.2

2
5

I 2-s-2526s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

102 

 
 
 

 
 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

8
.4

4

4
.3

1

2
.0

6

1
.9

6

0
.9

9

1
.9

4

1
.0

0

0
.1

4
9

2
.2

3
8

2
.2

6
0

2
.2

8
3

4
.0

7
7

4
.0

9
8

4
.1

2
1

4
.1

4
1

4
.1

4
5

4
.1

6
5

5
.1

1
3

5
.1

3
8

5
.1

4
1

5
.1

4
4

5
.1

6
4

5
.1

6
9

5
.1

7
3

5
.7

5
2

5
.7

7
5

5
.7

8
7

5
.7

9
8

5
.8

0
7

5
.8

1
0

5
.8

3
1

5
.8

4
2

5
.8

5
3

5
.8

6
6

5
.8

8
8

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

0
.2

8
2

1
9
.1

0
4

2
8
.4

3
5

3
6
.0

5
6

3
8
.7

6
0

4
5
.0

0
0

7
7
.1

6
0
 C

D
C

l3
7
7
.5

8
4
 C

D
C

l3

8
5
.3

7
1

1
0
6
.6

4
6

1
1
7
.8

7
3

1
3
6
.3

3
4

TMS
I

2-s-2627s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

103 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

4
.0

9

1
.9

8

2
.0

2

0
.9

9

1
.9

6

1
.0

0

3
.0

6

2
.0

4

1
.6

4
8

1
.6

7
1

1
.6

9
1

1
.7

1
3

1
.7

2
3

1
.7

3
5

1
.7

4
6

1
.7

6
9

1
.8

3
5

1
.8

5
3

1
.8

8
1

1
.9

0
6

1
.9

2
6

1
.9

3
8

1
.9

5
3

1
.9

6
4

1
.9

8
2

1
.9

9
2

2
.0

0
9

2
.4

3
8

2
.4

6
0

2
.4

8
3

2
.6

5
2

2
.6

7
2

2
.6

9
1

2
.7

1
5

4
.1

1
6

4
.1

3
9

4
.1

4
3

4
.1

5
9

4
.1

7
8

4
.2

0
2

5
.1

2
4

5
.1

2
9

5
.1

5
1

5
.1

5
4

5
.1

8
4

5
.1

8
6

5
.7

7
5

5
.7

9
8

5
.8

2
1

5
.8

3
3

5
.8

5
3

5
.8

6
5

5
.8

7
5

5
.8

8
8

7
.2

6
0

7
.2

7
5

7
.2

8
3

7
.2

9
2

7
.2

9
4

7
.2

9
8

7
.3

0
6

7
.3

0
9

7
.3

7
5

7
.3

8
7

7
.3

9
4

7
.4

0
5

7
.4

1
9

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
8
.7

1
7

2
8
.7

0
1

3
6
.2

0
0

3
8
.9

3
3

4
4
.9

6
1

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
2
 C

D
C

l3
7
7
.5

8
4
 C

D
C

l3
8
1
.3

4
2

8
9
.4

4
0

1
1
7
.8

8
5

1
2
3
.9

0
4

1
2
7
.7

7
0

1
2
8
.3

3
7

1
3
1
.6

6
3

1
3
6
.3

3
2

Ph
I

2-s-2728s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

104 

 
 
 

 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.9

6

1
9

.6
4

1
.9

5

1
.9

0

0
.9

6

1
.9

7

1
.0

0

3
.1

9

0
.9

0
9

1
.4

7
1

1
.5

1
2

1
.5

3
4

1
.5

4
6

1
.5

8
6

1
.9

0
6

1
.9

2
1

1
.9

3
8

1
.9

4
8

1
.9

7
7

1
.9

8
4

2
.1

4
7

2
.4

1
6

2
.4

3
7

2
.4

6
1

2
.6

5
9

2
.6

7
8

2
.8

5
3

2
.8

6
7

2
.8

8
2

2
.8

9
6

4
.1

0
5

4
.1

2
8

4
.1

4
8

4
.1

6
7

4
.1

9
2

5
.1

1
3

5
.1

1
8

5
.1

4
1

5
.1

4
3

5
.1

4
6

5
.1

7
6

5
.7

6
5

5
.7

8
8

5
.8

1
1

5
.8

1
9

5
.8

2
3

5
.8

4
2

5
.8

4
5

5
.8

5
5

5
.8

7
8

7
.1

4
3

7
.1

5
2

7
.1

8
1

7
.1

8
5

7
.1

9
8

7
.2

2
5

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
3
.9

7
7

1
8
.7

3
3

2
1
.7

1
7

2
5
.7

3
7

2
6
.5

0
1

2
8
.7

6
0

2
9
.2

3
1

3
1
.6

9
1

3
5
.9

7
6

3
6
.2

8
9

3
8
.1

4
4

3
8
.9

4
3

4
4
.5

3
9

4
4
.9

6
5

4
8
.0

8
1

5
0
.6

3
2

7
6
.7

3
5
 C

D
C

l3
7
7
.1

5
9
 C

D
C

l3
7
7
.5

8
2
 C

D
C

l3
8
1
.2

8
0

8
8
.7

0
5

1
1
7
.8

8
0

1
2
1
.2

3
6

1
2
5
.4

0
0

1
2
8
.9

9
3

1
3
2
.1

3
7

1
3
6
.3

6
6

1
3
6
.5

7
9

1
3
9
.6

7
8

OMe

H
H

H
I

2-s-2930s

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

105 

 
 
 

 
 

  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

4
.0

1

2
.0

0

2
.0

6

5
.1

6

0
.0

0
0

1
.7

3
9

1
.7

6
2

1
.7

7
4

1
.7

9
6

1
.8

0
7

2
.2

7
9

2
.2

9
8

2
.3

2
2

2
.4

3
3

2
.4

5
4

2
.4

7
7

7
.1

4
7

7
.1

7
2

7
.1

9
2

7
.3

0
5

7
.3

2
6

7
.3

3
4

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
6
.0

2
4

2
8
.7

9
0

3
3
.8

0
1

4
2
.0

0
7

7
7
.1

6
0

7
7
.5

8
3

8
9
.4

1
1

1
2
7
.4

7
8

1
2
8
.1

6
1

1
2
8
.9

5
5

1
2
8
.9

5
5

1
4
4
.2

4
1

1
5
2
.7

3
5

Ph

I

2-p-211

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

106 

 
 
 

 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
f1 (ppm)

1
6
.8

4

4
.0

0

1
.1

6
9

1
.1

7
8

1
.2

5
5

1
.3

6
4

1
.4

1
9

1
.5

0
1

1
.5

3
4

1
.6

3
3

1
.6

5
0

1
.6

6
7

1
.7

8
7

1
.8

0
4

1
.8

2
1

1
.8

3
8

1
.8

5
6

2
.2

7
1

2
.2

8
9

2
.3

0
8

2
.3

3
0

2
.3

4
7

2
.3

4
7

2
.3

6
5

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.5

4
7

2
5
.8

7
1

2
5
.9

3
6

2
8
.1

9
1

3
2
.3

6
0

3
3
.5

8
7

4
1
.6

3
1

4
5
.6

5
3

7
6
.8

4
3

7
7
.1

6
0

7
7
.4

7
8

1
0
8
.1

3
2

1
4
6
.9

2
4

I
2-p-12

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

107 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

3
.3

4

6
.7

2
1
.9

7
2
.1

5
1
.9

7

3
.9

1
2
.0

0

0
.8

6
6

0
.8

8
8

0
.9

1
1

1
.2

5
7

1
.2

8
9

1
.6

6
2

1
.6

8
5

1
.8

0
1

1
.8

2
3

1
.8

4
6

2
.2

6
2

2
.2

8
7

2
.3

1
7

2
.3

4
2

2
.3

8
8

2
.4

1
3

2
.4

3
7

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
4
.2

4
8

2
2
.7

8
0

2
5
.9

1
6

2
8
.2

7
6

2
8
.4

4
9

2
9
.4

2
5

3
1
.7

8
0

3
1
.9

0
2

4
1
.4

3
2

4
1
.8

9
8

7
7
.1

6
0

7
7
.5

8
2

9
7
.5

1
7

1
4
8
.6

1
0

I

2-p-33

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

108 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.2

1

1
0
.5

2

7
.0

0

1
.0

9
7

1
.1

1
3

1
.1

3
9

1
.1

3
9

1
.1

5
1

1
.1

6
6

1
.1

9
1

1
.1

9
9

1
.2

1
8

1
.5

6
1

1
.6

7
9

1
.8

0
8

1
.8

3
1

2
.1

4
3

2
.1

6
9

2
.1

9
3

2
.2

1
8

2
.2

4
3

2
.2

6
8

2
.2

9
3

2
.3

1
7

2
.3

3
8

2
.3

5
9

2
.3

8
2

2
.4

1
5

2
.4

3
9

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.1

9
4

2
5
.8

4
6

2
8
.4

4
7

3
1
.7

8
6

3
2
.3

6
0

4
0
.4

8
2

4
1
.5

1
2

4
7
.4

2
2

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
4

9
7
.5

0
0

1
4
8
.7

5
3

I

2-p-44

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

109 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
f1 (ppm)

4
.2

0

2
.0

3

2
.0

9

2
.0

1
2
.0

0

0
.0

0
2
.9

8
2
.0

4

1
.5

7
7

1
.5

9
2

1
.6

1
0

1
.6

2
8

1
.6

4
5

1
.6

7
8

1
.6

9
5

1
.7

1
4

1
.7

2
9

2
.0

1
7

2
.0

3
5

2
.2

5
4

2
.2

7
2

2
.7

0
5

2
.7

2
3

2
.7

4
1

2
.7

9
6

2
.8

1
4

2
.8

3
0

7
.1

0
6

7
.1

7
4

7
.1

7
8

7
.1

9
7

7
.2

1
5

7
.2

6
0

7
.2

6
6

7
.2

7
6

7
.2

8
6

7
.2

9
6

0102030405060708090100110120130140150160170180190200
f1 (ppm)

2
5
.8

4
0

2
8
.3

4
9

3
1
.6

1
8

3
5
.4

2
6

4
1
.3

8
7

4
4
.2

7
8

7
6
.8

4
2

7
7
.1

6
0

7
7
.4

7
7

9
5
.5

5
4

1
2
6
.1

1
0

1
2
8
.3

3
7

1
2
8
.8

7
1

1
4
1
.1

1
0

1
5
0
.0

9
6

I

2-p-55

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

110 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

9
.0

2
2
.5

7
2
.0

0

1
.8

8
2
.0

0

1
.3

1
1

1
.5

3
9

1
.5

5
5

1
.5

7
9

1
.8

0
2

1
.8

2
5

1
.8

4
8

1
.8

7
0

1
.8

9
3

2
.4

0
8

2
.4

1
7

2
.4

3
3

2
.4

3
6

2
.4

6
0

2
.4

6
5

2
.4

8
7

2
.4

9
0

2
.5

0
5

2
.5

1
0

2
.5

2
9

2
.5

3
4

2
.5

3
8

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.3

6
6

2
9
.8

8
8

3
2
.5

3
4

3
2
.5

3
4

3
3
.0

4
7

4
1
.3

9
8

4
8
.1

9
2

7
6
.7

3
6

7
7
.1

6
0

7
7
.5

8
3

1
1
5
.7

2
3

1
4
6
.5

8
5

I

Me
MeMe

2-p-66

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

111 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

8
.8

6

2
.0

7

2
.0

4

4
.0

0

0
.2

4
6

1
.6

2
3

1
.6

4
7

1
.6

6
9

1
.6

9
3

1
.7

1
5

1
.8

6
2

1
.8

8
5

1
.9

0
8

1
.9

3
1

2
.3

1
5

2
.3

1
9

2
.3

4
2

2
.3

8
2

2
.4

0
7

2
.4

3
1

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
.0

8
1

1
.0

8
1

2
5
.6

4
5

2
9
.5

0
1

3
4
.7

1
4

4
5
.7

9
3

7
6
.7

3
7

7
7
.1

6
0

1
0
0
.4

6
9

1
6
4
.4

4
1

Si

I

Me
MeMe

2-p-77

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

112 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6
.0

0

2
.1

3
2
.1

1
1
.9

9

1
.9

8

3
.0

1

2
.0

1

0
.5

3
9

1
.5

3
9

1
.6

2
5

1
.6

4
7

1
.6

7
1

1
.6

9
5

1
.7

3
9

1
.7

6
1

1
.7

8
3

1
.8

0
8

2
.0

5
7

2
.0

8
1

2
.1

0
5

2
.4

1
4

2
.4

3
8

7
.2

6
0

7
.3

2
5

7
.3

3
1

7
.3

4
5

7
.3

5
6

7
.3

6
1

7
.3

6
4

7
.3

7
4

7
.3

7
9

7
.3

8
8

7
.3

9
5

7
.5

5
6

7
.5

6
7

7
.5

7
2

7
.5

8
1

7
.5

8
8

7
.5

9
7

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

0
.3

9
1

2
5
.5

6
0

2
9
.4

4
4

3
5
.1

9
2

4
5
.8

6
6

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

9
5
.6

9
1

9
6
.8

8
5

1
2
8
.0

0
0

1
2
9
.3

4
5

1
3
4
.0

6
5

1
3
8
.2

0
6

1
6
6
.7

0
1

Si

I

MeMe

2-p-88

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

113 

 
 
 

 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

5
.9

7
2
.0

4

6
.0

2
2
.0

0

1
.6

3
5

1
.6

4
7

1
.6

5
8

1
.6

6
8

1
.6

9
1

1
.7

1
7

1
.7

8
7

1
.8

1
0

1
.8

3
3

1
.8

5
6

1
.8

7
9

2
.2

5
9

2
.2

8
5

2
.3

0
9

2
.3

3
8

2
.3

6
1

2
.3

8
4

2
.4

7
1

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
7
.3

1
2

1
7
.3

1
2

2
4
.2

7
3

2
5
.8

3
0

2
8
.4

0
4

2
8
.5

3
6

3
1
.9

4
7

4
0
.7

8
6

4
1
.4

7
6

7
7
.1

6
0

7
7
.5

8
3

9
5
.2

5
3

1
1
9
.7

0
1

1
5
0
.0

0
7

I

CN

2-p-99

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

114 

 
 
 

 
 
  

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

2
.2

1

4
.0

7

4
.0

0

2
.0

2

4
.0

0

2
.0

3

1
.1

0

1
.6

0
0

1
.6

2
4

1
.6

4
6

1
.6

6
9

1
.6

9
4

1
.7

6
1

1
.7

8
4

1
.8

0
6

1
.8

2
8

1
.8

4
6

1
.8

6
8

2
.2

3
9

2
.2

6
7

2
.2

9
2

2
.4

7
2

2
.4

9
7

2
.5

2
0

3
.4

8
5

3
.5

0
3

3
.5

2
2

3
.5

7
5

3
.5

9
2

4
.0

2
3

4
.0

4
5

4
.0

6
6

5
.1

5
2

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.8

0
1

2
8
.3

6
4

2
8
.5

9
8

3
1
.7

4
5

3
8
.0

7
3

4
1
.3

9
1

4
2
.8

5
8

4
4
.1

9
9

6
3
.8

2
9

7
6
.7

3
4
 C

D
C

l3
7
7
.1

5
8
 C

D
C

l3
7
7
.5

8
2
 C

D
C

l3

9
5
.1

6
2

1
5
0
.0

0
7

1
5
6
.4

9
6

I

O
HN

O
Cl

2-p-1610

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

115 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.3

5

3
.7

9

3
.9

1

1
.9

1

1
.9

7

2
.0

0

0
.9

8

2
.0

0

1
.0

4

1
.6

0
8

1
.6

3
2

1
.6

5
4

1
.6

7
7

1
.7

6
7

1
.7

9
0

1
.8

1
2

1
.8

3
4

1
.8

5
1

1
.8

5
7

1
.8

7
2

2
.2

4
8

2
.2

7
5

2
.3

0
0

2
.3

2
5

2
.4

8
0

2
.5

0
4

2
.5

2
7

3
.7

7
4

3
.7

9
2

3
.8

1
0

4
.0

3
3

4
.0

5
4

4
.0

7
5

4
.7

6
4

5
.0

9
6

5
.1

0
1

5
.1

3
0

5
.2

1
5

5
.7

7
2

5
.7

9
0

5
.8

0
8

5
.8

4
7

5
.8

8
1

5
.9

0
0

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.8

3
4

2
8
.3

8
9

2
8
.7

0
5

3
1
.7

5
9

3
8
.1

7
9

4
1
.4

1
9

4
3
.5

1
6

6
3
.6

6
2

7
6
.7

3
6

7
7
.1

6
0

7
7
.5

8
3

9
5
.3

0
4

1
1
6
.0

7
3

1
3
4
.7

0
8

1
4
9
.9

6
7

1
5
6
.5

7
2

I

O
HN

O

2-p-1711

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

116 

 
 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

1

9
.3

5

4
.3

3

3
.9

2

3
.9

4

1
.8

4

2
.0

4

6
.0

8

2
.0

0

0
.8

8

0
.5

7
7

0
.6

0
3

0
.6

3
1

1
.1

7
8

1
.2

0
2

1
.2

2
5

1
.6

4
1

1
.7

7
7

1
.8

0
0

1
.8

2
3

2
.2

3
4

2
.2

6
2

2
.2

8
8

2
.3

1
4

2
.4

6
1

2
.4

8
5

3
.1

1
5

3
.1

3
7

3
.1

5
8

3
.1

8
0

3
.7

6
0

3
.7

8
4

3
.8

0
7

3
.8

3
0

3
.9

8
9

4
.0

1
0

4
.0

3
1

4
.9

2
3

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

7
.7

2
1

1
8
.3

8
6

2
3
.4

1
0

2
5
.8

1
3

2
8
.3

6
2

2
8
.7

2
5

3
1
.7

1
5

3
8
.1

8
6

4
1
.3

9
3

4
3
.4

4
8

5
8
.5

3
9

6
3
.3

3
3

7
6
.7

3
6

7
7
.1

6
0

7
7
.5

8
3

8
0
.0

7
4

9
5
.3

7
3

1
3
4
.5

6
5

1
4
9
.8

7
3

1
5
6
.7

0
8

I

O
HN

O Si(OEt)3

2-p-1812

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

117 

 
 
 

 
 

  

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

2
.3

2
2
.1

6
2
.0

3

4
.1

1

1
.9

8

2
.0

7

2
.0

9

1
.0

6

1
.0

0

1
.6

1
7

1
.6

4
1

1
.6

6
3

1
.6

8
7

1
.7

1
1

1
.7

8
2

1
.8

0
4

1
.8

2
7

1
.8

5
1

1
.8

7
4

1
.8

9
7

1
.9

1
9

1
.9

4
2

1
.9

6
6

1
.9

8
8

2
.2

6
8

2
.2

9
2

2
.3

1
2

2
.3

3
2

2
.3

5
6

2
.5

4
6

2
.5

7
0

2
.5

9
3

4
.1

9
3

4
.2

1
4

4
.2

3
6

7
.2

2
9

7
.2

3
4

7
.2

5
7

7
.2

6
2

7
.4

5
3

7
.4

8
1

8
.5

2
7

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.8

1
5

2
8
.3

9
8

2
8
.4

9
3

3
1
.8

7
9

3
8
.0

5
9

4
1
.4

7
6

6
4
.8

0
3

7
6
.7

3
8
 C

D
C

l3
7
7
.1

6
0
 C

D
C

l3
7
7
.5

8
5
 C

D
C

l3

9
4
.8

7
5

1
1
6
.7

1
7

1
1
6
.7

6
8

1
1
6
.8

1
9

1
1
6
.8

7
2

1
1
8
.2

4
1

1
2
0
.1

8
6

1
2
0
.2

3
5

1
2
0
.2

8
6

1
2
0
.3

3
5

1
2
1
.8

5
1

1
2
5
.2

4
6

1
2
5
.4

6
1

1
2
9
.0

7
1

1
2
9
.6

2
6

1
2
9
.7

6
2

1
3
0
.2

0
0

1
3
0
.6

3
7

1
3
1
.0

7
4

1
3
5
.5

0
0

1
5
0
.3

2
4

1
5
3
.0

1
9

I

O
HN

OCl

CF3

2-p-1913

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

118 

 
 
 

 
 

-2.0-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

2
.4

6

4
.1

3

4
.0

3

2
.0

0

2
.0

4

0
.9

9

2
.1

0

2
.0

9

1
.6

1
3

1
.6

3
7

1
.6

5
8

1
.6

8
1

1
.7

0
3

1
.7

7
2

1
.7

9
5

1
.8

1
8

1
.8

4
1

1
.8

5
6

1
.8

7
8

1
.9

0
0

1
.9

2
5

1
.9

4
7

2
.2

6
0

2
.2

8
6

2
.3

1
1

2
.3

3
6

2
.5

2
1

2
.5

4
5

2
.5

6
9

4
.1

4
9

4
.1

7
0

4
.1

9
1

6
.7

2
7

7
.1

4
4

7
.1

7
2

7
.2

6
0

7
.3

9
3

7
.4

2
3

-30-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5

.8
2

6
2

8
.3

9
9

2
8

.6
1

9
3

1
.8

4
0

3
8

.1
8

4

4
1

.4
6

8

6
4

.3
3

0

7
6

.7
3

9
 C

D
C

l3
7

7
.1

6
1

 C
D

C
l3

7
7

.5
8

4
 C

D
C

l3

9
4

.9
8

1

1
1

5
.5

1
8

1
1

8
.9

1
9

1
1

9
.8

8
2

1
2

2
.0

0
9

1
2

2
.3

1
9

1
2

5
.7

1
9

1
3

6
.7

1
0

1
4

4
.8

6
1

1
5

0
.2

3
2

1
5

3
.6

1
8

I

O
HN

O

OCF3

2-p-2014

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

119 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

8
.1

4

4
.0

9

1
.8

2

2
.0

1

1
.0

1

1
.0

1

1
.0

0

1
.6

4
5

1
.6

6
8

1
.6

9
1

1
.7

2
5

1
.8

0
6

1
.8

2
8

1
.8

5
1

2
.2

7
0

2
.2

9
6

2
.3

2
9

2
.3

5
4

2
.4

9
2

2
.5

1
4

2
.5

3
8

3
.9

8
1

4
.0

0
1

4
.0

2
1

6
.7

7
7

6
.8

0
6

7
.1

8
7

7
.2

1
6

7
.2

2
4

7
.2

6
1

7
.5

1
5

7
.5

2
3

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.8

5
9

2
5
.9

1
3

2
7
.8

8
9

2
8
.4

2
1

3
1
.9

0
5

4
1
.3

0
6

4
1
.4

5
7

6
9
.4

8
0

7
7
.1

6
0

7
7
.5

8
3

9
6
.4

7
9

1
1
2
.8

4
2

1
1
3
.8

6
0

1
1
3
.8

6
1

1
2
5
.9

3
0

1
2
8
.2

9
3

1
3
2
.8

7
5

1
4
9
.4

2
5

1
5
4
.3

7
1

I

O Cl

Br

2

2-p-1315

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

120 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

3
.9

7

4
.0

2

3
.9

3

1
.9

5

3
.0

3

2
.0

7

1
.0

0

2
.0

2

1
.0

0

1
.5

9
5

1
.6

1
9

1
.6

6
5

1
.6

8
0

1
.7

0
4

1
.7

2
8

1
.7

5
8

1
.7

8
0

1
.8

2
7

1
.8

6
2

1
.8

8
4

2
.2

4
0

2
.2

8
7

2
.3

3
2

2
.4

6
8

2
.5

1
6

3
.9

0
4

4
.0

7
2

4
.0

9
4

4
.1

1
7

6
.9

3
6

6
.9

6
4

7
.2

6
0

7
.3

8
3

7
.3

8
9

7
.4

2
9

7
.4

3
6

9
.8

2
6

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.7

9
3

2
7
.6

5
2

2
8
.3

5
8

3
1
.8

7
1

4
1
.1

4
8

4
1
.4

2
0

5
6
.1

1
4

6
9
.1

0
9

7
6
.7

3
6

7
7
.1

6
0

7
7
.5

8
4

9
6
.3

8
6

1
0
9
.3

1
5

1
1
1
.5

0
8

1
2
6
.8

6
0

1
3
0
.0

0
6

1
4
9
.5

1
8

1
4
9
.8

7
9

1
5
4
.1

2
9

1
9
0
.9

5
3

I

O CHO

MeO

2

2-p-1416

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

121 

 
 
 

 
 

 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

7
.0

0

2
.1

9

4
.0

7
2
.0

1

2
.1

1

3
.1

1

2
.2

1

2
.1

9

0
.7

3
3

1
.5

6
1

1
.5

8
1

1
.6

0
9

1
.6

3
3

1
.6

4
8

1
.6

7
2

1
.7

8
1

1
.8

0
4

1
.8

2
8

2
.2

4
6

2
.2

7
0

2
.2

9
4

2
.4

1
4

2
.7

9
8

2
.8

2
1

2
.8

4
5

3
.7

9
4

6
.8

1
5

6
.8

2
5

6
.8

3
3

6
.8

5
5

6
.8

6
5

7
.2

6
0

7
.3

1
8

7
.3

3
2

7
.3

6
2

7
.3

7
2

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.8

4
4

2
8
.1

8
2

2
8
.4

0
2

2
8
.4

2
8

3
1
.8

2
9

3
5
.9

4
2

4
1
.2

9
0

4
1
.4

2
1

5
5
.4

4
7

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

9
6
.5

5
8

1
1
4
.6

0
7

1
2
6
.7

1
9

1
3
3
.3

7
1

1
4
9
.1

9
8

1
5
8
.9

4
0

I

S OMe

2

2-p-1517

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

122 

 
 
 

 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

3
.8

5

1
.0

6
2
.0

3
1
.9

8

2
.0

0

1
.9

8

0
.6

2
2

0
.6

3
0

0
.6

4
0

0
.6

4
6

0
.6

5
8

0
.6

9
5

0
.7

0
6

0
.7

1
3

0
.7

2
2

0
.7

3
4

0
.7

4
9

1
.6

3
5

1
.6

5
8

1
.6

8
1

1
.8

0
1

1
.8

2
4

1
.8

4
7

1
.8

7
1

2
.2

7
5

2
.2

9
9

2
.3

2
3

2
.4

2
6

2
.4

5
0

2
.4

7
4

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

9
.8

3
9

1
9
.9

2
8

2
5
.6

6
9

2
8
.3

9
0

3
2
.9

1
7

4
1
.9

9
1

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
4

1
0
0
.6

7
2

1
5
0
.1

1
1

I

2-p-219

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

123 

 
 
 

 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

8
2
.1

3
2
.0

7
1
.9

7
2
.0

3
3
.8

9
1
.9

4

1
.9

8

1
.0

0

1
.3

3
8

1
.3

6
1

1
.3

8
6

1
.4

0
9

1
.4

3
2

1
.4

7
4

1
.4

9
7

1
.5

2
1

1
.5

2
7

1
.5

3
6

1
.5

5
0

1
.5

7
3

1
.6

1
5

1
.6

3
9

1
.6

6
2

1
.6

8
5

1
.7

0
9

1
.7

7
7

1
.8

0
0

1
.8

2
3

1
.8

4
6

1
.8

6
9

2
.0

3
9

2
.0

6
2

2
.0

8
6

2
.1

1
0

2
.2

6
0

2
.2

8
8

2
.3

1
6

2
.3

4
1

2
.4

0
7

2
.4

3
1

2
.4

5
5

4
.9

3
0

4
.9

3
6

4
.9

7
0

5
.0

3
5

5
.0

4
1

5
.0

4
6

5
.7

4
6

5
.7

6
8

5
.7

8
0

5
.7

9
0

5
.8

0
2

5
.8

2
5

5
.8

3
7

5
.8

4
7

5
.8

8
1

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.9

0
4

2
7
.8

3
4

2
8
.4

4
2

2
8
.9

0
5

3
1
.8

0
3

3
3
.8

2
4

4
1
.4

3
6

4
1
.7

0
8

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

9
7
.1

3
1

1
1
4
.5

9
1

1
3
8
.9

4
5

1
4
8
.8

2
5

I
2-p-1020

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

124 

 
 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6
.5

3

1
0
.0

8

6
.6

6

2
.0

8

4
.0

0
2
.0

3

2
.1

1

0
.0

5
3

0
.8

9
7

1
.5

1
4

1
.5

2
4

1
.6

5
8

1
.6

8
1

1
.7

9
6

1
.8

1
9

1
.8

4
2

2
.2

5
7

2
.2

8
5

2
.3

1
5

2
.3

4
0

2
.4

1
3

2
.4

3
6

2
.4

5
6

3
.5

9
7

3
.6

1
7

3
.6

3
7

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

-
5
.0

8
8

1
8
.5

0
9

2
5
.8

0
2

2
5
.8

9
9

2
6
.1

4
1

2
6
.1

4
1

2
8
.4

3
6

3
1
.7

2
7

3
1
.8

4
4

4
1
.4

4
5

4
1
.5

6
0

6
3
.2

0
7

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

9
7
.1

9
9

1
4
8
.9

1
8

I

OTBS

2-p-1221

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

125 

 
 
 

 
 

 
 

  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

7
.1

5

1
.9

9

3
.8

1

1
.9

6

2
.0

0

1
.5

1
9

1
.5

3
5

1
.5

4
5

1
.5

6
7

1
.6

0
4

1
.6

2
7

1
.6

5
0

1
.6

7
3

1
.6

9
8

1
.7

6
6

1
.7

8
9

1
.8

1
2

1
.8

3
6

1
.8

5
8

2
.2

4
7

2
.2

7
5

2
.2

9
0

2
.3

1
1

2
.3

3
5

2
.4

2
7

2
.4

4
6

3
.6

1
4

3
.6

2
4

3
.6

3
4

3
.6

4
4

3
.6

6
5

3
.6

7
4

7
.2

6
0

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
5
.6

5
0

2
5
.8

5
5

2
8
.4

0
2

3
1
.5

4
5

3
1
.8

5
3

4
1
.4

2
2

4
1
.4

2
2

6
2
.9

4
2

7
6
.7

3
6

7
7
.1

6
0

7
7
.5

8
4

9
6
.7

6
9

1
4
9
.1

9
0

I

OH

2-p-1122

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

126 

 
 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

1
.8

3

1
.3

1

4
.6

1

2
.2

1

1
.0

0

5
.1

2

0
.0

4
7

0
.7

4
3

0
.7

6
6

1
.2

1
8

1
.2

4
2

1
.5

3
2

1
.5

9
3

1
.6

4
4

1
.7

4
1

1
.7

9
2

1
.8

6
9

1
.9

6
0

2
.0

2
8

2
.0

5
2

2
.1

9
8

2
.2

3
6

2
.2

9
2

2
.3

7
7

2
.4

4
1

2
.5

0
4

2
.5

6
7

2
.6

2
5

2
.6

7
1

2
.7

7
2

2
.7

9
5

2
.8

1
2

2
.8

3
6

2
.8

8
3

2
.9

2
0

2
.9

3
0

7
.2

0
5

7
.2

0
9

7
.2

4
0

7
.2

5
5

7
.2

7
3

7
.3

1
2

7
.3

2
0

7
.3

3
5

7
.3

6
4

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
8
.8

6
9

1
9
.4

9
7

2
3
.1

7
5

2
5
.6

4
9

3
2
.4

7
3

3
3
.7

1
1

3
6
.8

2
6

3
8
.3

8
5

4
1
.8

3
3

4
5
.4

8
3

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

8
8
.4

4
5

9
0
.4

5
1

1
2
7
.4

3
1

1
2
7
.5

1
0

1
2
8
.1

4
3

1
2
8
.1

8
6

1
2
8
.2

5
7

1
2
8
.6

7
5

1
2
8
.6

7
5

1
2
8
.8

1
8

1
4
4
.5

9
9

1
4
4
.7

5
3

1
5
6
.4

5
2

1
5
7
.0

1
2

Ph

I

Me

2-p-2223

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

127 

 
 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.5
f1 (ppm)

3
.4

6

2
.1

7

8
.7

1

7
.0

2

2
.9

6
2
.0

0

0
.0

3
4

0
.8

8
8

0
.9

1
2

0
.9

2
7

0
.9

3
7

0
.9

5
2

0
.9

7
6

1
.6

0
2

1
.6

1
2

1
.6

4
6

1
.6

8
1

1
.6

9
6

1
.7

1
7

1
.7

2
2

2
.2

0
5

2
.2

3
0

2
.2

6
0

2
.2

8
9

2
.3

1
7

2
.3

4
3

2
.3

5
6

2
.3

8
0

2
.4

1
9

2
.4

5
3

2
.4

7
4

2
.4

9
7

2
.6

1
4

2
.6

3
0

2
.6

4
3

2
.6

5
5

2
.6

6
6

2
.6

7
8

2
.6

9
1

7
.1

7
8

7
.2

0
1

7
.2

1
9

7
.2

2
5

7
.2

6
0

7
.2

8
1

7
.2

9
3

7
.3

0
4

7
.3

3
1

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
2
.4

3
1

1
2
.4

7
6

2
2
.7

0
5

2
5
.2

6
3

2
5
.5

2
9

2
9
.0

2
3

2
9
.5

0
4

3
0
.1

9
4

3
0
.2

4
2

3
1
.0

4
2

3
6
.0

0
7

4
0
.9

5
9

4
1
.1

0
4

4
1
.8

9
6

4
5
.1

1
6

5
2
.4

8
9

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
4

9
7
.0

1
6

1
0
0
.1

0
1

1
2
5
.7

8
3

1
2
5
.8

0
1

1
2
8
.3

9
0

1
2
8
.5

0
7

1
4
2
.6

0
2

1
4
2
.6

4
0

1
5
2
.3

0
5

1
5
2
.9

2
3

I

Ph
Et

2-p-2324

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

128 

 
 
 

 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

2
.0

2
4
.0

3

1
.9

8

8
.2

9

1
.0

0

0
.0

0
0

2
.8

4
0

2
.8

4
3

2
.8

6
1

2
.8

7
3

2
.8

7
6

2
.8

8
7

2
.8

9
0

2
.9

3
4

2
.9

4
6

2
.9

6
2

2
.9

7
2

2
.9

8
2

2
.9

9
1

2
.9

9
8

3
.0

1
0

3
.0

2
7

3
.2

9
2

3
.3

0
9

3
.3

2
2

3
.3

4
7

7
.1

3
3

7
.1

4
4

7
.1

5
1

7
.1

6
2

7
.1

7
0

7
.1

7
6

7
.1

8
8

7
.2

0
0

7
.2

0
9

7
.2

1
3

7
.2

2
7

7
.2

3
0

7
.2

3
7

7
.2

7
3

7
.2

9
4

7
.2

9
8

7
.3

2
0

7
.3

2
6

7
.3

4
9

7
.5

0
9

7
.5

3
4

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

2
9
.4

5
9

3
5
.1

1
3

4
2
.9

6
5

4
4
.7

1
6

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

1
0
0
.6

8
1

1
2
4
.0

9
1

1
2
6
.2

2
1

1
2
6
.3

6
5

1
2
6
.6

7
2

1
2
8
.1

2
7

1
2
8
.6

0
1

1
2
8
.6

7
4

1
3
7
.9

4
7

1
4
0
.7

2
1

1
4
7
.1

1
1

1
4
9
.7

5
2

I

Ph

2-p-2425

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

129 

 
 
 

 
 

 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

1
.1

6
1
.0

7
1
.0

8
1
.2

1
1
.1

4
1
.9

6

1
.0

3

2
.0

0

5
.1

2

0
.0

0
0

1
.3

4
0

1
.3

4
7

1
.3

7
9

1
.3

8
5

1
.5

0
9

1
.5

3
6

1
.7

5
4

1
.7

6
2

1
.7

7
1

1
.7

9
5

2
.1

2
6

2
.1

5
0

2
.2

8
6

2
.3

0
7

2
.3

1
8

2
.3

2
1

2
.3

3
0

2
.3

3
9

2
.3

6
0

3
.0

5
9

3
.0

8
0

3
.0

9
6

3
.1

4
4

3
.1

5
3

3
.1

7
7

3
.2

5
0

3
.2

5
3

3
.2

6
7

3
.2

7
3

3
.2

8
9

7
.1

5
1

7
.1

5
6

7
.1

7
9

7
.2

0
2

7
.2

0
7

7
.2

1
6

7
.2

1
7

7
.2

2
9

7
.2

3
9

7
.2

4
4

7
.2

6
4

7
.2

6
5

7
.2

8
6

7
.2

8
9

7
.3

1
3

-20-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
4
.1

5
6

3
2
.6

2
8

3
3
.5

8
5

4
2
.4

8
9

4
2
.7

9
3

4
6
.2

2
5

7
7
.1

6
0

7
7
.5

8
3

1
2
6
.1

3
0

1
2
7
.0

4
3

1
2
8
.4

5
5

1
2
8
.4

5
5

1
4
5
.2

9
7

I

H
Ph

2-p-2526

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

130 

 
 
 

 
 
 
 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

8
.8

6

2
.5

6

3
.5

0
2
.2

5
1
.2

6

1
.2

3
1
.0

4
1
.0

2
1
.0

0

0
.1

2
6

0
.9

6
8

0
.9

7
6

0
.9

9
9

1
.0

0
8

1
.0

4
0

1
.0

5
4

1
.0

8
6

1
.0

9
1

1
.1

0
9

1
.8

6
1

1
.8

8
6

1
.8

9
2

1
.9

1
0

2
.1

6
8

2
.1

7
8

2
.1

8
6

2
.7

0
9

2
.7

2
6

2
.7

3
2

2
.7

4
0

2
.7

4
8

2
.7

5
6

2
.7

6
4

2
.7

7
1

2
.7

8
0

2
.7

8
8

2
.7

9
5

3
.0

3
2

3
.0

6
5

3
.0

9
6

3
.3

1
2

3
.3

2
2

3
.3

3
2

3
.3

4
3

3
.3

5
4

3
.3

6
4

3
.3

7
5

3
.3

8
5

3
.3

9
6

3
.4

0
6

3
.4

1
6

3
.6

0
3

3
.6

1
4

3
.6

3
4

3
.6

4
4

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

0
.2

8
1

1
7
.2

4
6

2
5
.8

9
4

2
8
.5

2
8

3
1
.6

8
2

4
0
.5

3
7

5
3
.7

8
0

5
9
.0

1
2

7
6
.7

3
6

7
7
.1

6
0

7
7
.5

8
3

1
3
0
.4

8
9

1
6
9
.3

9
7

TMS

I H
H

2-p-2627

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

131 

 
 
 

 
 
  

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
f1 (ppm)

2
.5

6

2
.2

3

2
.2

4

1
.0

6

1
.0

4

1
.0

3

1
.0

0

5
.4

7

1
.2

5
1

1
.2

5
8

1
.2

6
9

1
.2

7
7

1
.2

8
6

1
.2

9
3

1
.3

0
0

1
.3

0
5

1
.3

1
6

1
.3

2
3

1
.3

3
3

1
.3

4
6

1
.9

2
7

1
.9

3
6

1
.9

4
8

1
.9

5
5

1
.9

7
4

1
.9

8
0

1
.9

8
4

2
.0

2
1

2
.0

3
8

2
.1

0
6

2
.1

1
5

2
.1

2
8

2
.1

3
7

2
.1

4
8

2
.1

5
6

2
.1

7
8

2
.1

8
6

2
.1

9
7

2
.2

0
2

2
.2

2
2

2
.2

2
8

2
.4

5
7

2
.4

7
4

2
.4

7
6

2
.4

8
8

2
.4

9
2

2
.5

0
4

2
.5

2
3

2
.5

3
1

2
.5

3
7

2
.5

4
3

2
.5

5
2

2
.5

5
8

2
.5

6
3

2
.5

8
1

2
.5

9
6

2
.6

0
2

2
.6

1
6

2
.6

2
2

2
.9

0
1

2
.9

0
6

2
.9

1
2

2
.9

1
8

2
.9

2
4

2
.9

3
0

2
.9

3
5

2
.9

4
1

2
.9

4
7

2
.9

5
3

3
.1

1
0

3
.1

3
1

3
.1

3
4

3
.1

5
5

3
.5

1
2

3
.5

1
9

3
.5

3
6

3
.5

4
4

3
.6

6
7

3
.6

7
5

3
.6

8
3

3
.6

9
0

3
.6

9
7

3
.7

0
5

3
.7

1
2

3
.7

2
0

3
.7

2
7

3
.7

3
5

7
.2

0
0

7
.2

0
3

7
.2

0
7

7
.2

2
1

7
.2

3
6

7
.2

4
0

7
.2

4
3

7
.2

6
1

7
.2

8
1

7
.2

9
8

7
.3

0
2

7
.3

3
9

7
.3

5
7

7
.3

7
6

7
.3

8
7

0102030405060708090100110120130140150160170180190200
f1 (ppm)

1
6
.5

0
1

2
4
.4

1
6

2
8
.7

4
6

3
2
.1

5
4

3
8
.3

2
0

5
1
.6

1
0

5
4
.4

3
0

7
6
.8

4
2

7
7
.1

6
0

7
7
.4

7
7

1
2
6
.2

4
0

1
2
6
.2

4
0

1
2
7
.1

0
3

1
2
7
.1

0
4

1
2
8
.4

8
7

1
3
0
.5

9
4

1
3
7
.3

1
7

1
5
3
.5

1
4

Ph

I H
H

2-p-2728

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

132 

 
 
 

 
  

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

4
.3

0

4
.2

0
2
.3

0
1
.1

2
1
.1

3

1
.1

1

1
.1

2

1
.0

4

1
.0

2

1
.0

1

1
.1

2
1
.1

2
1
.1

4
1
.1

3
1
.1

6

1
.0

0

1
.2

2
1
.2

2
1
.2

5
1
.2

5
1
.2

7
1
.2

7
1
.3

6
1
.4

0
1
.9

8
1
.9

9
2
.0

0
2
.0

3
2
.0

3
2
.1

8
2
.4

4
2
.4

8

3
.1

6
3
.1

8
3
.1

9
3
.2

2
3
.4

4
3
.4

5
3
.4

8
3
.4

9

4
.0

7
4
.1

0
4
.1

2
4
.1

5
7
.2

6
7
.5

0
7
.5

2
7
.5

2
7
.5

2
7
.5

4
7
.5

5
7
.6

3
7
.6

4
7
.6

6
7
.6

6
7
.6

7
7
.6

8
7
.6

9
7
.7

6
7
.7

6
7
.7

8
7
.7

9
7
.7

9
7
.7

9
7
.9

3
7
.9

4
8
.0

4
8
.0

5
8
.0

5
8
.0

5
8
.0

5
8
.0

7
8
.0

8
8
.0

8
8
.0

8
8
.0

8

8
.9

0
8
.9

0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
4

.3
2

1
6

.0
1

2
1

.1
7

2
4

.4
4

2
8

.7
0

3
1

.9
6

3
7

.9
3

5
2

.0
5

5
3

.9
1

6
0

.5
0

7
6

.7
4

 C
D

C
l3

7
7

.1
6

 C
D

C
l3

7
7

.5
8

 C
D

C
l3

1
2

6
.9

0
1

2
7

.6
9

1
2

7
.8

2
1

2
8

.0
7

1
2

9
.0

6
1

2
9

.3
1

1
3

0
.5

3
1

3
2

.7
0

1
4

6
.6

0

1
5

0
.2

4

1
5

6
.5

7

1
7

1
.2

3

I H
H

N

2-p-2829

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

133 

 
 
 

 
 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

3
.2

5

7
.5

8

1
4
.8

1

3
.1

6

1
.0

2

0
.9

1
1
.0

0

1
.9

7

1
.7

6

0
.0

0
1

0
.9

1
9

1
.5

1
4

1
.5

3
2

1
.5

6
6

1
.5

7
9

1
.6

1
0

1
.9

5
8

1
.9

8
9

2
.0

4
6

2
.0

9
0

2
.1

1
6

2
.1

5
0

2
.4

6
6

2
.8

8
5

2
.8

9
6

2
.9

1
1

2
.9

2
1

3
.4

9
5

3
.5

0
4

3
.5

1
2

3
.5

2
7

3
.5

3
6

3
.5

4
4

3
.6

2
4

3
.6

3
5

3
.6

4
4

3
.6

6
4

3
.6

7
3

3
.6

9
3

3
.7

0
3

6
.9

7
2

6
.9

8
7

7
.0

2
8

7
.0

3
2

7
.0

4
6

7
.0

5
3

7
.0

5
9

7
.0

7
1

7
.0

7
6

7
.2

2
9

7
.2

6
0

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

1
4
.0

1
5

1
6
.7

8
5

2
1
.7

4
0

2
4
.4

3
6

2
5
.7

8
0

2
6
.7

1
5

2
8
.7

2
3

2
9
.6

3
7

3
1
.7

5
5

3
2
.1

8
8

3
6
.0

1
4

3
8
.2

7
3

4
4
.5

2
5

4
4
.5

5
9

4
8
.1

5
4

5
0
.6

7
7

5
1
.5

0
9

5
4
.5

5
4

7
6
.7

3
7

7
7
.1

6
0

7
7
.5

8
3

7
7
.5

8
3

1
2
4
.5

9
7

1
2
4
.7

0
4

1
2
5
.4

6
2

1
2
5
.4

6
2

1
2
7
.4

1
6

1
2
7
.5

4
4

1
3
0
.3

0
9

1
3
0
.3

2
8

1
3
4
.7

6
8

1
3
4
.7

8
9

1
3
6
.4

5
9

1
3
6
.4

9
8

1
3
7
.7

4
9

1
3
7
.7

8
2

1
5
2
.9

9
1

1
5
3
.0

2
9

I

H

H

OMe

HH

H

2-p-2930

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

133 

Chapter 3. 
 

Catalytic Intermolecular Dicarbofunctionalization of Styrenes with CO2 and 

Radical Precursors 
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3.1. Introduction: CO2 Fixation en route to Phenyl Acetic Acid 

3.1.1. The Global Crisis: Carbon Dioxide Concerning 

As a consequence of our ever-increasing industrial activity, the carbon cycle on Earth has been 

seriously disrupted and the concentration of CO2 has reached the “point of no return”, causing 

considerable concern from a both environmental and societal standpoint.1 A myriad of solutions has 

been proposed and are currently explored, either at the research or technological stages. CO2 Capture 

and storage technologies have the potential to mitigate meaningful volumes of CO2 and a few 

demonstration plants are slowly emerging.1 It is foreseeable, however, that this technology will suffer 

from the lack of added–value able to compensate the energetic and economic cost of CO2 capture and 

deposition and the monitoring of the storage sites. The 30 Gt–CO2 emitted annually primarily derive 

from the mineralization of carbon fossil resources, i.e. hydrocarbons, coal and gas.1 Unfortunately, 

utilization of these feedstocks in the fuel sector represents 80% of the world energy portfolio and 

their transformation in the chemical industry accounts for the production of 95% of organic chemical 

commodities. In this context, CO2 transformation to fuels and chemicals is a desirable alternative to 

CO2 storage for cutting the emissions of this greenhouse gas. Although one might argue that CO2 

conversion into valuable chemicals will unlikely reduce its concentration in the atmosphere, it is 

worth noting that CO2 is an abundant, inexpensive, clean and renewable C1 feedstock, thus providing 

an added value that might compensating the potential costs of its capture and recyclability. Yet, the 

transformation of CO2 faces three challenges:  

§ First, the thermodynamic stability of CO2 imposes an input of energy to convert CO2 into other 

chemicals.  

§ The second challenge is kinetic in nature: catalysts are required to ensure that the activation barriers 

remain as low as possible along the chemical transformation pathways so that the overall carbon 

balance for CO2 utilization is not hampered by thermal loading needed to overcome high energy 

transition states.  

§ CO2 is not particularly soluble in the classical organic solvents that organic chemists employ for 

classical synthetic transformations. 

While the vast majority of catalytic CO2 fixation techniques are based on reduction techniques (e.g. 

methanol, methane, formic acid, formaldehyde),1e C-O bond-forming reactions (cyclic carbonates & 

polycarbonates or C-N bond-forming reactions (synthesis of Urea via Bosch-Meiser process),1d the 

ability to convert CO2 into fine chemicals by means of catalytic C–C bond-forming reactions still 

remains largely underexplored. Among various scenarios, particularly attractive would be the ability 
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of converting CO2 into carboxylic acids, valuable compounds of utmost relevance in industrial 

endeavors on the manufacture of cosmetics, soaps, detergents, rubbers, dyes, animal feed, plastics, 

agrochemicals or pharmaceuticals among others (Scheme 3.1).1f 

 

Scheme 3.1. Daily application of carboxylic acids 

3.1.2. Catalytic CO2 Fixation of Organic Matter en route to Carboxylic Acids 

Although making carboxylic acids from CO2 might constitute an ideal scenario in catalytic 

endeavors, CO2 is a triatomic molecule with two dipoles opposite to each other, making the molecule 

of CO2 non-polar with a remarkable thermodynamic and kinetic stability.1g Not surprisingly, the vast 

majority of carboxylation reactions are conducted with stoichiometric amounts of highly nucleophilic 

organometallic reagents capable of overcome the high barriers required for effecting CO2 activation 

such as organolithiums, Grignard reagents or organozinc derivatives.2 However, special precautions 

need to be taken into consideration when dealing with the utilization of air-sensitive organometallic 

reagents while the chemoselectivity of these processes is at serious risk, particularly when applying 

these technologies within the context of late-stage functionalization in the presence of multiple 

number of sensitive functional groups, thus reinforcing the need for designing catalytic carboxylation 

techniques in the absence of organometallic reagents. However, this is certainly not a chimera, as the 

molecule of CO2 is ambiphilic in nature, possessing Lewis basicity at oxygen and Lewis acidity at 

carbon as a consequence of having two adjacent electronegative oxygen atoms. Additionally, CO2 

possesses two set of orthogonal p-orbitals that might interact with the d-orbitals of the transition metal. 

Indeed, multiple binding modes of mononuclear complexes to CO2 are viable (Scheme 3.1).1g The 

first reported transition metal complex with CO2 was the Aresta complex (Cy3P)2Ni(CO2), which was 

characterized as h2(C,O) coordination mode, with the two corresponding C–O bonds being slightly 

more elongated (1.17 and 1.22 Å) than free CO2 (1.16 Å).3 Regardless of the activation modes of CO2 
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to transition metal complexes, such binding effectively deviates CO2 from linearity, lowering down 

the activation energy of CO2 and facilitating its subsequent functionalization. 

 

Scheme 3.1. Binding patterns of CO2 with transition metal 

The conversion of CO2 into carboxylic acids can formally occur via three different pathways (Figure 

3.1): (a) coordination of the transition metal center to CO2 followed by reaction with the organic 

substrate; (b) interaction of the organic substrate to the transition metal center prior to CO2 binding; 

(c) dual coordination of the substrate and CO2 to the transition metal center. As judged by the wealth 

of recent literature data,4 the catalytic carboxylation reactions with CO2 have entered a new era of 

exponential growth, evolving into a mature discipline that allows for streamlining the synthesis of 

carboxylic acids. 

 

Figure 3.1. The possible pathway of catalytic carboxylation  

In 1997, Nicholas and co-workers reported the first metal-catalyzed carboxylation of organometallic 

compounds with CO2.5a Specifically, it was discovered that the exposure of allyl stannanes and 

Pd(PPh3)4 to high pressure of CO2 at 70 oC in THF gave rise to the corresponding allyltin esters 

(Scheme 5, top). Intriguingly, small amount of isomerization to the corresponding a,b-unsaturated 

ester was observed. Although one might argue that the isomerization might occur from either the 
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starting allyl stannane or the final allyltin ester, control experiments in the absence of CO2 revealed 

otherwise, suggesting that isomerization occurred during the course of the reaction. Although the 

protocol required high pressures of CO2, this discovery paved the way for designing catalytic CO2 

fixation with mild organometallic reagents. 

 

Scheme 3.2. The first Pd(0)-catalzyed carboxylation reaction with CO2 

Few years later, it was found that the isomerization could be prevented by using a Pd(II) complex 

with a pincer ligand (Scheme 3.3).5b As the field developed, other organometallic reagents, such as 

organoboron,5c,5d,5e organozinc5f,5g,5h or organoaluminum reagents5i,5j,5k could all be utilized for 

preparing the corresponding carboxylic acids. 

 

Scheme 3.3. Pincer Pd(II) complexes in the catalytic carboxylation of allyl stannanes 

Despite the vast literature reported in catalytic carboxylation of organometallic species, these 

techniques necessarily required stoichiometric amounts of organometallic reagents. Driven by the 

observation that organometallic reagents are commonly prepared from the corresponding organic 

halides,6 chemists were challenged to design catalytic carboxylation reactions with simple organic 

halides as coupling counterparts.  However, this transformation is counterintuitive, as classical cross-

coupling reactions are based on the combination of a nucleophile and electrophile, whereas the 

carboxylation of organic halides would necessarily invoke the coupling of two different electrophilic 

entities. In 1994, Osakada and Yamamoto reported a seminal paper what demonstrated that the 

oxidative addition complex PhNiBr(bpy) reacted with atmospheric CO2 to deliver the corresponding 

benzoic acid in moderate yield.7a This seemingly innocent experiment suggested the viability of 

designing a catalytic carboxylation technology if a reductant would be employed to turnover the 

catalytically competent metal species. Intriguingly, however, this possibility remained dormant for 

nearly 15 years, when our group described the first catalytic carboxylation of aryl bromides with CO2 

(1-10 atm) (Scheme 3.4).7b Key for success was the employment of a bulky and electron-rich 

phosphine (tBuXPhos) ligand to avoid deleterious side reactions, such as Negishi-type coupling and 

reduction of starting materials via b-hydride elimination. Although this technology represented a 
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proof of concept for designing catalytic carboxylation reactions of organic halides, pyrophoric 

reducing agents (Et2Zn) were required for the reaction to occur.  

 

Scheme 3.4. The first Pd-catalyzed carboxylation of aryl bromides 

 

Scheme 3.5. Ni-catalyzed carboxylation of aryl and alkenyl chlorides 

In 2012, Tsuji and co-workers extended the scope of catalytic carboxylations of organic halides to 

the more challenging and readily available aryl and vinyl chlorides at atmospheric pressure of CO2 

(Scheme 3.5).7c It was shown that the combination of air-stable metallic reductant (Mn) and 

ammonium salts (Et4I) were critical to success. Subsequently, Daugulis described the viability for 

using Cu catalysts for the carboxylation of aryl iodides using Et2Zn as reducing agent.7d,7e Our group 

managed to extend the scope of these reactions beyond the use of aryl halides, including the 
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carboxylation of phenol electrophiles,7f primary, secondary or tertiary benzyl halides,7g benzyl C–O 

electrophiles,7f benzyl amines7h or allyl C–O electrophiles.7i,7j The latter is particularly noteworthy, 

as it was found that the ligand, rather than the substrate, dictated the regioselectivity profile, obtaining 

either branched or linear carboxylic acids depending on the geometry of the ligand employed. 

Although these methodologies demonstrated the viability of conducting catalytic carboxylation 

reactions, it is worth noting that these reactions required the utilization of substrates that easily 

underwent oxidative addition. 

 

Scheme 3.6. Ni-catalyzed carboxylation of unactivated alkyl electrophiles 

Aimed at improving the generality of catalytic carboxylation reactions, our research group described 

two protocols for the carboxylation of primary, secondary or tertiary unactivated alkyl bromides, 

tosylates or even the less-reactive alkyl chlorides (Scheme 3.6).7k,7l This extension was particularly 

important taking into consideration the myriad of pharmaceuticals or molecules that display important 

biological properties that possess a carboxylic acid within the alkyl side-chain. Additionally, the 

successful realization of this goal was a remarkable step-forward, indicating that the putative 

oxidative addition species could be trapped by unreactive CO2 while avoiding parasitic b-hydride 
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intriguing was the role exerted by the ligand backbone. Specifically, it was found that the inclusion 

of substituents adjacent to the nitrogen-containing ligand, particularly phenanthroline backbones, was 

critical for success. Although tentative, this feature probably is due to the ability of generating Ni(I) 

intermediates that react more efficiently with CO2 than the corresponding Ni(II) congeners.7k Under 

these reaction conditions, a wide variety of substrates possessing a wide variety of functional groups 

could perfectly be tolerated, serving as a testament to the broad applicability of catalytic 

carboxylation reactions in the alkyl series. 

 

Scheme 3.7. Ni-catalyzed remote carboxylation 

Although b-hydride elimination has long been the goal in organometallic chemistry when dealing 

with the cross-coupling of unactivated alkyl halides,7m our research group envisioned that parasitic 

b-hydride elimination could be turned into a strategic advantage. Specifically, in 2017 we designed a 

Ni-catalyzed remote carboxylation of bromoalkenes that occurred at remote unfunctionalized sp3 C–

H reaction sites by means of chain-walking reactions (Scheme 3.7).7n Once again, the nature of the 

ligand was critical for success, with large substituents adjacent to the nitrogen atom as well as 

electron-withdrawing motifs at 4,7-position on a phenanthroline backbone providing the best results 

while facilitating an iterative sequence of b-hydride elimination/migratory insertion sequences 

throughout the alkyl side-chain, thus enabling the implementation of a chain-walking process.7o 

While the role of such ortho-substituents was believed to accelerate b-hydride elimination by 

accelerating halide dissociation at the metal center, the inclusion of electron-withdrawing units made 

the metal center more electrophilic, thus resulting in a strong binding with the in situ generated olefin. 

As the site-selectivity was controlled by the chain-walking motion, it was found that even simple 
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alkanes or mixtures of olefins can be used as substrates, enabling the carboxylation of these chemical 

feedstocks in a two-step, one-pot fashion, via the intermediacy of an inconsequential mixtures of 

alkyl halides by unselective halogenation of the starting precursors. 

 

Scheme 3.8. carboxylation of olefin with H2O and CO2 

Aimed at improving the practicality of catalytic carboxylation reactions, our group demonstrated 

that the corresponding alkyl halides can be replaced by simple and abundant olefin partners (Scheme 

3.8).7p Particularly intriguing was the observation that simple water is capable of triggering the 

carboxylation of styrenes or even a-olefins with equal ease, delivering the corresponding phenyl 

acetic acids or alkyl carboxylic acids, respectively.7p The successful realization of this principle was 

noteworthy if one takes into consideration that stoichiometric amounts of highly reactive 

organometallic species, in some instances pyrophoric, were required for effecting the carboxylation 

of either styrenes or unactivated alkenes.7q,7r,7s Particularly interesting was the ability to find a chain-

walking scenario when using internal, unactivated olefins. Although chain-walking reactions 

invariably resulted in linear carboxylic acids, the site-selectivity of the process could be switched by 

employing alkynes instead, resulting in the corresponding a-branched acids instead. This was 

explained by the intermediacy of nickelalactones resulting from an oxidative cycloaddition of Ni(0)Ln, 

CO2 and the corresponding alkyne.7p 

Putting everything into perspective the ability to extend the catalytic carboxylation of alkyl halides 

to the utilization of simple olefins was particularly noteworthy, constituting a step-forward for the 

development of more practical reactions. Still, however, it is fair to notice that the catalytic 

carboxylation of both organic halides and alkenes remains confined to single C–C bond formations, 

necessarily requiring the utilization of stoichiometric metal reductants. Additionally, specialized 

ancillary ligands are required in the former, reinforcing the need for a change in strategy. 
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3.1.3. Photochemical Carboxylation with CO2 

 

Scheme 3.9. Photochemical benzylic C-H carboxylation 

In 2015, Murakami and co-workers reported a system for the preparation of phenylacetic acids from 

ortho-methyl benzophenones under UVA light (or even sun light) irradiation under CO2 atmospheres. 

The transformation formally consists of a benzylic C–H carboxylation without the need for 

stoichiometric amounts of metal reductants (Scheme 3.9).8a The reaction proceeded via the 

intermediacy of an o-quinodimethane and subsequent [4+2] cycloaddition with CO2 as dienophile, 

an observation that was supported by DFT calculations.  

 

Scheme 3.10. Photochemical hydrocarboxylation of styrenes 

Taking into consideration that the role of metallic reductants in catalytic carboxylation reactions is 

to trigger single-electron transfer processes, one might argue that the implementation of photoredox 

catalysis within the carboxylation arena could represent an important step-forward for improving the 

practicality and generality of these processes. Driven by these observations, Iwasawa and co-workers 

described the merger of transition metal catalysis and photocatalysis for the hydrocarboxylation of 

styrenes in the presence of a tertiary amine and Rh(I) species.8b Such a combination likely generates 

Rh(III) hydride species, which subsequently might react with styrene and CO2 to deliver the 

corresponding phenyl acetic acids  (Scheme 3.10, left). Later on, König disclosed a related system 
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using Hantzsch ester and organic photocatalysts as electron and hydride sources by using Ni catalysis 

and ortho-substituted phenanthroline ligands, giving rise to the corresponding phenyl acetic acids 

(Scheme 3.10, right).8c Recently, the group of Da-Gang Yu and Jamison have extended these notions 

beyond the hydrocarboxylation of olefins.9 Still, however, these technologies remain predominantly 

confined to single C–C bond-forming reactions, thus suggesting that the ability to trigger multiple C–

C bond-forming reactions across an olefin with concomitant formation of the targeted carboxylic acid 

would be highly appreciated. 

3.2. General Aim of the Project 

 

Scheme 3.11. General design of carbocarboxylation of styrenes 

Taking a close look at the known literature data on carboxylation reactions of p-components, we 

wondered whether we could design a site-selective principle for the redox-neutral catalytic 

dicarbofunctionalization of olefins with CO2 and an appropriate carbon nucleophile (Scheme 3.11).  

 

Scheme 3.12. Dicarbofunctionalization of olefins with CO2 

Aimed at providing a rationale for such reaction, we envisioned that two different approaches could 

be designed for such purposes: (a) a carbometalation of an organometallic reagent across an olefin 

followed by CO2 insertion (Scheme 3.12, left pathway) or (b) initial addition of a radical precursor 

across an olefin followed by CO2 insertion (Scheme 3.12, right pathway). However, chemoselectivity 

issues might arise in the former, as the corresponding organometallic reagent might react with CO2 

prior addition across the olefin. Additionally, such a route might not tolerate a wide range of 

functional groups. Alternatively, the radical route offers the advantage of reacting preferentially with 

the corresponding alkene prior to CO2 insertion in the absence of organometallic reagents. That being 

set, we wondered whether we could establish a design principle for accomplishing the goal of 
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triggering a redox neutral dicarbofunctionalization of olefins with in situ generated radical 

intermediates. 

3.3. Dicarbofunctionalization of Styrenes with CO2 and Radical Precursors 

3.3.1. Mechanistic Rationale 

 

Scheme 3.13. Mechanistic rationale of dicarbofunctionalization of styrenes with CO2 

A priori, a radical entity will add across a styrene with high regioselectivity profile, ending up in a 

corresponding benzyl radical. Upon subsequent CO2 insertion, we expected to generate the 

corresponding carboxyl radical. While amenable for CO2 extrusion, we hypothesized that we could 

reduce this intermediate to the corresponding carboxylate, thus preventing decarboxylative pathways. 

To such end, and taking into consideration that two SET would be necessary to generate the carbon 

radical and the subsequent carboxylate anion, we wondered whether a photoredox platform could be 

designed for tackling the challenge of promoting a dicarbofunctionalization of olefins with CO2 

(Scheme 3.13). If successful, such a scenario might unravel a multifaceted challenge, not only 

providing the synergistic merger of visible light photoredox catalysis and CO2 with p-systems,10,11 

but also offering an unrecognized opportunity in catalytic carboxylations to enable multiple, 

intermolecular C–C bond-formations.12,13 Indeed, such a technology might offer a complementary 

approach in classical catalytic carboxylation reactions, as no sophisticated ligand backbones or 

stoichiometric metal reductants would be required. 
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3.3.2. Optimization of the Reaction Conditions 

 

Table 3.1. Photocatalysts screening 

Prompted by the importance of perfluorinated alkyl groups in drug discovery, our investigations 

started by studying the catalytic redox-neutral trifluoromethylcarboxylation reaction of 1s with 

Langlois reagent (CF3SO2Na) and CO2 (1 bar) under blue light-emitting diodes (LEDs) irradiation at 

room temperature (Table 3.1).15,16 We initially chose DMF as solvent based on the successful 

carboxylation reactions reported by our group in which this solvent was critical to promote the 

targeted CO2 fixation. As anticipated, the nature of the photocatalyst markedly influenced the reaction 

outcome, with Ir-2 (Ered[IrIII/IrII] = -1.34 V vs SCE in DMF, -1.51 V in MeCN) providing the best 

results (entry 1).17 Intriguingly, the use of otherwise related photocatalysts Ir-3 to Ir-9 with less 

reducing ability all resulted in significant lower yields of 1 (entry 2-8). Although speculative, these 

findings might be interpreted on the basis of a more efficient SET from the reduced photocatalyst Ir-

2 18 to the corresponding 1,1-diphenyl 3,3,3-trifluoropropane benzyl radical that results from the 

corresponding addition of the radical across the styrene backbone (Ered = –1.34V vs SCE in MeCN)19 

prior to CO2 insertion (Scheme 3.4).20 It is worth noting that the reduction potential in MeCN is 
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normally lower than in DMF based on the data we have gathered  (Table 3.1, entry 1-4), thus 

indicating that diphenyl substituted styrenes might be replaced by regular styrenes. 

 
Table 3.2. Solvents screening 

Even though DMF is routinely used in carboxylation reactions,4 we wondered whether non-amide 

solvents could also be utilized with equal efficiency. As shown in Table 3.2, this was not the case, 

and the absence of amide-containing solvents had a deleterious effect on reactivity (entries 4-6). This 

can be rationalized due to the lower solubility of CO2 in these solvents and the better solvation of the 

transient nucleophilic entity in polar aprotic environments. Rigorous control experiments revealed 

that not even traces of 1 were found in the absence of light or Ir-2. 

3.3.3. Substrate Scope with Langlois Reagent 

 

Table 3.3. Substrate scope with diaryl styrenes and Langlois reagent 
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With the optimized conditions in hand (Table 3.1, entry 1), we turned our attention to examine the 

generality of our trifluoromethylcarboxylation with 1-arylstyrenes and CF3SO2Na (Table 3.3).21,22 As 

shown by the results compiled in Table 3.3, diaryl-substituted styrenes offered good to excellent 

reactivity in the presence of a variety of functional groups. For example, terminal alkyne and alkene 

could be perfectly accommodated (5 and 6), resulting in the corresponding quaternary carbon centers 

in good yields. This is particularly important given that previous carboxylations aimed at accessing 

these building blocks typically resulted in low yields or a were particularly substrate-dependent. 

Importantly, the reaction can be conducted at 1 mmol scale without a significant erosion in yield. 

 
Figure 3.2. Reduction potential of benzylic radicals 

A close inspection into Table 3.1 indicates that the efficiency of the reaction might indeed be 

correlated with the reduction potential of the photocatalyst (table 3.1). Therefore, we wondered 

whether we could extend the scope of our redox-neutral dicarbofunctionalization reaction to regular 

styrenes. This was certainly challenging as the corresponding redox potential required to trigger a 

SET to a benzyl radical required a considerable higher potential (Figure 3.2). Under such premise, 

we found that a host of regular styrenes with different substituents at the arene could be employed 

for our purposes (Table 3.4). While the use of aryl tosylates (7), bromides (10), chlorides (11), or 

even aryl pivalates (12) as coupling counterparts have become routine in a myriad of metal-catalyzed 

cross-coupling reactions,24 including related reductive carboxylation events,25 we found that the 

presence of these electrophilic sites did not compete with the efficacy of our 

trifluoromethylcarboxylation reaction. Similarly, the presence of aryl boronic ester did not interfere, 

albeit in lower yields (9).26 These observations are particularly noteworthy, providing ample room 

for further derivatization via either C-B or C-X (X = Br, Cl, OTs or OPiv) bond-cleavage, suggesting 

the implementation of orthogonal cross-coupling technologies. In view of the results shown in Table 

3.4, and taking into consideration the high redox potentials required to reduce a benzyl radical via 

SET, one might easily argue that these results could also be interpreted on the basis of an attack of 
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the benzyl radical to CO2 followed by a downhill SET to the corresponding carboxyl radical 

intermediate. 

 

Table 3.4. Substrate scope with regular styrenes and Langlois reagent 

Notably, the utilization of 1,2- or 1,1-disubstituted styrenes possessing alkyl substituents posed no 

problems, and the corresponding phenyl acetic acids could be obtained in good yields (Table 3.5); 

unfortunately, however, the inclusion of substituents at C2 resulted in statistical diastereomeric 

mixtures of the targeted carboxylic acids. 

 

Table 3.5. Substrate scope with alkyl substituted styrenes and Langlois reagent 
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3.3.4. Substrate Scope with Other Radical Entities 

Encouraged by the results using Langlois reagent, we wondered whether our 

dicarbofunctionalization technique could be extended to other radical entities as well. As shown in 

Table 3.6, this turned out to be the case. Specifically, we found that difluoromethyl-containing phenyl 

acetic acids are easily within reach when using CHF2SO2Na under otherwise identical reaction 

conditions to those shown for CF3SO2Na (22 to 24). Subsequently, we turned our attention to study 

whether non-fluorinated radical analogues could also be used for similar purposes. Indeed, we found 

that easily accessible benzyl trifluoroborates (Eox = +1.1V vs SCE in MeCN)28 and tert-butyl oxalates 

(Eox = +1.28V vs SCE in MeCN)29 could be employed in our dicarbofunctionalization reaction. In 

this case, however, stronger oxidizing photocatalyst Ir-3 (Ered [IrIII*/IrII] = +1.21V vs SCE in MeCN) 

was required, cleanly delivering 25 to 28 in moderate to good yields.30  

 

Table 3.6. Substrate scope with other radical entities 

Taken together, the results compiled in table 3.3 to table 3.6 stand as a testament to the prospective 

potential of redox-neutral catalysis for enabling dicarbofunctionalization reactions of p-components 

with CO2 and radical precursors, representing a different, yet complementary, reactivity mode to 

existing catalytic carboxylation events that require sophisticated ligands and/or stoichiometric metal 

reductants. We anticipate that these findings might open up new vistas for effecting otherwise 

inaccessible coupling processes involving CO2 as coupling partner. 
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a Ir-2 (2 mol%), CHF2SO2Na (2.0 equiv) at 5 ºC. b Ir-3 (2 mol%).  c Quenched with TMSCHN2.
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Unfortunately, other radical entities such as thiols or amino acids failed to deliver the targeted 

carboxylic acid, as the potential product of the former might compete with the quenching of Ir(III)* 

while the latter might not undergo decarboxylation under CO2 atmosphere. 

3.4. Mechanistic Considerations  

3.4.1. ´ON/OFF´ Experiment 

As highlighted previously, “ON-OFF” experiments are routinely performed in photochemical 

transformations to unravel whether the reaction proceeds in the absence of light irradiation or not. As 

shown in Figure 3.3, we found no conversion during the dark period. However, this experiment only 

suggests the absence of background reactions in the dark while constant irradiation was necessary to 

deliver the targeted products. 

 

Figure 3.3. ‘ON/OFF’ experiment 

3.4.2. Luminescence Quenching Experiments 

  

Figure 3.4. Stern Volmer quenching of Ir-2* with CF3SO2Na 
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 Figure 3.5. Quenching plot of Ir-2* with 1s       Figure 3.6. Quenching plot of Ir-2* with 13s 

In order to examine our hypothesis in Scheme 3.20, we explored the interaction of Ir-2 and the 

reaction components via Stern-Volmer quenching studies. As expected, luminescence quenching of 

Ir-2* was observed at higher concentrations of CF3SO2Na (Eox = +1.05V vs SCE in MeCN) (Figure 

3.4), while negligible quenching occurred with 1s and 13s (Figure 3.5 and 3.6). These luminescence 

quenching studies demonstrated that Ir-2* was quenched by CF3SO2Na (Eox = +1.05V vs SCE in 

MeCN)15c but not by 1s (Eox = +1.81V vs SCE in MeCN),17,19a,31 thus suggesting the involvement of 

a reductive quenching photocatalytic cycle, in which a transient carbon-centered radical generated 

upon single electron transfer (SET) with the excited state of the photocatalyst, is added across the 

styrene backbone. A subsequent SET from the reduced photocatalyst to Int-1 (Scheme 3.20) might 

give rise to a benzylic carbanion that rapidly reacts with CO2.32,33 

3.4.3. The Competitive Off-Cycle via Decarboxylation 

 

Scheme 3.21. The competitive off-cycle via decarboxylation 

During the study of the dicarbofunctionalization reaction, it was found that certain substrate 

combinations did not lead to full conversion. We hypothesized that this observation could be due to 

competitive reductive quenching of Ir-2* (E1/2Ir(III)*/Ir(II) = +0.84 V) by the product. Such a pathway 
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would result in a competitive decarboxylation reaction that might lead to either reduced product or 

the corresponding carboxylation, indicating that an off-cycle pathway may undermine the reaction 

efficiency (Scheme 3.21, right). Interestingly, exposure of 1-Na (Eox = +1.05V vs SCE in MeCN)34 

under our optimized reaction conditions in the absence of CO2 showed significant amounts of 

decarboxylation while traces amounts of 1-H, if any, were observed in the presence of CO2 (Scheme 

3.21).  

 

Scheme 3.22. Intermediacy of Carbanions by Isotope-Labelling 

Taken together, these results suggested the intermediacy of benzyl anions. Aimed at showing 

whether these intermediates came into play, we turned our attention to isotope-labelling studies 

(Scheme 3.22). As shown, 17-D and 13-D (99%-D) were exclusively obtained upon exposure of 17s 

and 13s to CF3SO2Na under visible light irradiation with Ir-2 and D2O in the absence of CO2, thus 

ruling out the involvement of hydrogen atom transfer (HAT) with DMF. 

 

Scheme 3.23. Potential carboxyl radical pathway 

Note, however, that the available data do not allow us to rigorously rule out an alternative 

mechanistic scenario in which the transient benzyl radical intermediate reacts reversibly with CO2 

followed by SET from the reduced photocatalyst Ir-2 to the carboxyl radical intermediate, leading 

the final sodium carboxylate (Scheme 3.23). 

3.5. Conclusions 

In summary, we have demonstrated that visible light photoredox catalysis enables a catalytic 

photochemical redox-neutral dicarbofunctionalization of styrenes with CO2 and carbon radical 

precursors with high regio- and chemo- selectivity profile, thus providing a facile access to substituted 

CF3SO2Na

Ir-2 (2 mol%)

DMF, rt
Blue-LEDs

17s

D2O (3.0 equiv)

MeO2C

MeO2C
D

CF3
17-D

CF3SO2Na

Ir-2 (2 mol%)

DMF, rt
Blue-LEDs

13s

D2O (3.0 equiv)

D CF3

OPiv OPiv

13-D
55% (99%-D)

50% (99%-D)

CO2
Ar

Int-1 Ar

CO2

Ar

O O
SET

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

153 

phenyl acetic acids. In addition, our protocol offers a reactivity principle that is complementary to 

classical non-redox neutral catalytic carboxylations, unlocking previously inaccessible scenarios 

based on multiple C–C bond-forming events from p-components and in the absence of stoichiometric 

reductants.  
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Am. Chem. Soc., 2015, 137, 11270. 

30. The Lower Yields Found For 25 To 28 Account For Unreacted Starting Material, Reduced Product And Dimerization. 
31. At Present, We Believe That The Reaction Is Likely Driven By The Rapid Addition Of CF3 Radical Across The Styrene, The 

Formation Of Two Strong C–C Sigma Bonds And The Stability Of The Final Sodium Carboxylate Salt. 
32. Musacchio, A. J., Nguyen, L. Q., Beard, G. H., Knowles. R. R. Catalytic Olefin Hydroamination With Aminium Radical Cations: 

A Photoredox Method For Direct C–N Bond Formation. J. Am. Chem. Soc. 2014, 136, 12217. 
33. Our Results Suggest That The Addition Of CF3 Radicals To Styrenes Is Considerably Faster Than Unproductive Reduction To CF3 

Anion By The Reduced Ir(II) Photocatalyst. Notably, Traces Of Benzylic Dimerization Were Observed, Indicating A Lower 
Concentration Of Benzyl Radicals In Solution Under CO2 Atmospheres. 

34. For Selected Photoredox Transformations Via Decarboxylation Techniques Using Ir Photocatalysts: (a) Johnston, C. P., Smith, R. 
T., Allmendinger, S., Macmillan, D. W. C. Metallaphotoredox-Catalysed sp3–sp3cross-Coupling Of Carboxylic Acids With 
Alkyl Halides. Nature 2016, 536, 322; (b) Zuo, Z., Macmillan, D. W. C. Decarboxylative Arylation Of Α-Amino Acids Via 
Photoredox Catalysis: A One-Step Conversion Of Biomass To Drug Pharmacophore. J. Am. Chem. Soc. 2014, 136, 5257; (c) Z. 
Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle, D. W. C. Macmillan. Merging Photoredox With Nickel Catalysis: Coupling 
Of Α-Carboxyl Sp3-Carbons With Aryl Halides. Science 2014, 345, 437. 
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3.7. Experimental Section 

3.7.1. General Considerations 

Reagents: All reactions were conducted in Schlenk tubes. Commercially available materials were used 

without further purification. CF3SO2Na, CF2HSO2Na, 1s, 9s, 11s, 12s, 14s, 15s, 16s and 19s were purchased 

from commercial sources and used as received. Anhydrous DMA, DMF, DMSO, CH3CN, THF and toluene 

were purchased from Acros Organics. All photo catalysts were prepared following the reported literature 

methods.1 Oxalates and benzylic trifluoroborates were prepared following the reported literature method.2 

Styrenes 2s,3 3s,3 6s,3 7s,4 8s,5 10s,6 13s,7 17s,8 18s,8 20s,9 and 21s,10 were all prepared following reported 

literature protocols. 

Analytical Methods: 1H NMR, 13C NMR and 19F NMR spectra and melting points (where applicable) are 

included for all new compounds. 1H NMR, 13C NMR and 19F NMR spectra were recorded on a Bruker 300 

MHz, a Bruker 400 MHz or a Bruker 500 MHz spectrometer at 20 ºC. All 1H NMR spectra are reported in 

parts per million (ppm) downfield of TMS and were measured relative to the signals for residual CHCl3 (7.26 

ppm). All 13C NMR spectra are reported in ppm relative to residual CHCl3 (77.16 ppm) and were obtained 

with 1H decoupling. Coupling constants, J, are reported in hertz (Hz). Melting points were measured using 

open glass capillaries in a Büchi B540 apparatus. Infrared spectra were recorded on a Bruker Tensor 27. Mass 

spectra were recorded on a Waters LCT Premier spectrometer. Flash chromatography was performed with EM 

Science silica gel 60 (230-400 mesh) using bromocresol, potassium permanganate, or cerium molybdate as 

TLC stains. All electrochemical experiments were performed on a PAR 263A EG&G potentiostat or on an IJ-

Cambria HI-660 potentiostat. A three-electrode cell was used employing a glassy carbon (S = 0.07 cm2) 

working electrode, platinum mesh as the counter electrode, and MSE or SSCE as the reference electrode unless 

otherwise indicated. E1/2 values reported in this work were estimated from cyclic voltammetry (CV) 

experiments as the average of the oxidative and reductive peak potentials. Fluorescence measurements were 

carried out on a Fluorolog Horiba Jobin Yvon spectrofluorimeter equipped with photomultiplier detector, 

double monochromator and xenon light source. The yields reported in Tables 2-3 refer to isolated yields and 

represent an average of at least two independent runs. The procedures described in this section are 

representative. Thus, the yields may differ slightly from those given in the tables of the manuscript 

3.7.2. Synthesis of Starting Materials 

General procedure for the synthesis of styrenes 4s and 6s: A round-bottomed flask was charged with the 

corresponding triphenylphosphonium bromide (0.6 equiv), t-BuOK (0.6 equiv) and THF (15 ml) at RT. The 

mixture was stirred for 1h at this temperature. Then, the corresponding ketone (0.5 equiv) in THF (10 ml) was 

added dropwise at RT. The solution was then warmed to 60 ºC and stirred for further 10 h. The solvent was 

removed under reduced pressure and the residue was subjected to column chromatography (hexanes) to yield 

the desired alkene. 
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1-fluoro-4-(1-(4-(pent-4-en-1-yloxy)phenyl)vinyl)benzene (4s): Following the general procedure, 3-s-4 was 

obtained as a colorless solid (1.2 g, 85%). Mp 44 ºC. 1H NMR (400 MHz, CDCl3): δ 7.34-7.30 (m, 2H), 7.27-

7.24 (m, 2H), 7.05-7.0 (m, 2H), 6.89-6.86 (m, 2H), 5.93-5.82 (m, 1H), 5.39-5.31 (m, 2H), 5.12-5.01 (m, 2H), 

4.02-3.98 (m, 2H), 2.29-2.24 (m, 2H), 1.95-1.87 (m, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ 162.6 (d, 1JC-F 

= 245.2 Hz), 159.1, 148.7, 138.0 (d, 4JC-F = 3.2 Hz), 137.9, 133.8, 112.9. 130.0 (d, 3JC-F = 7.9 Hz, 2C), 129.4 

(2C), 115.3, 115.1 (d, 2JC-F = 21.2 Hz, 2C), 114.3.1 (2C), 67.3, 30.3, 28.6 ppm. 19F NMR (376 MHz, CDCl3): 

δ -114.64 to -114.78 (m, 1F) ppm. IR (neat, cm-1): 2942, 2871, 1643, 1597, 1503, 1472, 1323, 1242, 1179, 

1023, 899, 795. 

 
1-fluoro-4-(1-(4-(prop-2-yn-1-yloxy)phenyl)vinyl)benzene (5s): Following the general procedure, 3-s-5 was 

obtained as a colorless solid (1.1 g, 87%). Mp 54 ºC. 1H NMR (400 MHz, CDCl3): δ 7.33-7.26 (m, 4H), 7.05-

6.95 (m, 2H), 7.0-6.97 (m, 2H), 5.39 (s, 1H), 5.34 (s, 1H), 4.72 (d, 4JH-H = 2.3 Hz, 2H), 2.54 (t, 4JH-H = 2.3 Hz, 

1 H) ppm. 13C NMR (100 MHz, CDCl3): δ 162.7 (d, 1JC-F = 245.1 Hz), 148.5, 137.9 (d, 4JC-F = 3.2 Hz, 2C), 

134.8, 130.0 (d, 3JC-F = 8.0 Hz, 2C), 129.4 (2C), 115.1 (d, 2JC-F = 21.2 Hz, 2C), 114.7 (2C), 113.3, 78.6, 75.7, 

55.8 ppm. 19F NMR (376 MHz, CDCl3): δ -114.78 to -114.85 (m, 1F) ppm. IR (neat, cm-1): 3285, 2909, 2137, 

1600, 1503, 1377, 1229, 1181, 1019, 897, 840, 785, 732. HRMS calc. for [C17H14FO + H], 253.1021 found 

253.1023. 

3.7.3. Intermolecular Dicarbofunctionalization of Styrenes with CO2 

General procedure for the dicarbofunctionalization of styrenes with CO2: An oven-dried 20 mL Schlenk 

tube was charged with styrene (0.2-0.3 mmol), photocatalyst (1-2 mol%), and oven-dried 5 glass balls (5 mm 

diameter). The Schlenk tube was then introduced into a glovebox 

where it was charged with the appropriate radical precursor 

[CF3SO2Na (1.2-2.0 equiv), CF2HSO2Na (1.2-2.0 equiv), benzylic 

trifluoroborates (1.2 equiv), or oxalates (1.2 eq)]. The Schlenk tube 

was then taken out of the glovebox. DMF (2-3 mL) was added 

under a flow of nitrogen, then three freeze-pump-thaw cycles were 

conducted in liquid nitrogen. Finally, the Schlenk tube was closed 

under an atmospheric pressure of CO2 (1 atm). The reactions were placed in the pre-programed temperature-

controlled blue LED reactor as shown in Figure 1 and the LEDs (36 V, 0.9 A) were turned on at the same time 

as the orbital shaker plate (250 rpm). After 15-30 h of reaction, the reaction was quenched with HCl (1 mL, 

OF

OF
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2M) to hydrolyze the resulting carboxylate, then extracted 3 times with EtOAc. The combined organic layers 

were dried over MgSO4 and concentrated under reduced pressure. The products were purified by flash 

chromatography (hexanes/EtOAc 10/1 followed by hexanes/EtOAc 10/4). In the cases where the acid product 

was unstable, the crude acid was converted after workup to the corresponding methyl ester with TMSCHN2. 

This was followed by column chromatography (hexanes/EtOAc 19/1) to provide the desired ester.  

 
4,4,4-trifluoro-2,2-diphenylbutanoic acid (1): Following the general procedure, using Ir photocatalyst Ir-2 

(2.7 mg, 1 mol%), CF3SO2Na (46.5 mg, 0.36 mmol) and 1s (54 mg, 0.30 mmol), DMF (3 mL) for 15 h afforded 

1 as a white solid in 86% yield (76 mg). Mp 125 ºC. 1H NMR (400 MHz, CDCl3): δ 7.37-7.32 (m, 10H), 3.40 

(q, 3JH-F = 10.2 Hz, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ 178.6, 140.5 (2C), 129.0 (4C), 128.3 (4C), 127.9 

(2C), 125.8 (q, 1JC-F = 275.3 Hz), 56.5, 42.5 (q, 3JC-F = 27.3 Hz) ppm. 
19F NMR (376 MHz, CDCl3): δ -58.67 (t, 

3JF-H = 10.2 Hz, 3F) ppm. IR (neat, cm-1): 3010, 1695, 1496, 1446, 1403, 1367, 1310, 1255, 1209, 1170, 

1120,1034, 991, 933, 833, 782, 758, 689. HRMS calc. for [C16H13F3O2-COOH], 249.0892 found 249.0897. 

 
4,4,4-trifluoro-2-(4-methoxyphenyl)-2-phenylbutanoic acid (2): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2, 0.24 mmol) and 2s (42 mg, 0.20 mmol), DMF (2 ml) 

for 12 h afforded 2 as a white solid in 93% yield (60 mg). Mp: 128°C. 1H NMR (400 MHz, CDCl3): δ 7.34-

7.31 (m, 5H), 7.27-7.23 (m, 2H), 6.90-6.86 (m, 2H), 3.81 (s, 3H), 3.40-3.28 (m, 2H) ppm. 13C NMR (100 MHz, 

CDCl3): δ 178.6, 159.0, 140.7, 132.5, 130.2 (2C), 129.0 (2C), 128.2 (2C),, 127.8, 125.8 (q, 1JC-F = 275.6 Hz), 

113.6 (2C), 55.9, 55.4, 42.5 (q, 3JC-F = 27.5 Hz) ppm.. 
19F NMR (376 MHz, CDCl3): δ -58.29 (t, 1JF-H = 10.3 

Hz, 3F) ppm. IR (neat, cm-1): 2925,1690,1611,1512,1457,1436, 1361, 1317, 1251,1209,1114,1026, 949, 827, 

800, 774, 739, 717, 691. HRMS calc. for [C17H15F3O3-COOH], 279.1005 found 279.1002. 

 
4,4,4-trifluoro-2-(4-fluorophenyl)-2-phenylbutanoic acid (3): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2, 0.24 mmol) and 3s (40 mg, 0.20 mmol), DMF (2 ml) 

for 15 h afforded 3 as a white solid in 79% yield (50 mg). Mp: 123°C. 1H NMR (500 MHz, CDCl3): δ 7.36-

7.32 (m, 7H), 7.04-7.01 (m, 2H), 3.51-3.42 (m, 1H), 3.34-3.25 (m, 1H) ppm. 13C NMR (125 MHz, CDCl3): δ 

178.7, 162.1 (d, 1JC-F = 246.4 Hz), 140.5, 136.2 (d, 4JC-F = 3.4 Hz), 131.0 (d, 3JC-F = 8.4 Hz, 2C),, 128.7 (2C), 

128.5 (2C), 128.2, 125.6 (q, 1JC-F = 276.6 Hz), 115.1 (d, 2JC-F F = 21.4 Hz, 2C), 56.0, 42.5 (q, 3JC-F = 27.5 Hz) 

ppm. 19F NMR (376 MHz, CDCl3): δ -58.75 (t, 3JFH = 10.2 Hz, 3F), -115 to -115.08 (m, 1F) ppm. IR (neat, 
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cm-1): 2960, 1698, 1605, 1507, 1445, 1409, 1366, 1258, 1234, 1201, 1166, 1126, 1037, 991, 912, 775, 742, 

705. HRMS calc. for [C16H12F4O2-COOH] 267.0802 found 267.0805.  

 

4,4,4-trifluoro-2-(4-fluorophenyl)-2-(4-(pent-4-en-1-yloxy)phenyl)butanoic acid (4): Following the 

general procedure, using Ir photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2, 0.24 mmol) and 4s (56.4 

mg, 0.20 mmol), DMF (3 mL) for 15 h afforded 4 as a clear oil in 62% yield (49 mg). 1H NMR (400 MHz, 

CDCl3): δ 7.31-7.27 (m, 2H), 7.22-7.20 (m, 2H), 7.01-6.97 (m, 2H), 6.85-6.83 (m, 2H), 5.90-5.80 (m, 1H), 

5.1-4.93 (m, 2H), 3.97 (t, 3JH-H = 6.4 Hz, 2H), 3.47-3.36 (m,1 H), 3.24-3.13 (m, 1H), 2.27-2.21 (m, 2H), 1.92-

1.85 (m, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ 178.1, 162.1 (d, 1JC-F = 246.2 Hz), 158.7, 137.8, 136.4 (d, 
4JC-F = 3.4 Hz), 132.3, 131.0 (d, 3JC-F = 8.6 Hz, 2C), 129.5 (2C), 125.5 (q, 1JC-F = 276.2 Hz), 115.4, 115.1 (d, 
2JC-F = 21 Hz, 2C), 114.3 (2C), 67.4, 55.30, 42.6 (q, 2JC-F = 27.4 Hz), 30.2, 28.5 ppm. 19F NMR (376 MHz, 

CDCl3): δ -58.82 (t, 3JF-H = 10.2 Hz, 3F), -114.61 to -114.68 (m, 1F) ppm. IR (neat, cm-1): 2955, 1701, 1606, 

1506, 1436, 1364, 1248,1185, 1118, 1014, 993, 926, 824. HRMS calc. for 351.1369 found 351.1378.  

 

4,4,4-trifluoro-2-(4-fluorophenyl)-2-(4-(prop-2-yn-1-yloxy)phenyl)butanoic acid (5): Following the 

general procedure, using Ir photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2 mg, 0.24 mmol) and 5s 

(50.4 mg, 0.20 mmol), DMF (3 ml), afforded 5 as a clear oil in 62% yield (45 mg). 1H NMR (400 MHz, CDCl3): 

δ 7.31-7.24 (m, 4H), 7.02-6.98 (m, 2H), 6.94-6.91 (m, 2H), 4.69 (d, 4JH-H = 2.4 Hz, 2H), 3.46-3.345 (m, 1H), 

3.26-3.15 (m, 1H), 2.53 (t, 4JH-H = 2.4 Hz, 1H) ppm. 13C NMR (100 MHz, CDCl3): δ 177.8, 162.1 (d, 1JC-F = 

246.2 Hz), 157.2, 136.3 (d, 4JC-F = 3.3 Hz), 133.4, 130.9 (d, 3JC-F = 8.0 Hz, 2C), 129.9 (2C), 125.8 (q, 1JC-F = 

276.5 Hz), 115.1 (d, 2JC-F = 21 Hz, 2C), 114.7 (2C), 78.4, 75.9, 55.9, 55.3, 42.6 (q, 2JC-F = 27.2 Hz) ppm.19F 

NMR (376 MHz, CDCl3): δ -58.82 (t, 3JF-H = 10.3 Hz, 3F), -114.49 to -114.56 (m, 1F) ppm. IR (neat, cm-1): 

2956, 1705, 1605, 1506, 1440, 1364, 1259, 1227, 1185, 1121, 1025, 925, 824, 730. HRMS calc. for 

[C19H14F4O2-COOH] 321.0912 found 321.0908.  

 
4,4,4-trifluoro-2-phenyl-2-(o-tolyl)butanoic acid (6): Following the general procedure, using Ir 

photocatalyst Ir-2 (2.7 mg, 1 mol%), CF3SO2Na (46.5, 0.36 mmol) and 6s (59 mg, 0.30 mmol), DMF (3 ml) 

for 12 h, afforded 6 as a white solid in 93% yield (86 mg). Mp: 137°C. 1H NMR (400 MHz, CDCl3): δ 7.44-
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7.41 (m, 3H), 7.35-7.26 (m, 3H), 7.25-7.20 (m, 2H), 7.14-7.12 (m, 1H), 3.56-3.39 (m, 2H), 1.88 (s, 3H) ppm. 
13C NMR (100 MHz, CDCl3): δ 178.4, 140.2, 137.7, 137.6, 132.8, 129.7 (2C), 128.5 (2C), 128.4, 128.1, 

127.8,125.8 (q, 1JC-F = 275.2 Hz), 125.8, 56.5, 40.5 (q, 3JC-F = 27.4 Hz), 21.54 ppm.. 19F NMR (376 MHz, 

CDCl3): δ -58.98 (t, 3JF-H = 10.2 Hz, 3F) ppm. IR (neat, cm-1): 2956, 1691, 1488, 1448, 1368, 1360, 1257, 1209, 

1188, 1131, 1098, 1051, 984, 942, 760, 735, 689. HRMS calc. for [C17H15F3O2-COOH], 263.1059 found 

263.1053. 

 
4,4,4-trifluoro-2-(4-(tosyloxy)phenyl)butanoic acid (7): Following the general procedure, using Ir 

photocatalyst Ir-2 (3.6 mg, 2 mol%), CF3SO2Na (74 mg, 0.4 mmol) and 7s (54.6 mg, 0.20 mmol), DMF (3 ml) 

at 5 ºC for 15 h, afforded 7 as a yellow solid in 60% yield (49 mg). Mp: 103 °C. 1H NMR (400 MHz, CDCl3): 

δ 7.68 (d, 3JH-H = 8.3 Hz, 2H), 7.3 (d, 3JH-H = 8.3 Hz, 2H), 7.23 (d, 3JH-H = 8.56 Hz, 2H), 6.97 (d, 3JH-H = 8.56, 

2H), 3.87 (m, 1H), 3.05-2.94 (m, 1H), 2.49-2.41 (m, 4H) ppm. 13C NMR (125 MHz, CDCl3): δ 176.8, 149.5, 

145.7, 135.3, 132.2, 129.9 (2C), 129.1 (2C), 128.5(2C), 125.9 (q, 1JC-F = 275 Hz), 123.1 (2C), 44.7, 37.0 (q, 
2JC-F = 28 Hz), 21.8 ppm. 19F NMR (376 MHz, CDCl3): δ -64.82 (t, 3JH-H = 10.3 Hz, 3F) ppm. IR (neat, cm-1): 

1704, 1596, 1501, 1366, 1331, 1285, 1260, 1199, 1173, 1138, 1091, 1016, 969, 948, 867, 810, 770, 703, 

660..HRMS calc. for [C17H15F3O5S - H], 387.0529 found 387.0520. 

 
4,4,4-trifluoro-2-(4-(trifluoromethyl)phenyl)butanoic acid (8): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2 mg, 0.24 mmol), 8s (34.2 mg, 0.20 mmol) and DMF (2 

ml) for 15 h, afforded 8 as a white solid in 85% yield (49 mg). Mp: 100 °C 1H NMR (500 MHz, CDCl3): δ 

7.63 (d, 3JH-H = 8.1 Hz, 2H), 7.44 (d, 3JH-H = 8.1 Hz, 2H,), 3.99 (dd, 3JH-H = 8.1 Hz, 5.6 Hz, 1H), 3.14-3.03 (m, 

1H), 2.58-2.50 (m, 1H) ppm. 13C NMR (125 MHz, CDCl3): δ 177.4, 140.1, 130.9 (q, 2JC-F = 32.3 Hz), 128.4 

(2C), 126.3 (q, 3JC-F = 3.6 Hz, 2C), 125.8 (q, 1JC-F = 275.3 Hz), 123.8 (q, 1JC-F = 275.6 Hz), 45.3, 36.9 (q, 3JC-F 

= 28.3 Hz) ppm. 19F NMR (376 MHz, CDCl3): δ -62.82 (m, 3F), -65.18 (t, 3JF-H = 10.6 Hz, 3F) ppm. IR (neat, 

cm-1): 1696, 1617, 1419, 1393, 1324, 1255, 1120, 1096, 1069, 1016, 928, 834, 810, 743, 715. HRMS calc. for 

[C11H8F6O2 - H], 285.0363 found 285.0356.  

 
4,4,4-trifluoro-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)butanoic acid (9): Following the 

general procedure, using Ir photocatalyst Ir-2 (3.6 mg, 2 mol%), CF3SO2Na (74 mg, 0.24 mmol) and 9s (46 
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mg, 0.20 mmol), DMF (3 ml) at 5 ºC for 10 h afforded 9 as a semi solid in 51% yield (34 mg). 1H NMR (400 

MHz, CDCl3): δ 7.79 (d, 3JH-H = 8 Hz, 2H), 7.30 (d, 3JH-H = 8 Hz, 2H), 3.91 (dd, 3JH-H = 5.5 Hz, 8.28 Hz, 1H), 

3.15-3.08 (m, 1H), 2.56-2.44 (m, 1H), 1.34 (s, 12H) ppm. 13C NMR (100 MHz, CDCl3): δ 176.4, 139.5, 135.7 

(2C), 127.4, 127.2 (2C), 125.7 (q, 1JC-F = 275.1 Hz), 84.7 (2C), 45.4, 36.9 (q, 3JC-F = 28 Hz), 24.9 (4C) ppm. 
19F NMR (376 MHz, CDCl3): δ -65.33 (t, 3F, 3JC-F = 10.4 Hz ) ppm. IR (neat, cm-1): 2978, 1715, 1610, 1516, 

1398, 1357, 1258, 1136, 1088, 1020, 961, 856. HRMS calc. for [C16H20BF3O4 - H], 342.1373 found 342.1370. 

 
2-(2-bromophenyl)-4,4,4-trifluorobutanoic acid (10): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2, 0.24 mmol), 10s (36.2 mg, 0.20 mmol), and DMF (2 

ml) for 20 h, afforded 10 as a oil in 80 % yield (48.3 mg). 1H NMR (300 MHz, CDCl3): δ 7.64-7.61 (m, 1H), 

7.33-7.32 (m, 2H), 7.22-7.16 (m, 1H), 4.53 (m ,1H), 3.15-2.98 (m, 1H), 2.63-2.46 (m, 1H) ppm. 13C NMR 

(100 MHz, CDCl3): δ 177.0, 136.1, 133.8, 129.9, 129.0, 128.3, 125.8 (q, 1JC-F = 275 Hz), 124.4, 44.4, 36.4 (q, 
2JC-F = 29 Hz) ppm. 19F NMR (376 MHz, CDCl3): δ -65.16 (t, 3JF-HH = 10.3 Hz, 3F) ppm. IR (neat, cm-1): 2924, 

1711,1472, 1435, 1375,1257, 1128, 1098,1066, 1023, 966, 922, 840, 744, 659. HRMS calc. for [C10H8BrF3O2 

- H], 294.9575 found 294.9587. 

 
2-(2-chlorophenyl)-4,4,4-trifluorobutanoic acid (11): Following the general procedure, using Ir 

photocatalyst Ir-2 (2.7 mg, 1 mol%), CF3SO2Na (46.5, 0.36 mmol) and 11s (41.2 mg, 0.30 mmol), DMF (3 

ml) 18 h, afforded 11 as a oil in 60 % yield (45.3 mg). 1H NMR (500 MHz, CDCl3): δ 7.44-7.42 (m, 1H), 7.34-

7.32 (m, 1H), 7.29-7.26 (m, 2H), 4.49 (m, 1H), 3.14-3.03 (m, 1H), 2.61-2.51 (m, 1H) ppm.13C NMR (100 

MHz, CDCl3): δ 177.2, 134.3, 133.7, 130.2, 129.5, 129.1, 127.4, 127.8 (q, 1JC-F = 275.4 Hz), 42.1 (q, 3JC-F = 

2.8 Hz), 36.0 (q, 3JC-F = 29 Hz) ppm. 19F NMR (376 MHz, CDCl3): δ -65.32 (t, 2JF-H = 10.2 Hz, 3F) ppm. IR 

(neat, cm-1): 2957, 1712, 1474, 1435, 1378, 1258, 1133, 1102, 1037, 925. HRMS calc. for [C10H8F3O2 - H], 

251.0100 found 251.0092. 

 
4,4,4-trifluoro-2-(2-(pivaloyloxy)phenyl)butanoic acid (12): Following the general procedure, using Ir 

photocatalyst Ir-2 (3.6 mg, 2 mol%), CF3SO2Na (74 mg, 0.24 mmol) and 12s (40.8 mg, 0.20 mmol), DMF (3 

ml) at 5 ºC for 20 h, afforded 12 as a clear oil in 60% yield (38 mg). 1H NMR (500 MHz, CDCl3): δ 7.36-7.32 

(m, 2H), 7.25-7.22 (m, 1H), 7.05 (m, 1H), 4.09 (dd, 3JH-H = 5.3, 8.25 Hz 1H), 3.11-3.04 (m, 1H), 2.50-2.40 (m, 

1H), 1.38 (s, 9H) ppm. 13C NMR (125 MHz, CDCl3): δ 177.1, 176.6, 148.6, 129.4, 128.8, 126.6, 125.9 (q, 1JC-
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F = 275.1 Hz), 123.10, 39.4, 38.7 (q, 4JC-F = 2.5 Hz), 36.4 (q, 3JC-F = 29 Hz), 27.1 (4C) ppm. 19F NMR (376 MHz, 

CDCl3): δ -65.66 (t, 3JF-H = 10.2 Hz, 3F) ppm. IR (neat, cm-1): 2974, 1748, 1715, 1480, 1373, 1380, 1259, 1211, 

1100, 1027, 965, 941, 894, 839, 753. HRMS calc. for [C15H17F3O4 - H], 317.1018 found 317.1006. 

 
4,4,4-trifluoro-2-(3-methoxyphenyl)butanoic acid (13): Following the general procedure, using Ir 

photocatalyst Ir-2 (3.6 mg, 2 mol%), CF3SO2Na (74 mg, 0.24 mmol) and 13s (26.8 mg, 0.20 mmol), DMF (3 

ml) at 5 ºC for 15 h, afforded 13 as a whit solid in 57 % yield (28 mg). Mp 112 ºC.  1H NMR (400 MHz, CDCl3): 

δ 7.30-7.26 (m, 1H), 6.91-6.85 (m, 3H), 3.89 (dd, 3JH-H = 5.16 Hz, 8.6 Hz, 1H), 3.81 (s, 3H), 3.15-3.01 (m, 

1H), 2.55-2.46 (m, 1H) ppm.13C NMR (100 MHz, CDCl3): δ 177.7, 160.1, 137.8, 130.3, 125.8 (q, 1JC-F = 275.4 

Hz), 120.0, 113.7, 113.7, 55.4, 45.3, 37.1 (q, 3JC-F = 28.4 Hz) ppm. 19F NMR (376 MHz, CDCl3): δ -65.44 (t, 
3JF-H = 10.2 Hz, 3F) ppm. IR (neat, cm-1): 2964, 1714, 1607, 1584, 1487, 1442, 1378, 1254, 1231, 1114, 1087, 

1046, 931, 883. HRMS calc. for [C11H11F3O3 - H], 247.0587 found 247.0588. 

 
4,4,4-trifluoro-2-(3-(trifluoromethyl)phenyl)butanoic acid (14): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (46.5, 0.24 mmol), 14s (34.2 mg, 0.20 mmol) and DMF (2 

ml) for 15 h, afforded 14 as a oil in 80% yield (45.7 mg).1H NMR (400 MHz, CDCl3): δ 7.62-7.57 (m, 2H), 

7.53-7.7.48 (m, 2H), 4.00 (dd, 3JH-H = 8.2 Hz, 5.8 Hz 1H), 3.17-3.04 (m, 1H), 2.60- 2.48 (m, 1H) ppm. 13C 

NMR (100 MHz, CDCl3): δ 176.9, 137.2, 131.8 (q, 2JC-F = 32.3 Hz), 131.3, 129.8, 125.7 (q, 1JC-F = 275 Hz), 

125.5 (q, 3JC-F = 3.7 Hz), 124.7 (q, 3JC-F = 3.7 Hz), 123.5 (q, 1JC-F = 275 Hz), 45.2 (q, 4JC-F = 2.8 Hz), 36.9 (q, 
2JC-F = 28.7 Hz) ppm. 19F NMR (376 MHz, CDCl3): δ -62.87 (s, 3F), -65.30 (t, 3JH-F = 10.6 Hz, 3F) ppm. IR 

(neat, cm-1): 1715, 1383, 1326, 1261, 1112, 965, 918, 843, 804, 730, 700. HRMS calc. for [C11H8F6O2 - H], 

285.0356 found 285.0359. 

 
2-(3-bromophenyl)-4,4,4-trifluorobutanoic acid (15): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2 mg, 0.24 mmol), 15s (36.4 mg, 0.20 mmol) and DMF 

(2 ml) for 15 h, afforded 15 as a colorless liquid in 75% yield (45 mg).1H NMR (400 MHz, CDCl3): δ 7.53-

7.50 (m, 2H), 7.31-7.28 (m, 2H), 3.92 (dd, 3JH-H = 8.3 Hz, 5.6 Hz 1H), 3.17-3.04 (m, 1H), 2.60-2.48 (m, 1H) 
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ppm. 13C NMR (125 MHz, CDCl3): δ 177.2, 138.4, 131.7, 130.9, 130.8, 126.5, 125.8 (q, 1JC-F = 275 Hz), 123.2, 

45.0, 36.9 (q, 2JC-F = 29 Hz ) ppm. 19F NMR (376 MHz, CDCl3): δ -65.31 (t, 3JF-H = 10.1 Hz, 3F) ppm. IR (neat, 

cm-1): 1712, 1569, 1473, 1429, 1378, 1328, 1257, 1139, 1111, 997, 966, 903, 840, 784, 757, 693. HRMS calc. 

for [C10H8BrF3O2 - H], 294.9580 found 294.9587. 

 
methyl 4-(4,4,4-trifluoro-1-methoxy-1-oxobutan-2-yl)benzoate (16): Following the general procedure, 

using Ir photocatalyst Ir-2 (3.6 mg, 2 mol%), CF3SO2Na (74 mg, 0.24 mmol) and 16s (32.4 mg, 0.20 mmol) 

and DMF (3 ml) at 5 ºC for 12 h, followed by the treatment of the crude acid with TMSCHN2 afforded 16 (60% 

yield, 35 mg) as a white solid. Mp 53 ºC.  1H NMR (400 MHz, CDCl3): δ 8.02-7.99 (m, 2H), 7.38-7.35 (m, 

2H), 3.95 (dd, 3JH-H = 5.72 Hz, 8.32 Hz, 1H), 3.95 (s, 3H), 3.67 (s, 3H), 3.17-3.03 (m, 1H), 2.57-2.44 (m, 1H) 

ppm. 13C NMR (100 MHz, CDCl3): δ 171.8, 166.5, 141.9, 130.3 (2C), 130.1, 127.8, 125.9 (q, 1JC-F = 275.1 

Hz), 52.8, 52.2, 45.3 (q, 4JC-F = 2.8 Hz), 37.0 (q, 3JC-F = 29 Hz) ppm.19F NMR (376 MHz, CDCl3): δ -65.39 (t, 
3JF-H = 10.3 Hz, 3F) ppm. IR (neat, cm-1): 2952, 1718, 1611, 1435, 1265, 1259, 1207, 1137, 1095, 1060, 1019, 

953, 745, 702. 

 
methyl 4,4,4-trifluoro-2-(4-(methoxy(methyl)carbamoyl)phenyl)butanoate (17): Following the general 

procedure, using Ir photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2, 0.24 mmol) and 17s (38.2 mg, 0.20 

mmol) and DMF (2 ml) for 15 h, followed by the treatment of the crude acid with TMSCHN2 afforded 17 (70% 

yield, 42 mg). as a semi solid. 1H NMR (400 MHz, CDCl3): δ 7.63-7.60 (m, 2H), 7.30-7.28 (m, 2H), 3.89 (dd, 
3JH-H = 5.4 Hz, 8.68 Hz, 1H), 3.63 (s, 3H), 3.49 (s, 3H), 3.29 (s, 3H), 3.12-2.99 (m, 1H), 2.52-2.39 (m, 1H) 

ppm 13C NMR (100 MHz, CDCl3): δ 171.9, 169.1, 139.3, 133.8, 128.9 (2C), 127.3 (2C), 125.9 (q, 1JC-F = 275.4 

Hz), 61.0, 52.6, 45.0 (q, 3JC-F = 2.8 Hz), 36.9 (q, 3JC-F = 29 Hz), 33.5 ppm. 19F NMR (376 MHz, CDCl3): δ -

65.47 (t, 3JH-F = 10.2 Hz, 3F) ppm. IR (neat, cm-1): 2955, 1735, 1645, 1436, 1374, 1259, 1207, 1135, 1098, 

1061, 979, 952, 746. HRMS calc. for [C14H16F3NO4 + Na], 342.0924 found 342.0926. 

 
4,4,4-trifluoro-2-(4-methoxyphenyl)-3-methyl-2-phenylbutanoic acid (18): Following the general 

procedure, using Ir photocatalyst Ir-2 (3.6 mg, 2 mol%), CF3SO2Na (74.4, 0.4 mmol), 18s (45 mg, 0.20 mmol), 

and DMF (3 ml) for 30 h, afforded 18 as a mixture of diastereoisomers in 47% yield (30 mg). Mp: 64 °C. 1H 
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NMR (500 MHz, CDCl3): δ 7.40 – 7.29 (m, 7H), 6.88-6.86 (m, 2H), 4.16-4.10 (m, 1H), 3.82 (s, 3H), 1.20 (d, 
3JH-H = 7Hz, 3H) ppm. 13C NMR (125 MHz, CDCl3): δ 178.8, 159.1, 136.7, 132.4, 131.2 (3C), 127.6 (2C), 

127.5 (q, 1JC-F = 279 Hz), 127.2 (2C), 113.6, 60.6, 55.3, 42.5 (q, 2JC-F = 27.2 Hz ), 10.17 ppm. 19F NMR (376 

MHz, CDCl3): δ -64.34 (brs, 3F) ppm. IR (neat, cm-1): 1699, 1606, 1509, 1463, 1373, 1250, 1167, 1116, 1091, 

1033, 906, 830, 798, 770, 708. HRMS calc. for [C18H17F3O2-COOH] 293.1169 found 293.1159. 

 
2-(4-chlorophenyl)-4,4,4-trifluoro-2-methylbutanoic acid (19): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8, 1 mol%), CF3SO2Na (37.2 mg, 0.24 mmol), 19s (30.4 mg, 0.20 mmol) and DMF (2 

ml) for 15 h, afforded 19 as a colorless liquid in 68% yield (36 mg).1H NMR (500 MHz, CDCl3): δ 7.36-7.32 

(m, 4H), 3.13-3.03 (m, 1H), 2.73-2.64 (m, 1H), 1.76 (s, 3H) ppm. 13C NMR (125 MHz, CDCl3): δ 180.6, 139.2, 

134.1, 127.1 (2C), 127.3 (2C), 125.9 (q, 1JC-F = 276 Hz), 46.8, 42.3 (q, 2JC-F = 27.6 Hz ), 21.3 ppm. 19F NMR 

(376 MHz, CDCl3): δ -59.80 (t, 3JH-F = 10.6 Hz, 3F) ppm. IR (neat, cm-1): 2895, 1701, 1493, 1431, 1402, 1366, 

1259, 1215, 1156, 1111, 1083, 1034, 1011, 909, 845, 821, 754, 724, 695. HRMS calc. for [C11H10ClF3O2 - H], 

265.0245 found 265.0249. 

 
2-ethyl-4,4,4-trifluoro-2-(4-(trifluoromethyl)phenyl)butanoic acid (20): Following the general procedure, 

using Ir photocatalyst Ir-2 (1.8 mg, 1 mol%), CF3SO2Na (37.2 mg, 0.24 mmol), 20s (37.2 mg, 0.20 mmol) and 

DMF (2 ml) for 15 h, afforded 20 as a white solid in 67% yield (42 mg). Mp: 87 °C. 1H NMR (500 MHz, 

CDCl3): δ 7.65 (d, 3JH-H = 8.4 Hz, 2H), 7.46 (d, 3JH-H = 8.4 Hz, 2H,), 3.08-3.02 (m, 1H), 2.98 – 2.88 (m, 1H), 

2.35- 2.28 (m, 2H), 0.87 (t, 3JH-H = 7.3 Hz, 3H) ppm. 13C NMR (125 MHz, CDCl3): δ 179.9, 143.7, 130.2 (q, 
2JC-F = 32.4 Hz), 126.8 (2C), 126.1 (q, 1JC-F = 276.3 Hz), 125.9 (q, 3JC-F = 3.5 Hz, 2C),124.0 (q, 1JC-F = 270.3 

Hz), 51.7, 37.7 (q, 2JC-F = 27.7 Hz), 26.9, 8.5 ppm. 19F NMR (376 MHz, CDCl3): δ -60.16 (t, 3JH-F = 10.6 Hz, 

3F), -62.91 (s, 3F) ppm. IR (neat, cm-1): 2980, 1699, 1619, 1444, 1404, 1371, 1324, 1252, 1199, 1112, 1057, 

1015, 909, 831, 789, 721, 676. HR-MS (EI) m/z calcd for [C13H12O2F6] [M-COOH] 270.0759 found 269.0770.  

 
methyl 2-(4-cyanophenyl)-4,4,4-trifluoro-3-methylbutanoate (21): Following the general procedure, using 

Ir photocatalyst Ir-2 (3.6 mg, 1 mol%), CF3SO2Na (74, 0.24 mmol), 21s (26 mg, 0.20 mmol) and DMF (3 ml) 

for 20 h, followed by the treatment of crude acid with TMSCHN2 afforded 21 (32 mg, 60% yield) as a clear 

oil (dr 2:1). Major isomer: 1H NMR (500 MHz, CDCl3): δ 7.65 (d, 3JH-H = 8.3 Hz, 2H), 7.45 (d, 3JH-H = 8.3 Hz, 
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2H), 3.78 (m, 1H), 3.69 (s, 3H), 3.20-3.12 (m, 1H), 0.86 (d, 3JH-H = 7.15 Hz, 3H) ppm. 13C NMR (125 MHz, 

CDCl3): δ 171.9, 140.4, 132.7 (2C), 127.4 (q, 1JC-F = 278.4 Hz) 129.8 (2C), 118.3, 112.4, 52.9, 51.2, 40.5 (q, 

3JC-F = 26.2 Hz, 11.3 ppm. Minor isomer: 1H NMR (500 MHz, CDCl3): δ 7.62 (d, 3JH-H = 8.3 Hz, 2H), 7.48 (d, 

3JH-H = 8.3 Hz, 2H), 3.78 (m, 1H), 3.69 (s, 3H), 3.0-2.97 (m, 1H), 1.26 (d, 3JH-H = 6.9 Hz, 3H) ppm. 13C NMR 

(125 MHz, CDCl3): δ 171.2, 141.2, 132.5 (2C), 127.4 (q, 1JC-F = 278.7 Hz) 129.3 (2C), 118.5, 112.2, 52.8, 51.2, 

41.8 (q, 3JC-F = 26.4 Hz), 12.5 ppm. IR (neat, cm-1): 2954, 2229, 1735, 1607, 1505, 1464, 1331, 1258, 1206, 

1166, 1123, 1023, 842. HRMS calc. for [C13H12F3NO2 + Na], 294.0717 found 294.0712.  

 
2-(2-chlorophenyl)-4,4-difluorobutanoic acid (22): Following the general procedure, using Ir photocatalyst 

Ir-2 (2.7 mg, 1 mol%), CF2HSO2Na (41.4 mg, 0.36 mmol), 22s (41 mg, 0.30 mmol) and DMF (3 ml) for 15 

h, afforded 22 as a colorless liquid in 60% yield (42 mg). 1H NMR (400 MHz, CDCl3): δ 7.44-7.44 (m, 1H), 

7.32-7.28 (m, 3H), 5.85 (tt, 1JH-F = 55.72 Hz, 3JH-H 4.80 Hz, 1H), 4.42 (m, 1H), 2.80-2.66 (m, 1H), 2.38-2.23 

(m, 1H) ppm.13C NMR (100 MHz, CDCl3): δ 177.7, 135.0, 134.0, 130.3, 129.4, 129.2, 127.6, 115.6 (t, 1JC-F = 

237.8 Hz), 42.3 (t, 3JC-F = 6.0 Hz),, 36.4 (t, 2JC-F =22.9 Hz) ppm.19F NMR (376 MHz, CDCl3): δ -115.26 to -

118.31 (m, 2F) ppm. IR (neat, cm-1): 2948, 1705, 1475, 1402, 1259, 1117, 1066, 1033, 912, 748. HRMS calc. 

for [C10H9ClF2O2 - H], 233.0188 found 233.0186. 

 
methyl 4-(4,4-difluoro-1-methoxy-1-oxobutan-2-yl)benzoate (23): Following the general procedure, using 

Ir photocatalyst Ir-2 (3.6 mg, 2 mol%), CF2HSO2Na (54.8 mg, 0.40 mmol), 23s (32.4 mg, 0.20 mmol) and 

DMF (3 ml) for 15 h at 5 ºC. followed by the treatment of crude acid with TMSCHN2 afforded 23 as a white 

solid in 55% yield (30 mg). Mp 40 ºC. 1H NMR (400 MHz, CDCl3): δ 8.03-8.0 (m, 2H), 7.38-7.35 (m, 2H), 

5.74 (tt, 1JH-F  = 55.8 Hz, 3JH-H  4.5 Hz, 1H), 3.94-3.84 (m, 4H), 3.68 (s, 3H), 2.78-2.63 (m, 1H).2.34-2.19 (m, 

1H) ppm 1H extra.13C NMR (100 MHz, CDCl3): δ 172.5, 166.7, 142.4, 130-4, 129.9, 127.9, 115.6 (t, 1JC-F  = 

237.6 Hz), 52.7, 52.3, 45.3 (t, 3JC-F = 5.9 Hz), 37.4 (t, 2JC-F =22.7 Hz) ppm. 19F NMR (376 MHz, CDCl3): δ -

116.312 to -118.43 (m, 2F). IR (neat, cm-1): 1735, 1718, 1610, 1434, 1365, 1275, 1235, 1215, 1161, 1109, 

1075, 1044, 934, 833, 779. HRMS calc. for [C13H14F2O4 + H], 273.0925 found 273.0933. 

 
4,4-difluoro-2-(4-methoxyphenyl)-2-phenylbutanoic acid (24): Following the general procedure, using Ir 

photocatalyst Ir-2 (1.8 mg, 1 mol%), CF2HSO2Na (27.6, 0.24 mmol)), 24s (42 mg, 0.20 mmol) and DMF (2 
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ml) for 15 h, afforded 24 as a colorless liquid in 75% yield (46 mg). 1H NMR (400 MHz, CDCl3): δ 7.36-7.30 

(m, 5H), 7.25-7.23 (m, 2H), 6.88-6.85 (m, 2H), 5.47 (tt, 1JH-F = 55.96 Hz, 3JH-H 4.64 Hz, 1H), 3.82 (s, 3H), 

3.02-2.93 (m, 2H) ppm.13C NMR (100 MHz, CDCl3): δ 179.5, 159.0, 141.2, 132.9, 130.0, 128.7, 128.4, 127.7, 

116.4 (t, 1JC-F = 237.75 Hz), 113.8, 56.4 (t, 3JC-F = 5.38 Hz), 55.3 , 42.7 (t, 2JC-F =22.7 Hz) ppm. 19F NMR (376 

MHz, CDCl3): δ -113.76 (dt, 3JH-F = 4.1 Hz, 2JH-F 14.9 Hz, 2F). IR (neat, cm-1): 2952, 1698, 1607, 1508, 1441, 

1398, 1249, 1182, 1115, 1052, 1028, 951, 825. [C17H16F2NaO3] [M-COOH+Na] 329.0954 found 329.0960. 

 
methyl 2-(4-cyanophenyl)-4-phenylbutanoate (25): Following the general procedure, using Ir photocatalyst 

Ir-3 (4.4 mg, 2 mol%), potassium benzyltrifluoroborate (47.5 mg, 0.24 mmol) and 25s (26 mg, 0.20 mmol) 

and DMF (3 ml) for 20 h, followed by the treatment of crude acid with TMSCHN2 afforded desired ester 3-p-

25 as a clear oil in 55 % yield (31 mg). 1H NMR (400 MHz, CDCl3): δ 7.64-7.61 (m, 2H), 7.43-7.40 (m, 2H), 

7.31-7.26 (m, 2H), 7.23-7.18 (m, 1H), 7.14-7.12 (m, 2H), 3.67 (s, 3H), 3.62 (t, 3JH-H = 7.64 Hz 1H), 2.57 (t, 
3JH-H = 8.76 Hz, 2H), 2.49-2.40 (m, 1H), 2.14-2.05 (m, 1H) ppm.13C NMR (100 MHz, CDCl3): δ 173.2, 144.2, 

140.6, 132.5, 129.0, 128.6, 128.5, 126.3, 118.7, 111.4, 52.4, 50.9, 34.8, 33.5 ppm. IR (neat, cm-1): 2950, 2227, 

1731, 1605, 1496, 1435, 1214, 1148, 1019, 834, 750, 698. HRMS calc. for [C18H17NO2 +Na ], 302.1158 found 

302.1151. 

 
4-(4-(tert-butyl)phenyl)-2-(4-(trifluoromethyl)phenyl)butanoic acid (26): Following the general procedure, 

using Ir photocatalyst Ir-3 (4.4 mg, 2 mol%), potassium 4-tert-butyl benzyltrifluoroborate (50.8 mg, 0.24 

mmol) and 26s (26 mg, 0.20 mmol) for 20 h. Purification by column chromatography on silica gel 

(hexanes/AcOEt 10/1 followed by hexanes/AcOEt 10/4) afforded 26 as a light yellow oil in 50 % yield (37 

mg). 1H NMR (400 MHz, CDCl3): δ 7.60 (d, 3JH-H = 8.12 Hz, 2H), 7.44 (d, 3JH-H = 8.12 Hz, 2H), 7.30 (d, 3JH-

H = 8.2 Hz, 2H), 7.07 (d, 3JH-H = 8.2 Hz, 2H), 3.66 (t, 3JH-H = 7.4 Hz, 1H), 2.56 (t, 3JH-H = 7.4 Hz, 2H), 2.49-

2.40 (m, 1H), 2.17-2.10 (m, 1H), 1.31 (s, 9H) ppm.  13C NMR (100 MHz, CDCl3): δ 179.0, 149.2, 142.2, 137.6, 

130.0 (q, 2JC-F = 32.4 Hz), 128.7 (2C), 128.1 (2C), 125.8 (q, 3JC-F = 3.5 Hz, 2C), 125.5 (2C), 124.1 (q, 1JC-F = 

270.3 Hz), 50.6, 34.5, 34.5, 32.8, 31.5 (3C) ppm. 19F NMR (376 MHz, CDCl3): δ -62.27 (s, 3F) ppm. IR (neat, 

cm-1): 2956, 1705, 1616, 1506, 1456, 1417, 1322, 1163, 1121, 1067, 1017, 832. HRMS calc. for [C21H23F3O2 

- H], 363.1578 found 363.1577.  
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methyl 2-(4-cyanophenyl)-4,4-dimethylpentanoate (27): Following the general procedure, using Ir 

photocatalyst Ir-3 (4.4 mg, 2 mol%), tert-butyl cesium oxalate (66.7 mg, 0.24 mmol) and 27s (26 mg, 0.20 

mmol) and DMF (3 ml) for 20 h, followed by the treatment of crude acid with TMSCHN2 afforded desired 

ester 27 as a pale-yellow oil in 61 % yield (30 mg). 1H NMR (500 MHz, CDCl3): δ 7.57 (d, 3JH-H = 8.3 Hz, 

2H), 7.43 (d, 3JH-H = 8.3 Hz 2H), 3.7 (dd, 3JH-H = 4.05 Hz, 9.0 Hz, 1H), 3.63 (s, 3H), 2.27 (dd, 3JH-H = 14 Hz, 

9.0 Hz, 1H), 1.54 (dd, 3JH-H = 4.05 Hz, 14.0 Hz, 1H), 0.88 (s, 9H) ppm. 13C NMR (125 MHz, CDCl3): δ 174.2, 

146.1, 132.5 (2C), 128.8 (2C), 118.7, 111.1, 54.4, 48.3, 47.3, 31.1, 29.4 (3C) ppm. IR (neat, cm-1): 2955, 2227, 

1730, 1604, 1502, 1431, 1365, 1337, 1282, 1208, 1149, 1022, 974, 832, 782. HRMS calc. for [C15H19NO2 + 

Na], 268.1312 found 268.1308. 

 
3-(1-methylcyclohexyl)-2-(4-(trifluoromethyl)phenyl)propanoic acid (28): Following the general 

procedure, using Ir photocatalyst Ir-3 (4.4 mg, 2 mol%), oxalate (76.3, 0.24 mmol), 28s (34 mg, 0.20 mmol) 

and DMF (3 ml) for 20 h, afforded 28 as a light yellow oil in 65 % yield (41 mg). 1H NMR (500 MHz, CDCl3): 

δ 7.56 (d, 3JH-H = 8.2 Hz, 2H), 7.66 (d, 3JH-H = 8.2 Hz 2H), 3.74 (dd, 3JH-H = 4.3 Hz, 8.3 Hz, 1H), 2.29 (dd, 3JH-

H = 8.3 Hz, 14.2 Hz, 1H), 1.64 (dd, 3JH-H = 4.3 Hz, 14.2 Hz, 1H), 1.45-1.17 (m, 10H), 0.87 (s, 3H) ppm.13C 

NMR (125 MHz, CDCl3): δ 180.4, 144.5, 129.7 (q, 2JC-F = 32.4 Hz), 128.5 (2C), 125.7 (q, 3JC-F = 3.5 Hz, 2C), 

124.3 (q, 1JC-F = 270.3 Hz), 47.1, 45.9, 37.9, 37.8, 33.7, 29.4, 26.3, 24.5, 21.9 ppm. 19F NMR (376 MHz, 

CDCl3): δ -62.24 (s, 3F) ppm. IR (neat, cm-1): 2924, 1704, 1616, 1418, 1321, 1162, 1121, 1067, 1018, 836, 

718. HRMS calc. for [C17H21F2O3 - H], 313.1423 found 313.1421. 

3.7.4. Fluorescence Quenching Experiments 

Fluorescence spectra were collected on Fluorolog Horiba Jobin Yvon spectrofluorimeter. Samples for the 

quenching experiments were prepared in a 4 mL glass cuvette with a septum screw cap. Ir-2 was irradiated at 

470 nm and the emission intensity at 570 nm was observed. In a typical experiment, the emission spectrum of 

a 5.0 x 10-5 M solution of Ir-2 in DMF was collected.  

CF3SO2Na: A stock solution of CF3SO2Na (77 mg, 0.5 mmol) in 1 ml of DMF was prepared. Then, different 

amounts of this stock solution were added to a solution of the photocatalyst Ir-2 in DMF (5.0 x 10-5 M). As 

shown (Figure 3.4), a significant decrease of [Ir(ppy)2(dtbbpy)]PF6 (Ir-2) luminescence was observed, 

suggesting that the mechanism might operate via a canonical photoredox cycle consisting of a reductive 

quenching with CF3SO2Na. 

Me CO2H

CF3
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Increasing amounts of substrates 1s (Eox = +1.81V vs SCE in MeCN) and 13s were added directly to a solution 

of the photocatalyst Ir-2 in DMF (5.0 x 10-5 M). In both cases, negligible decrease of Ir-2’s luminescence was 

observed (Figure 3.5 and 3.6). 

3.7.5. X-Ray Crystallography 

 

Table 1. Crystal data and structure refinement for 1 
_____________________________________________________________________ 
Identification code  II-YVR-3 
Empirical formula  C16 H13 F3 O2  
Formula weight  294.26 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 8.46011(9)Å a = 90°. 
 b = 19.1920(2)Å b = 104.3956(13)°. 
 c = 8.76645(13)Å c = 90°. 
Volume 1378.69(3) Å3 
Z 4 
Density (calculated) 1.418 Mg/m3 
Absorption coefficient 0.119 mm-1 
F(000)  608 
Crystal size  0.25 x 0.2 x 0.15 mm3 
Theta range for data collection 2.623 to 66.261°. 
Index ranges -21<=h<=21,-48<=k<=47,-19<=l<=22 
Reflections collected  68168 
Independent reflections 23017[R(int) = 0.0183] 
Completeness to theta =66.261°  93.3%  
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Absorption correction  Multi-scan 
Max. and min. transmission  0.982 and 0.755 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  23017/ 0/ 192 
Goodness-of-fit on F2  1.032 
Final R indices [I>2sigma(I)]  R1 = 0.0315, wR2 = 0.0998 
R indices (all data)  R1 = 0.0418, wR2 = 0.1068 
Largest diff. peak and hole  0.600 and -0.332 e.Å-3 
 

Table 2.  Bond lengths [Å] and angles [°] for 1. 
_____________________________________________________ 

Bond lengths---- 
F1-C4  1.3456(3) 
C1-C5  1.5328(2) 
C1-C2  1.5376(2) 
C1-C3  1.5442(2) 
C1-C11  1.5491(2) 
O1-C2  1.3140(2) 
O1-H1  0.786(7) 
F2-C4  1.3475(3) 
C2-O2  1.2254(2) 
F3-C4  1.3469(3) 
C3-C4  1.5138(3) 

C3-H3A  0.9700 
C3-H3AB  0.9700 

C5-C10  1.3949(3) 
C5-C6  1.4029(2) 
C6-C7  1.3902(3) 

C6-H6  0.9300 
C7-C8  1.3944(4) 

C7-H7  0.9300 
C8-C9  1.3901(3) 

C8-H8  0.9300 
C9-C10  1.3982(3) 

C9-H9  0.9300 
C10-H10  0.9300 

C11-C16  1.3946(3) 
C11-C12  1.4018(3) 
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C12-C13  1.3902(3) 
C12-H12  0.9300 

C13-C14  1.3956(4) 
C13-H13  0.9300 

C14-C15  1.3858(5) 
C14-H14  0.9300 

C15-C16  1.3996(4) 
C15-H15  0.9300 
C16-H16  0.9300 

 
Angles---------- 

C5-C1-C2 114.924(14) 
C5-C1-C3 110.191(14) 
C2-C1-C3 108.331(13) 
C5-C1-C11 109.528(13) 
C2-C1-C11 103.197(13) 
C3-C1-C11 110.452(14) 

C2-O1-H1 109.5 
O2-C2-O1 123.482(15) 
O2-C2-C1 121.456(16) 
O1-C2-C1 114.891(14) 
C4-C3-C1 115.903(16) 

C4-C3-H3A 108.3 
C1-C3-H3A 108.3 
C4-C3-H3AB 108.3 
C1-C3-H3AB 108.3 
H3A-C3-H3AB 107.4 

F1-C4-F3 106.26(2) 
F1-C4-F2 106.620(19) 
F3-C4-F2 106.076(19) 
F1-C4-C3 113.992(17) 
F3-C4-C3 113.003(17) 
F2-C4-C3 110.375(19) 
C10-C5-C6 118.729(16) 
C10-C5-C1 123.928(15) 
C6-C5-C1 117.228(16) 
C7-C6-C5 120.964(19) 

C7-C6-H6 119.5 
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C5-C6-H6 119.5 
C6-C7-C8 119.936(19) 

C6-C7-H7 120.0 
C8-C7-H7 120.0 

C9-C8-C7 119.539(18) 
C9-C8-H8 120.2 
C7-C8-H8 120.2 

C8-C9-C10 120.575(19) 
C8-C9-H9 119.7 
C10-C9-H9 119.7 

C5-C10-C9 120.239(17) 
C5-C10-H10 119.9 
C9-C10-H10 119.9 

C16-C11-C12 118.877(19) 
C16-C11-C1 122.893(18) 
C12-C11-C1 118.207(16) 
C13-C12-C11 120.63(2) 

C13-C12-H12 119.7 
C11-C12-H12 119.7 

C12-C13-C14 120.16(3) 
C12-C13-H13 119.9 
C14-C13-H13 119.9 

C15-C14-C13 119.59(2) 
C15-C14-H14 120.2 
C13-C14-H14 120.2 

C14-C15-C16 120.41(3) 
C14-C15-H15 119.8 
C16-C15-H15 119.8 

C11-C16-C15 120.33(2) 
C11-C16-H16 119.8 
C15-C16-H16 119.8 

 
Table 3. Torsion angles [°] for 1. 

________________________________________________________________ 
C5-C1-C2-O2 140.038(18) 
C3-C1-C2-O2 16.33(2) 
C11-C1-C2-O2 -100.78(2) 
C5-C1-C2-O1 -44.55(2) 
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C3-C1-C2-O1 -168.256(16) 
C11-C1-C2-O1 74.629(18) 
C5-C1-C3-C4 -50.187(19) 
C2-C1-C3-C4 76.315(18) 
C11-C1-C3-C4 -171.336(14) 
C1-C3-C4-F1 -41.10(2) 
C1-C3-C4-F3 80.36(2) 

C1-C3-C4-F2 -161.050(17) 
C2-C1-C5-C10 -19.00(2) 
C3-C1-C5-C10 103.71(2) 

C11-C1-C5-C10 -134.594(18) 
C2-C1-C5-C6 164.967(17) 
C3-C1-C5-C6 -72.32(2) 
C11-C1-C5-C6 49.38(2) 
C10-C5-C6-C7 0.34(3) 
C1-C5-C6-C7 176.58(2) 
C5-C6-C7-C8 0.88(4) 
C6-C7-C8-C9 -1.13(4) 
C7-C8-C9-C10 0.16(3) 
C6-C5-C10-C9 -1.31(3) 

C1-C5-C10-C9 -177.281(18) 
C8-C9-C10-C5 1.07(3) 

C5-C1-C11-C16 -135.15(2) 
C2-C1-C11-C16 102.00(2) 
C3-C1-C11-C16 -13.61(2) 
C5-C1-C11-C12 46.63(2) 

C2-C1-C11-C12 -76.216(19) 
C3-C1-C11-C12 168.175(16) 

C16-C11-C12-C13 0.03(3) 
C1-C11-C12-C13 178.32(2) 
C11-C12-C13-C14 0.52(4) 
C12-C13-C14-C15 -0.51(4) 
C13-C14-C15-C16 -0.05(5) 
C12-C11-C16-C15 -0.58(4) 
C1-C11-C16-C15 -178.79(2) 
C14-C15-C16-C11 0.60(5) 
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Table 1. Crystal data and structure refinement for 8 
_____________________________________________________________________ 
Identification code  mo_II_YVR30_0m 
Empirical formula  C11 H8 F6 O2  
Formula weight  286.17 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 5.4305(3)Å a= 74.7608(16)°. 
 b = 10.0607(6)Å b = 79.9808(18)°. 
 c = 11.3292(7)Å c = 76.1000(18)°. 
Volume 575.64(6) Å3 
Z 2 
Density (calculated) 1.651 Mg/m3 
Absorption coefficient 0.176 mm-1 
F(000)  288 
Crystal size  0.20 x 0.15 x 0.02 mm3 
Theta range for data collection 2.143 to 32.511°. 
Index ranges -5<=h<=8,-13<=k<=15,-16<=l<=17 
Reflections collected  9193 
Independent reflections 3740[R(int) = 0.0153] 
Completeness to theta =32.511°  89.700005%  
Absorption correction  Empirical 
Max. and min. transmission  0.996 and 0.945 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  3740/ 180/ 227 
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Goodness-of-fit on F2  1.048 
Final R indices [I>2sigma(I)]  R1 = 0.0519, wR2 = 0.1419 
R indices (all data)  R1 = 0.0574, wR2 = 0.1473 
Largest diff. peak and hole  0.617 and -0.411 e.Å-3 
 

Table 2.  Bond lengths [Å] and angles [°] for 8 
_____________________________________________________ 

Bond lengths---- 
O1-C10  1.2193(15) 
O2-C10  1.3101(15) 
F1-C9  1.3368(18) 
F2-C9  1.3381(18) 
F3-C9  1.3462(18) 
F4-C11  1.368(4) 
F5-C11  1.332(4) 
F6-C11  1.329(4) 
F4'-C11  1.251(7) 
F5'-C11  1.374(7) 
F6'-C11  1.381(5) 
F4"-C11  1.373(7) 
F5"-C11  1.321(7) 
F6"-C11  1.355(7) 
C1-C2  1.3879(17) 
C1-C6  1.3937(18) 
C1-C7  1.5295(16) 
C2-C3  1.3950(19) 
C3-C4  1.385(2) 
C4-C5  1.388(2) 
C4-C11  1.4984(19) 
C5-C6  1.3915(18) 
C7-C10  1.5206(16) 
C7-C8  1.5340(17) 
C8-C9  1.4987(19) 

Angles---------- 
C2-C1-C6 119.44(11) 
C2-C1-C7 119.37(11) 
C6-C1-C7 121.03(11) 
C1-C2-C3 120.42(13) 
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C4-C3-C2 119.70(13) 
C3-C4-C5 120.34(12) 
C3-C4-C11 120.10(14) 
C5-C4-C11 119.56(14) 
C4-C5-C6 119.83(13) 
C5-C6-C1 120.26(12) 
C10-C7-C1 105.48(9) 
C10-C7-C8 110.72(10) 
C1-C7-C8 115.03(10) 
C9-C8-C7 112.92(11) 
F1-C9-F2 106.78(13) 
F1-C9-F3 106.40(13) 
F2-C9-F3 106.29(12) 
F1-C9-C8 113.64(12) 
F2-C9-C8 111.02(12) 
F3-C9-C8 112.25(12) 
O1-C10-O2 124.72(11) 
O1-C10-C7 120.89(11) 
O2-C10-C7 114.34(10) 
F6-C11-F5 109.4(3) 
F5"-C11-F6" 108.5(7) 
F6-C11-F4 103.9(3) 
F5-C11-F4 105.3(3) 
F5"-C11-F4" 104.3(5) 
F6"-C11-F4" 103.0(6) 
F4'-C11-F5' 109.8(6) 
F4'-C11-F6' 111.9(5) 
F5'-C11-F6' 101.1(4) 
F4'-C11-C4 116.2(5) 
F5"-C11-C4 117.7(5) 
F6-C11-C4 113.8(3) 
F5-C11-C4 112.2(2) 
F6"-C11-C4 111.5(7) 
F4-C11-C4 111.6(3) 
F4"-C11-C4 110.6(6) 
F5'-C11-C4 107.0(5) 
F6'-C11-C4 109.7(3) 
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Table 3. Torsion angles [°] for 8 
________________________________________________________________ 

C6-C1-C2-C3 -1.1(2) 
C7-C1-C2-C3 174.41(12) 
C1-C2-C3-C4 0.3(2) 
C2-C3-C4-C5 1.0(2) 

C2-C3-C4-C11 -179.78(13) 
C3-C4-C5-C6 -1.5(2) 

C11-C4-C5-C6 179.23(13) 
C4-C5-C6-C1 0.8(2) 
C2-C1-C6-C5 0.5(2) 

C7-C1-C6-C5 -174.88(12) 
C2-C1-C7-C10 -104.24(13) 
C6-C1-C7-C10 71.19(14) 
C2-C1-C7-C8 133.45(12) 
C6-C1-C7-C8 -51.12(15) 
C10-C7-C8-C9 167.59(11) 
C1-C7-C8-C9 -72.97(14) 
C7-C8-C9-F1 58.89(16) 
C7-C8-C9-F2 179.28(11) 
C7-C8-C9-F3 -61.91(15) 
C1-C7-C10-O1 88.26(13) 
C8-C7-C10-O1 -146.70(11) 
C1-C7-C10-O2 -89.33(12) 
C8-C7-C10-O2 35.70(14) 
C3-C4-C11-F4' 120.1(5) 
C5-C4-C11-F4' -60.7(5) 
C3-C4-C11-F5" -72.5(5) 
C5-C4-C11-F5" 106.8(5) 
C3-C4-C11-F6 27.6(3) 
C5-C4-C11-F6 -153.1(3) 
C3-C4-C11-F5 -97.3(3) 
C5-C4-C11-F5 82.0(3) 
C3-C4-C11-F6" 161.2(4) 
C5-C4-C11-F6" -19.6(5) 
C3-C4-C11-F4 144.8(3) 
C5-C4-C11-F4 -35.9(3) 
C3-C4-C11-F4" 47.2(5) 
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C5-C4-C11-F4" -133.5(4) 
C3-C4-C11-F5' -116.9(4) 
C5-C4-C11-F5' 62.4(4) 
C3-C4-C11-F6' -8.0(4) 
C5-C4-C11-F6' 171.2(4) 

----------------------------------------------------------------- 
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3.7.7. 1H and 13C Spectra 
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Chapter 4. 
 

sp3 C-H Arylation and Alkylation Enabled by the Synergy of 

Triplet Excited Ketones and Nickel Catalysts 
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4.1. The Merger of Nickel Catalysis and Photoredox 

4.1.1. Fundamental Aspects of Ni Catalysis in Cross-Coupling Reactions 

Over the last decades, transition metal-catalyzed cross-coupling reactions have provided new dogmas 

in retrosynthetic analysis for building up molecular complexity from readily available precursors.1 

Indeed, these transformations have changed the practice of C–C bond-forming reactions and their 

wide applicability have contributed to the full adoption of these techniques in both academic and 

pharmaceutical laboratories (Scheme 4.1).1 

 

Scheme 4.1. Traditional paradigm for cross coupling reactions 

Not surprisingly, the impact of these methodologies was finally awarded with the Nobel Prize in 

Chemistry (2010) by acknowledging the seminal contributions from Heck, Suzuki and Negishi within 

the area of Pd-catalyzed cross coupling reactions.1 As judged by the wealth of literature data, a 

considerable effort has been made to expand the repertoire of the coupling partners that can be utilized 

in these endeavors.1 

 

Scheme 4.2. Oxidative addition problem of Pd(0) to alkyl electrophile 

While the Pd-catalyzed cross-coupling reactions of aryl or vinyl halides have become routine, 

extensions to unactivated sp3 fragments still remains challenging. This is largely due their reluctance 

to oxidative addition and the propensity of the in situ generated alkyl metal species to parasitic β-

hydride elimination (Scheme 4.2). Although the subtle modulation of the electronic properties of the 

ligands might offer a solution to these challenges when employing Pd catalysts, the recent years have 

witnessed the implementation of Ni-catalyzed cross-coupling reactions of unactivated alkyl halides,2 

offering new alternate pathways that are typically beyond reach with Pd catalysts. The interpretation 

behind the superior reactivity of Ni vs Pd can be explained by the weak agostic interaction observed 

for alkyl-Ni(II) complexes when compared with the corresponding alkyl-Pd(II) congeners. This is 

selectivity dictated by different chemical reactivity
additional step needed to prepare organometallic reagent
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due to the fact that the main contribution for the agostic interaction with electropositive metals is the 

s-donation of the proximal C-H bond to the metal center; when using Ni(II) complexes, the vacant d 

orbital is way high in energy than the corresponding Pd(II) analogue, making a rather poor orbital 

overlap that causes an elongation in the agostic interaction. 2-5 Additionally, it is worth noting that Ni 

is way more electropositive than Pd; therefore, oxidative addition, that is nothing else than the loss 

of electron density at the metal center, is way more facile for Ni than for Pd, an aspect that has been 

turned into a strategic advantage when tackling the functionalization of rather strong C-O or C-F 

bonds. 2-5 Moreover, the C–Ni bond is considerable weaker than the corresponding C–Pd, an 

observation that can hardly be underestimated taking into consideration that weak organometallic 

bonds provide the fundamental basis for uphill transformations or for generating open-shell 

intermediates via SET processes. The latter is particularly relevant, as multiple catalytic regimes are 

known in Ni-catalyzed reactions (Ni(0)/Ni(II), Ni(I)/Ni(II) or Ni(I)/Ni(III)) whereas classical polar 

Pd(0)/Pd(II) mechanisms dominate the cross-coupling arena. 2-5 Taken together, the available data 

argues against Ni being a mere cheap substitute of Pd in the d10 series, offering complementary new 

reactivity for forging C–C and C–heteroatom bonds. 

4.1.2. The Macroscopic Revolution of Ni Catalysis 

Beyond any reasonable doubt, the impact of the Suzuki-Miyaura reaction on academic and industrial 

research has been immense.6 Over the past two decades, it has become arguably one of the most 

efficient methods for the construction of C-C bonds. The key advantages of the Suzuki-Miyaura 

coupling over other methods are the mild conditions under which it is conducted, the high 

chemoselectivity profile, the stability of boronic acids and the ease of handling, thus making this 

reaction an indispensable tool in medicinal chemistry as well as in the large-scale synthesis of 

pharmaceuticals and fine chemicals.7 

 

Scheme 4.3. The challenge posed by coupling C(sp3)-boron species 

Despite the advances realized, the cross-coupling of sp3 C–boron reagents still remain largely 

problematic due to sluggish transmetalation, resulting in detrimental side reactions (Scheme 4.3, 

right).8 To date, strategies aimed at accelerating the rate of transmetalation of C(sp3) organoboronic 

reagents have found limited success. In most cases, excess base and high temperatures are employed, 

limiting the substrate generality and applicability.9,10 
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Driven by the ability of nickel to promote SET processes and radical-capture scenarios, Molander 

came up with a catalytic technology that merges the ability of Ir photocatalysts for generating 

transient radical intermediates with nickel catalysts, thus becoming a powerful platform for the cross-

coupling of alkyl potassium trifluoroborate salts with aryl halides (Scheme 4.4).11,12a Such single-

electron transmetalation event occurred under exceptionally mild conditions, constituting a powerful, 

yet practical, alternative to the classical two-electron transmetalation that require the use of strong 

bases and, in some instances, harsh reaction conditions. 

 

Scheme 4.4. Nickel metallaphotoredox catalyzed arylation reactions 

The mechanistic hypothesis for this dual protocol is shown in Scheme 4.4 (LG = BF3K, bottom left). 

Upon excitation of Ir(III) photocatalyst by visible light, the highly oxidizing species Ir(III)* (E1/2Ir(III)* 

= 1.32 V vs SCE in MeCN) can facilitate single-electron oxidation of an alkyl trifluoroborate (E1/2 = 

1.1V vs SCE in MeCN) to yield the corresponding nucleophilic carbon-centered radical. Concurrently, 

a Ni(0) complex can undergo facile oxidative addition with an aryl bromide to give a Ni(II)-aryl 

complex (Int-1), which can subsequently be trapped by the corresponding electron-rich alkyl radical. 

The resulting high-valent Ni(III) intermediate (Int-2) is prone to reductive elimination, setting the 
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basis for forging the desired C(sp3)–C(sp2) bond. The two cycles are finally intertwined by a SET 

between the reduced Ir(II) (E1/2Ir(III)/Ir(II) = -1.37 V vs SCE in MeCN) and Ni(I) species Int-3 

(E1/2Ni(I)/Ni(0) ≈ -1.10 V vs SCE in MeCN). 

Independently, MacMillan and Doyle reported an otherwise similar mechanistic rationale for the 

coupling of readily available a-amino acids with aryl halides, representing an alternative to the 

coupling of conventional organometallic reagents.12b Overall, these two technologies represented 

major changes in both scientific strategy and research knowledge, allowing to expand the toolbox of 

cross-coupling reactions by using readily available coupling partners while providing a new rationale 

for the coupling of C(sp3)-C(sp2) fragments via single electron transmetalation under exceptionally 

mild conditions when compared to conventional cross-coupling technologies that typically operate 

via two-electron processes. These seminal contributions helped to establish the merger of photoredox 

catalysis and nickel catalysis as a fertile ground in catalysis.13 

Although forging C–C bonds have become routine, C–heteroatom bond-formation could a priori be 

within reach within the area of Ni/photoredox catalysis, either by single electron transfer (SET) or 

triplet energy transfer (ET).13 While Buchwald-Hartwig or Chan-Evans-Lam reactions have become 

the methods of choice for forging C–O or C–N bonds,14 the former typically require sophisticated 

ligands and Pd catalysts under basic conditions whereas the latter typically require stoichiometric 

amounts of both Cu catalysts and organometallic reagents (Scheme 4.5).  

 

Scheme 4.5. Buchwald-Hartwig& Chan-Evans-Lam reactions 

Recently, MacMillan has described a photochemical C–O bond-forming scenario, thus enabling a 

previously challenging reductive elimination process at a Ni(II) center Int-4 (Ep = 0.83 V vs SCE in 

MeCN), but using a Ni(III) center instead (Scheme 4.6, Int-5) via SET by the Ir(III)* photocatalyst 

(E1/2Ir(III)* = 1.21 V vs SCE in MeCN).15a Surprisingly, even H2O can be used to synthesize phenol 

from bromobenzene under exceptionally mild conditions. Low amounts of product were found in the 

absence of quinuclidine, an observation that could be explained by its role as an electron shuttle to 

facilitate the turnover of the two propagating cycles. In addition to the C-O cross couplings, C-N 

bond forming protocol was reported with similar strategy by the same group in collaboration with 
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Buchwald, in which a ligand-free system was developed for effecting a transformation that otherwise 

will require sophisticated ligand backbones.15b 

 

Scheme 4.6. Nickel metallaphotoredox catalyzed C(sp2)-O bond formation 

Following up their interest in the merger of Ni catalysis and photoredox catalysis, MacMillan 

reported an esterification protocol of aryl bromides enabled by photosensitized Ni-catalysis.16 As 

shown in Scheme 4.7 (bottom), product formation had a positive correlation with the triplet energy 

of photocatalysts and a negative relationship with the oxidation potentials. Strikingly, even simple 

benzophenone could promote this transformation, albeit in lower yields (25%). Taken together, this 

data does not only argue against a SET scenario in which the C-O bond was forged at Ni(III) center 

(as shown in Scheme 4.6, Int-5), but also indicates the merger of Ni catalysis with visible light 

photoredox has become a really powerful enabling technology for building up molecular complexity. 
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Scheme 4.7. Esterification of aryl bromide enabled by photosensitized Ni-catalysis 

4.2. Multifunctional Visible Light Photocatalysts 

As judged by the recent literature data on photoredox catalysts, the role of the photosensitizer 

remains largely confined to single electron transfer (SET) or energy transfer (ET) processes.13 

However, the discovery of multifunctional photocatalysts that might expand the boundaries of 

commonly-employed metal-based polypyridyl sensitizers or organic dyes beyond SET or ET while 

offering new strategies for functionalizing complex molecules still remains a relatively 

underdeveloped area of expertise. 
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with the design of a single asymmetric photoredox catalysts.18 As shown in Scheme 4.8, Meggers 

disclosed a novel asymmetric platform for the a-functionalization of carbonyl compounds based on 

a “one-component” Ir photocatalyst with central chirality. The authors hypothesized that ligand 

exchange of the 2-acylimidazole with the Ir center generated Int-7. Subsequently, facile 

deprotonation generated a chiral, electron-neutral nucleophilic Ir(III) enolate complex (Int-8) that 

could react with a photochemically generated electrophilic radical by an oxidative quenching scenario. 

The identity of Int-8 is particularly important, facilitating the asymmetric induction while 

constituting a more reactive chiral photosensitizer. Oxidation of the corresponding ketyl radical Int-

9 by Ir(IV) via SET leads to Int-10 that releases the product upon exchange with the starting precursor, 

thus setting the basis for turnover the catalytically competent species. Undoubtedly, this pioneering 

work served as a blueprint for designing other catalytic asymmetric photoredox reactions, providing 

new avenues for the synthesis of highly complex chiral molecules.19-23 

 
Scheme 4.8. Asymmetric photochemical alkylation enabled by chiral-at-metal complex 

In 2017, Meggers and coworkers explored the possibility to further extend the ability of this chiral-

at-metal photoredox catalyst to trigger an enantioselective intermolecular [2+2] cycloaddition 

reactions via ET (Scheme 4.9). Excellent enantiomeric excesses and diastereoselectivities were found 

for a wide variety of dienes and cyclobutanes with a wide range of auxiliaries (Aux). 
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Scheme 4.9. Asymmetric [2+2] cycloaddition enabled by chiral-at-metal complex 

4.2.2. Diaryl Ketone with Hydrogen Bonding as Multifunctional Photocatalyst 

While the work of Meggers constituted a significant step-forward in the field of asymmetric 

photoredox catalysis, a general solution for interfacing visible-light-induced photochemistry and 

asymmetric catalysis with non-noble metal reagents with functions expanded beyond SET or ET 

would be highly appreciated. Aimed at providing a solution to this challenge,  Bach and co-workers 

reported a novel bifunctional diaryl ketone photocatalyst which was able to promote an asymmetric 

intramolecular 1,4-radical addition (Scheme 4.10).24a The catalyst contains a benzophenone unit 

which could induce SET upon irradiation,25,26 while the presence of a rigid chiral-bicyclic secondary 

amide backbone was capable of providing hydrogen bonding interactions (Int-11), ultimately ended 

up in a highly asymmetric event for the formation of a chiral spiro-cyclic structure. Unfortunately, 

however, the transformation was restricted to the use of a rather specific substrate, UV irradiation, 

and high catalyst loadings. While undoubtedly a significant step-forward, these limitations might 

require modifying the template to improve practicality and flexibility. 

 

Scheme 4.10. Asymmetric photochemical addition enabled by hydrogen bonding interaction 

N

N

N

N

S

S

tBu

tBu

Rh

PF6

Aux

O Aux

O

Rh(III) catalyst (2 or 4 mol%)

Acetone, Blue LEDs

Me

Me

R1

R2
Me

Me

R2
R1

Me Me

O

H
PMP

Me Me

N

N
Ph

91% (ee > 99%, d.r.= 12:1)

O

H
Ph

Me Me

72% (ee 95%, d.r.= 8:1)

N

O

Me
Ph

Me Me

N

Me

95% (ee 99%, d.r.> 12:1)
Rh(III) catalyst

Me
N

HO

hv (λ > 300 nm)
Photocatalyst (30 mol%)

Toluene, -60 oC
N
H

N

O

O
N

O

NH
O

O
N

N
O

H
N

O
H

N

yield 64%, ee 70%

Int-11

substrate

complexation

N
H

O

N

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

231 

In 2016, Bach and coworkers took advantage of this unique template to develop an enantioselective 

intermolecular [2+2] cycloaddition.24b In this case, the thioxanthone unit served as an efficient triplet 

energy transfer catalyst under visible light irradiation (Int-12), resulting in four-membered rings with 

high enantioselective induction and chemoselectivity (Scheme 4.11). 

 

Scheme 4.11. Asymmetric [2+2] cycloaddition enabled by a chiral template 

4.2.3. Photoactive Diaryl Ketones Possessing Chiral Ligands 

 

Scheme 4.12. Asymmetric photochemical hydroxylation with O2 
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This platform enabled the catalytic and asymmetric a-hydroxylation of β-Ketoesters and β-

Ketoamides in high yields and enantioselectivities using visible light and molecular oxygen. 

 

Scheme 4.13. Ligand-metal-substrate complexation 

4.3. Benzophenones: Multifunctional Photocatalysts for Synthetic Applications 

 

Figure 4.1. Electronic configuration of excited triplet ketone 
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triplet state (Figure 4.2), which then quickly decays to a n-π* triplet with lower energy. 32,35 In the 

absence of potential Tn(π, π*), the ISC rates from n-π* singlets to triplets are slow in aliphatic ketones. 

 

Figure 4.2. Jablonski diagram of the benzophenone excited state 

From a synthetic standpoint, the triplet excited state of benzophenones holds considerable potential 

to provide opportunities to build up molecular complexity. The “biradical-type” triplet excited state 

can then relax in many different ways, leading to photosensitization, [2+2] cycloaddition, radical 

addition, and most importantly, hydrogen atom abstraction (HAT). 31,34,36 

 

Scheme 4.14. The challenge of using BP as visible light photocatalyst 

The utilization of triplet benzophenones to facilitate synthetically useful C-H functionalization 

under visible light irradiation might not be as straightforward as initially anticipated (Scheme 4.14). 
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changing the properties of the triplet excited state while shifting the maximum (n,p*) absorption to 

longer wavelengths.37,38 
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Scheme 4.15. Diaryl ketones catalyzed radical fluorinations of benzylic C-H bonds 

The utilization of diaryl ketones in visible light photoredox catalysis was first described by Chen 

(Scheme 4.15)55 in which catalytic amounts of fluorenone and xanthone promoted the radical mono- 

and difluorination of benzylic C–H bonds under visible light irradiation. In this case, the ketone 

served as triplet HAT catalyst with high turnover efficiency. By changing the benzophenone catalyst 

and fluorinating reagents, a rather elusive difluorination could be affected, even by using C–H 

precursors as limiting reagents. This seminal work suggested that a judicious choice of the 

benzophenone catalyst might lead to a more prolific utilization of simple diarylketones as 

photocatalysts for visible light-mediated transformations.  
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have witnessed the design of photochemical sp3 C–H functionalizations via 1,5-HAT processes, thus 

enabling atom- and step-economical transformations under mild conditions and visible light 

irradiation.39a 

4.4.1. Photoredox generated Alkoxyl Radical enabled Remote C-H Functionalization 

The propensity of alkoxy radicals to abstract hydrogen atoms from simple hydrocarbons (BDE of 

O–H bonds: 110 kcal/mol) has attracted considerable attention.39a Unfortunately, however, the in situ 

generation of such highly reactive entities under mild conditions and their application within the area 

of C-H functionalization still remains particularly challenging. 

 

Scheme 4.16. Remote C-C bond-formation via C-H Functionalization of aliphatic alcohols 

In 2015, the Chen group reported a strategy for the remote allylation of simple aliphatic alcohols. It 

was found that a phthalimide unit was required to activate the corresponding aliphatic alcohol under 

visible light irradiation.39b Specifically, the phthalimide backbone (E1/2 = -1.35 V vs SCE in MeCN) 

was prone to accept a single electron from a reduced Ir(II) photocatalyst (E1/2Ir(II)/Ir(III) = -2.20 V vs 

SCE in MeCN) to trigger the N-O bond homolysis (Scheme 4.16), thus generating a highly reactive 

alkoxyl radical under mild conditions. Subsequently, a 1,5-HAT process might take place via a six-

membered chair transition state, generating a nucleophilic carbon center radical. In the presence of 

electron-deficient olefins, a fast C-C bond forming reaction took place, resulting in a formal remote 

functionalization of aliphatic alcohols. Although this protocol provided an indirect technique to 

activated remote positions of aliphatic alcohols, preactivation of the hydroxyl group was required, 

thus lowering down the practicality and prospective impact of this methodology. 
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Scheme 4.17. Remote photoredox C-H Amination of aliphatic alcohols 

The direct generation of alkoxyl radicals via photoredox catalysis for an intermolecular amination 

under mild conditions was first reported by Zuo and co-workers (Scheme 4.17).39c Mechanistic 

studies revealed that in situ generated Ce(IV)-alkoxides (Int-14) might be photoexcited under blue 

LEDs irradiation.39d Subsequently, a metal to ligand charge transfer (MLCT) might take place, thus 

generating alkoxyl radical species that could enable 1,5-HAT followed by C–N bond-forming 

reaction. Under these reaction conditions, a wide range of primary alcohols could be aminated at a 

remote sp3 C–H bond. Strikingly, even a primary sp3 C–H bond can be functionalized. The synthetic 

application of the corresponding light sensitive Ce(IV)-OR complexes has recently been exploited 

within the context of intermolecular HAT processes with light saturated hydrocarbons.39e 

4.4.2. Photoredox generated Amidyl Radical enabled Remote C-H Functionalization 

 

Scheme 4.18. Hofmann-Löffler-Freytag reactions 

Nitrogen-centered radicals are well-known entities that might trigger hydrogen atom from 

hydrocarbons (BDE of the N–H bond:95-107 kcal/mol). Particularly useful is the Hofmann-Löffler-

Freytag reaction that enables an intramolecular amination en route to pyrrolidines and piperidines. 

The reaction was initiated by photoactivation of a N–halide bond under strong acidic conditions and 

HO
R

H
N

N
Boc CeCl3 (1 mol%), TBAC (5 mol%)

NaHCO3 (5 mol%), MeCN, Blue LEDs

H
O

R

O

R

H

R

BocN
N SET

R

N
NHBoc

O

R

CeIVLn HO
Boc

Boc

Boc

HO

CeIIILn

N NHAT

CeIIILn

CeIVLn

N
NHBocBoc

HO

N
NHBocBoc

HO

N
NHBocBoc

HO Me
Me

NC

N
NHBocBoc

HO

O

O
Me

77%78%72%67%

NBoc2

hυ

Int-14

N X NH2SO4 or UV, then NaOH

Hofmann-Löffler
Freytag reaction

N
H

RFG

N
H

FG Ar

ArI(OR)2 or I2 or NXS

w/o visible light NN
FG

R
Ar

FG

or or

H

H

H

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

237 

UV irradiation (Scheme 4.18).  Subsequently, Suarez, Muniz and others have expanded the utility of 

this reaction by using hypervalent iodine reagents or molecular iodine to generate N-centered 

radicals.39a It is worth noting, however, that the utilization of N-centered radicals for triggering 

intermolecular C–C bond-forming reactions still remains a challenging scenario in photochemical 

endeavors. 

 

Scheme 4.19. Photoredox catalyzed 1,5-HAT alkylation of protected aliphatic amine 

In 2016, Rovis and co-workers reported a remote regioselective sp3 C–H alkylation of protected 

aliphatic amines via photoredox catalysis.40a A wide range of remote tertiary sp3 C–H bonds could be 

alkylated whereas the functionalization of secondary sp3 C–H bonds proved to be considerably more 

challenging (Scheme 4.19, middle). The reaction was proposed to proceed via initial SET oxidation 

of the deprotonated amide (Eox = 0.77 V vs SCE, pKa = 12.6) to an amidyl radical with photoexcited 

Ir(III)* catalyst (E1/2Ir(III)*/Ir(II) = 1.21 V vs SCE) in a reductive quenching manifold. Subsequently, the 

electrophilic nitrogen-centered radical underwent a fast 1,5-HAT at a remote sp3 C–H position giving 

rise a nucleophilic tertiary carbon-centered radical (BDE of Amide N-H bond: 97-110 kcal/mol; BDE 

of unactivated tertiary C-H bond: 95 kcal/mol). In the presence of a,b-unsaturated compounds 

bearing electron withdrawing groups (EWG), a rapid 1,4-addition was effected, yielding an 

electrophilic radical that could be subsequently reduced by Ir(II) (E1/2Ir(III)/Ir(II) = -1.37 V vs SCE) prior 

to a final protonation event. The success of this transformation was attributed by the presence of an 

appropriate electron-withdrawing group attached to the amine terminus, thus lowering down the pKa 
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of the N–H bond while facilitating the initial SET oxidation event. Independently from Rovis work, 

Knowles and co-workers found a similar remote sp3 C-H alkylation event (Scheme 4.19, up) 

following an otherwise identical mechanistic rationale.40b Unlike the previous deprotonation strategy 

that led to a SET oxidation, however, the corresponding nitrogen-centered intermediate was generated 

by proton-coupled electron transfer (PCET) that enabled the homolysis of the strong N-H bond (BDE 

of Amide N-H: 97-110 kcal/mol; BDE of unactivated tertiary C-H: 95 kcal/mol). Using this 

technology, a broad range of aliphatic amines bearing numerous protecting groups delivered the 

targeted sp3 C–H alkylation in the presence of a,b-unsaturated compounds as electron acceptors 

(Scheme 4.19, bottom). 

4.4.4. Photoredox, HAT and Ni-Catalyzed sp3 C-H Arylation 

Although Rovis and Knowles tacitly demonstrated the ability to trigger sp3 C–H functionalization 

via intramolecular HAT from in situ generated amidyl radicals,40 it was unclear whether it would be 

possible to establish a visible light photochemical rationale by which HAT could be conducted in an 

intermolecular fashion for forging C–C bonds via sp3 C-H functionalization. Indeed, this is certainly 

not impossible as a number of organic molecules are known to effect HAT processes. Among these, 

simple tertiary amine radical cations are known to abstract hydrogen atoms to form stable ammonium 

salts (BED of ammonium N-H: 100 kcal/mol). However, this process is typically accompanied by 

parasitic side-reactions such as the formation of an a-amino radical or iminium ion that derive from 

the remarkable acidity of the proximal a C-H bond (Scheme 4.20).43 

 

Scheme 4.20.  The fate of amine radical cation 

This phenomenon is attributed to hyperconjugation of the adjacent sp3 C–H bond into the proximal 

singly occupied p-orbital of the nitrogen atom. If a substituent is located at the b position of an amine 

radical cation, a C-C bond cleavage could also be observed whereas the absence of a-C-H or 

hyperconjugation may enable efficient HAT by the amine radical cation.43 
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Scheme 4.21. Photoredox, HAT and Ni-catalyzed sp3 C-H arylation 

Driven by such a rationale, MacMillan and co-workers anticipated that tertiary amine radical cations 

lacking an effective hyperconjugation into the proximal p-orbital of the nitrogen atom would be 

critical for effecting an intermolecular sp3 C–H arylation of simple alkane feedstocks by the merger 

of photoredox and nickel catalysis.44  Specifically, it was found that  1 equivalent of a rigid bicyclic 

tertiary amine (3-OAc-quinuclidine) could be used as both base and HAT reagent (Scheme 4.21, Int-

15) when combined with nickel catalysts supported by nitrogen-containing ligands. Under these 

conditions, a wide variety of aryl halides could be coupled with native sp3 C–H bonds, even in 

stoichiometric amounts (2-5 equivalents). 

 

Scheme 4.22. Mechanistic Rationale of the Triple Catalysis 

The mechanism of the reaction was proposed to proceed via a triplet cascade initiated by SET 
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process then takes place with an appropriate alkane C–H bond, that ultimately recombine with a Ni(II) 

oxidative addition complex (Scheme 4.22). Reductive elimination followed by a final SET delivers 

the targeted product while recovering back both Ni(0)Ln and Ir(III) photocatalyst. It is worth noting, 

however, that the reaction required the utilization of stoichiometric amounts of a non-particularly 

cheap quinuclidine derivative, reinforcing the need for a more applicable sp3 C–H functionalization 

technique via intermolecular HAT processes. 

4.5. General Aim of the Project 

 

Scheme 4.23. Triplet ketone catalyzed sp3 C-H functionalization 

At the outset of our investigations, the ability to forge C–C bonds by means of visible light 

photochemical sp3 C–H functionalizations initiated by HAT was dominated by the use of noble, yet 

precious, Ir(III) photocatalysts, whose functions remained confined to either SET or ET.40,44 

Therefore, we anticipated that the utility of cheap, and easily accessible photocatalysts that enable 

both hydrogen atom transfer (HAT) for functionalizing sp3 C–H bonds and SET to recover the 

propagating catalytic species would be particularly attractive. Undoubtedly, the high cost and limited 

supply of iridium in the earth’s crust reinforces the need for mechanistically-distinct C–C bond-

forming techniques from simple alkane C–H feedstocks that circumvent the need for noble metals 

while exhibiting complementary scope with improved practicality, flexibility and generality. 
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4.6. Metallatriplet Catalysis: The Synergy of Triplet Ketones and Nickel Catalysts 

Among various conceivable scenarios, we focused our attention on the inherent ability of triplet 

excited ketones to trigger a HAT process, thus generating a persistent ketyl radical and a transient 

nucleophilic radical via sp3 C–H functionalization .31,35 While the former is inherently predisposed to 

SET with appropriate electron acceptors, the latter is prone to C–C bond formation in the presence of 

radical acceptors (Scheme 4.23, up). Taking this into consideration, we wondered whether simple 

nickel catalysts could serve as both electron donor for the transient nucleophilic radical and electron 

acceptor for the persistent ketyl radical, thus resulting in a general platform for the functionalization 

of sp3 C–H bonds by the merger of cheap triplet excited ketones and nickel catalysts. 

Prompted by the seminal studies of Chow, Murakami and Chen on the photoreduction of Ni(acac)2 

by triplet benzophenones46,47, the propensity of ketyl radicals to undergo SET processes48 and the 

possibility to photoexcite benzophenones under visible light irradiation,55 we anticipated that the 

approach delineated in Scheme 4.23 could be realized under appropriate reaction conditions. If 

successful, we recognized that this platform would provide new reactivity within the field of triplet 

ketone catalysis while at the same time complementing existing inner-sphere directed sp3 C–H 

functionalization techniques49 and recent outer-sphere HAT-metallaphotoredox processes50-52 based 

on Ir polypyridyl sensitizers.58 Unlike Ir photocatalysts that are used as either SET or ET catalysts,53,54 

however, the utilization of simple and easily-accessible diaryl ketones as photocatalysts offers the 

added value of activating sp3 C–H bonds55 via HAT processes, thus expanding the boundaries of 

metallaphotoredox processes.56  

 

 

 

 

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

242 

4.6.1. Metallatriplet Catalysis: Mechanistic Hypothesis 

 

Scheme 4.24. Metallatriplet Catalysis: Mechanistic hypothesis 

A detailed description of our proposed mechanistic cycle for the direct sp3 C-H cross coupling by 

organic triplet catalysis and nickel catalysis is outlined in Scheme 4.24.  Our in situ generated active 

Ni(0) species would undergo oxidative addition into the aryl bromide electrophile, forming the 

electrophilic Ni(II)-aryl intermediate Int-1. This Ni(II) species would rapidly intercept radical from 

HAT by triplet excited state Int-16 (τ [Ph2CO] = 6.5 µs)59 to generate a Ni(III)-aryl-alkyl complex 

Int-2, which upon reductive elimination would forge the desired C-C bond and Ni(I) complex Int-3. 

We anticipated that the corresponding benzophenone catalyst and Ni(0) species could be regenerated 

by a final SET between the persistent ketyl radical Int-17 (E1/2red (Ph2CO) = -2.20 V vs Ag/AgNO3 

in MeCN)61 and Ni(I) complex Int-3 (Ered [NiI/Ni0] ≈ -1.13V vs Ag/AgNO3 in DMF)62 under basic 

conditions.60 If not as expected, a photoredox catalyst should be able to transfer the single electron 

from Int-17 to Int-3 to regenerate all the catalytic species. 

4.6.2. Metallatriplet Catalysis: Optimization of the Reaction Conditions 

At the outset of our investigations, the sp3 C–H arylation of alkanes could only be effected by the 

merger of Ir photoredox catalysis and Ni catalysis using expensive quinuclidine as stoichiometric 

HAT mediators.50 As part of our ongoing investigations in Ni catalysis,45 we wondered whether we 

O

·· Ar1

Ar2

LnNi(0)

LnNi(I)Br
Triplet

catalysis

O

Ar2Ar Nickel 
catalysis

HAT

SETvisible
light

Int-1

Int-3

H
R

R

R

·

R

·

L
Ni

BrL

O

· Ar1

Ar2H

Int-16

Int-17

Br

Ni(III)LnBr

Int-2

R

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

243 

could design an alternative scenario by replacing noble Ir catalysts and expensive, stoichiometric 

HAT mediators, thus offering new reactivity within the field of photoredox catalysis.  

 

Scheme 4.25. Initial results 

We started our investigations by studying the sp3 C–H arylation of 4-bromotrifluoromethyl benzene 

using Ni(COD)2, nitrogen-containing ligands and fluorenone with or without Ir photocatalyst under 

CFL irradiation. While trace amounts of the targeted arylation event could be observed without Ir(III) 

photocatalyst (Scheme 4.25, top), the inclusion of the latter with bathophenanthroline as the ligand 

resulted in 17% yield of product together with non-negligible amounts of homocoupling, indirectly 

pointing at a difficult turnover of the Ni catalyst with fluorenone via SET. Although the results 

without Ir photocatalyst were initially discouraging, we decided to explore this pathway in detail, as 

we were convinced about the potential of diarylketones as both HAT and SET photocatalysts. 

 

Figure 4.3. Photoreduction of Ni(acac)2 with diaryl ketones 

Driven by the known photochemical behaviour of metal 1,3-diketonates reported in the early 1960’s, 

Chow and Scaiano described the photoreduction of Ni(acac)2 by triplet excited benzophenones in the 

presence of C–H donor solvents such as MeOH, toluene or THF under UV irradiation (Figure 
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4.3).46,47 Systematic investigations revealed that such photoreduction likely occurred via a mechanism 

consisting of a charge transfer processes. 

 

Figure 4.4. Metallatriplet catalysis for forging C–C bonds via sp3 C–H functionalization 

With Chow and Scaiano’s seminal work in mind,46,47,55 we wondered whether we could identify a 

diaryl ketone that might be acting as CT, HAT and/or SET photocatalyst in combination with 

Ni(acac)2 in order to functionalize sp3 C–H bonds in hydrocarbon feedstocks (Figure 4.4).   
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expected, the reactions worked better with Ni(acac)2 as precatalyst and no homocoupling of aryl 

bromide can be observed with L4 as the ligand. Among all commercially available diaryl ketone 

tested, we quickly identified push-pull ketone A1 as the best photocatalyst compare to those shown 
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in Table 4.2. Interestingly, the utilization of diaryl ketones possessing extended p-systems resulted in 

no conversion to products, probably due to the fact that the excited (p, p*) transition in these 

compounds was unable to trigger HAT or the photoreduction of Ni(acac)2.  

 

Table 4.3. Screening of Ligands 

Taking A1 as photocatalyst, we then turned our attention to study in detail the electronic and steric 

environments at the ligand backbone. As shown in table 4.3, the utilization of electron poor bipyridine 

ligands (L6 to L10) resulted in low conversion to products whereas the location of the dimethyl 

substituents had a negligible impact on both reactivity and selectivity (L4 and L5). Intriguingly, the 

inclusion of 1 equivalent of acac anion shut down the reactivity.  
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Next, we turned our attention on exploring the effect of the Ni(II) precatalyst utilized (Table 4.4). 

Among all Ni precatalysts utilized, it was found that Ni(OTf)2 was slightly less efficient than 

Ni(acac)2 while other Ni(II) sources were considerably less effective. While one might have expected 

an influence on the nature of the acac-type ligands, the employement of HFacac or HMacac led to 

lower yields of the targeted C–H arylation event. 

 

Table 4.5. Additives and bases screenings 

We hypothesized that the generation of cationic oxidative addition complexes might potentially 

accelerate the sp3 C–H arylation event. To such end, we decided to study the influence of non-

coordinating ions or Lewis acids, as these compounds are known halide scavengers. However, these 

additives turned out to be detrimental for the reaction to occur, particularly Lewis acids. This is 

probably due to the coordination of the Lewis acid to the ketone, hampering its triplet excited 

reactivity. Sodium carbonate was found to be critical for success, as other commonly employed 

inorganic or organic bases were considerably less effective. The lack of reactivity of organic bases 

such as DBU or 2,6-lutidine is tentatively ascribed to the formation of insoluble byproducts inside 

the wall of reaction vials, thus decreasing the penetration of visible light. 
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Table 4.6. Push-pull diaryl ketones screening 

In light of these results, we then focused our attention on modifying the diaryl ketone backbone. We 

anticipated that the electronic properties of the aryl substituents of the diaryl ketone might influence 

its reactivity37,38 by (1) enhancing and shifting the (n,p*) absorption into the visible light region, (2) 

tuning the rate of decay of the triplet excited state Int-16 (Scheme 4.24), and/or (3) stabilizing the 

ketyl radical Int-17 that results from the HAT process (Scheme 4.24);63 the latter is particularly 

important, as this putative intermediate is critical for turnover of the triplet ketone catalyst and nickel 

catalyst upon a final SET (Scheme 4.24). In line with this notion, three additional diaryl ketones were 

synthesized with push-pull substituents. Replacing the F atom in A1 with meta-di-MeO groups (A2) 

slightly improved the efficiency. Surprisingly, changing the F in A1 to Cl (A3) or CF3 (A4) 

significantly enhanced the reactivity as quantitative yield could be obtained after 60h irradiation while 

A1 only give rise to 75% yield. By decreasing the catalysts loadings, we could identify A4 as the 

most promising triplet ketone photocatalyst.  

 

Table 4.7. Electronic Effects on the Diaryl Ketone 
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THF (0.075M) at rt for 36 h. b GC yields using decane as internal standard.& 96h, 5 mol% of Ni/L/A * 96h, 1 mol% of Ni/L/A.

NN
MeMe

L4

O

F3C OMe

99% (99%)& [19%]*

O

F OMe

75% (26%)&

O

CF3

MeO

OMe

82 (30%)&

O

Cl OMe

99% (99%)& (17%)*

A1 A4A2 A3

1
2
3
4

A4
A5
A6
A7

40
31
12
18

Ni(acac)2 (10 mol%)
L1 (10 mol%)

Na2CO3 (1.0 equiv)
CFL (32 W), rt

CF3

O

O H
H

1

Entry 1a (%)b

A (10 mol%)

ET (kcal/mol)A

67.7
69.8
67.9
69.2

O

CF3MeO

NN
MeMe

A4

A5 (R1=OMe)
A6 (R1=CF3); A7 (R1=H)

Br

F3C

O

R1R1

L4

a Reaction conditions: aryl bromide (0.30 mmol), Ni(acac)2 (10 mol%), 5,5’-dimethyl-2,2’-bipyridine (L1, 10 mol%),
A (10 mol%), Na2CO3 (0.30 mmol), THF (0.075M), CFL (32W) at rt for 18 h. b GC yields using decane as internal standard.
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Having identified the positive role of the p-methoxy and p-trifluoromethyl groups, we then decided 

to study in detail the electronic effects on the reaction outcome. It was quickly apparent that electron-

poor or neutral ketones (A6 or A7) resulted in a markedly lower reactivity compared with electron-

rich or ‘push-pull’ ketones (A4 or A5). These seemingly innocent results can be correlated with the 

excitation of the corresponding diaryl ketones. The singlet excited state is more likely an ionic 

intermediate while the triplet state is a biradical derived from the singlet state via ISC. It is then 

expected that the single state is difficult to achieve for A6 bearing electron-poor substituent whereas 

it can be easily reached with electron-rich substituents (A5). The neutral benzophenone A7 lies 

between A4 and A5. Therefore, it is tempting to speculate that bench-stable A4 (E1/2red = -2.05 V vs 

Ag/AgNO3 in MeCN)61 possesses an appropriate electron balance for reaching both the singlet and 

triplet excited state. A close look at the triplet energy of A4-A7 argued against a mechanism 

consisting of an energy transfer.  

 
Figure 4.5. Uv-vis of A1-A4 (0.0075 M in THF) (Y-axis: absorbance; X-axis: wavelength) 

Although A4-A7 have similar absorption spectra (Figure 4.5), we found that A4 possesses the (n,p*) 

absorption maximum at longer wavelengths. Thus, the higher yields of 1 obtained with A4 can also 

be interpreted on the basis of a higher molar absorption coefficient in the visible light region and the 

stability of the corresponding ketyl radicals with CF3-substituted aryl rings.63,31 
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Table 4.8. Optimization of the reaction conditions 

With the best ketone catalyst in hand, we revisited the role of other reaction parameters (Table 4.8).91 

As expected, the nature of the ligand did not show a dramatic influence in reactivity except L5 with 

methyl groups adjacent to the nitrogen atom that led to considerable amounts of reduced product, 

likely due to the increased steric hindrance of the ligand backbone (Table 4.8, entry 1 to 4). As shown 

in entries 5-7, Ni(COD)2 and Ni(II) salts other than Ni(acac)2 could also be employed as precatalysts, 

albeit in lower yields due to competitive homocoupling or reduction of the aryl bromide. 

Next, we turned our attention to examine the influence of light source. Driven by the observation 

that CFL normally contains traces UV and the reaction was accelerated with lower selectivity under 

UV irradiation (Table 4.8, entry 8 and 10), one might argue that the observed reactivity might come 

from the UV traces in CFL. The homocoupling or reduced product might come from the direct 

excitation of Ni intermediate or the fast photoreduction of Ni(acac)2. However, the desired product 

was selectively observed under 34 W Kessil Blue LEDs, albeit in lower yield (Table 4.8, entry 9). 

These results suggest that reactivity and selectivity of the standard reaction could not be just attributed 

to residual UV in our CFL. Importantly, an 87% yield of product was obtained under air (Table 4.8, 

entry 11), which is an advantage from a practical standpoint and complements existing photocatalytic 

reactions with iridium polypyridyl catalysts that often require exclusion of oxygen.92 The longer 

reaction time under air (Table 4.8, entry 11) indicates that our system might consume oxygen with 

THF, A4 and base under irradiation. Although control experiments revealed the unique role exerted 

by all our reaction parameters, 35% yield of desired product could still be obtained without L4, albeit 

with considerable amounts of homocoupling and reduced product. This result indicated that the 

additional supporting ligand may affect the selectivity profile of this process. 

1
2
3
4
5
6
7

99 (95)c

67d

85
90
73e

70d

78d

Ni(acac)2 (10 mol%)
L4 (10 mol%)

Na2CO3 (1.0 equiv)
CFL (32 W), rt

CF3

O
O H

H

1

entry 1 (%)b

A4 (10 mol%)

deviation

none
L5 instead of L4
L6 instead of L4
L2 instead of L4
Ni(COD)2 instead

NiCl2•glyme instead
NiBr2•glyme instead

Br

F3C

N N

R R

N N
MeMe

L4

L6 (R = H)
L2 (R = tBu)

N N
Me Me

L5

15W dark lamp (18h)
34W Kessil Blue-LEDs
390 nm dark LEDf (24h)

under air (96h)
no Ni(acac)2  or A4

no Na2CO3

no L4 (96h)

80e

39
89d

87e

0
5%

35d,e

8
9

10
11
12
13
14

entry 1 (%)bdeviation

a Reaction conditions: As Table 4.2, 60 h. b GC yields with dodecane as internal standard. c Isolated yield, average of two
runs. d Mass balance accounts for reduced ArBr. e Mass balance accounts for homocoupling of ArBr. f 47 mW/cm2.
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4.6.3. Metallatriplet Catalysis: Scope of sp3 C-H Arylation 

With the optimized reaction conditions in hand, we turned our attention to studying the generality 

of our sp3 C–H arylation. As evident from the results compiled in Tables 4.9 to 4.11, a wide variety 

of aryl bromides bearing either electron-rich or electron-poor substituents underwent the targeted sp3 

C–H arylation in good to excellent yields under CFL irradiation. 

 

Table 4.9. Scope of aryl bromides 

Notably, our C–H arylation of THF displayed an excellent chemoselectivity profile, with ketones 

(5), primary alcohols (9), amides (8, 29), nitriles (2, 22, 24), esters (3, 6, 7, 17, 26 to 29), terminal 

alkynes (7), terminal alkenes (6, 18), acetals (16) and aldehydes (20) being tolerated. It was worth 

noting that free anilines (11) and phenols (10, 14) did not affect the function of ketone and Ni. As for 

product  5, we observed a considerable faster rate, an argument that goes in line with the ability of 

O
Het

A4

O

OMeF3C

Ni(acac)2 (10 mol%)
L4 (10 mol%), A4 (10 mol%)

Na2CO3 (1.0 equiv), THF (0.075 M)
CFL (32 W), rt

CF3
O

1, 95% 4, 97% 5, 95%

12, 92%

8, 96%

2, 80% 3, 98%, 95%c

9, 98%
O O

O

7, 88%

O
13, 98%

O

MeO2C

17, 65%

O

Me

Me

19, 96%
O
16, 76%

O

F

CHO

20, 82%

O

21, 85, 87%c

O
Me

NC

22, 84%

O

Me

CO2Me
23, 78%

O

18, 61%

O

O

CN

OMe

OMe
24, 78%

O
OH

Cl

O
OPiv

Cl

14, 87% 15, 84%

PhO

25, 40%

aryl bromide

vinyl bromideOMe

OMe

SnBu3

Bpin
O

NHAc
O

11, 68% (89%)d

10, 68%

OH
O

NH2
O

O O

O

6, 91%

O

O

Ph
Cl

O

O

OH

Het
Br

sp3 C–H arylation
N N

MeMe

L4

O
O

CO2Me
O

CN
O

a Reaction conditions: as Table 4.3 (entry 1), ArBr (0.3 mol). b Isolated yields, average of at least two independent runs.c 10 mmol scale.
d 4-Br-C6H4N(TMS)2 (0.30 mmol) was used as masked aniline. e 20 mol% of A4.
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both the starting precursor and the final product to act as photocatalysts as well. In general, however, 

electron-deficient aryl bromides worked better than the electron rich ones. As for other cross-coupling 

reations, ortho-substituted aryl bromides showed slower reaction rates (17, 18, 22 to 24). Notably, no 

cyclized product was observed with substrate 18, suggesting that the oxidative addition pathway did 

not trigger a 5-exo-trig type cyclization with the pending alkene. Importantly, base sensitive aryl 

boronates (12) and organostannanes (13) or electrophilic sites that are prone to Ni-catalyzed cross-

coupling reactions such as aryl chlorides (4, 14, 15) and aryl pivalates (15) were all well-

accommodated, thus offering an additional site for further functionalization.67 As shown for 25, the 

photochemical sp3 C–H arylation could smoothly be extended to vinyl bromides, albeit with lower 

yields; notably, trans-cis isomerization was observed in the product. Importantly, the reaction could 

easily be carried out at 10 mmol scale without obvious erosion in yield (3 and 21). 

 

Table 4.10. Scope of (hetero)aryl bromides with chiral pool. 

As expected, substrates derived from the chiral pool, such as cholesterol (26), (L)–menthol (27), 

(D)–allofuranose (28) and (D)–phenylglycine (29) could also be accommodated (Table 4.10). More 

heteroaryl bromide

NO

30, 67% 31, 78%
N

N

O
33, 78%

O

34, 91%

S

O

S

35, 94%

O
N

Me

36, 53%

O
N

H

37, 75%e, 70%c,e

NO
Br

32, 80%

NO
CF3

O

O

from (L)-Menthol
27, 98%

O
O

O O

O O

O
O

Me Me

Me
Me

from (D)-Allofuranose
28, 85%

O

iPr

Me

H
H

Me
H

Me

H

Me iPr
O

from Cholesterol
26, 94%

O

HN

O
Ph

CO2MeH

from (D)-Phenylglycine
29, 96%

aryl bromide with chiral pool

O
Het

A4

O

OMeF3C

Ni(acac)2 (10 mol%)
L4 (10 mol%), A4 (10 mol%)

Na2CO3 (1.0 equiv), THF (0.075 M)
CFL (32 W), rt

Het
Br

sp3 C–H arylation
N N

MeMe

L4

a Reaction conditions: as Table 4.3 (entry 1), ArBr (0.3 mol). b Isolated yields, average of at least two independent runs
c 10 mmol scale. e 20 mol% of A4.

UNIVERSITAT ROVIRA I VIRGILI 
VISIBLE LIGHT PHOTOREDOX PROMOTED TRANSFORMATIONS OF INERT CHEMICAL BONDS 
Yangyang Shen 
 



 
 
 

 
 

252 

importantly, our protocol tolerated the coupling of a wide-variety of nitrogen-containing heterocycles. 

Indeed, electron neutral or poor pyridines (30 to 32), pyrimidines (33) and quinolines (36) could all 

be employed as starting precursors. The low yields found for 30 and 32 are tentatively attributed to 

volatility or to a slower reaction rate for 33 and 34. It was worth noting that electron rich heterocycles, 

such as thiophenes and free indole (34, 35 and 37) – typically giving low yields with classical 

metallaphotoredox reactions based on iridium polypyridyl complexes due to competitive SET 

processes13 – did not pose problems, thus showcasing the complementarity of our photochemical 

technique with Ir(III) photoredox processes. 

 

Table 4.11. Selected failed substrates  

Even though the compiled data in table 4.9 and 4.10 showed great generality of our protocols, there 

was still some challenging substrates we could not couple under our conditions. As shown in table 

4.11, the presence of dimethyl amino groups did not afford any product due to the competitive SET 

from the electron rich amine with triplet state of A4; as for the low efficiency of the other products 

listed in Table 4.11, the low efficiency is probably explained by the high conjugation that might 

quench the triplet excited state and prevent the reaction from occurring. 

BrBr

N

Br

Ph

Ph

Ph

Br

O

Ni(acac)2 (10 mol%)
L4 (10 mol%), A4 (10 mol%)

Na2CO3 (1.0 equiv), THF (0.075 M)
CFL (32 W), rt

Br

sp3 C–H arylation
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Table 4.12. Scope of alkane sp3 C–H precursors 

With the results of table 4.9 and table 4.10 in hand, we wondered whether our photochemical 

arylation could be extended to sp3 C–H precursors other than tetrahydrofuran.68 We were pleased to 

find that a variety of cyclic ethers (38 to 40) and acyclic ether analogues (41 to 44) could be employed 

with equal ease (Table 4.12). Particularly attractive was the ability to couple 1,3-dioxolane (39) which 

might provide a complementary approach to introduce the formyl group into arenes after routine acid 

workup.58d,69 Particular noteworthy was the observation that 40 was obtained as a single 

diastereoisomer containing a tetrasubstituted carbon center; to the best of our knowledge, this 

example constitutes the first nickel-catalyzed cross-coupling reaction that occurs via 

functionalization of a sterically-encumbered tertiary sp3 C–H bond possessing an a-heteroatom.70 

Another interesting example is 44, as the t-Bu group can easily be deprotected under acid conditions 

to deliver the corresponding benzyl alcohols. As shown for 45 and 46,97 our protocol was not limited 

to ether motifs and the targeted sp3 C–H arylation could also be conducted with less reactive methyl-

substituted benzene backbones, furnishing the corresponding diarylmethanes in good yields. 

However, the developed conditions were not appropriate for ethyl benzene or anisole; in the former, 

considerable amounts of styrene were found in the crude mixtures, while the latter as solvent may 

quench the triplet state of A1. 

Ni(acac)2 (10 mol%)
L4 (10 mol%)

Na2CO3 (1.0 equiv)
CFL (32 W), rt

A4 (10 mol%)
R1

Ha

R
R2R

Br

38, 56%c

41, 83%c 42, 81%d 43, 93%e

44, 65%c

40, 43%39, 75%

CO2Me

O

O

CO2Me

O

O
O

HMe

Me CO2Me

CO2Me

Me

OEt

CO2Me

OMe

CO2Me

OMe

O

CO2Me

Ot-Bu

CO2Me

45, 71%c

CO2Me

Me

Me

46, 75%c

Ph

MeO

MeO

a Reaction conditions: as Table 4.3 (entry 1). b Isolated yields, average of at least two independent runs.
c Using NaHCO3 (1.0 equiv). d 1.8:1 regioisomeric ratio.  e 2:2:1 regioisomeric ratio.
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Table 4.13. sp3 C–H arylation in benzene as solvent 

Aiming at examining the practicality of our system, we decided to explore whether we could employ 

the C–H precursor in stoichiometric amounts. We were pleased to find that excellent yield (78%) of 

1 could be observed with 10 equiv of THF in benzene as solvent and NaHCO3 as base. Further 

decreasing the loading of THF (2 equiv) while increasing A4 (50 mol%) delivered moderate yield 

(35%) with considerable amount of reduced product probably deriving from the a-hydrogen of THF. 

Fortunately, the good reactivity and selectivity obtained with phthalane (2 equiv) holds promise for 

designing future photochemical sp3 C–H functionalizations with improved practicality, flexibility and 

generality. Other challenging C-H precursors with small rings (49 and 50) or steric hindrance (50) 

afforded the targeted products in moderate to good yields. Notably, N-Boc pyrrolidine was an 

excellent substrate for our transformation as high yield was obtained in this case (48, 83%). Although 

the results compiled in previous tables showed the diversity for a wide number of substrates 

possessing weak C–H bonds, it was unclear whether such technique could be extended to unactivated, 

yet particularly strong, sp3 C–H bonds. Gratifyingly, we found that the sp3 C–H arylation of 

cyclohexane is within reach (51, 52), constituting a step-forward for the functionalization of 

particularly unactivated sp3 C–H bonds which cannot proceed with quinuclidine as HAT mediator.71 

O

OH
N

Boc

OHCF3

O
1, 78% (C–H: 10 equiv)c 47, 63% 

(C–H: 2 equiv)
48, 83% 

(C–H: 10 equiv)

RCO2Me

O

Me Me

4-p-49, 78% 
(C–H: 20 equiv)c

50, 45% 
(C–H: 20 equiv)c

51 (R = CF3), 71%e

52 (R = OPh), 45%e

CO2Me

O

1, 35% (C–H: 2 equiv)d

Ni(acac)2 (10 mol%)
L4 (10 mol%), A4 (10 mol%)

Na2CO3 (1.0 equiv)

benzene (0.075 M)
CFL (32 W), rt

R

Ha

R
R2R

Br

a Reaction conditions: as Table 4.3 (entry 1), in benzene as solvent (0.075 M). b Isolated yields, average of at
two independent runs. c NaHCO3 (1 equiv). d A4 (50 %) was used.  e Cyclohexane:benzene (1:1, 0.05 M).
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Figure 4.6. Late-stage diversification of (-)-ambroxide 

Prompted by the generality of our photochemical sp3 C–H arylation, we anticipated that we might 

be able to streamline the synthesis of complex molecules via late-stage functionalization.72 To this 

end, we found that (–)–ambroxide, a naturally occurring terpenoid responsible for the odor of 

ambergris, underwent the targeted late-stage sp3 C–H functionalization with a different set of 

(hetero)aryl bromides in benzene as solvent, giving rise to 53 to 55 in high yields and excellent 

diastereoselectivities (Figure 4.6). 

 

Figure 4.7. Site-selectivity and natural product synthesis 

We were also pleased to find that the sp3 C–H arylation of NMP (N-methylpyrrolidone) with 3-

bromopyridine rapidly afforded cotinine (56), an alkaloid found in tobacco and currently being 

studied as a treatment for depression, PTSD, schizophrenia, Alzheimer’s disease and Parkinson’s 

disease,73 in high yields and with excellent site-selectivity (Figure 4.7). Likewise, a variety of 

valuable, yet difficult to access with traditional methods, cotinine analogues such as 57 (60 $/mg)74 

to 59 could also be accessed under otherwise identical reaction conditions from cheap starting 

precursors, even at 10 mmol scale without an apparent erosion in yield and site-selectivity (57). 

Strikingly, there is no general method to access cotinine and it´s aryl derivatives in Scifinder, further 

As Table 4.13, with benzene as solvent (0.06M) and C–H precursor (10 equiv)

L Ni X
XLO

Ar2ArO
Me

Me

H
Me

Me
H

(-)-Ambroxide

O
Me

Me

H
Me

Me

OH

NO
Me

Me

H
Me

Me

54, 73%
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As Table 4.3, with benzene as solvent (0.06M) and C–H precursor (10 equiv).
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demonstrating the potential of our system in functionalizing cheap C-H precursors and quickly 

generating molecular complexity. 

 
Scheme 4.26. Enantioselective sp3 C-H arylation 

Encouraged by our results, we wondered whether the merger of triplet excited ketones and nickel 

catalysis might enable the development of an asymmetric sp3 C–H arylation if appropriate chiral 

ligands were employed. Gratifyingly, we found that 60 could be accessed in moderate 

enantioselectivities and yields when a Ni/L7 catalyst was used (Scheme 4.26).75 Although 

preliminary, this result constitutes the first example of an enantioselective C–C bond-forming 

reaction of native sp3 C–H bonds within the metallaphotoredox arena. These results are currently 

being followed up by other members of the group and will be reported in due course.  

It is worth noting that, during the course of our investigations, Molander and Doyle concurrently 

reported a rather similar sp3 arylation event of C–H precursors (as solvents) via energy transfer or 

SET/HAT process, in both cases using Ir(III) photocatalysts.51,52a 

 

Scheme 4.27. Molander’s sp3 C-H arylation via energy transfer 

In Molander’s work,51 the authors confirmed an energy transfer pathway by which the 

photosensitized ArNi(II)Br oxidative addition complex releases Br-radical (BDE of H-Br: 
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88kcal/mol) that was capable of selectively abstracting weak C–H bonds in the presence of A5. This 

was illustrated by the fact that DME gave a single regioisomer in good yields while no reaction 

occurred with t-BuOMe and cyclohexane (BDE C–H bond: 99 kcal/mol) (Scheme 4.27, bottom left). 

Control experiments in the absence of A5 afforded 76% yield of the desired product, but Ir(III) 

photocatalyst was required for the reaction to occur.  

 

Scheme 4.28. Doyle’s sp3 C-H arylation via SET/HAT process 

In Doyle’s case,52a the authors proposed a single electron oxidation of ArNi(II)Cl to ArNi(III)Cl 

intermediate, which was subsequently photosensitized under visible light irradiation to release highly 

reactive Cl-radical (BDE of H-Cl: 105kcal/mol) that was responsible for the HAT process (Scheme 

4.28). As a consequence, arylation of DME gave rise to mixture of regioisomers while PhOMe and 

cyclohexane (BDE C–H bond: 99 kcal/mol) could be utilized as C–H precursors. Very recently, 

Doyle group solved the problem of using the C–H precursor as solvent by conducting a sp3 C-H 

acylation in which the functionalized position was deactivated by a proximal electron withdrawing 

group, thus allowing to use 2-5 equiv of the corresponding C–H precursor.52b While the work of 

Molander51 and Doyle52a was certainly devastating for our purposes, we decided to continue our 

investigations on the utilization of diaryl ketones as both HAT/SET catalysts in the absence of noble 

Ir photocatalysts. In particular, we decided to show the possibility of conducting a sp3 C–H alkylation 

event, as the work of Molander and Doyle did not show such possibility with Ir photocatalysts.51,52a   
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4.6.4. Metallatriplet Catalysis: sp3 C-H Alkylation 

After firmly establishing the ability of triplet excited ketones to trigger a sp3 C–H arylation, we 

turned our attention to study the possibility of effecting a sp3 C–H alkylation with the corresponding 

unactivated alkyl bromides. If successful, we recognized that such a reaction would provide an 

opportunity to couple two sp3 carbon fragments from readily accessible precursors and catalysts in a 

redox neutral manifold.76 However, the lower propensity of alkyl halides for oxidative addition, and 

the proclivity to undergo b-hydride elimination reactions, reduction or parasitic homodimerization 

were important challenges to be overcome (Figure 4.8).77 

 

Figure 4.8. Potential byproducts of Ni-alkyl species 

We started our investigations on the sp3 C-H alkylation of 4-phenyl-1-bromobutane (Table 4.14). 

As shown, low yields were obtained due to competitive b-hydride elimination and benzylic 

dimerization. Interestingly, more electron-rich L2 gave consistently better yields compared to L4 

whereas quantitative dimerization was obtained with L5 as the ligand, thus showing the subtleties of 

our protocol when slightly modifying the electronic and steric parameters at the ligand backbone.  

 

Table 4.14. Preliminary trials of sp3 C-H alkylation  
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b Mass balance accounts for olefin isomers. c Mass balance accounts for dimerization of benzylic position.
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Table 4.15. Base screening for the sp3 C-H alkylation event 

Encouraged by these preliminary results, we carried out further optimization using Ni(acac)2/L2 (10 

mol%) and A4 (20 mol%) to improve both reactivity and selectivity.  Indeed, chemoselectivity was 

increased with higher A4 loading. Still, however, some amount of olefin, reduction and dimerization 

were still observed in the crude mixtures. Among all inorganic bases utilized, Na2CO3 turned out to 

be the best one regarding both reactivity and selectivity. 

 

Table 4.16. Additive screening of sp3 C-H alkylation 

In light of these results, it was evident that dimerization, reduction and b-hydride elimination were 

difficult to control, preventing the formation of the final sp3 C–H alkylation in high yields. We 

hypothesized that these drawbacks could be partially alleviated by the in situ generation of a cationic 

oxidative addition complex. If so, a rapid radical recombination would be effected, thus preventing 
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the formation of parasitic b-hydride elimination, reduction or homodimerization pathways.77 To such 

end, we turned our attention to study the addition of non-coordinated anions as cation scavengers. 

Gratifyingly, we obtained 84% isolated yield when NaO2CCF3 (1 equiv) was used as additive (Table 

4.16, entry 1), and without detectable dimerization. Notably, the utilization of NaOTf or NaOTs were 

slightly less reactive, thus showing the non-negligible influence of the corresponding anion (Table 

4.16, entry 2 and 3). Likewise, the counteraction had a non-negligible influence on yield, as NaOTf 

showed superior reactivity than TBAOTf (Table 4.16, entry 2 and 6). Control experiments confirmed 

the absence of a Finkelstein-type anion exchange; therefore, the improvement observed cannot 

merely be attributed to the in situ formation of the corresponding R-O2CCF3. 

 

Table 4.17. Scope of sp3 C-H alkylation with unactivated primary alkyl bromide 

Under the optimized reaction conditions of Table 4.16 (entry 1), a wide variety of unactivated alkyl 

bromides possessing alkenes (62), free alcohols (63), silyl ethers (64), esters (66), N-containing 

heterocycles (66), nitriles (70), amides (71, 73) or aldehydes (72) were all accommodated. As shown 

for 67, the presence of alkyl chlorides did not interfere with productive sp3 C–Br bond-cleavage (67), 

whereas exhaustive or selective sp3 C–H alkylation could be accomplished when 1,6-dibromohexane 

was employed as substrate (68, 69). 
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O
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O
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Na2CO3 (1.0 equiv), CF3CO2Na (1 equiv), CFL (32W), 25 ºC. b Isolated yields, average of at least two independent runs. c 120 h.
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Table 4.18. Scope of secondary alkyl bromides and other C-H precursors 

Although we anticipated that a C–C bond reductive elimination between two fragments derived 

from secondary sp3 C–H bonds would be even more problematic, we found that our protocol could 

tolerate the coupling of challenging secondary alkyl bromides (73, 74). Unfortunately, our protocol 

did not allow the coupling of tertiary and acyclic secondary alkyl bromides; in the former, no reaction 

took place whereas significant b-hydride elimination was observed in the latter. Unlike the sp3 C–H 

arylation event, the corresponding sp3 C–H alkylation could not be extended to a wide number of C–

H precursors.  After considerable screening of a variety of C–H precursors, we found that three 

additional ethereal motifs could be used to deliver the targeted sp3 C–H alkylation event (75 to 77). 

Particularly noteworthy was the unprecedented C(sp3)-C(sp3) bond-formation at unactivated sp3 C–

H bonds possessing particularly high BDE (78 to 80). These results suggest that our Ni/A1 regime 

might complement existing metallaphotoredox scenarios based on the utilization of Ir polypyridyl 

photocatalysts for the functionalization of sp3 C-H via HAT processes.13b It is worth noting that when 

our manuscript was in revision, MacMillan reported a sp3 C-H alkylation based on quinuclidine and 

Ir(III) photocatalyst (Scheme 4.29).76 As for their previous sp3 C–H arylation event,50 however, no 

tentative explanation of the observed selectivity was given for their Ni/photoredox/HAT work. 
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Scheme 4.29. Photoredox, HAT and Ni-catalyzed sp3 C-H alkylation 

4.6.5. Metallatriplet Catalysis: Mechanistic studies 

Although our data suggested that the merger of triplet excited ketone catalysts and nickel catalysts 

exploited an unrecognized opportunity in the C–H functionalization arena, it was unclear whether the 

promiscuous photoreactivity of triplet excited ketones (SET, HAT, ET) would allow us to understand 

how the C-H bond cleavage operates at the molecular level. In order to unravel the mode of action 

by which A1 enables sp3 C–H arylation, several mechanistic experiments were carried out. Although 

control experiments corroborated the efficient photoreduction of Ni(acac)2 by A1 under CFL 

irradiation (see experimental section for details), various scenarios might be conceivable for the 

results highlighted above. 

 

Figure 4.9. Br radical involved HAT process via SET or ET 

In view of Molander and Doyle’s work, we could not rule out the possibility that the oxidative 

addition complex ArNi(II)X could either be sensitized via ET or oxidized via SET to generate halide 

radical (Figure 4.9).51 Although this was certainly reasonable, we believed that this pathway made 

only a minor contribution to productive sp3 C-H arylation, if any. 
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Scheme 4.30. The BDE mismatch experiments 

Taking into consideration the mismatch of bond-dissociation energies (BDE)78 of H–Br (87 

Kcal/mol) and the C–H bond of cyclohexane (98 Kcal/mol), one might argue that the sp3 C–H 

arylation of the latter with bromoarenes should not take place (Scheme 4.30). However, the successful 

arylation of cyclohexane (51 and 52, Table 4.13) and alkylation of cycloalkanes (78 to 80; Table 4.18) 

indicated otherwise. In addition, the lack of Ni-X homolysis gained credence when considering the 

non-negligible reactivity obtained when promoting the sp3 C–H arylation of tetrahydroduran (C–H: 

85 Kcal/mol) and cyclohexane (C–H: 98 Kcal/mol) with iodoarenes79 (H–I: 71 Kcal/mol) en route to 

3 and 51. However, care must be taken when generalizing this, as the oxidative addition of aryl iodide 

to Ni(0)Ln might follow a SET-type pathway, leading to an aryl radical that can escape the solvent 

cage and act as a HAT mediator. If that´s the case, a maximum 50% yield should be observed for 

iodoarenes, together with non-negligible amount of reduced arenes. However, a close inspection into 

the crude mixtures of our arylation of iodoarenes revealed that only trace amount of the corresponding 

reduced arene were observed, thus leaving a reasonable doubt on whether this pathway is being 

populated. 

 

Scheme 4.31. Deuterium labelling experiments 

Notably, deuterium labelling studies showed an exothermic radical sp3 C–H abstraction, providing 

additional evidence that might rule out a Br radical pathway (Scheme 4.31).80 This interpretation is 

based on the BDE of H-Br (87.5 Kcal/mol) and a-H of THF (85 Kcal/mol), suggesting that a 

thermoneutral HAT process should occur via Br radical, an observation that was confirmed by 

Molander and coworkers with the same deuterium labelling experiment.  
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Table 4.19. Stoichiometric experiments with Ni-1 

While we could certainly rule out the intermediacy of bromine radicals on the sp3 C–H arylation of 

cyclohexane, it was still ambiguous whether the Br-radical was involved or not in the 

functionalization of THF. To shed light into this observation, we prepared the putative oxidative 

addition complex Ni-1 upon exposure of 4-bromotrifluoromethyl benzene to Ni(COD)2 and L4.  As 

shown in Table 4.19, stoichiometric experiments revealed that Ni-1 gave rise to the targeted product 

in THF with A4 (entry 1), while dimerization of the aryl motif was observed without A4 (entry 2). 

Importantly, direct irradiation of a solution of Ni-1 in THF resulted in dimerization (entry 3) whereas 

not even traces of product were detected when employing strongly oxidizing photocatalysts that 

would be perfectly capable of oxidize the corresponding oxidative addition complex Ni-1.  Putting 

all the pieces together (Scheme 4.30, 4.31 and Table 4.19), we strongly believe that a scenario based 

on bromine radicals is highly unlikely.  

 

Figure 4.10. Involvement of sigma bond metathesis 

Next, we turned our attention to explore the viability of a triplet-triplet ET followed by s-bond 

metathesis (Figure 4.10, pathway c). If such a pathway intervenes, non-negligible amounts of sp3 C–

H arylation were anticipated when Ni-1 was exposed in the absence of A4 under irradiation by a dark 

lamp (λmax = 365 nm) (Table 4.19, entry 3).82 However, not even traces of 1 were observed. 
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Scheme 4.32. Accessing s-bond metathesis via bromides selection 

Further support for the lack of s-bond metathesis came from the reactivity of the dibromo 

derivatives shown in Scheme 4.32. Although the absence of double cyclization cannot be taken as a 

definitive proof, pathways other than s-bond metathesis seemed to be the most plausible avenue for 

explaining our sp3 C–H arylation event.83 

 

Figure 4.11. Involvement of acac radical via charge transfer 

Since the photoreduction of Ni(acac)2 via charge-transfer (CT) had a direct correlation with the 

generation of acac-radical species, another possibility that could explain our results would be the 

ability to trigger a charge-transfer (CT) from A4* to in situ generated ArNi(II)acac. Such a pathway 

would result in acac radical that could trigger a HAT process with the corresponding C–H precursor 

(Figure 4.11, path d).46 

 

Scheme 4.33. Catalytic competence of Ni-1 
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marked decrease in reactivity of Ni-1 compared to the in situ protocol can tentatively be attributed to 

(a) the stunning absorption of Ni-1 in the visible light region which may affect the absorption of A4, 

and/or (b) the absence of the acac anion which contributed to product formation (Figure 4.11, pathway 

d).46 The former possibility was assessed by performing the reaction with 1 mol% of Ni-1.  Although 

reduced yields were detected, an improved turnover number (TON) was observed, suggesting either 

an unproductive quenching of A4* by Ni-1 or that the high concentration of deep colored Ni-1 

affected the absorption of A4 (Scheme 4.33, bottom right). The latter was evaluated by adding 

additional Na(acac) to the reaction. Surprisingly, significant inhibition was observed in the presence 

of Na(acac) (Scheme 4.33, bottom right). As a consequence, the presence of acac in our catalytic 

protocol does not have an influence on product formation, suggesting that acac may merely facilitate 

the initial photoreduction of Ni(acac)2 to deliver the catalytically competent nickel intermediates. In 

line with this, it is worth noting that no significant deleterious effect was observed when replacing 

Ni(acac)2 with other Ni(II) precatalysts or Ni(COD)2 (Table 4.8, entry 5-7). Taken together, all the 

experiments in Scheme 4.33 left a reasonable doubt about the operation of pathway d (Figure 4.11) 

based on a CT event. 

 

Figure 4.12. HAT/SET via triplet diaryl ketone 

Although our empirical observations should not be taken as definitive proof that other pathways do 

not occur,84 the available data favored out mechanistic rational where a HAT process from the triplet 

excited state of A4 (Figure 4.12, pathway e) was followed by SET to recover the propagating A4 and 

low-valent Ni(0)L species (Scheme 4.24). In general, photocatalysts have the highest molar 

absorption coefficient in the visible light region. In our reaction, however, the low absorption of A4 

in either THF or benzene was exacerbated by the high absorption of Ni-1 in the (n,p*) excitation 

region, thus making particularly difficult to unambiguously determine the most basic quenching 

features of A4 and Ni-1. Additionally, the propensity of Ni-1 to decomposition in highly diluted 

conditions prevented the implementation of Stern-Volmer quenching studies or flash photolysis.85  
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Figure 4.13. EPR experiment of stoichiometric Ni with A4 under irradiation 

(X-axis Magnetic Field / G; Y-axis Intensity) 

In order to provide indirect evidence to confirm the productive mode of action of A4, we decided 

to monitor a stoichiometric reaction of Ni-1 and A4 in dioxane by EPR spectroscopy with constant 

irradiation (>300 nm) (Figure 4.13). A direct comparison with the known g-values of related 

species46b indicated the formation of Ni(I) intermediates and the corresponding ketyl radical together 

with the desired sp3 C–H arylation of dioxane (83). Taken together, all the data acquired is consistent 

with triplet excited ketone A4 acting as HAT & SET catalysts.  

4.7. Conclusion 

In conclusion, we have developed a catalytic platform for the functionalization of native sp3 C-H 

bonds by using the merger of cheap nickel salts with simple, modular diaryl ketone photocatalysts. 

Although preliminary, the method showed promising results in the context of late-stage 

functionalization of naturally-occurring molecules and asymmetric sp3 C-H arylation event. Our 

metallatriplet catalytic scenario might represent a powerful alternative to existing photochemical 
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metallaphotoredox reactions based on commonly employed noble metal-based photocatalysts. 

Mechanistic experiments suggest an unprecedented activation mode in which photoexcited ketones 

serve as both HAT and SET catalysts in the context of Ni-catalysis. We expect that the broader 

consequences of this concept will foster systematic investigations into a more prolific use of simple 

ketones as photocatalysts for streamlining synthetic sequences that rapidly build-up molecular 

complexity from simple chemical feedstocks. It is worth noting, however, that our method required 

high quantities of C–H precursor, thus significantly lowering down the potential of this protocol. 

Although beyond the scope of this PhD thesis, our research group is currently studying the possibility 

of further engineering the ketone catalyst for meeting this goal.  
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4.9. Experimental Section 

4.9.1 General considerations 

Reagents: All of the reactions were carried out in Schlenk tubes. Commercially available aryl, alkyl halides and C–H 

precursors were used without further purification. Ni(acac)2 (95% purity) was purchased from Strem and Na2CO3, 4,4′-

Di-tert-butyl-2,2′-dipyridyl (L2), 5,5′-Dimethyl-2,2′-dipyridyl (L4) were purchased from Aldrich. Anhydrous Benzene, 

Tetrahydrofuran (THF) and other C-H precursors were purchased from Aldrich, Acros, TCI or Alfa Aesar, and used as 

received. 

Analytical Methods. 1H NMR, 13C NMR and 19F NMR spectra are included for all compounds. 1H NMR, 13C NMR and 
19F NMR spectra were recorded on a Bruker 300 MHz, a Bruker 400 MHz or a Bruker 500 MHz at 20 ºC. All 1H NMR 

spectra are reported in parts per million (ppm) downfield of TMS and were measured relative to the signals for CHCl3 

(7.26 ppm). All 13C NMR spectra were reported in ppm relative to residual CHCl3 (77.16 ppm) and were obtained with 
1H decoupling. Coupling constants, J, are reported in hertz (Hz). In case of diastereisomeric or regioisomeric mixtures, 

the corresponding ratio was measured by NMR of the crude product. Melting points were measured using open glass 

capillaries in a Büchi B540 apparatus. Infrared spectra were recorded on a Bruker Tensor 27. Mass spectra were recorded 

on a Waters LCT Premier spectrometer. Specific optical rotation measurements were carried out on a Jasco P-1030 model 

polarimeter equipped with a PMT detector using the Sodium line at 589 nm. Gas chromatographic analyses were 

performed on HewlettPackard 6890 gas chromatography instrument with a FID detector using 25m x 0.20 mm capillary 

column with cross-linked methyl siloxane as the stationary phase. Flash chromatography was performed with EM Science 

silica gel 60 (230-400 mesh) and using KMnO4 TLC stain. UV-Vis measurements were carried out on a Shimadzu UV-

1700PC spectrophotometer equipped with a photomultiplier detector, double beam optics and D2 and W light sources. 

EPR signals were recorded with EMX Micro EPR spectrometer. The yields reported in Tables 1-4 correspond to isolated 

yields and represent an average of at least two independent runs. The procedures described in this section are 

representative. Thus, the yields may differ slightly from those given in the tables of the manuscript. 

4.9.2. Synthesis of Triplet Catalyst A1 and Starting Materials 

4.9.2.1 Scalable Synthesis of the Diary Ketone Catalyst 

                     

An oven-dried 500 mL flask containing a stirring bar was charged with Mg (150 mmol, 1.5 eq, 3.65 g). The flask was 

then evacuated and back-filled with argon (this sequence was repeated three times). Then, 4-bromobenzotrifluoride (100 

mmol, 1.0 eq, 14.0 mL) was added dropwise followed by addition of THF (200 mL, 2.0 M) under an argon flow (if the 

reaction was not initiated, small amount of I2 and gentle heating was necessary), and the reaction was stirred for additional 

MeO
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CF3 MeO
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3h. This solution was added dropwise to a flask containing a solution of 4-methoxybenzaldehyde (100 mmol, 12.2 mL) 

in THF (100 mL) in a dry-ice/acetone under an argon flow. The reaction was allowed to warm up to room temperature 

and stirred for 4h, at which time the reaction was carefully quenched with NH4Cl (sat.) until a clear solution was observed. 

Then, the aqueous phase was abstracted with ethyl acetate and the combining organic phase was washed with brine, dried 

over anhydrous MgSO4 and the solvent was evaporated. The crude product was directly diluted with DCM (100 mL) and 

then slowly added to a mixture of pyridinium chlorochromate (200 mmol, 2.0 eq, 43.1 g) and silica gel (35.0 g) in DCM 

(100 mL). After the addition, the reaction was monitored by TLC. Once completion was observed, the reaction mixture 

was filtered through a short pad of silica gel several times until a clear light-yellow solution was obtained. The organic 

solvent was then evaporated under vaccuum, and the crude reaction mixture was directly recrystallized in CH2Cl2/hexanes 

to provide the title compound as a white, crystalline solid (83.9 mmol, 23.5 g, 84% yield). 1H NMR (400 MHz, CDCl3) δ 

7.85-7.80 (m, 4H), 7.74 (d, J = 8.0 Hz, 2H), 7.00-6.96 (m, 2H), 3.90 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 194.40, 

163.88, 141.68, 133.41 (q, JC-F = 32.7 Hz), 132.77, 129.93, 129.52, (q, JC-F = 3.8 Hz), 123.88 (q, JC-F = 273.6 Hz), 113.97, 

55.71 ppm. 19F NMR (376 MHz, CDCl3) δ -63.05 ppm.1 

4.9.2.2. Synthesis of the starting materials 

 

General conditions: To a stirred solution of bromobenzoic acid (7 mmol, 1.0 eq) in DCM (0.35 M, 20 mL) and DMF 

(0.1 mL) under argon was added oxalyl chloride (9.1 mmol, 1.3 eq) by syringe. The reaction mixture was stirred for 1 h 

at 0 ºC and then warmed up to room temperature. After 3 h, a clear light-yellow solution was obtained and all of the 

volatiles were removed under vacuum. The residue was then dissolved in DCM (10 mL) and added to a mixture of an 

alcohol or amine nucleophile (5 mmol, 1.0 eq), DMAP (0.5 mmol, 0.1 eq) and Et3N (10 mmol, 2.0 eq) in DCM (10 mL). 

The reaction was allowed to stirred overnight at room temperature. Then, the mixture was quenched upon addition of 

NH4Cl (aq. 10%), and extracted with DCM (3x). The organic phase was washed with brine, concentrated and purified by 

silica gel flash chromatography to give the corresponding substituted aryl bromide. 

 
hex-5-yn-1-yl 4-bromobenzoate (6s): Following the general conditions, 4-bromobenzoic acid and hex-5-en-1-ol were 

used. The title compound was obtained in 93% as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.89 (d, J = 8.4 Hz, 2H), 

7.57 (d, J = 8.4 Hz, 2H), 5.88-5.74 (m, 1H), 5.06-4.96 (m, 2H), 4.34-4.29 (t, J = 6.3 Hz, 2H), 2.15-2.09 (m, 2H), 1.80-

1.73 (m, 2H), 1.59-1.49 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 166.01, 138.37, 131.79, 131.20, 129.47, 128.04, 

115.07, 65.29, 33.42, 28.24, 25.40 ppm. IR (neat, cm-1): 3010, 2968, 2951, 1715, 1615, 1484, 1266, 1173, 946. HRMS 

calcd. for (C13H16BrO2) [M+H]+: 283.0155, found 283.0149. 

COOH
Br

COCl
Br Br
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hex-5-yn-1-yl 4-bromobenzoate (7s): Following the general conditions, 4-bromobenzoic acid and hex-5-yn-1-ol were 

used. The title compound was obtained in 95% as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.91-7.87 (m, 2H), 7.59-

7.54 (m, 2H), 4.33 (t, J = 6.6 Hz, 2H), 3.27 (dt, J = 6.9, 2.4 Hz, 2H), 1.97 (t, J = 2.4 Hz, 1H), 1.94-1.85 (m, 2H), 1.73-

1.63 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 165.95, 131.80, 131.20, 129.33, 128.11, 83.89, 68.98, 64.84, 27.82, 

25.13, 18.23 ppm. IR (neat, cm-1): 3301, 2952, 1715, 1590, 1483, 1398, 1266, 1173. HRMS calcd. for (C13H14BrO2) 

[M+H]+: 281.0172, found 281.0167. 

 
 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 4-bromobenzoate (26s): Following the general conditions, 4-

bromobenzoic acid and Cholesterol were used. The title compound was obtained in 90% as white solid. Mp 187-188 ˚C. 
1H NMR (300 MHz, CDCl3) δ 7.90 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 5.42 (d, J = 4.2 Hz, 1H), 4.90-4.79 (m, 

1H), 4.45 (d, J = 7.8 Hz, 2H), 2.04-1.75 (m, 6H), 1.66-0.96 (m, 23H), 0.93-0.86 (m, 9H), 0.69 (s, 3H) ppm. 13C NMR (75 

MHz, CDCl3) δ 165.40, 139.65, 131.73, 131.24, 129.88, 127.93, 123.06, 75.09, 56.84, 56.29, 50.19, 42.47, 39.88, 39.67, 

38.32, 37.15, 36.79, 36.34, 35.95, 32.08, 32.02, 28.39, 28.17, 28.00, 24.45, 23.99, 22.98, 22.72, 21.20, 19.52, 18.88, 12.02 

ppm. [α]D26
 
= -2.9 (c = 0.0950, CH2Cl2). IR (neat, cm-1): 2940, 2903, 2867, 2848, 1705, 1588, 1271, 1103. HRMS calcd. 

for (C34H50BrO2) [M+H]+: 569.2989, found 569.2974.  

 
(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-bromobenzoate (27s): Following the general conditions, 4-

bromobenzoic acid and (1R,2S,5R)-(−)-Menthol were used. The title compound was obtained in 92% as colorless oil. 1H 

NMR (300 MHz, CDCl3) δ 7.92-7.88 (m, 2H), 7.59-7.55 (m, 2H), 4.92 (dt, J = 10.8, 4.5 Hz, 1H), 2.14-2.07 (m, 1H), 

1.97-1.86 (m, 1H), 1.77-1.67 (m, 2H), 1.62-1.474 (m, 2H), 1.19-1.03 (m, 2H), 0.94-0.90 (m, 7H), 0.78 (d, J = 6.9 Hz, 3H) 

ppm. 13C NMR (75 MHz, CDCl3) δ 165.49, 131.75, 131.23, 129.88, 127.91, 75.35, 47.38, 41.06, 34.42, 31.58, 26.69, 

23.79, 22.17, 20.88, 16.67 ppm. [α]D26 = -76.1 (c = 0.1000, CH2Cl2). IR (neat, cm-1): 2954, 2869, 1714, 1589, 1265, 1172, 

1101, 1012. HRMS calcd. for (C17H22BrO2) [M-H]+: 337.0798, found 337.0792.  
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(3aR,5R,6R,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl 3-

bromobenzoate (28s): Following the general conditions, 3-bromobenzoic acid and 1,2:5,6-Bis-O-(1-methylethylidene)-

α-D-Glucofuranose were used. The title compound was obtained in 90% as colorless oil. 1H NMR (300 MHz, CDCl3) δ 

8.17 (t, J = 1.5 Hz, 1H), 7.98 (dt, J = 7.8, 1.5 Hz, 1H), 7.71 (ddd, J = 7.8, 2.1, 1.2 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H), 5.88 

(d, 1H), 5.07-5.02 (m, 1H), 4.97-4.94 (m, 1H), 4.53-4.28 (m, 2H), 4.14-4.09 (m, 1H), 3.98-3.94 (m, 1H), 1.55 (s, 3H), 

1.41 (s, 3H), 1.33 (s, 6H) ppm. 13C NMR (75 MHz, CDCl3) δ 164.47, 136.40, 132.94, 131.51, 130.16, 128.49, 122.66, 

113.41, 110.16, 104.41, 77.93, 77.90, 75.43, 73.93, 66.11, 26.86, 26.82, 26.53, 25.10 ppm. [α]D26 = +111.7 (c = 0.0850, 

CH2Cl2). IR (neat, cm-1): 2986, 1726, 1571, 1372, 1253, 1214, 1066, 1015. HRMS calcd. for (C19H23BrNaO7) [M+Na]+: 

465.0519, found 465.0518.  

 

 

methyl (R)-2-(4-bromobenzamido)-2-phenylacetate (29s): Following the general conditions, 4-bromobenzoic acid 

and (R)-(−)-2-Phenylglycine methyl ester hydrochloride (with 3.0 eq of Et3N) were used. The title compound was 

obtained in 85% as white solid. Mp 136-137 ˚C. 1H NMR (300 MHz, CDCl3) δ 7.69-7.66 (m, 2H), 7.58-7.53 (m, 2H), 

7.44-7.33 (m, 5H), 7.18 (d, J = 6.6 Hz, 1H), 5.75 (d, J = 6.9 Hz, 1H), 3.76 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 

171.54, 165.73, 136.44, 132.52, 131.95, 129.19, 128.90, 128.83, 127.46, 126.75, 56.98, 53.11 ppm. [α]D26 = -48.2 (c = 

0.0900, CH2Cl2). IR (neat, cm-1): 3322, 1736, 1639, 1590, 1530, 1482, 1183, 1066. HRMS calcd. for (C16H14BrNNaO3) 

[M+Na]+: 370.0049, found 370.0048.  

4.9.3. Preparative scope for metallatriplet catalysis 

4.9.3.1. sp3 C-H arylations 

General Procedure A: An oven-dried 12.0 mL Schlenk tube containing a stirring bar was charged with A4 (10 mol%, 

8.4 mg, 0.03 mmol), L4 (10 mol%, 5.6 mg, 0.03 mmol), aryl bromide (0.30 mmol, if solid). The schlenk tube was 

transferred to a nitrogen-filled glove-box where the Ni(acac)2 (10 mol%, 7.7 mg, 0.03 mmol), Na2CO3 (1.0 eq, 32.0 mg, 

0.30 mmol), aryl bromide (0.30 mmol, if liquid) and anhydrous THF (0.075 M, 4mL) were added. Then, the reaction 

mixture was stirred for 1 minute and taken out of the glovebox. The Schlenk tube was placed approximately ~3 cm away 

from a 32 W CFL and it was rigorously stirred for 24-96 h. After completion of the reaction, the crude material 

concentrated under reduced pressure. The desired product was directly purified by flash column chromatography in silica 

gel with pentane/EtOAc.  

Note: In few cases where the final crude was contaminated with A4, it could be easily removed by simple treatment with 

NaBH4 in MeOH at rt. 
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2-(4-(trifluoromethyl)phenyl)tetrahydrofuran (1). Following the general procedure A, using 1-bromo-4-

(trifluoromethyl)benzene (67.5 mg, 0.3 mmol), the title compound was obtained in 95% yield (61.6 mg) after 60 h as 

colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.59 (d, J = 8.5 Hz, 2H), 7.45 (d, J = 8.5 Hz, 2H), 4.94 (t, J = 7.5 Hz, 1H), 

4.10 (dt, J = 8.0, 7.0 Hz, 1H), 3.96 (dt, J = 8.0, 7.0 Hz, 1H), 2.39-2.33 (m, 1H), 2.03-1.98 (m, 2H), 1.80-1.73 (m, 1H) 

ppm. 13C NMR (126 MHz, CDCl3) δ 147.93, 129.38 (q, JC-F = 32.3 Hz), 125.88, 125.31 (q, JC-F = 3.8 Hz), 124.40 (q, JC-

F = 272.3 Hz), 80.07, 68.93, 34.80, 26.02 ppm. 19F NMR (376 MHz, CDCl3): -62.56 ppm. The observed spectral data are 

in good agreement with the ones reported in literature2. 

 
4-(tetrahydrofuran-2-yl)benzonitrile (2). Following the general procedure A, using 4-bromobenzonitrile (54.6 mg, 0.3 

mmol), the title compound was obtained in 80% yield (41.6 mg) after 60 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 7.60 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 4.92 (t, J = 7.2 Hz, 1H), 4.12-4.05 (m, 1H), 3.98-3.91 (m, 1H), 2.42-

2.31 (m, 1H), 2.05-1.95 (m, 2H), 1.78-1.67 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 149.34, 132.25, 126.25, 119.06, 

110.87, 79.90, 69.04, 34.79, 26.01 ppm. The observed spectral data are in good agreement with the ones reported in 

literature2. 

 
methyl 4-(tetrahydrofuran-2-yl)benzoate (3). Following the general procedure A, using methyl 4-bromobenzoate (64.5 

mg, 0.3 mmol), the title compound was obtained in 96% yield (59.4 mg) after 60 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 7.99 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 4.93 (t, J = 7.2 Hz, 1H), 4.13-4.06 (m, 1H), 3.98-3.93 (m, 

1H), 3.90 (s, 3H), 2.40-2.29 (m, 1H), 2.04-1.94 (m, 2H), 1.81-1.69 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.07, 

149.04, 129.74, 129.00, 125.51, 80.26, 68.93, 52.10, 34.79, 26.05 ppm. The observed spectral data are in good agreement 

with the ones reported in literature2. 

 
2-(4-chlorophenyl)tetrahydrofuran (4). Following the general procedure A, using 1-bromo-4-chlorobenzene (57.4 mg, 

0.3 mmol), the title compound was obtained in 96% yield (52.6 mg) after 60 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 7.23-7.16 (m, 4H), 4.77 (t, J = 7.2 Hz, 1H), 4.04-3.96 (m, 1H), 3.88-3.81 (m, 1H), 2.28-2.18 (m, 1H), 1.96-1.87 

(m, 2H), 1.72-1.60 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 142.15, 132.82, 128.50, 127.10, 80.10, 68.82, 34.79, 

26.08 ppm. The observed spectral data are in good agreement with the ones reported in literature2. 

 
Phenyl(4-(tetrahydrofuran-2-yl)phenyl)methanone (5). Following the general procedure A, using (4-

bromophenyl)(phenyl)methanone (78.3 mg, 0.3 mmol), the title compound was obtained in 95% yield (71.9 mg) after 36 

h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.80-7.76 (m, 4H), 7.60-7.54 (m, 1H), 7.48-7.42 (m, 4H), 4.96 (t, J = 

7.2 Hz, 1H), 4.15-4.08 (m, 1H), 4.0-3.92 (m, 1H), 2.43-2.32 (m, 1H), 2.06-1.97 (m, 2H), 1.86-1.74 (m, 1H) ppm. 13C 
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NMR (75 MHz, CDCl3) δ 196.48, 148.59, 137.83, 136.45, 132.37, 130.32, 130.06, 128.31, 125.45, 80.27, 68.95, 34.77, 

26.08 ppm. The observed spectral data are in good agreement with the ones reported in literature3. 

 
hex-5-en-1-yl 4-(tetrahydrofuran-2-yl)benzoate (6): Following the general procedure A, the tittle compound was 

obtained in 91% yield after 60 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J = 8.1 Hz, 2H), 7.39 (d, J = 8.1 

Hz, 2H), 5.88-5.74 (m, 1H), 5.06-4.91 (m, 3H), 4.31 (t, J = 6.6 Hz, 2H), 4.13-4.06 (m, 1H), 3.98-3.91 (m, 1H), 2.40-2.30 

(m, 1H), 2.16-2.09 (m, 2H), 2.04-1.95 (m, 2H), 1.82-1.72 (m, 3H), 1.59-1.49 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3) 

δ 166.62, 148.97, 138.43, 129.70, 129.31, 125.47, 114.94, 80.27, 68.93, 64.88, 34.81, 33.41, 28.27, 26.04, 25.40 ppm. IR 

(neat, cm-1): 3005, 2951, 1715, 1612, 1487, 1238, 957, 911. HRMS calcd. for (C17H22NaO3) [M+Na]+: 297.1461, found 

297.1462. 

 
hex-5-yn-1-yl 4-(tetrahydrofuran-2-yl)benzoate (7). Following the general procedure A, using hex-5-yn-1-yl 4-

bromobenzoate (84.3 mg, 0.3 mmol), the title compound was obtained in 89% yield (72.7 mg) after 60 h as colorless oil. 
1H NMR (300 MHz, CDCl3) δ 7.99 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 4.93 (t, J = 7.2 Hz, 1H), 4.32 (t, J = 6.6 

Hz, 2H), 4.12-4.05 (m, 1H), 3.97-3.90 (m, 1H), 2.39-2.23 (m, 3H), 2.03-1.63 (m, 8H) ppm. 13C NMR (75 MHz, CDCl3) 

δ 166.54, 149.03, 129.70, 129.17, 125.47, 83.94, 80.23, 68.91, 68.87, 64.41, 34.79, 27.86, 26.02, 25.13, 18.20 ppm. IR 

(neat, cm-1): 3303, 2952, 1713, 1269, 1115, 1057, 1018, 910. HRMS calcd. for (C17H20NaO3) [M+Na]+: 295.1305, found 

295.1301. 

 
N-(4-(tetrahydrofuran-2-yl)phenyl)acetamide (8). Following the general procedure A, using N-(4-

bromophenyl)acetamide (64.2 mg, 0.3 mmol), the title compound was obtained in 94% yield (57.8 mg) after 72 h as 

colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.09 (br, 1H), 7.42 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 4.82 (t, J = 

7.2 Hz, 1H), 4.10-4.03 (m, 1H), 3.93-3.86 (m, 1H), 2.32-2.21 (m, 1H), 2.08 (s, 3H), 2.05-1.93 (m, 2H), 1.81-1.69 (m, 1H) 

ppm. 13C NMR (75 MHz, CDCl3) δ 168.93, 139.13, 137.18, 126.29, 120.13, 80.50, 68.66, 34.59, 26.06, 24.37 ppm. IR 

(neat, cm-1): 3305, 2975, 2871, 1665, 1602, 1515, 1410, 1370. HRMS calcd. for (C12H15NNaO2) [M+Na]+: 228.0995, 

found 228.0991. 

 
 (4-(tetrahydrofuran-2-yl)phenyl)methanol (9). Following the general procedure A, using (4-bromophenyl)methanol 

(56.1 mg, 0.3 mmol), the title compound was obtained in 99% yield (52.9 mg) after 72 h as colorless oil. 1H NMR (300 

MHz, CDCl3): δ 7.20 (s, 4H), 4.78 (t, J = 7.2 Hz, 1H), 4.52 (s, 2H), 4.03-3.96 (m, 1H), 3.87-3.79 (m, 1H), 2.39 (br, 1H), 

2.71-2.17 (m, 1H), 1.96-1.86 (m, 2H), 1.75-1.63 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 142.70, 140.01, 127.02, 
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125.83, 80.58, 68.70, 64.97, 34.69, 26.05 ppm. IR (neat, cm-1): 3376, 2927, 2869, 1513, 1459, 1420, 1327, 1048. HRMS 

calcd. for (C11H14NaO2) [M+Na]+: 201.0885, found 201.0886. 

 
4-(tetrahydrofuran-2-yl)phenol (10). Following the general procedure A, using 4-bromophenol (51.9 mg, 0.3 mmol), 

the title compound was obtained in 68% yield (33.5 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.18-

7.13 (m, 2H), 6.72-6.67 (m, 2H), 6.43 (br, 1H), 4.84 (t, J = 7.2 Hz, 1H), 4.13-4.06 (m, 1H), 3.93 (dt, J = 7.8, 6.3 Hz, 1H), 

2.32-2.22 (m, 1H), 2.08-1.97 (m, 2H), 1.88-1.76 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 155.46, 134.33, 127.41, 

115.40, 80.96, 68.57, 34.40, 26.17 ppm. The observed spectral data are in good agreement with the ones reported in 

literature4. 

 
4-(tetrahydrofuran-2-yl)aniline (11). Following the general procedure A, using 4-bromoaniline (51.6 mg, 0.3 mmol) or 

N-(4-bromophenyl)-1,1,1-trimethyl-N-(trimethylsilyl)silanamine (94.9 mg, 0.3 mmol), the title compound was obtained 

in 68% or 89% yield (33.7 mg or 44.1 mg) after 72 h as light brown oil. 1H NMR (300 MHz, CDCl3) δ 7.15-7.11 (m, 2H), 

6.67-6.63 (m, 2H), 4.77 (t, J = 7.2 Hz, 1H), 4.10 (m, 1H), 3.89 (dt, J = 7.8, 6.3 Hz, 1H), 3.61 (br, 2H), 2.29-2.19 (m, 1H), 

2.05-1.90 (m, 2H), 1.85-1.73 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 145.70, 133.14, 127.09, 115.08, 80.82, 68.45, 

34.38, 26.20 ppm. IR (neat, cm-1): 3437, 3349, 2970, 2866, 1614, 1515, 1281, 1046. HRMS calcd. for (C10H14NO) 

[M+H]+: 164.1070, found 164.1073. 

 
4,4,5,5-tetramethyl-2-(4-(tetrahydrofuran-2-yl)phenyl)-1,3,2-dioxaborolane (12). Following the general procedure A, 

using 2-(4-bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (84.9 mg, 0.3 mmol), the title compound was obtained 

in 93% yield (41.1 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 7.8 Hz, 2H), 7.34 (d, J = 7.8 

Hz, 2H), 4.92 (t, J = 6.9 Hz, 1H), 4.13-4.06 (m, 1H), 3.98-3.90 (m, 1H), 2.38-2.27 (m, 1H), 2.04-1.94 (m, 2H), 1.84-1.72 

(m, 1H), 1.34 (s, 12 H) ppm. 13C NMR (75 MHz, CDCl3) δ 146.98, 134.95, 124.95, 83.84, 80.71, 68.86, 34.84, 26.08, 

24.99 ppm. IR (neat, cm-1): 2976, 2929, 2868, 1613, 1398, 1358, 1142, 1062. HRMS calcd. for (C16H24O310B) [M+H]+: 

274.1849, found 274.1850. 

 
tributyl(3-(tetrahydrofuran-2-yl)phenyl)stannane (13). Following the general procedure A, using (3-

bromophenyl)tributylstannane (113.8 mg, 0.3 mmol), the title compound was obtained in 73% yield (95.7 mg) after 72 h 

as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.43 (s, 1H), 7.38-7.26 (m, 3H), 4.90 (t, J = 7.2 Hz, 1H), 4.15-4.08 (m, 

1H), 3.99-3.92 (m, 1H), 2.39-2.29 (m, 1H), 2.08-1.98 (m, 2H), 1.90-1.79 (m, 1H), 1.59-1.51 (m, 6H), 1.41-1.29 (m, 6H), 

1.10-1.05 (m, 6H), 0.91 (t, J = 7.2 Hz, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ 142.64, 142.00, 135.44, 133.87, 127.90, 

125.46, 81.01, 68.77, 34.71, 29.23, 27.51, 26.19, 13.81, 9.70 ppm. IR (neat, cm-1): 2955, 2923, 2852, 1462, 1376, 1061, 

960, 781. HRMS calcd. for (C22H38NaO116Sn) [M+Na]+: 457.1832, found 457.1833. 
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3-chloro-5-(tetrahydrofuran-2-yl)phenol (14). Following the general procedure A, using 3-bromo-5-chlorophenol 

(62.2 mg, 0.3 mmol), the title compound was obtained in 84% yield (50.1 mg) after 72 h as colorless oil. 1H NMR (300 

MHz, CDCl3) δ 6.94 (br, 1H), 6.82 (br, 1H), 6.67-6.64 (m, 2H) 4.83 (t, J = 7.2 Hz, 1H), 4.11-4.03 (m, 1H), 4.00-3.93 (m, 

1H), 2.35-2.24 (m, 1H), 2.04-1.95 (m, 2H), 1.83-1.76 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 156.98, 146.16, 134.92, 

117.87, 114.99, 111.22, 80.25, 69.01, 34.56, 25.92 ppm. IR (neat, cm-1): 3253, 2953, 2875, 1598, 1581, 1444, 1280, 1045. 

HRMS calcd. for (C10H10ClO2) [M-H]-: 197.0375, found 197.0372. 

 
3-chloro-5-(tetrahydrofuran-2-yl)phenyl pivalate (15). Following the general procedure A, using 3-bromo-5-

chlorophenyl pivalate (87.5 mg, 0.3 mmol), the title compound was obtained in 89% yield (75.5 mg) after 72 h as colorless 

oil. 1H NMR (300 MHz, CDCl3) δ 7.18 (s, 1H), 6.99-6.94 (m, 1H), 6.93 (s, 1H), 4.87 (t, J = 7.2 Hz, 1H), 4.11-4.04 (m, 

1H), 3.96-3.89 (m, 1H), 2.39-2.28 (m, 1H), 2.03-1.94 (m, 2H), 1.83-1.72 (m, 1H), 1.34 (s, 9H) ppm. 13C NMR (75 MHz, 

CDCl3) δ 176.78, 151.67, 146.99, 134.56, 123.07, 120.77, 117.18, 79.68, 68.97, 39.25, 34.71, 27.22, 25.98 ppm. IR (neat, 

cm-1): 2974, 2873, 1752, 1583, 1438, 1253, 1102, 1066. HRMS calcd. for (C15H19ClNaO3) [M+Na]+: 305.0915, found 

305.0912. 

 
2-(3-(tetrahydrofuran-2-yl)phenyl)-1,3-dioxolane (16). Following the general procedure A, using 2-(3-bromophenyl)-

1,3-dioxolane (68.7 mg, 0.3 mmol), the title compound was obtained in 74% yield (48.9 mg) after 72 h as colorless oil. 
1H NMR (300 MHz, CDCl3) δ 7.45 (s, 1H), 7.38-7.26 (m, 3H), 5.81 (s, 1H), 4.91 (t, J = 7.2 Hz, 1H), 4.15-4.00 (m, 5H), 

3.97-3.89 (m, 1H), 2.38-2.27 (m, 1H), 2.04-1.95 (m, 2H), 1.86-1.74 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 143.88, 

137.99, 128.47, 126.53, 125.29, 123.75, 103.85, 80.59, 68.78, 65.40, 65.37, 34.74, 26.10 ppm. IR (neat, cm-1): 2950, 2875, 

1696, 1285, 1201, 1065, 799, 755. HRMS calcd. for (C13H17O3) [M+H]+: 221.1172, found 221.1169. 

 
methyl 2-(tetrahydrofuran-2-yl)benzoate (17). Following the general procedure A, using methyl 2-bromobenzoate 

(64.5 mg, 0.3 mmol), the title compound was obtained in 65% yield (40.2 mg) after 72 h as colorless oil. 1H NMR (300 

MHz, CDCl3) δ 7.89 (dd, J = 7.8, 1.2 Hz, 1H), 7.69 (dt, J = 7.8 ,0.6 Hz, 1H), 7.51 (dt, J = 7.5 ,1.2 Hz, 1H), 7.29 (dt, J = 

7.8 ,1.2 Hz, 1H), 5.61 (d, J = 6.9 Hz, 1H), 4.15 (dt, J = 8.1, 5.7 Hz, 1H), 3.99-3.91 (m, 1H), 3.88 (s, 3H), 2.62-2.50 (m, 

1H), 2.03-1.87 (m, 2H), 1.71-1.60 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.73, 146.54, 132.46, 130.44, 127.66, 
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126.68, 125.90, 78.34, 69.13, 52.11, 34.92, 26.01 ppm. The observed spectral data are in good agreement with the ones 

reported in literature5. 

 
2-(2-(allyloxy)phenyl)tetrahydrofuran (18). Following the general procedure A, using 1-(allyloxy)-2-bromobenzene 

(63.9 mg, 0.3 mmol), the title compound was obtained in 61% yield (37.3 mg) after 72 h as colorless oil. 1H NMR (300 

MHz, CDCl3) δ 7.44 (dd, J = 7.5, 1.5 Hz, 1H), 7.20 (dt, J = 7.8, 1.8 Hz, 1H), 6.96 (dt, J = 7.5, 0.9 Hz, 1H), 6.84 (d, J = 

8.4 Hz, 1H), 6.12-6.00 (m, 1H), 5.41 (dq, J =17.1, 1.5 Hz, 1H), 5.27 (dq, J = 10.5, 1.5 Hz, 1H), 5.23 (t, J = 6.9 Hz, 1H), 

4.58-4.54 (m, 2H), 4.12 (dt, J = 8.1, 6.3 Hz, 1H), 3.97-3.89 (m, 1H), 2.47-2.38 (m, 1H), 2.01-1.92 (m, 2H), 1.78-1.67 (m, 

1H) ppm. 13C NMR (75 MHz, CDCl3) δ 155.17, 133.58, 132.79, 127.76, 125.75, 120.75, 117.08, 111.40, 76.12, 68.77, 

68.68, 33.39, 26.04 ppm. IR (neat, cm-1): 2977, 2868, 1601, 1487, 1451, 1236, 1059, 997. HRMS calcd. for (C13H16NaO2) 

[M+Na]+: 227.1043, found 227.1039. 

 
2-(3,5-dimethylphenyl)tetrahydrofuran (19). Following the general procedure A, using 1-bromo-3,5-dimethylbenzene 

(55.5 mg, 0.3 mmol), the title compound was obtained in 98% yield (51.8 mg) after 72 h as colorless oil. 1H NMR (300 

MHz, CDCl3) δ 6.98 (s, 2H), 6.91 (s, 1H), 4.80 (t, J = 7.2 Hz, 1H), 4.15-4.08 (m, 1H), 3.94 (dt, J = 7.8, 6.3 Hz, 1H), 2.37-

2.26 (m, 7H), 2.08-1.95 (m, 2H), 1.88-1.76 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 143.40, 137.90, 128.86, 123.52, 

80.84, 68.71, 34.61, 26.17, 21.44 ppm. IR (neat, cm-1): 2970, 2918, 2864, 1606, 1459, 1065, 1014, 844. HRMS calcd. for 

(C12H16NaO) [M+Na]+: 199.1093, found 199.1086. 

 
2-fluoro-4-(tetrahydrofuran-2-yl)benzaldehyde (20). Following the general procedure A, using 4-bromo-2-

fluorobenzaldehyde (60.9 mg, 0.3 mmol), the title compound was obtained in 82% yield (47.8 mg) after 60 h as colorless 

oil. 1H NMR (400 MHz, CDCl3) δ 10.31 (s, 1H), 7.83-7.79 (m, 1H), 7.20-7.15 (m, 2H), 4.93 (t, J = 7.2 Hz, 1H), 4.12-

4.06 (m, 1H), 3.99-3.93 (m, 1H), 2.42-2.34 (m, 1H), 2.04-1.96 (m, 2H), 1.79-1.71 (m, 1H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 187.04 (d, JC-F = 6.36 Hz), 165.00 (d, JC-F = 259.6 Hz), 154.13 (d, JC-F = 8.18 Hz), 128.83 (d, JC-F = 2.22 Hz), 

123.03 (d, JC-F = 8.38 Hz), 121.73 (d, JC-F = 3.23 Hz), 113.37 (d, JC-F = 21.72 Hz), 79.68 (d, JC-F = 1.62 Hz), 69.14, 34.74, 

26.01 ppm. 19F NMR (376 MHz, CDCl3) δ -121.50 ppm. IR (neat, cm-1): 2954, 2871, 1692, 1620, 1575, 1422, 1259, 1196. 

HRMS calcd. for (C11H12FO2) [M+H]+: 195.0816, found 195.0814. 

 
2-(3,4-dimethoxyphenyl)tetrahydrofuran (21). Following the general procedure A, using 4-bromo-1,2-

dimethoxybenzene (65.1 mg, 0.3 mmol), the title compound was obtained in 85% yield (53.1 mg) after 72 h as yellow 
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oil. 1H NMR (300 MHz, CDCl3) δ 6.90-6.80 (m, 3H), 4.82 (t, J = 7.2 Hz, 1H), 4.12-4.05 (m, 1H), 3.94-3.86 (m, 7H), 

2.33-2.23 (m, 1H), 2.06-1.95 (m, 2H), 1.85-1.73 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 149.04, 148.26, 135.93, 

118.01, 111.05, 109.04, 80.68, 68.61, 56.04, 55.94, 34.57, 26.13 ppm. The observed spectral data are in good agreement 

with the ones reported in literature6. 

 
5-methyl-2-(tetrahydrofuran-2-yl)benzonitrile (22). Following the general procedure A, using 2-bromo-5-

methylbenzonitrile (58.8 mg, 0.3 mmol), the title compound was obtained in 83% yield (46.6 mg) after 72 h as colorless 

oil. 1H NMR (300 MHz, CDCl3) δ 7.47-7.35 (m, 3H), 5.14 (t, J = 7.2 Hz, 1H), 4.19-4.12 (m, 1H), 4.00-3.93 (m, 1H), 

2.55-2.45 (m, 1H), 2.35 (s, 3H), 2.08-1.99 (m, 2H), 1.79-1.67 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 144.94, 137.61, 

133.88, 133.27, 126.06, 117.92, 109.68, 78.83, 69.23, 34.60, 26.30, 20.81 ppm. IR (neat, cm-1): 2977, 2950, 2872, 2224, 

1496, 1457, 1062, 830. HRMS calcd. for (C12H13NNaO) [M+Na]+: 210.0889, found 210.0890. 

 
methyl 4-methyl-3-(tetrahydrofuran-2-yl)benzoate (23). Following the general procedure A, using methyl 3-bromo-

4-methylbenzoate (68.7 mg, 0.3 mmol), the title compound was obtained in 76% yield (50.2 mg) after 72 h as colorless 

oil. 1H NMR (300 MHz, CDCl3) δ 8.10 (d, J = 1.8 Hz, 1H), 7.80 (dd, J = 7.8, 1.8 Hz, 1H), 7.17 (d, J = 7.8 Hz, 1H), 5.04 

(t, J = 7.2 Hz, 1H), 4.21-4.14 (m, 1H), 3.96-3.88 (m, 1H), 3.88 (s, 3H), 2.41-2.30 (m, 1H), 2.33 (s, 3H), 2.05-1.96 (m, 

2H), 1.71-1.59 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.34, 142.22, 139.90, 130.36, 128.11, 128.09, 126.00, 

77.66, 68.75, 51.96, 33.17, 26.09, 19.52 ppm. IR (neat, cm-1): 2950, 2869, 1715, 1612, 1435, 1289, 1255, 1212. HRMS 

calcd. for (C13H17O3) [M+H]+: 221.1172, found 221.1177. 

 
2-(4,5-dimethoxy-2-(tetrahydrofuran-2-yl)phenyl)acetonitrile (24). Following the general procedure A, using 2-(2-

bromo-4,5-dimethoxyphenyl)acetonitrile (76.8 mg, 0.3 mmol), the title compound was obtained in 80% yield (59.3 mg) 

after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 6.96 (s, 1H), 6.84 (s, 1H), 4.87 (dd, J = 8.1, 6.3 Hz, 1H), 4.15-

4.07 (m, 1H), 3.93-3.86 (m, 1H), 3.87 (s, 6H), 3.72 (d, J = 0.9 Hz, 2H), 2.40-2.29 (m, 1H), 2.10-1.99 (m, 2H), 1.79-1.67 

(m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 148.88, 148.34, 133.09, 118.98, 118.27, 112.36, 109.50, 77.88, 68.55, 56.12, 

56.05, 33.46, 26.09, 20.72 ppm. IR (neat, cm-1): 2939, 2857, 2220, 1609, 1515, 1463, 1269, 1094. HRMS calcd. for 

(C14H17NNaO3) [M+Na]+: 270.1101, found 270.1109. 

 
(E)-2-styryltetrahydrofuran (25). Following the general procedure A, using (E)-(2-bromovinyl)benzene (54.9 mg, 0.3 

mmol), the title compound was obtained in 39% yield (20.4 mg) after 60 h as colorless oil. 1H NMR (300 MHz, CDCl3) 
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δ 7.40-7.22 (m, 5H), 6.59 (d, J = 15.9 Hz, 1H), 6.21 (dd, J = 15.9, 6.6 Hz, 1H), 4.48 (q, J = 6.6 Hz, 1H), 4.01-3.94 (m, 

1H), 3.88-3.81 (m, 1H), 2.19-2.08 (m, 1H), 2.03-1.90 (m, 2H), 1.78-1.66 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) ppm. 

13C NMR (75 MHz, CDCl3) δ 137.00, 130.67, 130.58, 128.64, 127.62, 126.60, 79.81, 68.32, 32.54, 26.06 ppm. The 

observed spectral data are in good agreement with the ones reported in literature7. 

  
 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 4-(tetrahydrofuran-2-yl)benzoate (26). Following the general 

procedure A, using s26 (170.9 mg, 0.3 mmol), the title compound was obtained in 94% yield (158.1 mg) after 60 h as 

colorless oil (inseparable mixture of diasteroisomers). 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J = 8.4 Hz, 2H), 7.38 (d, J 

= 8.4 Hz, 2H), 5.41 (d, J = 3.9 Hz, 1H), 4.94 (t, J =7.2 Hz, 1H), 4.89-4.80 (m, 1H), 4.14-4.06 (m, 1H), 3.98-3.91 (m, 1H), 

2.46 (d, J =7.8 Hz, 2H), 2.40-2.30 (m, 1H), 2.041-0.86 (m, 41H), 0.69 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 165.95, 

148.83, 139.77, 129.72, 125.40, 122.83, 80.29, 74.56, 68.92, 56.80, 56.26, 50.16, 42.43, 39.86, 39.64, 38.35, 37.16, 36.76, 

36.31, 35.92, 34.85, 32.05, 31.99, 28.36, 28.13, 28.01, 26.05, 24.41, 23.97, 22.95, 22.69, 21.17, 19.50, 18.85, 11.98 ppm. 

IR (neat, cm-1): 2941, 2888, 2866, 1712, 1466, 1271, 1109, 1065. HRMS calcd. for (C38H56NaO3) [M+Na]+: 583.4120, 

found 583.4122. 

 
 (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-(tetrahydrofuran-2-yl)benzoate (27). Following the general procedure 

A, using s27 (101.8 mg, 0.3 mmol), the title compound was obtained in 96% yield (95.1 mg) after 60 h as colorless oil 

(inseparable mixture of diasteroisomers). 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.1 Hz, 

2H), 4.96-4.88 (m, 2H), 4.13-4.06 (m, 1H), 3.98-3.91 (m, 1H), 2.40-2.30 (m, 1H), 2.13-1.93 (m, 4H), 1.81-1.70 (m, 3H), 

1.58-1.51 (m, 2H), 1.15-1.03 (m, 2H), 0.97-0.86 (m, 7H), 0.78 (d, J = 6.9 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 

166.08, 148.86, 129.73, 125.45, 125.42, 80.28, 74.80, 68.93, 47.38, 41.09, 34.84, 34.44, 31.55, 26.62, 26.05, 23.78, 22.16, 

20.87, 16.65 ppm. IR (neat, cm-1): 2953, 2868, 1709, 1611, 1456, 1369, 1267, 1109. HRMS calcd. for (C21H30NaO3) 

[M+Na]+: 353.2087, found 353.2085. 

  
 (3aR,5R,6R,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl 3-

(tetrahydrofuran-2-yl)benzoate (28). Following the general procedure A, using s28 (132.9 mg, 0.3 mmol), the title 
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compound was obtained in 86% yield (112.1 mg) after 60 h as colorless oil, and as a mixture of rotamers. 1H NMR (300 

MHz, CDCl3) δ 7.99 (br, 1H), 7.92 (d, J = 7.8 Hz, 1H), 7.57-7.53 (m, 1H), 7.40 (t, J = 7.8 Hz, 1H), 5.87 (d, J = 3.6 Hz, 

1H), 5.06-5.02 (m, 1H), 4.97-4.89 (m, 2H), 4.36-4.30 (m, 2H), 4.12-4.05 (m, 2H), 3.99-3.89 (m, 2H), 2.39-2.33 (m, 1H), 

2.04-1.95 (m, 2H), 1.82-1.73 (m, 1H), 1.52 (s, 3H), 1.39 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H) ppm. 13C NMR (75 MHz, 

CDCl3) δ 165.72, 144.24, 130.67, 130.64, 129.49, 129.48, 128.61, 128.53, 127.20, 127.14, 113.20, 110.03, 104.41, 104.38, 

80.16, 77.94, 77.89, 75.36, 75.33, 73.38, 68.84, 65.84, 34.78, 34.74, 26.86, 26.84, 26.75, 26.46, 26.43, 26.04, 25.12 ppm. 

IR (neat, cm-1): 2984, 2936, 2877, 1721, 1455, 1372, 1260, 1199. HRMS calcd. for (C23H30NaO8) [M+Na]+: 457.1833, 

found 457.1843. 

  
methyl (R)-2-phenyl-2-(4-(tetrahydrofuran-2-yl)benzamido)acetate (29). Following the general procedure A, using 

methyl s29 (104.5 mg, 0.3 mmol), the title compound was obtained in 98% yield (99.7 mg) after 60 h as colorless oil 

(inseparable mixture of diasteroisomers). 1H NMR (300 MHz, CDCl3) δ 7.77 (d, J = 8.4 Hz, 2H), 7.44-7.24 (m, 8H), 5.77 

(d, J = 6.9 Hz, 1H), 4.90 (t, J = 7.2 Hz, 1H), 4.10-4.03 (m, 1H), 3.95-3.88 (m, 1H), 3.73 (s, 3H), 2.37-2.27 (m, 1H), 2.02-

1.92 (m, 2H), 1.78-1.66 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 171.52, 166.43, 147.84, 136.59, 132.31, 128.99, 

128.57, 127.38, 127.27, 125.62, 80.08, 68.80, 56.83, 52.87, 34.74, 25.93 ppm. IR (neat, cm-1): 3314, 2953, 2875, 1742, 

1643, 1526, 1494, 1270. HRMS calcd. for (C20H21NNaO4) [M+Na]+: 362.1363, found 362.1363. 

 
2-(tetrahydrofuran-2-yl)pyridine (30). Following the general procedure A, using 2-bromopyridine (47.4 mg, 0.3 mmol), 

the title compound was obtained in 67% yield (29.9 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.56-

8.53 (m, 1H), 7.66 (dt, J = 1.8, 7.8 Hz, 1H), 7.43 (d, J = 7.8 Hz, 1H), 7.17-7.12 (m, 1H), 5.01 (t, J = 6.6 Hz, 1H), 4.14-

4.07 (m, 1H), 4.01-3.94 (m, 1H), 2.49-2.34 (m, 1H), 2.05-1.92 (m, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 163.02, 148.95, 

136.90, 122.20, 119.99, 81.32, 69.19, 33.22, 25.90 ppm. The observed spectral data are in good agreement with the ones 

reported in literature8. 

 
2-(tetrahydrofuran-2-yl)-6-(trifluoromethyl)pyridine (31). Following the general procedure A, using 2-bromo-6-

(trifluoromethyl)pyridine (67.8 mg, 0.3 mmol), the title compound was obtained in 78% yield (50.8 mg) after 60 h as 

colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.83 (t, J = 8.0 Hz, 1H), 7.66 (d, J = 8.0 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 

5.08 (dd, J = 7.2, 5.6 Hz, 1H), 4.12-4.07 (m, 1H), 4.01-3.96 (m, 1H), 2.50-2.41 (m, 1H), 2.05-1.89 (m, 3H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 167.4 (q, JC-F = 1.3 Hz), 146.1 (q, JC-F = 4.1 Hz), 133.8 (q, JC-F = 3.5 Hz), 125.2 (q, JC-F = 

32.9 Hz), 123.8 (q, JC-F = 273.1 Hz), 119.6, 81.1, 69.4, 33.2, 25.8 ppm. 13C NMR (101 MHz, CDCl3): 164.44, 147.53 (q, 

JC-F = 34.5 Hz), 137.93, 122.68, 121.67 (q, JC-F = 275.1 Hz), 118.71 (q, JC-F = 2.8 Hz), 81.04, 69.32, 33.20, 25.77 ppm 
19F NMR (376 MHz, CDCl3): -68.1 ppm. IR (neat, cm-1): 2983, 2883, 1598, 1463, 1347, 1183, 1134, 1114. HRMS calcd. 

for (C10H11F3NO) [M+H]+: 218.0787, found 218.0785. 
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2-bromo-6-(tetrahydrofuran-2-yl)pyridine (32). Following the general procedure A, using 2,6-dibromopyridine (71.1 

mg, 0.3 mmol), the title compound was obtained in 83% yield (56.7 mg) after 60 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 7.51 (t, J = 7.5 Hz, 1H), 7.40 (d, J = 7.5 Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 5.00-4.96 (m, 1H), 4.10-4.04 (m, 

1H), 3.98-3.91 (m, 1H), 2.47-2.34 (m, 1H), 2.02-1.85 (m, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 165.15, 141.42, 139.00, 

126.35, 118.55, 80.77, 69.28, 33.24, 25.69 ppm. IR (neat, cm-1): 2977, 2950, 2874, 1580, 1534, 1434, 1323, 1156. HRMS 

calcd. for (C9H11BrNO) [M+H]+: 228.0019, found 228.0012. 

 
5-(tetrahydrofuran-2-yl)pyrimidine (33). Following the general procedure A, using 5-bromopyrimidine (47.7 mg, 0.3 

mmol), the title compound was obtained in 77% yield (34.7 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 9.11 (s, 1H), 8.69 (s, 2H), 4.90 (t, J = 7.2 Hz, 1H), 4.12-4.05 (m, 1H), 3.98-3.91 (m, 1H), 2.46-2.35 (m, 1H), 2.09-1.99 

(m, 2H), 1.86-1.74 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 157.84, 154.75, 136.55, 76.59, 69.01, 34.38, 26.05 ppm. 

IR (neat, cm-1): 2974, 2873, 1564, 1436, 1409, 1165, 1062, 910. HRMS calcd. for (C8H11N2O) [M+H]+: 151.0866, found 

151.0870. 

 
2-(thiophen-3-yl)tetrahydrofuran (34). Following the general procedure A, using 3-bromothiophene (48.9 mg, 0.3 

mmol), the title compound was obtained in 91% yield (42.1 mg) after 60 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 7.29 (dd, J = 5.1, 3.0 Hz, 1H), 7.18-7.17 (m, 1H), 7.04 (dd, J = 5.1, 0.9 Hz, 1H) 4.95 (t, J = 6.9 Hz, 1H), 4.08-4.00 (m, 

1H), 3.92-3.85 (m, 1H), 2.33-2.22 (m, 1H), 2.06-1.82 (m, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 144.62, 126.04, 125.96, 

120.59, 77.29, 68.34, 33.52, 26.03 ppm. IR (neat, cm-1): 3103, 2957, 2926, 2872, 1717, 1673, 1412, 1262. HRMS calcd. 

for (C8H10NaOS) [M+Na]+: 177.0345, found 177.0349.  

 
2-(dibenzo[b,d]thiophen-4-yl)tetrahydrofuran (35). Following the general procedure A, using 4-

bromodibenzo[b,d]thiophene (78.9 mg, 0.3 mmol), the title compound was obtained in 93% yield (68.4 mg) after 60 h as 

colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.21-8.15 (m, 2H), 7.86-7.80 (m, 2H), 7.48-7.41 (m, 3H), 5.08 (t, J = 7.2 Hz, 

1H), 4.24-4.16 (m, 1H), 4.05-3.98 (m, 1H), 2.48-2.37 (m, 1H), 2.13-2.01 (m, 2H), 1.95-1.84 (m, 1H) ppm. 13C NMR (75 

MHz, CDCl3) δ 140.14, 139.94, 138.29, 135.72, 135.65, 126.78, 124.79, 124.42, 122.97, 122.76, 121.80, 118.66, 80.89, 

68.92, 35.16, 26.23 ppm. IR (neat, cm-1): 2971, 2944, 2865, 1469, 1430, 1309, 1229, 1060. HRMS calcd. for (C16H14NaOS) 

[M+Na]+: 277.0658, found 277.0664. 
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2-methyl-6-(tetrahydrofuran-2-yl)quinolone (36): Following the general procedure A, using 6-bromo-2-

methylquinoline (66.6 mg, 0.3 mmol), the title compound was obtained in 54% yield (34.6 mg) after 72 h as yellow oil. 
1H NMR (300 MHz, CDCl3) δ 8.01 (t, J = 7.2 Hz, 2H), 7.73 (s, 1H), 7.62 (dd, J = 8.7, 1.8 Hz, 1H), 7.26 (d, J = 8.4 Hz, 

1H), 5.05 (t, J = 7.2 Hz, 1H), 4.20-4.12 (m, 1H), 4.03-3.95 (m, 1H), 2.73 (s, 3H), 2.45-2.34 (m, 1H), 2.05-2.00 (m, 2H), 

1.92-1.80 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 158.75, 147.30, 141.05, 136.44, 128.66, 127.81, 126.37, 123.70, 

122.30, 80.54, 68.99, 34.75, 26.19, 25.28 ppm. IR (neat, cm-1): 2950, 2870, 1717, 1682, 1601, 1498, 1388, 1057. HRMS 

calcd. for (C14H16NO) [M+H]+: 214.1226, found 214.1231. 

 
5-(tetrahydrofuran-2-yl)-1H-indole (37). Following the general procedure A, using 5-bromo-1H-indole (58.8 mg, 0.3 

mmol), the title compound was obtained in 75% yield (42.1 mg) after 72 h as yellow oil. 1H NMR (300 MHz, CDCl3) δ 

8.24 (br, 1H), 7.64 (s, 1H), 7.33 (d, J = 8.4 Hz, 1H), 7.21-7.15 (m, 2H), 6.53-6.51 (m, 1H), 5.01 (t, J = 7.2 Hz, 1H), 4.20-

4.13 (m, 1H), 4.01-3.94 (m, 1H), 2.40-2.30 (m, 1H), 2.12-2.00 (m, 2H), 1.97-1.85 (m, 1H) ppm. 13C NMR (75 MHz, 

CDCl3) δ 135.37, 134.66, 127.86, 124.64, 120.36, 117.97, 111.09, 102.67, 81.67, 68.66, 34.99, 26.30 ppm. IR (neat, cm-

1): 3408, 3284, 2971, 2869, 1720, 1583, 1322, 1042. HRMS calcd. for (C12H13NNaO) [M+Na]+: 210.0889, found 

210.0892. 

 
methyl 4-(1,4-dioxan-2-yl)benzoate (38). Following the general procedure A, using methyl 4-bromobenzoate (64.5 mg, 

0.3 mmol), 1,4-dioxane (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 58% 

yield (38.6 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.01 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 

2H), 4.67 (dd, J = 10.2, 2.7 Hz, 1H), 3.98-3.65 (m, 8H), 3.41 (dd, J = 11.4, 10.2 Hz, 1H) ppm. 13C NMR (75 MHz, CDCl3) 

δ 166.89, 143.38, 129.90, 129.84, 126.18, 77.56, 72.37, 67.10, 66.46, 52.23 ppm. The observed spectral data are in good 

agreement with the ones reported in literature9. 

 
(4-(1,3-dioxolan-2-yl)phenyl)methanol (39). Following the general procedure A, using methyl 4-bromobenzoate (64.5 

mg, 0.3 mmol), 1,3-dioxolane (3.0 mL), benzene (3.0 mL), A1 (50 mol%, 42.0 mg, 0.15 mmol), Ni(acac)2 (20 mol%, 

15.4mg, 0.06 mmol), and L1 (20 mol%, 11.2 mg, 0.06 mmol), the title compound was obtained in 75% yield (46.8 mg) 

after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.07-8.03 (m, 2H), 7.56-7.53 (m, 2H), 5.85 (s, 1H), 4.15-4.00 

(m, 4H), 3.91 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 166.87, 142.88, 130.91, 129.78, 126.55, 103.12, 65.49, 52.28 

ppm. The observed spectral data are in good agreement with the ones reported in literature10. 
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methyl 4-(2,5-dimethyltetrahydrofuran-2-yl)benzoate (40). Following the general procedure A, using methyl 4-

bromobenzoate (64.5 mg, 0.3 mmol), 2,5-dimethyltetrahydrofuran (2.0 mL), benzene (4.0 mL) and NaHCO3 (1.0 eq, 25.2 

mg, 0.3 mmol), the title compound was obtained in 43% yield (30.2 mg) after 96 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 8.00-7.96 (m, 2H), 7.48-7.44 (m, 2H), 4.17-4.07 (m, 1H), 3.90 (s, 3H), 2.25-2.09 (m, 2H), 1.97-1.86 (m, 1H), 

1.67-1.58 (m, 1H), 1.53 (s, 3H), 1.33 (d, J = 7.5 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.22, 154.30, 129.71, 

128.38, 124.84, 84.56, 75.33, 52.15, 39.71, 33.47, 31.05, 21.99 ppm. IR (neat, cm-1): 2970, 2928, 1723, 1611, 1436, 1277, 

1179, 1111. HRMS calcd. for (C14H19O3) [M+H]+: 235.1329, found 235.1329. 

 
methyl 4-(1-ethoxyethyl)benzoate (41). Following the general procedure A, using methyl 4-bromobenzoate (64.5 mg, 

0.3 mmol), diethyl ether (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 83% 

yield (51.8 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 8.1 Hz, 

2H), 4.44 (q, J = 6.6 Hz, 1H), 3.90 (s, 3H), 3.40-3.30 (m, 1H), 1.42 (d, J = 6.6 Hz, 3H), 1.18 (t, J = 6.9 Hz, 3H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 167.06, 149.77, 129.91, 129.30, 126.09, 77.49, 64.31, 52.14, 24.19, 15.48 ppm. IR (neat, cm-

1): 2975, 2953, 2869, 1720, 1611, 1435, 1273, 1096. HRMS calcd. for (C12H17) [M+H]+: 209.1172, found 209.1167. 

 
arylated 1,2-dimethoxyethane (42). Following the general procedure A, methyl 4-bromobenzoate (64.5 mg, 0.3 mmol), 

1,2-dimethoxyethane (4.0 mL) were used, the product was obtained in 81% yield (54.5 mg) in a mixture (C1:C2 = 1:1.8) 

after 96 h as a colorless oil. [C1]: 1H NMR (300 MHz, CDCl3) δ 7.99 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 4.61 

(s, 2H), 3.89 (s, 3H), 3.64-3.56 (m, 4H), 3.38 (s, 3H) ppm. [C2]: 8.02 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 4.42 

(d, J = 7.8, 3.6 Hz, 1H), 3.56 (dd, J = 10.5, 7.8 Hz, 1H), 3.41 (dd, J = 10.5, 3.6 Hz, 1H), 3.36 (s, 3H), 3.28 (s, 3H) ppm. 
13C NMR (75 MHz, CDCl3) δ 167.01, 166.89, 144.30, 143.64, 129.98, 129.86, 129.76, 129.42, 127.31, 127.02, 82.70, 

72.76, 72.02, 69.82, 59.37, 59.16, 57.31, 52.18, 52.13. ppm. IR (neat, cm-1): 2930, 2886, 2826, 1719, 1612, 1435, 1275, 

1098. HRMS calcd. for (C12H16NaO4) [M+Na]+: 247.0941, found 247.0944. 

 
arylated diethylene glycol dimethyl ether (43). Following the general procedure A, methyl 4-bromobenzoate (64.5 mg, 

0.3 mmol), diethylene glycol dimethyl ether (4.0 mL) were used, the product was obtained in 94% yield (75.6 mg) in a 

mixture (C1:C2:C3 = 1:2:2) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.01-7.96 (m, 10H), 7.42-7.36 (m, 

10H), 4.59(s, 2H), 4.55 (dd, J = 7.2, 4.3 Hz, 2H), 4.45 (dd, J = 7.6, 3.8 Hz, 2H), 3.88 (s, 15H), 3.66-3.48 (m, 32H), 3.35(s, 

3H), 3.33-3.33(m, 12H), 3.31 (s, 6H), 3.27 (s, 6H) ppm. 13C NMR (75 MHz, CDCl3) δ 166.97, 166.88, 144.85, 144.48, 

143.73, 129.86, 129.79, 129.77, 129.71, 127.24, 127.00, 126.97, 82.86, 81.39, 76.86, 75.71, 72.66, 72.01, 71.97, 71.95, 

70.94, 70.70, 70.67, 69.92, 68.70, 59.32, 59.07, 59.01, 57.27, 52.13, 52.09 ppm. IR (neat, cm-1): 2860, 2878, 1719, 1612, 

1436, 1275, 1098, 1019. HRMS calcd. for (C14H20NaO5) [M+Na]+: 291.1203, found 291.1212.  
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methyl 4-(tert-butoxymethyl)benzoate (44). Following the general procedure A, using methyl 4-bromobenzoate (64.5 

mg, 0.3 mmol), tert-butyl methyl ether (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was 

obtained in 65% yield (43.3 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J = 8.1 Hz, 2H), 7.41 

(d, J = 8.1 Hz, 2H), 4.50 (s, 2H), 3.90 (s, 3H), 1.30 (s, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.23, 145.52, 129.74, 

129.00, 127.06, 73.88, 63.75, 52.15, 27.78 ppm. IR (neat, cm-1): 2974, 1720, 1435, 1274, 1190, 1107, 1081, 1019. HRMS 

calcd. for (C13H19O3) [M+H]+: 223.1329, found 223.1322. 

 
methyl 4-benzylbenzoate (45). Following the general procedure A, using methyl 4-bromobenzoate (64.5 mg, 0.3 mmol), 

toluene (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 71% yield (48.2 mg) 

after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.96 (d, J = 8.4 Hz, 2H), 7.33-7.17 (m, 7H), 4.04 (s, 2H), 3.90 

(s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.19, 146.65, 140.25, 129.96, 129.08, 128.74, 128.23, 126.51, 52.14, 42.06 

ppm. The observed spectral data are in good agreement with the ones reported in literature11. 

 
methyl 4-(3,5-dimethylbenzyl)benzoate (46). Following the general procedure A, using methyl 4-bromobenzoate (64.5 

mg, 0.3 mmol), mesitylene (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 60% 

yield (45.7 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.96 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 

2H), 3.95 (s, 2H), 3.90 (s, 3H), 2.28 (s, 6H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.26, 146.93, 140.14, 138.25, 129.92, 

129.08, 128.14, 126.91, 52.14, 41.95, 21.40 ppm. IR (neat, cm-1): 3015, 2950, 2918, 1718, 1601, 1434, 1275, 1104. 

HRMS calcd. for (C17H19O2) [M+H]+: 255.1380, found 255.1374. 

 
 (4-(1,3-dihydroisobenzofuran-1-yl)phenyl)methanol (47). Following the general procedure A, using (4-

bromophenyl)methanol (56.1 mg, 0.3 mmol), phthalan (2.0 eq, 72.1 mg, 0.6 mmol), benzene (4.0 mL), and L2 (10 mol%, 

5.6 mg), the title compound was obtained in 63% yield (42.7 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 7.36-7.20 (m, 7H), 7.02 (d, J = 7.5 Hz, 1H), 6.17 (s, 1H), 5.34 (dd, J = 12.0, 2.4 Hz, 1H), 5.21 (dd, J = 12.0, 1.8 Hz, 

1H), 4.66 (s, 2H), 1.91 (br, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 142.00, 141.70, 140.91, 139.15, 127.78, 127.64, 

127.32, 122.36, 121.06, 86.09, 73.38, 65.16 ppm. IR (neat, cm-1): 3375, 2921, 2855, 1460, 1420, 1357, 1029, 1013. 

HRMS calcd. for (C15H13O2) [M-H]+: 225.0910, found 226.0907. 
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tert-butyl 2-(4-(hydroxymethyl)phenyl)pyrrolidine-1-carboxylate (48). Following the general procedure A, using (4-

bromophenyl)methanol (56.1 mg, 0.3 mmol), N-Boc-pyrrolidine (10 eq, 513.7 mg, 3.0 mmol), benzene (4.0 mL) and A4 

(20 mol%, 16.8 mg, 0.06 mmol), the title compound was obtained as rotamers in 83% yield (69.0 mg) after 72 h as a pale 

oil. 1H NMR (300 MHz, CDCl3): δ 7.27 (d, J = 7.8 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 4.92 and 4.76 (2 brs, 1H, rotamer), 

4.63 (s, 2H), 3.75-3.52 (m, 2H), 2.51-2.29 (m, 2H), 1.97-1.74 (m, 3H), 1.43 (s, 3H), 1.17 (s, 6H) ppm. 13C NMR (75 

MHz, CDCl3) δ 154.72 (154.60), 144.45 (143.61), 139.38, (127.24) 126.92, 125.67, (82.90) 79.37, 65.04, 61.14 (60.59), 

(47.41) 47.12, 36.03 (34.93), (28.58) 28.27, (23.53) 23.16 ppm. IR (neat, cm-1): 3433, 2974, 2929, 2874, 1693, 1672, 

1395, 1366. HRMS calcd. for (C16H23NNaO3) [M+Na]+: 300.1570, found 300.1561. 

 
methyl 4-(oxetan-2-yl)benzoate (49). Following the general procedure A, using methyl 4-bromobenzoate (64.5 mg, 0.3 

mmol), oxetane (20 eq, 348.5 mg, 6.0 mmol), benzene (4.0 mL), A1 (20 mol%, 16.8 mg, 0.06 mmol) and NaHCO3 (1.0 

eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 78% yield (44.9 mg) after 96 h as colorless oil. 1H NMR (300 

MHz, CDCl3) δ 8.05 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 5.85 (t, J = 7.5 Hz, 1H), 4.84 (dt, J = 7.8, 6.0 Hz, 1H), 

4.67 (dt, J = 9.0, 6.0 Hz, 1H), 3.91 (s, 3H), 3.12-3.01 (m, 1H), 2.67-2.55 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 

167.00, 148.83, 129.98, 129.57, 124.99, 82.34, 68.54, 52.21, 30.73 ppm. The observed spectral data are in good agreement 

with the ones reported in literature12. 

 
methyl 4-(3,3-dimethyloxetan-2-yl)benzoate (50). Following the general procedure A, using methyl 4-bromobenzoate 

(64.5 mg, 0.3 mmol), 3,3-dimethyloxetane (20 eq, 516.8 mg, 6.0 mmol), benzene (4.0 mL), A4 (20 mol%, 16.8 mg, 0.06 

mmol) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 45% yield (29.7 mg) after 96 h as 

colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.04 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 5.54 (s, 1H), 5.54 (d, J = 

5.4 Hz, 1H), 4.26 (d, J = 5.4 Hz, 1H), 3.91 (s, 3H), 1.42 (s, 3H), 0.77 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 167.15, 

145.61, 129.64, 129.27, 125.09, 91.34, 81.49, 77.58, 77.16, 52.20, 40.83, 27.05, 22.58 ppm. IR (neat, cm-1): 2955, 2869, 

1719, 1611, 1435, 1273, 1173, 1101. HRMS calcd. for (C13H16NaO3) [M+Na]+: 243.0992, found 243.0992. 

 
1-cyclohexyl-4-(trifluoromethyl)benzene  (51). Following the general procedure A, using 1-bromo-4-

(trifluoromethyl)benzene (67.5 mg, 0.3 mmol), cyclohexane (3.0 mL), benzene (3.0 mL), A4 (20 mol%, 42.0 mg, 0.06 

mmol) Ni(acac)2 (10 mol%, 7.7 mg, 0.03 mmol) and L1 (10 mol%, 5.6 mg, 0.03 mmol), the title compound was obtained 

in 71% yield (48.6 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.56 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1 

Hz, 2H), 2.65-2.48 (m, 1H), 1.91-1.76 (m, 5H), 1.51-1.23 (m, 5H) ppm. 13C NMR (75 MHz, CDCl3) δ 152.17, 128.24 (q, 

JC-F = 32.0 Hz), 127.29, 125.35 (q, JC-F = 3.8 Hz), 124.58 (q, JC-F = 269.9 Hz), 44.67, 34.37, 26.89, 26.18 ppm. 19F NMR 

(376 MHz, CDCl3) δ -62.37 ppm. The observed spectral data are in good agreement with the ones reported in literature13. 
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1-cyclohexyl-4-phenoxybenzene (52). Following the general procedure A, using 1-bromo-4-phenoxybenzene (74.7 mg, 

0.3 mmol), cyclohexane (3.0 mL), benzene (3.0 mL) and A4 (20 mol%, 16.8 mg, 0.06 mmol), the title compound was 

obtained in 45% yield (34.1 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.35-7.30 (m, 2H), 7.20-7.16 

(m, 2H), 7.11-6.93 (m, 5H), 2.56-2.45 (m, 1H), 1.90-1.74 (m, 5H), 1.44-1.20 (m, 5H) ppm. 13C NMR (75 MHz, CDCl3) 

δ 157.80, 155.10, 143.30, 129.77, 128.06, 122.99, 118.98, 118.69, 44.02, 34.79, 27.06, 26.29 ppm. IR (neat, cm-1): 2972, 

2850, 1590, 1488, 1222, 1190, 1167, 861. HRMS calcd. for (C18H21O) [M+H]+: 253.1587, found 253.1586. 

 
methylb4-((2R,3aR,5aS,9aS,9bR)-3a,6,6,9a-tetramethyldodecahydronaphtho[2,1-b]furan-2-yl)benzoate (53). 

Following the general procedure A, using (-)-ambroxide (709.2 mg, 3.0 mmol), methyl 4-bromobenzoate (64.5 mg, 0.3 

mmol), benzene (5.0 mL) and NaHCO3 (25.2 mg, 0.3 mmol), the title compound was obtained in 69% yield (76.7 mg, dr 

= 12: 1) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.98 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 5.17-

5.13 (m, 1H), 3.90 (s, 3H), 2.37-2.23 (m, 1H), 2.09-2.03 (m, 1H), 1.85-0.83 (m, 24 H) ppm. 13C NMR (75 MHz, CDCl3) 

δ 167.20, 150.71, 129.71, 128.78, 125.70, 82.23, 76.89, 58.74, 57.40, 52.12, 42.49, 39.96, 36.35, 33.67, 33.23, 32.39, 

21.81, 21.25, 20.75, 18.44, 15.18 ppm. IR (neat, cm-1): 2925, 2868, 1721, 1611, 1436, 1379, 1274, 1111. HRMS calcd. 

for (C24H34NaO3) [M+Na]+: 393.2400, found 393.2404. 

 
 (4-((2R,3aR,5aS,9aS,9bR)-3a,6,6,9a-tetramethyldodecahydronaphtho[2,1-b]furan-2-yl)phenyl)methanol (54). 

Following the general procedure A, using [(-)-ambroxide (709.2 mg, 3.0 mmol), (4-bromophenyl)methanol (51.1 mg, 0.3 

mmol), benzene (5.0 mL) and A4 (20 mol%, 16.8 mg, 0.06 mmol), the title compound was obtained in 73% yield (75.0 

mg, d.r. = 12: 1) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.35-7.26 (m, 4H), 5.12-5.08 (m, 1H), 4.62 (s, 

2H), 2.32-2.19 (m, 1H), 2.08-2.03 (m, 2H), 1.84-0.84 (m, 25H) ppm. 13C NMR (75 MHz, CDCl3) δ 144.69, 139.63, 

127.04, 125.99, 81.97, 77.09, 65.20, 58.90, 57.42, 42.52, 39.99, 39.97, 36.33, 33.68, 33.22, 32.29, 21.76, 21.25, 20.75, 

18.46, 15.16. IR (neat, cm-1): 3406, 2995, 2867, 1459, 1378, 1122, 1078, 1004. HRMS calcd. for (C23H34NaO2) [M+Na]+: 

365.2451, found 365.2454. 

 
3-((2R,3aR,5aS,9aS,9bR)-3a,6,6,9a-tetramethyldodecahydronaphtho[2,1-b]furan-2-yl)pyridine (55). Following the 

general procedure A, using [(-)-ambroxide (709.2 mg, 3.0 mmol), 3-bromopyridine (47.4 mg, 0.3 mmol), benzene (5.0 

mL) and A4 (20 mol%, 16.8 mg, 0.06 mmol), the title compound was obtained in 85% yield (79.9 mg, d.r. = 10: 1) after 

96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.57-8.46 (m, 2H), 7.72-7.64 (m, 1H), 7.26-7.22 (m, 1H), 5.15-5.04 
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(m, 1H), 2.37-2.24 (m, 1H), 2.08-2.02 (m, 1H), 1.85-0.83 (m, 24H) ppm. 13C NMR (75 MHz, CDCl3) δ 148.38, 147.85, 

140.58, 133.58, 123.37, 82.29, 75.19, 58.95, 57.44, 42.49, 39.98, 39.93, 36.37, 33.68, 33.23, 32.18, 21.75, 21.24, 20.74, 

18.44, 15.17 ppm. IR (neat, cm-1): 2995, 2850, 2667, 1459, 1378, 1217, 1123, 1005. HRMS calcd. for (C21H32NO) 

[M+H]+: 314.2478, found 314.2475. 

  
1-methyl-5-(pyridine-3-yl)pyrrolidin-2-one (±)-Cotinine (56). Following the general procedure A, using N-methyl-2-

pyrrolidone (297.4 mg, 3.0 mmol), 3-bromopyridine (47.4 mg, 0.3 mmol), benzene (5.0 mL) and A4 (20 mol%, 16.8 mg, 

0.06 mmol). The reaction mixture was directly purified by flash column chromatography in silica gel with EtOAc/MeOH 

to give the title compound in 90% yield (47.6 mg, C1:C2 = 20: 1) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 8.60 (dd, J = 4.8, 1.5 Hz, 1H), 8.51 (d, J = 2.1 Hz, 1H), 7.54 (dt, J = 7.8, 2.1 Hz, 1H), 7.37-7.33 (m, 1H), 4.58 (t, J = 

6.6 Hz, 1H), 2.68 (s, 3H), 2.60-2.48 (m, 3H), 1.96-1.84 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 175.35, 149.73, 

148.45, 136.55, 133.73, 124.01, 62.16, 29.96, 28.25 ppm. IR (neat, cm-1): 2955, 2932, 1674, 1578, 1460, 1422, 1396, 

1269. HRMS calcd. for (C10H13N2O) [M+H]+: 177.1022, found 177.1023. 

 
1-methyl-5-(4-methylpyridine-2-yl)pyrrolidin-2-one (57). Following the general procedure A, using N-methyl-2-

pyrrolidone (297.4 mg, 3.0 mmol), 2-bromo-4-methylpyridine (51.6 mg, 0.3 mmol), benzene (5.0 mL) and A4 (20 mol%, 

16.8 mg, 0.06 mmol). The reaction mixture was directly purified by flash column chromatography in silica gel with 

EtOAc/MeOH to give the title compound in 78% yield (44.5 mg, C1:C2 = 16: 1) after 72 h as pale yellow oil. 1H NMR 

(400 MHz, CD3OD) δ 8.38 (s, 1H), 8.29 (s, 1H), 4.72 (t, J = 6.4 Hz, 1H), 2.65 (s, 3H), 2.61-2.47 (m, 3H), 2.40 (s, 3H), 

1.96-1.89 (m, 1H) ppm. 13C NMR (75 MHz, MeOD) δ 178.13, 150.42, 146.09, 138.31, 136.74, 136.14, 63.53, 30.98, 

28.92, 28.55, 18.31 ppm. IR (neat, cm-1): 2960, 2924, 1671, 1582, 1450, 1397, 1272, 1116. HRMS calcd. for (C11H15N2O) 

[M+H]+: 191.1179, found 191.1175. 

 
1-methyl-5-(pyridine-2-yl)pyrrolidin-2-one (58). Following the general procedure A, using N-methyl-2-pyrrolidone 

(297.4 mg, 3.0 mmol), 2-bromopyridine (47.4 mg, 0.3 mmol), benzene (5.0 mL) and A4 (20 mol%, 16.8 mg, 0.06 mmol). 

The reaction mixture was directly purified by flash column chromatography in silica gel with EtOAc/MeOH to give the 

title compound in 70% yield (37.0 mg, C1:C2 = 20: 1) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 8.56 (dt, 

J = 4.8, 0.9 Hz, 1H), 7.68 (dt, J = 7.8, 1.8 Hz, 1H), 7.20 (dd, J =5.1, 7.5 Hz, 1H), 7.12 (d, J =7.8 Hz, 1H), 4.64-4.60 (m, 

1H), 2.68 (s, 3H), 2.56-2.37 (m, 3H), 1.99-1.93 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 175.83, 160.40, 150.09, 
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137.16, 122.94, 120.52, 65.81, 29.92, 28.47, 26.52 ppm. IR (neat, cm-1): 2938, 2925, 1666, 1592, 1437, 1396, 1262, 1115. 

HRMS calcd. for (C10H13N2O) [M+H]+: 177.1022, found 177.1027. 

 
5-(6-bromopyridin-2-yl)-1-methylpyrrolidin-2-one (59). Following the general procedure A, using N-methyl-2-

pyrrolidone (297.4 mg, 3.0 mmol), 2,6-dibromopyridine (71.1 mg, 0.3 mmol), benzene (5.0 mL) and A4 (20 mol%, 16.8 

mg, 0.06 mmol). The reaction mixture was directly purified by flash column chromatography in silica gel with 

EtOAc/MeOH to give the title compound in 62% yield (47.4 mg, C1:C2 = 14: 1) after 72 h as colorless oil. 1H NMR (300 

MHz, CD3OD) δ 7.57 (t, J = 7.5 Hz, 1H), (d, J = 8.1 Hz, 1H), (d, J = 7.5 Hz, 1H), 4.65-4.61 (m, 1H), 2.74 (s, 3H), 2.60-

2.36 (m, 3H), 2.07-1.93 (m, 1H) ppm. 13C NMR (75 MHz, CDCl3) δ 175.84, 162.30, 142.59, 139.53, 127.48, 119.05, 

65.41, 29.72, 28.67, 26.61. IR (neat, cm-1): 2950, 2923, 1678, 1556, 1433, 1395, 1277, 1119. HRMS calcd. for 

(C10H11BrN2NaO) [M+Na]+: 276.9947, found 276.9948.  

4.9.3.2. Scalable Synthesis of 3, 21, 37 and 57 

Gram scale reaction of 3, 21 and 37: An oven-dried 150 mL Schlenk tube containing a stirring bar was charged with 

A4 (10 mol%, 280 mg, 1 mmol), L4 (10 mol%, 186 mg, 1 mmol), aryl bromide (20 mol% of A4 was used when employing 

5-bromo-1H-indole). The schlenk tube was transferred to a nitrogen-filled glove-box where the Ni(acac)2 (10 mol%, 256 

mg, 1 mmol), Na2CO3 (1.06 g, 10 mmol) and anhydrous THF (0.075 M, 133mL) were added. Then, the tube was stirred 

for 1 minute and taken out of the glovebox. The reaction tube was placed approximately ~3 cm away in the middle of 

two 32 W CFL and it was rigorously stirred for 168-200 h. After completion of the reaction, the crude material 

concentrated under reduced pressure. The product was directly purified by flash column chromatography in silica gel 

with pentane/EtOAc to yield corresponding product 3 (95%, 1.9 g), 21 (87%, 1.8 g) and 37 (70%, 1.3 g) and 80-90% of 

A4 could be recovered. 

Gram scale reaction of 57. An oven-dried 150 mL Schlenk tube containing a stirring bar was charged with A4 (20 mol%, 

560 mg, 2 mmol), L4 (10 mol%, 186 mg, 1 mmol). The schlenk tube was transferred to a nitrogen-filled glove-box where 

the Ni(acac)2 (10 mol%, 256 mg, 1 mmol), Na2CO3 (1.06 g, 10 mmol), anhydrous Benzene (0.075 M, 133mL) 3-Bromo-

5-methylpyridine (1.72 g, 10 mmol) and N-methyl-2-pyrrolidone (9.91 g, 100 mmol) were added. Then, the reaction tube 

was stirred for 1 minute and taken out of the glovebox. The tube was placed approximately ~3 cm away in the middle of 

two 32 W CFL and it was rigorously stirred for 200 h. After completion of the reaction, the crude material was under 

reduced pressure. The product was directly purified by flash column chromatography in silica gel with EtOAc /MeOH to 

give 57 in 83% yield (1.6 g) and 91% of A4 is recovered. 
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(Left) Gram scale reaction of 3-Bromo-5-methylpyridine and N-methyl-2-pyrrolidone (NMP) at t = 0 h. (Middle) Gram 

scale reaction of 3-Bromo-5-methylpyridine and N-methyl-2-pyrrolidone (NMP) at t = 200 h. (Right) Purified by silica 

gel chromatography, 1.6 g desired product 57 (2.5 mg-$150) and recovered ketone catalyst. 

4.9.3.3. Enantioselective sp3 C-H Arylation 

 
Following the general procedure A, using 1-bromo-4-fluorobenzene (52.5 mg, 0.3 mmol mmol), L7 (15%, 14.9mg, 

0.045 mmol), and A4 (20 mol%, 16.8 mg, 0.06 mmol), the chiral compound was obtained in 43% yield (21.4 mg) with 

54% ee after 60 h as colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.31-7.27 (m, 2H), 7.03-6.98 (m, 2H), 4.85 (t, J = 7.2 

Hz, 1H), 4.11-4.06 (m, 1H), 3.92 (q, J = 7.2 Hz, 1H), 2.35-2.27 (m, 1H), 2.04-1.97 (m, 1H), 1.81-1.72 (m, 1H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 162.15 (d, JC-F = 245.5 Hz), 139.21 (d, JC-F = 2.93 Hz), 127.39 (d, JC-F = 7.98 Hz), 115.20 

(d, JC-F = 21.4 Hz), 80.26, 68.77, 34.82, 26.15 ppm. 19F NMR (376 MHz, CDCl3) δ -116.04 ppm. 

60, 43%
(S/R = 77.1 : 22.9)

F*

O

Br
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The enantiomeric ratio of 60 was determined by chiral HPLC analysis using Daicel Chiralcel OJ-H column. Conditions: 

nHexane: isopropanol = 80:20, flow rate 0.5 mL/min, λ = 254 nm. For racemic sample t1 = 12.2 min, t2 = 13.7 min; 

chiral sample t1 (minor) = 12.0 min, t2 = 13.5 min (major). The absolute configuration of major isomer was assigned as 

(S) based based on reported data in literature.14 

4.9.3.4. sp3 C-H alkylations 

General Procedure B: An oven-dried 12.0 mL Schlenk tube containing a stirring bar was charged with A4 (10 mol%, 

8.4 mg, 0.03 mmol), L2 (10 mol%, 8.1 mg, 0.03 mmol), alkyl bromide (0.30 mmol, if solid), CF3CO2Na (1.0 eq, 40.8 

mg, 0.3 mmol). The schlenk tube was transferred to a nitrogen-filled glove-box where the Ni(acac)2 (10 mol%, 7.7 mg, 

0.03 mmol), Na2CO3 (1.0 eq, 32.0 mg, 0.30 mmol), alkyl bromide (0.30 mmol, if liquid) and anhydrous THF (0.075 M, 

4mL) were added. Then, the mixture was stirred for 1 minute and taken out of the glovebox. The Schlenk tube was placed 

approximately ~3 cm away in the middle of two 32 W CFL and it was rigorously stirred for 36-96 h. After completion of 

the reaction, the crude material concentrated under reduced pressure. The desired product was directly purified by flash 

column chromatography in silica gel with pentane/EtOAc.  

 
2-dodecyltetrahydrofuran (61). Following the general procedure B, using 1-bromododecane (74.8 mg, 0.3 mmol), the 

title compound was obtained in 84% yield (60.5 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 3.89-3.62 

(m, 3H), 2.02-1.76 (m, 3H), 1.55-1.50 (m, 1H), 1,46-1.38 (m, 3H), 1.30-1.14 (m, 19H), 0.87 (t, J = 6.4 Hz, 3H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 79.61, 67.72, 35.90, 32.06, 31.52, 29.91, 29.82, 29.79, 29.77, 29.75, 29.50, 26.56, 25.86, 22.83, 

14.24 ppm. IR (neat, cm-1): 2955, 2935, 2852, 1464, 1378, 1182, 1070, 919. HRMS calcd. for (C16H33O) [M+H]+: 

241.2526, found 241.2526. 
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2-(undec-10-en-1-yl)tetrahydrofuran (62). Following the general procedure B, using 11-bromoundec-1-ene (69.9 mg, 

0.3 mmol), the title compound was obtained in 74% yield (49.8 mg) after 72 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 5.87-5.73 (m, 1H), 5.01-4.88 (m, 2H), 3.88-3.65 (m, 3H), 2.06-1.78 (m, 6H), 1.64-1.26 (m, 16H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 139.35, 114.20, 79.59, 67.71, 35.89, 33.95, 31.52, 29.88, 29.73, 29.67, 29.62, 29.27, 29.07, 

26.54, 25.85, 3.80, 1.42 ppm. IR (neat, cm-1): 2953, 2923, 2853, 1641, 1461, 1069, 1020, 909. HRMS calcd. for (C15H29O) 

[M+H]+: 225.2213, found 225.2219. 

 
11-(tetrahydrofuran-2-yl)undecan-1-ol (63). Following the general procedure B, using 11-bromoundecan-1-ol (75.4 

mg, 0.3 mmol), the title compound was obtained in 83% yield (60.3 mg) after 72 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 3.87-3.63 (m, 3H), 3.59 (t, J = 6.6 Hz, 2H), 2.02-1.78 (m, 4H), 1.56-1.23 (m, 20H) ppm. 13C NMR (75 MHz, 

CDCl3) δ 79.59, 67.66, 63.02, 35.81, 32.88, 31.45, 29.82, 29.68, 29.64, 29.52, 26.47, 25.84, 25.79 ppm. IR (neat, cm-1): 

3372, 2922, 2852, 1462, 1350, 1057, 964, 722. HRMS calcd. for (C15H30NaO2) [M+Na]+: 265.2138, found 265.2143. 

 
tert-butyldimethyl((11-(tetrahydrofuran-2-yl)undecyl)oxy)silane (64): Following the general procedure B, using ((11-

bromoundecyl)oxy)(tert-butyl)dimethylsilane (109.6 mg, 0.3 mmol), the title compound was obtained in 77% yield (82.3 

mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 3.89-3.64 (m, 3H), 3.58 (t, J = 6.6 Hz, 2H), 2.01-1.71 (m, 

3H), 1.52-1.36 (m, 21H) ppm. 13C NMR (75 MHz, CDCl3) δ 79.59, 67.70, 63.45, 35.89, 33.03, 31.52, 29.90, 29.76, 29.72, 

29.58, 26.55, 26.11, 25.94, 25.85, 18.50, -5.13 ppm. IR (neat, cm-1): 2925, 2854, 1463, 1361, 1253, 1098, 1006, 834. 

HRMS calcd. for (C21H44NaO2Si) [M+Na]+: 379.3003, found 379.3004. 

 
2-(4-phenylbutyl)tetrahydrofuran (65). Following the general procedure B, using (4-bromobutyl)benzene (63.9 mg, 

0.3 mmol), the title compound was obtained in 85% yield (52.1 mg) after 72 h as colorless oil. 1H NMR (300 MHz, 

CDCl3): δ 7.48-7.41 (m, 2H), 7.37-7.30 (m, 3H), 4.08-4.78 (m, 3H), 2.83-2.76 (m, 2H), 2.19-1.97 (m, 3H), 1.88-1.74 (m, 

3H), 1.69-1.50 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 142.80, 128.50, 128.35, 125.71, 79.44, 67.73, 36.07, 35.72, 31.77, 

31.52, 26.26, 25.84 ppm. The observed spectral data are in good agreement with the ones reported in literature.15 
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6-(tetrahydrofuran-2-yl)hexyl 1-methyl-1H-pyrrole-2-carboxylate (66). Following the general procedure B, using 6-

bromohexyl 1-methyl-1H-pyrrole-2-carboxylate (86.5 mg, 0.3 mmol), the title compound was obtained in 74% yield 

(62.0 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 6.93 (dd, J = 3.9, 1.7 Hz, 1H), 6.76 (t, J = 2.0 Hz, 

1H), 6.09 (dd, J = 3.8, 2.6 Hz, 1H), 4.20 (t, J = 6.6 Hz, 2H), 3.91 (s, 3H), 3.90-3.62 (m, 3H), 2.02-1.77 (m, 3H), 1.77-

1.66 (m, 2H), 1.49-1.24 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ 161.54, 129.44, 122.83, 117.77, 107.86, 79.48, 

67.72, 63.99, 36.92, 35.76, 31.51, 29.50, 28.89, 26.43, 26.17, 25.84 ppm. IR (neat, cm-1): 2930, 2856, 1699, 1531, 1466, 

1413, 1243, 1107. HRMS calcd. for (C16H25NNaO3) [M+Na]+: 302.1729, found 302.1734. 

 
2-(6-chlorohexyl)tetrahydrofuran (67). Following the general procedure B, using 1-bromo-6-chlorohexane (59.9 mg, 

0.3 mmol), the title compound was obtained in 77% yield (44.0 mg) after 72 h as colorless oil. 1H NMR (300 MHz, 

CDCl3) δ 3.89-3.65 (m, 3H), 3.52 (t, J = 6.7 Hz, 2H), 2.02-1.69 (m, 5H), 1.58-1.3 (m, 9H) ppm. 13C NMR (75 MHz, 

CDCl3) δ 79.45, 67.75, 45.25, 35.74, 32.68, 31.53, 29.09, 26.96, 26.36, 25.84 ppm. IR (neat, cm-1): 2930, 2857, 1461, 

1309, 1063, 919, 727, 652. HRMS calcd. for (C10H20ClO) [M+H]+: 191.1197, found 191.1196. 

 

 
2-(6-bromohexyl)tetrahydrofuran (68). Following the general procedure B, using 1,6-dibromohexane (73.2 mg, 0.3 

mmol), the title compound was obtained in 70% yield (49.4 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 3.09-3.65 (m, 3H), 3.40 (t, J = 6.8 Hz, 2H), 2.02-1.79 (m, 5H), 1.54-1.28 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ 

79.45, 67.76, 35.75, 34.11, 32.87, 31.54, 28.98, 28.26, 26.35, 25.85. IR (neat, cm-1): 2929, 2856, 1460, 1325, 1258, 1172, 

1131, 1065. HRMS calcd. for (C10H20BrO) [M+H]+: 235.0692, found 235.0688. 

 
1,6-bis(tetrahydrofuran-2-yl)hexane (69). Following the general procedure B, using 1,6-dibromohexane (73.2 mg, 0.3 

mmol), the title compound was obtained in 49% yield (33.2 mg) after 240 h as colorless oil. 1H NMR (300 MHz, CDCl3) 

δ 3.88-3.64 (m, 6H), 2.01-1.76 (m, 6H), 1.58-1.28 (m, 14H) ppm. 13C NMR (75 MHz, CDCl3) δ 79.56, 67.71, 35.84, 
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31.50, 29.82, 26.46, 25.84 ppm. IR (neat, cm-1): 2948, 2929, 2857, 1461, 1326, 1065, 907, 728. HRMS calcd. for 

(C14H27O2) [M+H]+: 227.2006, found 227.1996.  

 
6-(tetrahydrofuran-2-yl)hexanenitrile (70). Following the general procedure B, using 6-bromohexanenitrile (52.8 mg, 

0.3 mmol), the title compound was obtained in 70% yield (35.1 mg) after 72 h as colorless oil. 1H NMR (300 MHz, 

CDCl3): δ 3.89-3.63 (m, 3H), 2.33 (t, J = 7.1 Hz, 2H), 2.04-1.79 (m, 3H), 1.72-1.60 (m, 2H), 1.59-1.31 (m, 7H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 119.93, 79.19, 67.77, 35.48, 31.53, 28.83, 25.81, 25.74, 25.47, 17.19 ppm. IR (neat, cm-1): 

2934, 2860, 2230, 1461, 1420, 1171, 1110, 1055. HRMS calcd. for (C10H18NO) [M+H]+: 168.1383, found 168.1382. 

 
N,N-diethyl-6-(tetrahydrofuran-2-yl)hexanamide (71). Following the general procedure B, using 6-bromo-N,N-

diethylhexanamide (70.1 mg, 0.3 mmol), the title compound was obtained in 60% yield (43.4 mg) after 72 h as colorless 

oil. 1H NMR (300 MHz, CDCl3) δ 3.86-3.62 (m, 3H), 3.38-3.22 (m, 4H), 2.30-2.21 (m, 2H), 1.97-1.78 (m, 3H), 1.65-

1.49 (m, 3H), 1.46-1.29 (m, 6H), 1.16-1.03 (m, 6H) ppm. 13C NMR (75 MHz, CDCl3) δ 172.29, 79.42, 67.67, 42.02, 

40.08, 35.69, 33.15, 31.47, 29.68, 26.34, 25.79, 25.52, 14.48, 13.20 ppm. IR (neat, cm-1): 2968, 2930, 2857, 1637, 1460, 

1427, 1379, 1269. HRMS calcd. for (C14H28NO2) [M+H]+: 242.2115, found 242.2119. 

 
4-((6-(tetrahydrofuran-2-yl)hexyl)oxy)benzaldehyde (72). Following the general procedure B, using 4-((6-

bromohexyl)oxy)benzaldehyde (85.6 mg, 0.3 mmol), the title compound was obtained in 83% yield (68.8 mg) after 72 h 

as colorless oil. 1H NMR (300 MHz, CDCl3) δ 9.86 (s, 1H), 7.81 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 4.02 (t, J 

= 6.5 Hz, 2H), 3.89-3.63 (m, 3H), 2.02-1.75 (m, 5H), 1.59-1.26 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ 190.91, 

164.35, 132.08, 129.85, 114.85, 79.44, 68.46, 67.73, 35.75, 31.52, 29.50, 29.08, 26.41, 26.03, 25.83 ppm. IR (neat, cm-

1): 2930, 2856, 1688, 1598, 1577, 1509, 1253, 1157. HRMS calcd. for (C17H25O3) [M+H]+: 277.1798, found 277.1801. 

 
phenyl(4-(tetrahydrofuran-2-yl)piperidin-1-yl)methanone (73). Following the general procedure B, using (4-

bromopiperidin-1-yl)(phenyl)methanone (80.4 mg, 0.3 mmol), without CF3CO2Na, the title compound was obtained in 

68% yield (52.9 mg) after 72 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.30 (s, 5H), 4.74 (br, 1H), 3.85-3.67 (m, 

3H), 3.55 (br, 1H), 2.94 (br, 1H), 2.74 (br, 1H), 1.90-1.24 (m, 9H) ppm.  13C NMR (75 MHz, CDCl3) δ 170.37, 136.46, 
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129.51, 128.49, 126.91, 82.79, 67.94, 47.81 (br), 42.25 (br), 41.65, 29.06 (br), 25.89 ppm. IR (neat, cm-1): 2942, 2856, 

1625, 1577, 1431, 1284, 1243, 1063. HRMS calcd. for (C16H22NO2) [M+H]+: 260.1645, found 260.1652. 

 
(5S,8R,9S,10S,13S,14S)-10,13-dimethyl-3-(tetrahydrofuran-2-yl)hexadecahydro-17H-cyclopenta[a]phenanthren-

17-one (74). Following the general procedure B, using (3R,5S,8R,9S,10S,13S,14S)-3-bromo-10,13-

dimethylhexadecahydro-17H cyclopenta[a]phenanthren-17-one (106.0 mg, 0.3 mmol), without CF3CO2Na, the title 

compound was obtained in 63% yield (65.1 mg) after 72 h as colorless oil (inseparable mixture of diastereoisomers). 1H 

NMR (300 MHz, CDCl3) δ 3.86-3.78 (m, 1H), 3.74-3.67 (m, 1H), 3.53-3.46 (m, 1H), 2.11-1.63 (m, 10H), 1.55-1.15 (m, 

12H), 1.11-0.78 (m, 10H) ppm. Signal of major isomer 13C NMR (75 MHz, CDCl3) δ 221.51, 83.95, 67.74, 54.68, 51.52, 

47.83, 46.32, 43.23, 38.06, 36.22, 35.87, 35.11, 31.60, 31.36, 30.97, 29.13, 28.73, 25.84, 25.31, 21.77, 20.26, 13.83, 12.29 

ppm. IR (neat, cm-1): 2917, 2853, 1738, 1449, 1376, 1256, 1064, 732. HRMS calcd. for (C23H36NaO2) [M+Na]+: 367.2608, 

found 367.2603. 

 
2-(4-phenylbutyl)oxetane (75). Following the general procedure B, using (4-bromobutyl)benzene (63.9 mg, 0.3 mmol), 

oxetane (3.0 mL), benzene (3.0 mL), the title compound was obtained in 60% yield (34.2 mg) after 72 h as colorless oil. 
1H NMR (300 MHz, CDCl3) δ 7.29-7.25 (m, 2H), 7.19-7.14 (m, 3H), 4.81 (quint, J = 6.9 Hz, 1H), 4.65 (dt, J = 6.0, 8.1 

Hz, 1H), 4.49 (dt, J = 6.0, 9.0 Hz, 1H), 2.69-2.58 (m, 3H), 2.36-2.25 (m, 1H), 1.90-1.78 (m, 1H), 1.71-1.60 (m, 3H), 1.44-

1.28 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 142.64, 128.51, 128.38, 125.78, 82.81, 68.20, 38.00, 36.05, 31.49, 27.80, 

23.91 ppm. IR (neat, cm-1): 2929, 2877, 2857, 1496, 1453, 1226, 970, 909. HRMS calcd. for (C13H19O) [M+H]+: 191.1436, 

found 191.1437. 

 
11-(1,4-dioxan-2-yl)undecan-1-ol (76). Following the general procedure B, using 11-bromoundecan-1-ol (73.4 mg, 0.3 

mmol), 1,4-dioxane (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 56% yield 

(43.4 mg) after 96 h as colorless oil. 1H NMR (300 MHz, CDCl3) δ 3.79-3.46 (m, 8H), 3.25 (dd, J = 11.4, 10.0 Hz, 1H), 

1.59-1.50 (m, 2H), 1.43-1.25 (m, 19H) ppm. 13C NMR (75 MHz, CDCl3) δ 75.64, 71.57, 67.00, 66.69, 63.19, 32.93, 

31.84, 29.76, 29.70, 29.65, 29.59, 29.54, 25.86, 25.20 ppm. IR (neat, cm-1): 3303, 2963, 2914, 2847, 1464, 1367, 1132, 

1117. HRMS calcd. for (C15H30NaO3) [M+Na]+: 281.2087, found 281.2086. 
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alkylated 1,2-dimethoxyethane (77). Following the general procedure B, using 11-bromoundecan-1-ol (73.4 mg, 0.3 

mmol), 1,2-dimethoxyethane (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the product was obtained in 78% yield 

(60.9 mg) after 96 h in a mixture (C1:C2 = 1: 1.5) as colorless oil. 1H NMR (300 MHz, CDCl3) δ 3.61 (t, J = 4.8 Hz, 3H), 

3.57-3.50 (m, 2H), 3.44 (t, J = 6.9 Hz, 1H), 3.39-3.35 (m, 10H), 3.32-3.26 (m, 1H), 1.57-1.45 (m, 8H), 1.32-1.26 (m, 

25H) ppm. 13C NMR (101 MHz, CDCl3) δ 80.24, 74.91, 72.11, 71.75, 70.07, 63.13, 59.30, 59.18, 57.48, 32.92, 31.31, 

29.90, 29.70, 29.67, 29.58, 29.54, 26.18, 25.86, 25.50 ppm. IR (neat, cm-1): 3415, 2923, 2853, 1462, 1358, 1196, 1017, 

722. HRMS calcd. for (C15H32NaO3) [M+Na]+: 283.2244, found 283.2248. 

 
(4-cyclopentylbutyl)benzene (78). Following the general procedure B, using (4-bromobutyl)benzene (63.9 mg, 0.3 

mmol), cyclopentane (3.0 mL), benzene (3.0 mL), the title compound was obtained in 40% yield (24.3 mg) after 120 h 

as colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.31-7.28 (m, 2H), 7.20-7.17 (m, 3H), 2.62 (t, J = 8.0 Hz, 2H), 1.79-1.72 

(m, 3H), 1.66-1.57 (m, 4H), 1.55-1.47 (m, 2H), 1.39-1.32 (m, 4H), 1.12-1.04 (m, 2H) ppm. 13C NMR (126 MHz, CDCl3) 

δ 143.11, 128.53, 128.35, 125.67, 40.28, 36.21, 36.17, 32.89, 31.96, 28.66, 25.34 ppm. The observed spectral data are in 

good agreement with the ones reported in literature16. 

 
 (4-cyclohexylbutyl)benzene (79). Following the general procedure B, using (4-bromobutyl)benzene (63.9 mg, 0.3 

mmol), cyclohexane (3.0 mL), benzene (3.0 mL), the title compound was obtained in 54% yield (35.1 mg) after 120 h as 

colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.30-7.23 (m, 2H), 7.18-7.14 (m, 3H), 2.63-2.57 (m, 2H), 1.70-1.51 (m, 7H), 

1.39-1.11 (m, 8H), 0.95-0.80 (m, 2H) ppm. 13C NMR (75 MHz, CDCl3) δ 143.10, 128.53, 128.35, 125.67, 37.78, 37.53, 

36.18, 33.61, 32.00, 26.91, 26.74, 26.61 ppm. The observed spectral data are in good agreement with the ones reported 

in literature16. 

 
 (4-phenylbutyl)cycloheptane (80). Following the general procedure B, using (4-bromobutyl)benzene (63.9 mg, 0.3 

mmol), cycloheptane (3.0 mL), benzene (3.0 mL), the title compound was obtained in 54% yield (37.3 mg) after 120 h 

as colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.31-7.26 (m, 2H), 7.21-7.15 (m, 3H), 2.62 (t, J = 7.8 Hz, 2H), 1.72-1.14 

(m, 19H) ppm. 13C NMR (75 MHz, CDCl3) δ 143.11, 128.53, 128.35, 125.67, 39.37, 38.21, 36.18, 34.81, 32.02, 28.72, 

27.29, 26.71 ppm. The observed spectral data are in good agreement with the ones reported in literature16. 
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2-(2¢-bromo-[1,1¢-biphenyl]-2-yl)tetrahydrofuran (81): Following the general procedure A, using 2,2'-dibromo-1,1'-

biphenyl (93.6 mg, 0.3 mmol), the title compound was obtained in 66% yield (60.0 mg) after 72 h as colorless oil. 1H 

NMR (300 MHz, CDCl3) δ 7.69-7.60 (m, 2H), 7.46-7.21 (m, 5H), 7.14-7.07 (m, 1H), 4.90-4.63 (m, 1H), 4.14-4.03 (m, 

1H), 3.89-3.76 (m, 1H), 2.07-1.53 (m, 4H) ppm. Selected signal for 13C NMR (75 MHz, CDCl3) δ 142.08, 141.25, 139.01, 

132.70, 129.79, 128.44, 125.49, 123.70, 78.48, 77.97, 68.91, 68.80, 34.99, 34.09, 26.50, 26.41 ppm. IR (neat, cm-1): 2977, 

2952, 2874, 1580, 1555, 1434, 1401, 1123. HRMS calcd. for (C16H15BrNaO) [M+Na]+: 325.0198, found 325.0188. 

 
2,2¢-bis(tetrahydrofuran-2-yl)-1,1¢-biphenyl (82). Following the general procedure A, using 2,2'-dibromo-1,1'-biphenyl 

(93.6 mg, 0.3 mmol), the title compound was obtained in 23% yield (20.3 mg) after 72 h as colorless oil. 1H NMR (300 

MHz, CDCl3) δ 7.62-7.55 (m, 2H), 7.42-7.37 (m, 2H), 7.29-7.23 (m, 2H), 7.16-7.13 (m, 1H), 7.05-7.02 (m, 1H), 4.63 (dd, 

J = 8.4, 6.3 Hz, 1H), 4.37 (dd, J = 8.4, 6.3 Hz, 1H), 4.14-4.01 (m, 2H), 3.81-3.74 (m, 2H), 2.08-1.53 (m, 8H) ppm. 13C 

NMR (75 MHz, CDCl3) δ 142.39, 141.48, 138.78, 138.73, 130.11, 129.27, 128.11, 128.00, 126.81, 126.36, 125.46, 125.43, 

78.46, 78.11, 69.04, 68.72, 35.67, 34.12, 26.68, 26.57 ppm. IR (neat, cm-1): 2973, 2947, 2927, 2868, 1473, 1441, 1216, 

1056. HRMS calcd. for (C20H22NaO2) [M+Na]+: 317.1512, found 317.1518. 

 
methyl 4-(1,4-dioxan-2-yl)benzoate (83). Following the same procedure as 38, using 4-bromobenzotrifluoride (67.5 mg, 

0.3 mmol), 1,4-dioxane (4.0 mL) and NaHCO3 (1.0 eq, 25.2 mg, 0.3 mmol), the title compound was obtained in 65% 

yield (45.3 mg) after 72 h as colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.5 Hz, 

2H), 4.68 (dd, J = 10.1, 2.7 Hz, 1H), 3.98-3.70 (m, 5H), 3.41 (dd, J = 11.7, 10.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 

142.39, 130.36 (q, JC-F = 3243 Hz), 126.59, 125.52 (q, JC-F = 3.8 Hz), 124.20 (q, JC-F = 273.0 Hz), 77.35, 72.4, 67.15, 

66.49 ppm.  19F NMR (376 MHz, CDCl3) δ -62.70 ppm. IR (neat, cm-1): 2953, 2869, 1717, 1606, 1453, 1385, 1057, 991. 

HRMS calcd. for (C20H22NaO2) [M+H]+: 233.0784, found 233.0787. 

  

O

O

d.r. 1:1

CF3
O

O
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4.9.5. X-ray diffraction of Ni-1 
 

 

Table 1.  Crystal data and structure refinement for Ni-1. 

_____________________________________________________________________ 

Identification code  yshen2018_twin1_hklf5 

Empirical formula  C22 H19 Br F3 N2 Ni  

Formula weight  507.01 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a =  9.3825(6)Å a=  76.894(4)°. 

 b =  10.3799(6)Å b = 89.918(4)°. 

 c =  11.1183(3)Å g =  73.255(5)°. 

Volume 1007.51(9) Å3 

Z 2 

Density (calculated) 1.671 Mg/m3 

Absorption coefficient 2.983 mm-1 

F(000)  510 

Crystal size  0.02 x 0.01 x 0.005 mm3 

Theta range for data collection 1.885 to 28.734°. 

Index ranges -12<=h<=12,-12<=k<=13,-14<=l<=14 

Reflections collected  9274 

Independent reflections 9274[R(int) =?] 

Completeness to theta =28.734°  90.4%  

Absorption correction  Multi-scan 
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Max. and min. transmission  0.985 and 0.758 

Refinement method  Full-matrix least-squares on F2 

Data / restraints / parameters  9274/ 0/ 265 

Goodness-of-fit on F2  0.919 

Final R indices [I>2sigma(I)]  R1 = 0.0455, wR2 = 0.1031 

R indices (all data)  R1 = 0.0777, wR2 = 0.1112 

Largest diff. peak and hole  1.043 and -0.592 e.Å-3 

 

Table 2.   Bond lengths [Å] and angles [°] for Ni-1. 

_____________________________________________________ 

Bond lengths---- 

Ni1-C13  1.884(4) 

Ni1-N1  1.921(3) 

Ni1-N2  1.986(3) 

Ni1-Br1  2.3066(6) 

C1-N1  1.341(5) 

C1-C2  1.388(6) 

C1-H1  0.9300 

C2-C3  1.384(6) 

C2-C12  1.511(6) 

C3-C4  1.379(6) 

C3-H3  0.9300 

C4-C5  1.379(6) 

C4-H4  0.9300 

C5-N1  1.361(5) 

C5-C6  1.465(6) 

C6-N2  1.350(5) 

C6-C7  1.387(6) 

C7-C8  1.385(6) 

C7-H7  0.9300 

C8-C9  1.383(6) 

C8-H8  0.9300 

C9-C10  1.391(6) 

C9-C11  1.504(6) 

C10-N2  1.339(5) 

C10-H10  0.9300 

C11-H11A  0.9600 

C11-H11B  0.9600 
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C11-H11C  0.9600 

C12-H12A  0.9600 

C12-H12B  0.9600 

C12-H12C  0.9600 

C13-C14  1.394(6) 

C13-C18  1.400(6) 

C14-C15  1.384(5) 

C14-H14  0.9300 

C15-C16  1.387(6) 

C15-H15  0.9300 

C16-C17  1.388(6) 

C16-C19  1.491(6) 

C17-C18  1.381(5) 

C17-H17  0.9300 

C18-H18  0.9300 

C19-F3  1.329(5) 

C19-F2  1.330(5) 

C19-F1  1.348(5) 

C1S-C3S#1  1.373(6) 

C1S-C2S  1.385(6) 

C1S-H1S  0.9300 

C2S-C3S  1.387(6) 

C2S-H2S  0.9300 

C3S-C1S#1  1.373(6) 

C3S-H3S  0.9300 

 

Angles---------- 

C13-Ni1-N1 91.97(15) 

C13-Ni1-N2 170.53(15) 

N1-Ni1-N2 82.98(14) 

C13-Ni1-Br1 88.80(11) 

N1-Ni1-Br1 171.75(10) 

N2-Ni1-Br1 97.34(10) 

N1-C1-C2 124.0(4) 

N1-C1-H1 118.0 

C2-C1-H1 118.0 

C3-C2-C1 117.2(4) 

C3-C2-C12 122.9(4) 
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C1-C2-C12 119.9(4) 

C4-C3-C2 119.8(4) 

C4-C3-H3 120.1 

C2-C3-H3 120.1 

C3-C4-C5 119.8(4) 

C3-C4-H4 120.1 

C5-C4-H4 120.1 

N1-C5-C4 121.3(4) 

N1-C5-C6 114.6(3) 

C4-C5-C6 124.1(4) 

N2-C6-C7 121.2(4) 

N2-C6-C5 114.2(3) 

C7-C6-C5 124.6(4) 

C8-C7-C6 119.4(4) 

C8-C7-H7 120.3 

C6-C7-H7 120.3 

C9-C8-C7 120.1(4) 

C9-C8-H8 119.9 

C7-C8-H8 119.9 

C8-C9-C10 117.0(4) 

C8-C9-C11 122.1(4) 

C10-C9-C11 120.9(4) 

N2-C10-C9 123.8(4) 

N2-C10-H10 118.1 

C9-C10-H10 118.1 

C9-C11-H11A 109.5 

C9-C11-H11B 109.5 

H11A-C11-H11B 109.5 

C9-C11-H11C 109.5 

H11A-C11-H11C 109.5 

H11B-C11-H11C 109.5 

C2-C12-H12A 109.5 

C2-C12-H12B 109.5 

H12A-C12-H12B 109.5 

C2-C12-H12C 109.5 

H12A-C12-H12C 109.5 

H12B-C12-H12C 109.5 

C14-C13-C18 117.8(4) 
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C14-C13-Ni1 117.4(3) 

C18-C13-Ni1 124.4(3) 

C15-C14-C13 121.4(4) 

C15-C14-H14 119.3 

C13-C14-H14 119.3 

C14-C15-C16 119.8(4) 

C14-C15-H15 120.1 

C16-C15-H15 120.1 

C15-C16-C17 119.7(4) 

C15-C16-C19 119.8(4) 

C17-C16-C19 120.5(4) 

C18-C17-C16 120.1(4) 

C18-C17-H17 119.9 

C16-C17-H17 119.9 

C17-C18-C13 121.1(4) 

C17-C18-H18 119.5 

C13-C18-H18 119.5 

F3-C19-F2 106.7(4) 

F3-C19-F1 104.9(3) 

F2-C19-F1 105.6(4) 

F3-C19-C16 114.1(4) 

F2-C19-C16 112.8(4) 

F1-C19-C16 112.0(4) 

C1-N1-C5 117.9(3) 

C1-N1-Ni1 127.2(3) 

C5-N1-Ni1 114.7(3) 

C10-N2-C6 118.6(3) 

C10-N2-Ni1 128.0(3) 

C6-N2-Ni1 113.2(3) 

C3S-C1S-C2S#1 120.3(4) 

C3S-C1S-H1S#1 119.8 

C2S-C1S-H1S 119.8 

C1S-C2S-C3S 119.9(4) 

C1S-C2S-H2S 120.0 

C3S-C2S-H2S 120.0 

C1S-C3S-C2S#1 119.8(4) 

C1S-C3S-H3S#1 120.1 

C2S-C3S-H3S 120.1 
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------------------------------------------------------- 

Symmetry transformations used to generate equivalent atoms:  

#1  -x+1, -y+1, -z+1 

 

Table 3.  Torsion angles [°] for Ni-1. 

________________________________________________________________ 

N1-C1-C2-C3 -1.0(6) 

N1-C1-C2-C12 177.5(4) 

C1-C2-C3-C4 2.2(6) 

C12-C2-C3-C4 -176.3(4) 

C2-C3-C4-C5 -2.1(6) 

C3-C4-C5-N1 0.8(6) 

C3-C4-C5-C6 -178.6(4) 

N1-C5-C6-N2 -5.6(5) 

C4-C5-C6-N2 173.8(4) 

N1-C5-C6-C7 174.3(4) 

C4-C5-C6-C7 -6.3(6) 

N2-C6-C7-C8 -0.4(6) 

C5-C6-C7-C8 179.7(4) 

C6-C7-C8-C9 0.7(6) 

C7-C8-C9-C10 -0.3(6) 

C7-C8-C9-C11 -178.3(4) 

C8-C9-C10-N2 -0.6(6) 

C11-C9-C10-N2 177.4(4) 

N1-Ni1-C13-C14 80.8(3) 

Br1-Ni1-C13-C14 -107.5(3) 

N1-Ni1-C13-C18 -91.7(3) 

Br1-Ni1-C13-C18 80.1(3) 

C18-C13-C14-C15 1.5(6) 

Ni1-C13-C14-C15 -171.5(3) 

C13-C14-C15-C16 1.0(6) 

C14-C15-C16-C17 -1.8(6) 

C14-C15-C16-C19 175.5(4) 

C15-C16-C17-C18 0.0(6) 

C19-C16-C17-C18 -177.3(4) 

C16-C17-C18-C13 2.6(6) 

C14-C13-C18-C17 -3.3(6) 

Ni1-C13-C18-C17 169.2(3) 
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C15-C16-C19-F3 156.2(4) 

C17-C16-C19-F3 -26.5(6) 

C15-C16-C19-F2 34.2(6) 

C17-C16-C19-F2 -148.5(4) 

C15-C16-C19-F1 -84.8(5) 

C17-C16-C19-F1 92.5(5) 

C2-C1-N1-C5 -0.3(6) 

C2-C1-N1-Ni1 173.9(3) 

C4-C5-N1-C1 0.4(5) 

C6-C5-N1-C1 179.8(3) 

C4-C5-N1-Ni1 -174.5(3) 

C6-C5-N1-Ni1 5.0(4) 

C9-C10-N2-C6 0.9(6) 

C9-C10-N2-Ni1 176.2(3) 

C7-C6-N2-C10 -0.4(6) 

C5-C6-N2-C10 179.5(3) 

C7-C6-N2-Ni1 -176.4(3) 

C5-C6-N2-Ni1 3.5(4) 

C3S#1-C1S-C2S-C3S 0.7(7) 

C1S-C2S-C3S-C1S#1 -0.7(7) 

----------------------------------------------------------------- 

Symmetry transformations used to generate equivalent atoms:  

#1  -x+1, -y+1, -z+1 
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4.9.6. 1H and 13CNMR Spectra 
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Chapter 5. 
 

Conclusions 
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The reported methods in this Doctoral Thesis showed the power of photoredox technique to transform 

inert chemical bonds into added value compounds via novel mechanistic rationale under mild 

conditions. It would be useful to highlight the challenges we have solved in our initial aim. 

Chapter 2: 

Ø A mild visible light photoredox promoted intramolecular ATRC of unactivated alkyl iodides has 

been developed. 

Ø The method featured on the efficient synthesis tetrasubstituted vinyl iodides and double 

cyclization with excellent diastereoselectivity. 

Ø Preliminary mechanistic studies challenge the perception that a canonical photoredox catalytic 

cycle is being operative. 

Chapter 3: 

Ø A mild visible light photoredox catalyzed intramolecular dicarbon functionalization of styrenes 

has been developed. 

Ø The method featured on multiple bonds formation with fluoro-containing group or quaternary 

carbon center. 

Ø A complementary way to promote photochemical CO2 fixation. 

Chapter 4: 

Ø A visible light promoted novel catalytic mode of nickel and ketone has been developed. 

Ø The method featured on arylation and alkylation of native sp3 C-H bonds with high chemo-

selectivity and site-selectivity without economic burden. 

Ø Detailed mechanistic studies and discussions suggest the synergistic relationship of nickel and 

diaryl ketone. 
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